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17 ABSTRACT

18 Nanocarriers provide promising prospects for the transition to more sustainable agrochemical 

19 practices. However, the unique release dynamics of their loaded chemicals raise concerns about 

20 potential adverse effects to non-target organisms. To address this, we compared the toxicity of 

21 bentonite and sepiolite nanocarriers loaded with the anesthetic/antibacterial chemical eugenol to 

22 the toxicity of pure eugenol. Daphnia magna was exposed to loaded nanocarriers, pure eugenol 

23 and bare nanocarriers. In acute immobilization tests, a 50%-effect concentration (EC50) of 0.14 ± 

24 0.01 mg eugenol·L-1 was derived for pure eugenol. Loading eugenol onto bentonite and sepiolite 

25 nanocarriers mitigated this acute toxicity, as indicated by respective EC50-values of 0.48 ± 0.02 

26 and 0.57 ± 0.07 mg eugenol·L-1. In 12-day toxicity tests, similar concentrations of eugenol were 

27 released from both nanocarriers. For the first day of exposure, this temporarily reduced the 

28 swimming speed of daphnids. Moreover, in contrast to sepiolite nanocarriers, bentonite 

29 nanocarriers induced marked reductions in population growth. This reveals that nanocarriers exert 

30 particle-specific adverse effects to daphnid populations that cannot be predicted based on the 

31 toxicity of their individual constituents. We therefore plea to assess non-target effects of the 

32 complete nanocarrier system, including the carrier and its loading, before allowing these products 

33 on the market.

34 SYNOPSIS: Nanocarriers exert non-target effects to daphnid populations which depend on 

35 interactions between the bare nanocarrier, its chemical loading and biota.
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36

37 KEYWORDS: advanced materials; nanocarriers; crop protection products; environmental safety; 

38 automated video tracking

39

40 INTRODUCTION

41 Advances in nanotechnology have led to the creation of  nanocarrier systems to tackle modern 

42 challenges in medicine, agriculture, food and energy supply.1,2 These systems, as defined by 

43 Gressler et al.,3 include ‘any material, material combination, chemical substance, compound, or 

44 structure with at least one dimension smaller than 1000 nm, capable of encapsulation or binding 

45 an active ingredient, aiming, among other things, to protect, disperse, transport, or sustain the 

46 release of the active ingredient and thereby enhancing its efficacy and/or safety’. For agricultural 

47 applications, nanocarriers complement other nano-enabled solutions in which the active ingredient 

48 (AI) is applied in a nanoform (e.g., metal oxides nanoparticles).4 Crucially, nanocarrier crop 

49 protection products aim for a targeted and sustained exposure over time, employing the known 

50 efficiency of conventional pesticides combined with the inherent properties of nanomaterials to 

51 modulate the release of the AI.5-7 This can be achieved through various designs, including the 

52 covalent binding or electrostatical attachment of the AI onto the surface of the carrier material, the 

53 adsorption of the AI into pores or in between branches of nanostructures like nanosponges or 

54 nanodendrimers, or by encapsulating the AI into capsules, such as nanoliposomes, empty pollen,  

55 virus capsids, or spore shells.3 Owing to their lower effective dose and lower required application 

56 frequency, these systems have been suggested to decrease the environmental burden of pesticides.8 
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5

57 Nanocarriers have been proven to be more efficient in managing pests than metal-based 

58 nanoformulations and conventional agrochemicals in both lab and field-based experiments.4 

59 Additionally, a growing body of work indicates that pesticide-loaded nanocarriers may have equal 

60 or lower acute toxicity towards non-target species as compared to conventional analogues.9-11 

61 However, the very properties that make nanocarriers appealing, also raise questions about their 

62 potential toxicity to the environment.12-14

63 Most toxicity studies for nanocarriers are performed based on standardized acute toxicity tests, 

64 which do not capture the dynamic fate that is known for the release of the AI from nanocarriers.15-

65 18 Environmental conditions, including the pH, ionic strength, and presence of biomolecules, can 

66 influence the fate and behavior of nanocarrier systems.19 For example, high ionic strength and the 

67 formation of biomolecular coronae can enhance the agglomeration of nanocarriers, whilst low pH 

68 and reducing redox conditions can promote the degradation and release of the AI from 

69 nanocarriers. To be able to capture the effects of slowly released chemical loadings from newly 

70 developed nanocarrier systems,  fate and toxicity data need to be integrated over relevant 

71 timespans, and under realistic environmental conditions, as shaped by non-target biota. Without 

72 such understanding, there is a risk that nano-enabled pesticides which are applied to agricultural 

73 fields and unintendedly enter surface waters, will induce adverse effects to a wide range of aquatic 

74 species.20-22

75 In view of these considerations, we investigated how the toxicity of nanocarrier systems relates 

76 to the toxicity of the released AI, by characterizing the fate and toxicity of the released AI to the 

77 aquatic non-target organism Daphnia magna. We focus on different nanoclay carriers loaded with 
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78 a clove essential oil (CEO) extract, with the aim to determine 1) whether the long-term impacts 

79 induced by the nanocarriers can be extrapolated from their acute toxicity; and 2) whether those 

80 effects are fully driven by the AI, or depend on the nano-component. Nanoclays offer a versatile 

81 platform for the development of nanocarriers due to their biocompatibility, low toxicity, and cost-

82 effectiveness.23-25 The main AI of the CEO-loading is eugenol (C10H12O2; 4-allyl-2-

83 methoxyphenol), which is commonly used in the food and feed industry and in fisheries as an 

84 additive and an anaesthetic.26,27 Eugenol additionally exhibits wide range-of-action pesticidal and 

85 antibacterial properties.28-30 However, eugenol degrades quickly in the aquatic environment as a 

86 result of photooxidation.31 The clay-based nanocarriers can delay this rapid degradation through 

87 the retarded release of adsorbed eugenol, thereby enhancing/extending the duration of the potential 

88 adverse effects of eugenol to aquatic organisms.

89 In the present study, we compared the toxicity of two different nanocarriers to Daphnia magna 

90 neonates and populations: a layered bentonite nanocarrier, and a fibrous sepiolite nanocarrier, both 

91 of which were loaded with CEO. The crustacean D. magna was selected as test species in view of 

92 its sensitivity to a large range of compounds, including the AI eugenol32,33 and bare nanocarriers34. 

93 Automated tracking software was employed to track the survival, reproduction and swimming 

94 speed of daphnids from populations that were exposed to eugenol in its pure form, and to each of 

95 the nanocarrier systems. Quantification of actual concentrations of released eugenol in these tests 

96 revealed that both nanocarriers were applied at equivalent concentrations of released eugenol in 

97 the exposure medium. Owing to this equivalent dosing, the comparison between effects of both 
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98 nanocarriers in the present study allows to evaluate how nanocarrier-specific characteristics can 

99 shape adverse effects to non-target organisms.

100

101

102 MATERIAL AND METHODS

103

104 Daphnia magna cultures

105 Daphnia magna were reared as per OECD 211 recommendations.35 Stock cultures were 

106 maintained in Elendt M7 medium at 22 ± 1°C with a 16 h : 8 h (light : dark) photoperiod cycle. 

107 The rearing medium was oxygenated continuously, and its pH was maintained in between 7 and 

108 9. The cultures were fed ad libitum with live Raphidocelus subcapitata three times a week. 

109 Neonates obtained from the culture were tested twice a year for their sensitivity to K2CrO7.36 The 

110 results of this reference test complied with ISO 6341.2012 (0.6 mg·L-1 < EC50, 24h < 2.1 mg·L-1).

111

112 Preparation of exposure media

113 Liquid eugenol (CAS 97-53-0; purity ≥ 99 %) was purchased from Sigma-Aldrich (Zwijndrecht, 

114 Netherlands). Bentonite and sepiolite nanocarriers were provided by SEPIOLSA (Minersa Group, 

115 Guadalajara, Spain) and consisted in layered and fibrillar nanoclay minerals. The nanocarrier were 

116 suspended in water media with a 10 % wt/wt of solids by a hand blender and stored for 24 hour 

117 before stirred with a Cowles type mixer (Dissolver SL-1 Heidolph RZR 2102) at 1200 rpm for 20 

118 minutes and filtered with a 100 µm sieve. The slurries were transferred to a magnetic filter coupled 
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119 to a Xylen Flojet pump in order to remove iron-based impurities. The resulting suspensions were 

120 delaminated or defibrillated by using an ultra-turrax (IKA with rotor 8003300 T50) homogenizer 

121 and the suspension was heated up to 60ºC. Both nanocarriers were loaded by the manufacturer 

122 with CEO. The CEO consisted of 16 % wt/wt caryophyllene (CAS 87-44-6), 84 % wt/wt eugenol 

123 and 0.02% carvacrol. CEO was loaded into the nanocarrier at a final concentration of 19-20 % 

124 wt/wt (for the bentonite nanocarrier) and 7-8 % wt/wt (for the sepiolite nanocarrier).  In addition, 

125 the bentonite nanocarrier was stabilized with 1-2 wt/wt % fumaric acid, and the sepiolite 

126 nanocarrier was coated with 3-4 % wt/wt octadecylamine and stabilized with 2-3% wt/wt fumaric 

127 acid. The loaded nanocarriers were dried in a P-Selecta 2002972 DryBig oven at 80ºC for 48 hours. 

128 Finally, the loaded nanocarriers were grounded with a Ultra Centrifugal Mill ZM300 (Retsch). In 

129 methanol extracts from both nanocarriers, 99.97 % eugenol, only 0.03% caryophyllene and no 

130 carvacrol were detected by gas chromatography coupled to mass spectrometry (GC-MS). 

131 Therefore, this study focused entirely on eugenol. Stock solutions and dispersions were prepared 

132 for 1) pure eugenol; 2) bare bentonite and sepiolite particles; 3) loaded bentonite and sepiolite 

133 nanocarriers; and 4) combined treatments, consisting of bare nanocarrier suspensions, spiked with 

134 pure eugenol. From here on, the complete nanocarrier systems, including their loading, are simply 

135 referred to as ‘nanocarriers’, whilst the bare nanocarriers are specifically named ‘bare nanocarrier’ 

136 or ‘bare bentonite/sepiolite particles’.

137 To prepare the eugenol stock solution, eugenol was first dissolved in 96 % ethanol at 7.5 g·L-1 

138 (v. eq.). Thereafter, the stock was diluted in Elendt M7 medium to reach a final concentration of 

139 500 mg eugenol·L-1. The solution was vigorously stirred for 10 min using a magnetic stirrer. Stock 
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140 suspensions of both nanocarriers in their bare and loaded form were prepared at a final 

141 concentration of 1 g·L-1 in M7 medium. The suspensions were magnetically stirred for 60 min at 

142 1300 rpm using a magnetic stirrer. For combined treatments, stock suspensions of bare bentonite 

143 and sepiolite nanocarriers were spiked with pure eugenol at a eugenol concentration of 19 % 

144 (wt/wt) and 6.9 % (wt/wt), respectively. These percentages correspond to the eugenol content in 

145 the loaded nanocarriers. Freshly prepared stocks were vortexed immediately prior exposure, and 

146 diluted to the exposure concentrations in M7 medium (Table 1). 

147

148 Exposure characterization

149 Exposure media were characterized in terms of 1) the primary particle size and shape of bare 

150 and loaded nanocarriers; 2) the zeta potential and hydrodynamic of aggregates from loaded 

151 nanocarriers; 3) the released concentrations of eugenol, measured over the full exposure duration.

152 Primary particle size and shape were characterized by way of transmission electron microscopy 

153 (TEM). To this end, 10 µL of 10 mg·L-1 bare and loaded nanocarrier suspensions were transferred 

154 to copper-mesh grids. The grids were allowed to dry for at least 24 h. Thereafter, particles were 

155 imaged using a JEOL 1400 microscope (JEOL Ltd., Japan) operating at 120 kV and a JEOL 2100F 

156 operating at 200KV with a Field Emission Gun.

157 The hydrodynamic size and zeta potential were determined for loaded nanocarrier suspensions 

158 of the medium test concentration (Table 2) using a Zetasizer Ultra instrument (Malvern 

159 Panalytical, United Kingdom). For these measurements, the absorption value was set to 0.01, the 

160 reflection index was set to 1.5 for bentonite nanocarrier,37 and to 1.52 for sepiolite nanocarrier.38 
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161 Bare and loaded nanocarrier suspension stability was in situ monitored by using a Turbiscan-lab-

162 backscattering-stability-analyzer (Microtrac Formulaction, France).

163 Aqueous concentrations of eugenol were measured for all exposures by ultra performance liquid 

164 chromatography inductively-coupled plasma mass spectrometry (UPLC-ICP-MS). The 

165 instruments and settings that were used for these measurements are provided in the Supporting 

166 Information (Tables S2, S3, and S4). 

167

168 Toxicity tests

169 The toxicity of eugenol, and the bare and loaded nanocarriers, was tested by way of acute and 

170 long-term toxicity tests. 

171 Acute tests were conducted following the standard acute immobilization guideline of OECD.36 

172 Five biological replicates were used for all concentrations. Test concentrations were selected based 

173 on a range-finding test, and were aimed to include the lowest effect concentration, the 100 % effect 

174 concentration, and three intermediate concentrations. Concentrations for the bare nanocarriers 

175 were based on concentrations of the loaded nanocarriers, by accounting for the weight of the loaded 

176 AI. These nominal concentrations, ranging from 0-5 mg pure eugenol·L-1, from 0-500 mg 

177 nanocarrier·L-1, and from 0-640 mg bare nanocarrier·L-1, are presented in comparison to actual 

178 concentrations of eugenol in the results section (Table 1). Five D. magna neonates (<24 h old) 

179 were transferred from the main culture to 50 mL beakers filled with 20 mL exposure medium. 

180 Following Annex 1 of the test guideline, immobilization rate was assessed after 24 and 48 h of 

181 exposure as the fraction of neonates that did not swim within 15 s after gentle agitation of the test 
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182 vessel. Daphnids were not fed, and the medium was not oxygenated during exposure. Dissolved 

183 oxygen and pH were monitored during the experiment. At each timepoint, 2 mL of the exposure 

184 medium was sampled and centrifuged at 15400 g for 5 min. An aliquot of the supernatant was 

185 transferred to a 1 mL-tube and kept in the dark at 4 °C for quantification of aqueous eugenol 

186 concentrations.

187 Long-term tests of 12 d were performed to investigate sublethal effects of the nanocarriers on 

188 D. magna populations. The exposure concentrations for this test were derived from acute test 

189 results, selecting concentrations corresponding to 20 % (low) and 40 % (medium) of the acute 

190 EC50-value. In addition to the loaded nanocarriers, bare nanocarriers, pure eugenol, and a treatment 

191 consisting of bare nanocarriers spiked with pure eugenol at concentrations corresponding to the 

192 loaded product, were included.  All nominal exposure concentrations are presented in comparison 

193 to actual exposure concentrations in Table 2 and Table S5. At the start of each test, 10 daphnids 

194 of 10 d-old were transferred to 500 mL beakers comprising the exposure media. These exposure 

195 media were not artificially oxygenated. Four replicates of each exposure treatment were included. 

196 From each beaker, 2 mL of exposure medium was sampled on a daily basis, and immediately 

197 centrifuged for 5 min at 15400×g. The supernatant of these samples was stored at 4 °C until 

198 quantification of actual concentrations of released eugenol. At the same timepoints, population 

199 growth and swimming speed were assessed. During the 12-d exposure, daphnids were fed daily 

200 with fresh R. subcapitata algae, providing 0.5 mL of an 8.7·105 algal cells·mL-1 to each population. 

201 Both pH and dissolved oxygen concentrations were monitored over the full duration of the 

202 experiment.
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203

204 Automated daphnid tracking

205 The count and swimming speed of daphnids were determined by way of automated tracking on 

206 an almost daily basis from 0 to 12 days post-exposure, excluding weekend days (as specified in 

207 Table S1). The setup described by Bruijning et al.39 formed the inspiration and starting point for 

208 the tracking procedure. In this section we describe what adjustments were made to the recording, 

209 image pre-processing and tracking phase, in order to differentiate daphnids from aggregates of 

210 algae and nanocarriers. Detailed settings for each of the phases can be found in the Supporting 

211 Information (Table S1).  

212 Recordings of daphnid populations were made in transparent Plexiglas cuvettes. This allowed 

213 daphnids to perform their natural up- and downward swimming motion, and moreover resulted in 

214 the spatial separation of swimming daphnids and settling aggregates of algae and nanocarriers. 

215 The content of each exposure beaker was carefully poured into the cuvette, was placed in a black 

216 cardboard box, and illuminated from the right and left side (Figure S1). Next, aggregates of algae 

217 and nanocarriers were allowed to settle for 30 s, 2.5 min-recordings were made, and the content of 

218 the cuvette was carefully poured back into the corresponding exposure beaker. 

219 Image sequences were generated using FFMPEG (v. 5.0.3). The sequences were trimmed to 30 

220 s of footage from the center of each movie, and were cropped to the outlines of the cuvette using 

221 the FIJI distribution of ImageJ2 (v. 2.14.0).40 A median filter with a 2 pixel-diameter was applied 

222 to reduce noise from small algae and nanocarrier aggregates. 
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223 Tracking was performed using the R package Trackdem (v. 0.7.2).39 This package identifies 

224 moving objects by subtracting motionless pixels (i.e. the ‘still background’) from each frame of 

225 the image sequence. At three steps, we applied filters to differentiate daphnids from moving 

226 aggregates of algae and particles. First, identified particles (i.e. algae, nanocarriers and daphnids), 

227 were filtered based on their size and intensity using the partIden function. Next, a neural network 

228 was trained using the testNN function, to filter any remaining false detections. We note that, given 

229 the aim to differentiate algae and nanocarrier aggregates from daphnids, the neural network was 

230 trained based on a reference image sequence comprising both adult and neonates of D. magna, as 

231 well as intermediate levels of clay and algae. Thereafter, tracks were computed using the 

232 trackParticles function, and any tracks spanning less than half of the recording were excluded. This 

233 prevented tracking the same daphnid twice, and moreover ensured that tracks from large 

234 aggregates of algae or nanocarriers that settled to the bottom of the cuvette were omitted. The 

235 corresponding R script, detailed tracking settings, and recorded parameters and are included in the 

236 Supporting Methods and Tables (Table S1). 

237 The quality of the acquired tracking data was assessed based on plots of all detected particles 

238 and particle trajectories (see Figure S2 for example plots). This revealed that tracking results that 

239 were recorded on day 8 and day 10 (bare bentonite, bare sepiolite and pure eugenol) needed to be 

240 omitted due to tracking issues. Additionally, incorrect tracks corresponding to settling nanocarrier 

241 aggregates or reflections of daphnids on the walls of the cuvette, were manually removed from the 

242 data of day 0, 1 and 2 of the experiment.

243
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244 Daphnid swimming speed

245 The average swimming speed (𝑣) was calculated for the 10 adult daphnids that started 

246 populations following:

247 𝑣 =  Δ𝑠
1

𝐹𝑃𝑆
 ∙ (𝑓

𝑒𝑛𝑑
―𝑓𝑠𝑡𝑎𝑟𝑡) 

 (1)

248 where 𝛥𝑠 is the sum of displacement between all consecutive frames of a track, FPS is the frame 

249 rate, and fstart and fend are the numbers of the first and final frame of a track, respectively. Neonates 

250 were excluded from swimming speed analysis, because these swim faster than adults, and have 

251 been exposed to different concentrations of eugenol, depending on their time of hatching. A size 

252 threshold of 50 pixels (8.8 mm) was applied to achieve this.

253

254 Data analyses

255 Data analysis and visualization was performed in R (v. 4.4.1; www.r-project.org) using the 

256 packages ‘car’ (3.1-3), ‘drc’ (v. 3.0.1),41 ‘dplyr’ (1.1.4), ‘lme4’ (v. 1.1—35.5), ‘plotrix’ (v. 3.8-4), 

257 ‘readr’ (v. 2.1.5), and ‘stats’ (v. 4.4.1). The mean and the standard error of the mean (SEM) are 

258 reported. 

259 Concentration-response curves, decay curves and growth curves were fitted using the drm 

260 function. The 4-parameters log-logistic model was used to obtain concentration-response curves, 

261 the 4-parameters Weibull model was used to obtain decay curves, and the 4-parameters logistic 

262 model was used to obtain growth curves. EC50 concentrations and slopes were compared using F-

263 tests of the drc-integrated compParm function. The area under the curve (AUC) was computed 

264 using the integrate function. 
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265 The hydrodynamic size and zeta potential of aggregates from bentonite and sepiolite 

266 nanocarriers was compared using a Welch Two Sample t-test. Replicate measurements were 

267 averaged prior to this comparison. The Shapiro-Wilk test for normality was applied to check if 

268 sizes and zeta potentials of both nanocarriers followed a normal distribution. Additionally, 

269 Levene’s test was used to check if the variance of size and zeta potential measurements was equally 

270 spread across the bentonite and sepiolite nanocarrier types.

271 The final population size was assessed by comparing the total count of daphnids between 

272 each of the treatments, as listed in Table 2 and Table S5, on the final day of exposure using the 

273 one-way ANOVA test combined with Tukey’s HSD post-hoc test. Five populations that collapsed 

274 following exposure to the bentonite nanocarrier, and eight populations that collapsed following 

275 exposure to the combined treatment at medium effect levels, were excluded from the analysis. The 

276 normality of model residuals was assessed by inspecting diagnostic plots, and using the Shapiro-

277 Wilk test for normality. Additionally, the equal spread of variance across all treatments was 

278 verified using Levene’s test. 

279  The relationship between the swimming speed of adult daphnids and concentrations of 

280 aqueous eugenol measured at the start of exposure (Table 2 and Table S5) was tested in a mixed-

281 ANCOVA design using the lmer function. To account for the repeated measurement of populations 

282 from the same beaker, beaker was included as the random effect. Results for exposure day 0, day 

283 1 and day 2 were tested separately. Three tests were performed for each of these days. The first 

284 test included all populations that were exposed to the bentonite nanocarrier, pure eugenol and the 

285 control. The second test included all populations that were exposed to the sepiolite nanocarrier, 
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286 pure eugenol and the control. The third test included all populations that were exposed to bare 

287 nanocarriers, either with or without the addition of pure eugenol. In the latter test, the clay type of 

288 the bare nanocarriers (bentonite or sepiolite) was included as a second explanatory variable, 

289 omitting the insignificant interaction between clay type and aqueous eugenol concentration (i.e. 

290 ‘speed ~ [aqueous eugenol] + clay type + (1|beaker)’). For all tests, the normality of model 

291 residuals was checked by inspecting histograms and QQ-plots, generated using the qqnorm 

292 function. Additionally, residuals were plotted against fitted values, to check if model residuals 

293 distributed equally across each of the compared eugenol concentrations. Finally, p-values were 

294 computed based on a Type III Analysis of Variance with Satterhwaite’s method, using the anova 

295 function. 

296

297 Data availability statement

298 Video footage and the trained neural network will be made publicly available via Zenodo once 

299 the manuscript has been accepted for publication.

300

301 RESULTS

302

303 Nanocarrier size and shape

304 The primary particle size and shape of the bentonite and sepiolite nanocarriers in their bare and 

305 loaded form was investigated by way of TEM microscopy (Figure 1 and Figure S3). The size of 
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306 aggregates of (loaded) bentonite and sepiolite nanocarriers was additionally studied by dynamic 

307 light scattering (Figure S4).

308 Bare bentonite particles and bentonite nanocarriers were flake-shaped, had a primary size 

309 averaging 142.5 ± 3.4 nm, and a length to width ratio of 1.6 ± 0.1 (n = 10; Figure 1A,B). Due to 

310 the low electron density of these layered type particles, individual bentonite particles were hardly 

311 discernible when aggregated. Smaller particles (10 – 35 nm diameter) with higher electron density 

312 could be observed in the form of dark aggregates (Figure S3A) and correspond to amorphous silica 

313 particles in the form of opal nanoparticles (an amorphous form of silica, SiO₂·nH₂O). Opal 

314 nanoparticles can form naturally in sedimentary environments where silica-rich solutions 

315 precipitate under low temperatures. The similarity of this contamination for the bare bentonite 

316 particles and bentonite nanocarriers, still allows us to assess the effects of the bentonite nanocarrier 

317 based on the comparison of both materials. No differences in the primary particle size and shape 

318 could be observed between bare bentonite particles (Figure 1A and Figure S3A) and bentonite 

319 nanocarriers (Figure 1B and Figure S3B). In the exposure medium, the bentonite nanocarrier 

320 layered particles formed large aggregates with a hydrodynamic size and zeta potential averaging 

321 2.9 ± 0.2 µm and -15.2 ± 0.8 mV respectively, according to DLS measurements, Figure S4. 

322 Although the primary particles of clays are laminar or fibrillar, their agglomerates do present a 

323 greater sphericity and the DLS measurements that correspond to agglomerates can be considered 

324 as an estimate of the size of said agglomerates. The aggregation of nanocarriers was enhanced by 

325 the fumaric acid encapsulant presence. 
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326 Bare sepiolite particles and sepiolite nanocarriers were needle-like shaped, with a length-to-

327 width ratio of 23.5 ± 0.4 (n = 50; Figure S3C,D). The length of individual particles was highly 

328 heterogeneous and ranged from 20 nm to 5 µm. In contrast to the bentonite nanocarrier, essential 

329 oil was clearly visible as droplets on and around the needles of the sepiolite nanocarrier (Figure 

330 1D). While the zeta potential of the sepiolite nanocarrier was significantly lower than that of 

331 bentonite nanocarrier, averaging -20.7 ± 0.9 mV (t = 4.6, df = 4.0, p = 0.01), sepiolite suspensions 

332 present larger aggregates than bentonite suspensions, with an average hydrodynamic size of 12.9 

333 ± 5.2 µm, Figure S4. Due to the large spread in aggregate sizes, this mean size was not significantly 

334 different from the mean aggregate size for the bentonite nanocarrier (t = -1.9; df = 2.0; p > 0.05). 

335 We furthermore note that we did not observe any peaks in the size distributions of both 

336 nanocarriers that correspond to the monolayer or solvation layer thickness of these materials, 

337 indicating these remained unexfoliated and aggregated in the aqueous medium. Whilst additional 

338 measurements of the sheet thickness (e.g. by way of atomic force microscopy) are required to 

339 confirm this, these observations are in line with the TEM images (Figure S3), exclusively showing 

340 multi-layered sheets of bentonite flakes or sepiolite needles. 

341 Regarding potential sedimentation dynamics, we did not observe significant differences in the 

342 mean hydrodynamic size of both the bentonite and the sepiolite nanocarrier following 1 and 2 days 

343 of exposure (Figure S4A,B). However, we observed a clear decrease in the derived count rate 

344 following 1 day of exposure for the bentonite nanocarrier (Figure S4C), and following 2 days of 

345 exposure for the sepiolite nanocarrier (Figure S4D).
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346 By the contrary, in situ suspension stability studies (Figure S5) demonstrated that the higher 

347 hydrodynamic size of sepiolite bare and sepiolite nanocarrier resulted in higher sedimentation than 

348 bentonite bare and bentonite nanocarrier suspensions. This sedimentation behavior is in agreement 

349 with the lower values of zeta potential. However, it is worth notice that in both cases a lower 

350 transmittance was obtained for the loaded nanocarriers against its bare counterparts as an indicator 

351 of the presence of delaminated and defibrillated particles in the medium. This indicates that, while 

352 the bentonite nanocarrier appears to be somewhat more stable than the sepiolite nanocarrier, both 

353 nanocarriers settled over time. This indicates that, while the sepiolite nanocarrier appears to be 

354 somewhat more stable than the bentonite nanocarrier, both nanocarriers settled over time.

355  

356

20 nm

A B

C D

100 nm

100 nm100 nm
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357 Figure 1. Transmission electron microscope micrographs of bare bentonite particles (A), the 

358 bentonite nanocarrier (B), bare sepiolite particles (C) and sepiolite nanocarrier (D). Red Arrows 

359 indicate CEO nanodrops in loaded nanocarriers.

360

361 Acute toxicity 

362 The acute toxicity of bentonite and sepiolite nanocarriers was compared by way of the Daphnia 

363 acute immobilization test.36 Nominal and actual exposure concentrations of eugenol in acute 

364 toxicity tests are compared in Table 1. While exposure to both the sepiolite nanocarrier and pure 

365 eugenol resulted in a maximal immobilization rate of 100% (Figure 2), a maximum immobilization 

366 rate of only 83.6 ± 6.9% was reached following exposure to the bentonite nanocarrier. These 

367 results indicate that the toxicity of the sepiolite nanocarrier was higher at high exposure 

368 concentrations than the toxicity of the bentonite nanocarrier. However, based on nominal 

369 nanocarrier concentrations (Figure 2A), a lower median effect concentration (EC50) was obtained 

370 for the bentonite nanocarrier (83.6 ± 6.9 mg nanocarrier·L-1) than for the sepiolite nanocarrier (130 

371 ± 16.6 mg nanocarrier·L-1; t = 2.4, p = 0.02). To investigate if this difference can be explained by 

372 the release of eugenol (the main AI of the loaded CEO), the toxicity of bentonite and sepiolite 

373 nanocarriers was next compared based on actual concentrations of released eugenol. Based on 

374 these actual concentrations of eugenol (Figure 2B), similar median effect levels were derived for 

375 the bentonite nanocarrier (0.48 ± 0.02 mg eugenol·L-1) and the sepiolite nanocarrier (0.57 ± 0.07 

376 mg eugenol·L-1). The median effect level for pure eugenol was lower, averaging 0.14 ± 0.01 mg 

377 eugenol·L-1 (t = 8.2 and t = -20.6 as compared to bentonite and sepiolite nanocarrier, respectively; 
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378 p < 0.001). No immobilization was observed for daphnids that had been exposed to bare 

379 nanocarriers at concentrations corresponding to the highest test concentrations of the loaded 

380 nanocarriers (600 mg bare nanocarrier·L-1). Combined, these results suggest that the acute toxicity 

381 of both nanocarriers is primarily driven by the release of eugenol into the medium.

382

383 Table 1. Comparison of nominal and actual concentrations of eugenol in acute toxicity tests. Total 

384 nanocarrier weights (nanocarrier + loading) are presented. Eugenol concentrations and release 

385 rates correspond to initially released eugenol concentrations. The total area under curves (AUC) 

386 was derived from aqueous eugenol concentration measured over the full exposure duration (Figure 

387 S6).

Treatment nominal

[nanocarrier] 
(mg·L-1)

nominal

[eugenol] (mg·L-1)

actual

[eugenol] (mg·L-1)

eugenol 
release rate 

(%)

AUC

(mg·L-1·2d)

0.0 0.0 <LOD NA NA

0.0 0.1 0.16 ± 0.001 NA 0.10

0.0 0.25 0.29 ± 0.002 NA 0.17

0.0 0.5 0.54 ± 0.03 NA 0.37

0.0 1.0 1.59 ± 0.01 NA 0.72

0.0 2.0 3.19 ± 0.04 NA 1.37

pure 
eugenol

0.0 5.0 5.80 ± 0.06 NA 2.05

0.0 0.0 <LOD NA NA

10 1.9 0.39 ± 0.006 20.5 0.18

bentonite 
nanocarrier

25 4.8 0.98 ± 0.001 20.4 0.37
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50 9.5 1.85 ± 0.02 19.5 0.70

100 19 3.22 ± 0.02 16.9 1.07

200 38 6.40 ± 0.09 16.8 2.24

500 95 15.90 ± 0.07 16.7 6.18

0.0 0.0 <LOD NA NA

10 0.7 0.24 ± 0.02 34.2 0.17

25 1.7 0.57 ± 0.003 33.5 0.30

50 3.5 1.05 ± 0.01 30.0 0.50

100 6.9 2.09 ± 0.008 30.3 0.89

200 13.8 4.15 ± 0.09 30.1 1.63

sepiolite 
nanocarrier

500 34.5 9.70 ± 0.05 28.1 3.10

388 Abbreviations: CEO, clove essential oil; LOD, limit of detection; NA, not applicable.

389

390

391  

392
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393 Figure 2. Fraction of immobilized D. magna neonates following 2 days of exposure to eugenol 

394 (circles), the bentonite nanocarrier (squares) and the sepiolite nanocarrier (triangles). Panel A 

395 presents concentration-response curves based on nominal nanocarrier concentrations. Panel B 

396 presents concentration-response curves based on the average actual concentrations of released 

397 eugenol per exposure day. 

398

399 Population-level exposure dynamics

400 Based on the acute toxicity test, we subsequently investigated the effects of bentonite and 

401 sepiolite nanocarriers on D. magna populations at 20% and 40% of the acute toxicity EC50 values 

402 (Table 2). 

403 Immediately following dispersion in Elendt M7, both nanocarriers released ~10-20% of their 

404 eugenol loading into the exposure medium (Table 2). The initial concentrations of eugenol did not 

405 differ between the bentonite (Figure 3A) and the sepiolite nanocarrier (Figure 3B). However, 

406 aqueous eugenol dissipated from the exposure medium in a nanocarrier-specific manner. For the 

407 bentonite nanocarrier, aqueous eugenol concentrations decreased gradually from the start of the 

408 experiment onwards, similar to the dissipation of eugenol without the addition of (bare) 

409 nanocarriers (Figure 3C; Table 2). In contrast, aqueous concentrations of eugenol remained stable 

410 in treatments with the sepiolite nanocarrier for the first 2 d of exposure, which was followed by a 

411 steeper decline of eugenol concentrations in the exposure medium. This behavior is in agreement 

412 with the higher sedimentation of the sepiolite nanocarrier and the low water solubility of the 

413 fumaric acid (0.63 g/100 ml) as encapsulant. The low solubility of the encapsulant constrained the 
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414 release of CEO nanodrops and this process is in turn impeded by the presence of aggregates. Thus, 

415 the larger hydrodynamic radius of the sepiolite aggregates acts as containers that release the CEO 

416 more gradually for sepiolite than for bentonite nanocarriers. Nevertheless, the total aqueous 

417 exposure to eugenol over 12 d of exposure, calculated as the area under the curve (AUC), was 

418 similar for both nanocarriers (Table 2). The concentration of eugenol in negative controls and bare 

419 nanocarrier treatments remained below the detection limit over the full duration of the experiment, 

420 confirming that these treatments were free of eugenol contamination. 

421

422

423 Figure 3. Aqueous eugenol concentrations in population-level tests for the bentonite nanocarrier 

424 (A); the sepiolite nanocarrier (B); and pure eugenol (C). Mean and SEM are presented (n = 4) for 

425 the low exposure concentrations (grey circles; 20% acute EC50 value) and medium exposure 

426 concentrations (black circles; 40% acute EC50 value). Decay curves were fitted based on the four-

427 parameter Weibull model. Results for combined treatments of bare nanocarriers and eugenol are 

428 presented in Figure S6.

429
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430 Table 2. Comparison of nominal and actual concentrations of eugenol in population-level tests. 

431 Total nanocarrier weights (nanocarrier + loading) are presented. Eugenol concentrations and 

432 release rates correspond to initially released eugenol concentrations. The total area under curves 

433 (AUC) was derived from aqueous eugenol concentration measured over the full exposure duration 

434 (Figure 3). Results for combined treatments are presented in Table S5.

Treatment Exposure 
level

nominal 
[nanocarrier]   
(mg·L-1)

nominal 
[eugenol] 
(mg·L-1)

actual 
[eugenol] 
(mg·L-1)

eugenol 
release 
rate (%)

AUC        
(mg·L-1· 
12d)

bare 
bentonite

medium 23.5 0 < LOD NA NA

low 17.0 3.4 0.34 ± 0.02 10.0 1.0bentonite 
nanocarrier

medium 33.0 6.6 0.76 ± 0.02 11.2 3.1

bare 
sepiolite

medium 48.3 0 < LOD NA NA

low 26.0 1.8 0.33 ± 0.01 18.3 1.1sepiolite 
nanocarrier

medium 51.9 3.6 0.78 ± 0.01 21.7 3.3

low 0 0.06 0.05 ± 0.002 NA 0.2pure 
eugenol

medium 0 0.12 0.12 ± 0.003 NA 0.4

435 Abbreviations: CEO, clove essential oil; LOD, limit of detection; NA, not applicable.

436

437 When eugenol was mixed with the bare bentonite nanocarrier (Figure S6A) or the bare sepiolite 

438 nanocarrier (Figure S6C) at (nominal) concentrations corresponding to the loading of both 

439 nanocarriers, this resulted in much higher concentrations of eugenol in the exposure medium 

440 (Table S5). This fact confirms that the encapsulant plays an important role in the slow release of 
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441 CEO from the nanocarriers. As previously mentioned, the low solubility of fumaric acid slows the 

442 release of the nanodroplets, causing a prolonged effect of CEO in the medium. Conversely, if the 

443 CEO is only absorbed on the surface of the materials in the mixtures, the release occurs very 

444 rapidly due to its hydrophobic nature. The measured concentrations of eugenol were consistently 

445 lower than the nominally applied concentrations of eugenol for these treatments (Table S6), despite 

446 high resemblance of measured and nominal concentrations in pure eugenol treatments without bare 

447 particles (Table 2). Based on the assumption that the difference between measured and nominal 

448 concentrations of eugenol resulted from the adsorption of eugenol to bare particles, corresponding 

449 adsorption rates of 3.69 ± 0.13 % (wt/wt) and 1.10 ± 0.12 % (wt/wt) can be calculated for the bare 

450 bentonite and bare sepiolite nanocarrier, respectively. However, the high concentrations of 

451 aqueous eugenol in mixed treatments, compared to the concentrations of released eugenol from 

452 nanocarriers, complicate further comparison of the effects of these treatments. Therefore, results 

453 for the combined treatment are included in the Supporting Information.

454

455 Population-level effects

456 Immediately following exposure, treatments with both bentonite and sepiolite nanocarriers 

457 resulted in lower daphnid swimming speeds, proportionally to the released concentrations of 

458 eugenol (t = -3.0, df = 25.1; p = 0.005 for bentonite; t = -3.6, df = 19.3 and p = 0.002 for sepiolite; 

459 Figure 4A). Mixed treatments consisting of bare particles and eugenol, also resulted in slightly 

460 lower swimming speeds (t = -3.8, df = 19.7, p = 0.001), irrespective of the nanocarrier type (t =  

461 0.22, df = 20.0, p > 0.05; Figure S8A). Except for loaded bentonite nanocarrier, these effects 
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462 dissipated over the next two days of exposure (Figure 4B-C; Figure S8B-C). In view of the 

463 dissipation of eugenol from the exposure medium at later timepoints, and the lethal effects of the 

464 bentonite nanocarrier at these timepoints, we did not analyze swimming speed from 3 days of 

465 exposure onwards.

466

467  

468 Figure 4. Swimming speed of D. magna individuals immediately following exposure (A), 1 day 

469 following exposure (B) or 2 days following exposure (C) to the bentonite nanocarrier (squares), 

470 the sepiolite nanocarrier (triangles) or pure eugenol (circles), as a function of the concentration of 

471 released eugenol. Results for bare particles, either applied with or without the addition of eugenol, 

472 are presented in Figure S6. Significant relationships between the released eugenol concentrations 

473 and swimming speed (p < 0.05) are indicated with an asterisk above the boxplots of the 

474 nanocarriers.
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475 Compared to the effects of the nanocarriers on the swimming speed (Figure 4), much more 

476 profound effects were observed on the growth of daphnid populations over the 12-d exposure time 

477 in terms of daphnid count (Figure 5).

478

479 Figure 5. Growth of D. magna populations exposed to bare bentonite particles (A); the bentonite 

480 nanocarrier (B); bare sepiolite particles (C); the sepiolite nanocarrier (D); and pure eugenol (E). 

481 Mean and SEM are presented (n = 4) for the low exposure concentrations (grey circles; 20% acute 

482 EC50 value) and medium exposure concentrations (black circles; 40% acute EC50 value). Growth 

483 curves were fitted based on the four-parameter logistic model.

484

485 All populations started with an initial population count of 10 daphnids per exposure beaker. In 

486 the absence of nanocarriers and eugenol, these populations increased in 11 to 12 d to a final count 
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487 of 80 ± 4 individuals. Daphnid populations that were exposed to bare bentonite particles increased 

488 to a similar size of 79 ± 4 individuals at 11 d of exposure (Figure 5A). Remarkably, exposure to 

489 the bare sepiolite particles resulted in smaller population sizes, counting 49 ± 3 individuals at 11 

490 d of exposure (p < 0.0001; Figure 5D). 

491 When daphnids were exposed to the bentonite nanocarrier (Figure 5B), or applied to a mixture 

492 of bare bentonite particles and pure eugenol (Figure S7B), only 3 to 7 individuals survived to the 

493 end of exposure at the low exposure concentration. At the medium concentration, exposure to the 

494 bentonite nanocarrier even resulted in a full collapse of daphnid populations within 7 d. In contrast, 

495 when the sepiolite nanocarrier was applied (Figure 5D), daphnid populations still increased in size, 

496 albeit to lower population sizes than controls, counting 40 ± 1 and 32 ± 2 individuals at the low 

497 and medium exposure, respectively (Figure 5E; p < 0.001). 

498 The effects of the mixed exposure to the bare sepiolite particles and eugenol on daphnid 

499 population growth were proportional to the added eugenol concentrations. Daphnid populations 

500 that were exposed to the low concentration of this mixture still reached a final population size of 

501 38 ± 5 individuals at day 12, while populations that were exposed to the medium exposure fully 

502 collapsed within 7 d (Figure S7D). Exposures to pure eugenol did not impair population growth, 

503 irrespective of the exposure concentration, as assessed based on their final daphnid count, counting 

504 83 ± 4 and 83 ± 5 individuals, respectively (Figure 5E).

505

506 DISCUSSION
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507 A key aim for the development of nanocarrier systems for agricultural applications, is to 

508 modulate the release patterns of adsorbed or encapsulated chemical loadings to obtain more 

509 sustained and controlled exposure patterns. This nano-enabled tuning of exposure patterns requires 

510 a thorough assessment of chemical fate and toxicity towards unintendedly exposed non-target 

511 organisms.18 The regulation of nanocarrier systems that are applied as crop protection products in 

512 Europe (EC No 1107/2009) is based on the assessment of the individual nanocarrier components 

513 (i.e. the active ingredient and the bare nanocarrier), where the active ingredient is additionally 

514 included in the REACH database of registered substances (EC No 1907/2006, article 15). 

515 However, our present study focusing on clay-based nanocarriers loaded with eugenol demonstrates 

516 that the longer-term effects of nanocarriers do not necessarily follow from the fate and effects of 

517 the released chemical loading and bare nanocarrier. As we discuss below, the prediction of longer-

518 term adverse effects of nanocarriers therefore requires more thorough understanding of the 

519 behavior of nanocarriers in their environment.

520 In line with previous studies,42-44  our acute toxicity tests indicate that nano-encapsulation 

521 mitigates the toxicity of the AI. Irrespective of the nanocarrier type, we observed a 3- to 4-fold 

522 decrease in the acute toxicity of eugenol upon loading. More specifically, we obtained 48 h-EC50-

523 levels of 0.14 ± 0.01 mg eugenol·L-1 for pure eugenol, of 0.57 ± 0.07 mg eugenol·L-1 for the 

524 sepiolite nanocarrier, and of 0.48 ± 0.02 mg eugenol·L-1 for the bentonite nanocarrier. These values 

525 are in the same order of magnitude of previously reported EC50-levels,45-47 ranging from 0.7 to 2 

526 mg eugenol·L-1.
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527 In marked contrast to the acute toxicity tests, the population-level experiment showed profound 

528 differences between the toxicity of bentonite and sepiolite nanocarriers. At equivalent 

529 concentrations of released eugenol, the bentonite nanocarrier impaired population growth much 

530 more than the sepiolite nanocarrier. Similarly, while both nanocarriers initially impaired the 

531 swimming speed of D. magna, only daphnids that were exposed to the sepiolite nanocarrier 

532 recovered their swimming speed. Since no effects of bare bentonite nanocarriers could be 

533 observed, the higher toxicity of bentonite nanocarriers can only be attributed to interactions 

534 between the nanocarrier, its loading, and the exposed D. magna. 

535 An important difference between the acute and population-level toxicity test, is the age of the 

536 daphnids that were used for these tests. Acute tests were executed with neonates, whilst 

537 population-level tests were executed with 10 d-old individuals who feed. D. magna can ingest 

538 bacteria and algae of 0.6 µm up to 40 µm in size,48 although their ability to ingest ‘hard’ materials 

539 is more restricted. The largest ingestible polystyrene bead for daphnids was found to be 2-5 times 

540 smaller than the largest ingestible alga.49 With respect to the nanocarriers, this could imply that 

541 daphnids can better ingest the smaller aggregates of the bentonite nanocarrier, than those of the 

542 sepiolite nanocarrier. Once ingested, nanocarriers are exposed to the different environmental 

543 conditions of the D. magna gut lumen, such as the low pH, high ionic strength, and presence of 

544 biomolecules,50 which might affect the aggregation, residence time and degradation of the 

545 nanocarrier,51 and can thereby influence the release of the AI. Therefore, the higher toxicity of the 

546 bentonite nanocarrier to daphnid populations could have resulted from the higher bioavailability 

547 of eugenol following its release from ingested nanocarriers.
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548 Earlier, Vijver et al.15 proposed to include the time-dependent fate of nanomaterials 

549 in the ecotoxicological evaluation of nano-enabled products. Our results reveal that this is 

550 particularly relevant for nanocarriers, as acute toxicity tests did not allow to accurately assess 

551 toxicity caused by the dynamic interactions between the bare nanocarrier, its loading, and biota. 

552 This implies that the hazard assessment for nanocarrier crop protection products must be conducted 

553 on a case-by-case basis, that is, for the loaded product rather than its individual constituents, and 

554 should include an evaluation of long-term effects. Additional in vitro tests should explicitly assess 

555 the influence of different environmental matrices, e.g. resembling the gut lumen of non-target 

556 organisms,51 on the stability (OECD Test No. 318),52 degradation (OECD Test No. 301),53 and 

557 resulting release kinetics of the AI from nanocarriers.54 Moreover, adjustments to dispersion 

558 protocols should be made to prevent preliminary degradation of nanocarriers by e.g. sonication 

559 procedures, resulting in the release of the AI prior to exposure. The first studies that investigate 

560 the toxicity of nanocarriers, thoroughly evaluated size as the particle-specific property.55,56 Future 

561 directions should additionally include a detailed investigation of adsorption and desorption of the 

562 AI, and assessment of the impacts of interactions between nanocarriers and their environment on 

563 the fate and toxicity of nano-enabled products over time. This is necessary to fully assess their 

564 potential to replace conventional agrochemicals, and should therefore be included into routine 

565 testing prior to large-scale use.

566
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