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29 Abstract
30 The zebrafish embryo (Danio rerio) has developed into one of the most important alternative 

31 test systems for the hazard assessments of chemicals but the processes governing its 

32 toxicokinetics are poorly understood. This study compares the uptake of seven test compounds 

33 into the embryonic body and the yolk of the zebrafish using in-vivo and in-vitro experiments, 

34 thermodynamic calculations and kinetic modeling.  A considerable amount of the chemicals is 

35 sorbed by the yolk: between 95% (4-iodophenol) and 67% (carbamazepine) of the total internal 

36 amount in 26 hpf embryos, and between 80% and 49% in 74 hpf embryos were found in the 

37 yolk. Thus, internal concentrations determined for the whole embryo overestimate the internal 

38 concentration in the embryonic body; for the compounds of this study, up to a factor of 5. 

39 Biopartitioning coefficients for the embryonic body were calculated for the non-ionic test 

40 compounds and agreed reasonably with the experimental data. A one-compartment model with 

41 diffusive exchange predicted equilibration for the embryonic body of all neutral compounds 

42 except 1,2,4-tribromobenzene to occur within 1 hour in agreement to the time-resolved in-vivo 

43 experiments. For ionic test compounds (bromoxynil, paroxetine), however, the extent and the 

44 speed of uptake was low and could not be modeled adequately.  A better understanding of the 

45 toxicokinetics of ionic test compounds is essential to allow assessing the validity of this 

46 organismic test system for ionic test compounds.

47
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48 Introduction
49 The zebrafish embryo (Danio rerio) is an important alternative model organism to animal 

50 testing in the hazard and risk assessments of chemicals.1 It was initially used to assess acute 

51 fish toxicity and is nowadays increasingly used to also study mammalian toxicity because 

52 essential biological pathways are preserved in all vertebrates.2,3 An understanding of the 

53 internal concentration and distribution of chemicals in fish embryos is crucial for the 

54 interpretation of the effects of chemicals. The information on internal chemical concentrations 

55 is, for instance, important to discriminate between baseline and specific or reactive modes of 

56 toxic action. Furthermore, internal concentrations are important when extrapolating 

57 toxicological data across test systems or species. 

58 At present, internal chemical concentrations in fish embryos are determined from whole-

59 body homogenates.4,5 However, the yolk represents a compartment that is unique to the fish 

60 embryo. It may have different sorption properties for chemicals than the other compartments of 

61 the embryo. In the early stages of development, the yolk of the zebrafish embryo makes up a 

62 large proportion of the mass of the whole embryo, but quantitative data are not available. Thus, 

63 a large fraction of a test chemical determined in a whole embryo homogenate may be located 

64 in the yolk compartment rather than in the embryonic body.

65 So far, it has not been systematically studied how the sorption properties and toxicokinetics 

66 of the yolk differ from the embryonic body. It is not clear yet which parameters influence the 

67 distribution of a substance between the yolk and the other compartments of the embryonic body 

68 and how this may change during the rapid development of the embryo.6–8 Furthermore, a model 

69 that describes the uptake kinetics and distribution of chemicals into the embryonic body and 

70 the yolk would be highly useful.

71  Moreover, distinction between the internal concentration of the embryo and its freely 

72 dissolved fraction would be desirable because the latter is expected to be most relevant for 

73 biological effects, either in the embryonic body or the yolk. 6 The ability to predict the internal 
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74 concentration in the body and the yolk as well as the freely dissolved concentration and to relate 

75 these to biological effects would allow to reduce the need for experimental data. 

76 This study aims to improve the understanding of how chemicals distribute between the yolk 

77 and the other compartments of the embryonic body and how the partitioning of the compounds 

78 across different body compartments is related to the physico-chemical properties of the 

79 chemicals. Experimental data were obtained for a diverse set of test substances comprising the 

80 pharmaceuticals carbamazepine and paroxetine, the pesticides bromoxynil and diuron and the 

81 chemicals 4-iodophenol, 1,2,4-tribromobenzene, and 2-ethylpyridine.

82 The following questions were addressed: (i) How are test substances accumulated in fish 

83 embryos distributed between the yolk compartment and the other compartments? (ii) Can a 

84 partition experiment with isolated, pure yolk and water be used to predict the steady-state 

85 concentration of a substance in the yolk in vivo? (iii) How do the measured chemical uptake 

86 kinetics compare with modeled data?

87 The approaches employed here were: (i) Quantification of the test compounds over time in 

88 whole zebrafish embryos and the embryonic body compartments without yolk; (ii) 

89 Determination of the yolk-water partitioning of the test compounds using zebrafish embryo 

90 yolk in an in-vitro experiment; (iii) Modeling of chemical uptake by the zebrafish embryos with 

91 a diffusive first-order kinetic model.

92
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93 Material & Methods

94 Chemicals

95 Details on the used chemicals and standards can be found in the Supporting Information.

96 Culture of zebrafish, collection of eggs and culture of embryos

97 We used the UFZ-OBI strain (generation F14–15), obtained originally from a local breeder 

98 and kept for several generations at the UFZ. Fish were cultured and used according to German 

99 and European animal protection standards and approved by the Government of Saxony, 

100 Landesdirektion Leipzig, Germany (Aktenzeichen 75-9185.64).9 Details on instrumental 

101 parameters are given in the Supporting Information.

102 Exposure experiments

103 Seven chemicals were selected for the accumulation experiments based on their range of 

104 physico-chemical properties, their ionic character and their environmental relevance (Table 

105 S1). The concentrations in the exposure solutions were < EC50, except for 4-iodophenol that 

106 caused depigmentation in the embryos at the applied concentration. For chemicals, for which 

107 no effect concentrations were available, fish embryo acute toxicity tests were performed 

108 according to OECD 236.10 All chemicals were directly dissolved in ISO-water, except for 1,2,4-

109 tribromobenzene, for which a stock solution was prepared in DMSO, resulting in a final DMSO 

110 concentration of 0.05% in the exposure water.11

111 Zebrafish embryos were exposed from 2 h post fertilization (hpf) for 24, 48, 72 and 96 h 

112 (±1 h), respectively, to each chemical. Exposures to paroxetine lasted up to 120 h. The 

113 concentration of the respective chemicals was determined in the exposure solutions containing 

114 no embryos, negative controls with embryos in ISO-water and in ISO-water with 0.05% DMSO 

115 (negative control for the 1,2,4-tribromobenzene exposure experiment) as well. 

116 For exposures, nine zebrafish embryos at 2 hpf in 90 µL water were transferred into glass 

117 vials containing 18 mL of exposure solution or pure ISO-water or ISO-water with 0.05% 
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118 DMSO. Per exposure duration, six replicates were conducted. Vials were closed with a metal 

119 lid and placed in an incubator at 26±1°C, a light:dark cycle of 14:10 h and were horizontally 

120 agitated at 75 rpm. At the beginning and the end of the exposures, aliquots from the exposure 

121 solutions were taken and stored at -20°C to analytically quantify the concentration Cextern in the 

122 exposure solutions and to monitor the stability of the chemical concentration.

123 The pH and oxygen contents were measured at the beginning and at the end of the exposures 

124 in order to ensure that the pH change (set to 7.4 at the beginning) was less than 1.5 units and 

125 the oxygen saturation above 80% in the exposure solutions.10 No buffer was used to stabilize 

126 the pH in the exposure solutions to avoid effects by additional chemicals in the exposure 

127 solution. A pH change over 96 h of exposure was noted in the range of about 0.5 pH units. 

128 Chemical concentrations in the exposure solutions remained constant over the exposure time 

129 (Table S2). Only for paroxetine, a decrease of 13% was observed over 120 h.

130 Yolk removal, sample preparation for internal concentration analysis

131 After 24, 48 and 72 h of exposure the yolk was removed of 3 embryos with a glass capillary 

132 fabricated with a micropipette puller. Removal of the yolk was achieved by partially sucking 

133 the yolk into the capillary and additional mechanical removal of the yolk sac with the capillary 

134 (Figure S1) similar to Fraher et al.12 Three entire embryos or embryonic bodies with the yolk 

135 removed were transferred with 50 µL water/exposure solution into a 1.5 mL Eppendorf tube.

136 The analysis 4-iodophenol was performed in single embryos/embryonic bodies. The 

137 water/exposure solution was removed and the embryos were rinsed twice with 1 mL Milli-Q 

138 water. Subsequently, the embryos were transferred to FastPrep tubes containing 0.75 mm glass 

139 beads, the water was removed, 1 mL Milli-Q water was added for a further rinse and the access 

140 liquid was then removed. The FastPrep tubes were closed, shock-frozen in liquid nitrogen and 

141 stored at -20°C until extraction.
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142 For the chemicals 4-iodophenol, diuron, carbamazepine, bromoxynil and paroxetine the 

143 following internal standards were dissolved, respectively, in 50/50 methanol/water (v/v) in a 

144 concentration in the range of the calibration curves for the chromatographic analysis: 4-

145 bromophenol, diuron-d6, carbamazepine-d10, bromoxynil-d2, paroxetine-d6 maleate. For 2-

146 ethylpyridine, 3-ethylpyridine was diluted in acetonitrile and for 1,2,4-tribromobenzene, 

147 hexachlorobenzene was dissolved in toluene.

148 For 1,2,4-tribromobenzene, a few embryos were additionally extracted with methanol and 

149 measured with LC-HRMS to check for metabolites, which are presumably more polar and, thus, 

150 detectable with LC-HRMS. Embryos and embryonic bodies were extracted with 200 µL solvent 

151 (methanol, acetonitrile or toluene depending on the chemical) containing the internal standard.

152 The embryos were homogenized in an MP Biomedicals for 20 s at 6.5 m/s, placed in an 

153 ultrasonic bath for 15 min and then centrifuged for 15 min at 13000 rpm. The supernatant was 

154 transferred to a glass vial and stored at -20°C until analysis.

155 4-Iodophenol, diuron, carbamazepine, bromoxynil, and paroxetine were analyzed with ultra-

156 performance liquid chromatography quadrupole-time-of-flight mass spectrometry (UPLC-

157 QToF-MS), 2-ethylpyridine with supercritical fluid chromatography-QToF-MS (SFC-QToF-

158 MS) and 1,2,4-tribromobenzene with gas chromatography-MS (GC-MS). In the case of 

159 carbamazepine, an influence of the solvent type or extraction amount on the extraction of 

160 carbamazepine was ruled out (additional experiments with acetonitrile and acetone and with 

161 extraction volumes of 2 and 15 mL methanol). For the determination of the concentration in the 

162 exposure solution of 1,2,4-tribromobenzene, a liquid-liquid extraction was performed of 

163 950 µL exposure water with 300 µL hexachlorobenzene in toluene (1 µg/mL) in a 1.5 mL glass 

164 vial. The vial was horizontally shaken over night at 150 rpm. The supernatant was then taken 

165 and analyzed on the same day.

166
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167 Yolk/water partition experiments

168 Yolk/water partition coefficients were determined in dialysis experiments. For the dialysis 

169 experiments, 2-3 hpf zebrafish eggs (fertilized and non-fertilized) were washed with tank water 

170 and test medium and then transferred to polypropylene tubes. After water removal, the eggs 

171 were homogenized with an ultra turrax (speed 6.0, 2x2 min, T10 basic, IKA), centrifuged 

172 (5 min at 13000 rpm and 4°C). The supernatant was taken and used in the consecutive dialysis 

173 experiments (for further details refer to Henneberger et al. und Allendorf et al.13,14). The amount 

174 of yolk used in the experiments was adopted for each chemical to ensure a fraction of chemical 

175 bound to the yolk components between 20-80%. Three replicates were determined at 48 h and 

176 72 h.

177 Dry weight 

178 Dry weights of 5 pooled dechorionated zebrafish embryos or embryonic bodies were 

179 determined according to Hachicho et al.15 The dry weight for the yolk was calculated by 

180 subtracting the dry weight of the embryonic body from the dry weight of the whole embryo.

181 Data treatment and analysis

182 Internal chemical amounts in the yolk were calculated by subtracting the value for the 

183 chemical amount in the embryonic body from the one for the whole embryo. Data analysis was 

184 performed in OriginPro 2018.

185 Since dry weights or volumes can be used as a reference for the developmental stage of the 

186 embryo and both parameters differently evolve over the observed age of the embryo (Figure 1), 

187 steady-state partition ratios based on the volume (PRvol) and steady-state partition ratios (PRdry) 

188 based on the dry weight were calculated. PRvol was calculated from the analytically determined 

189 internal concentration per volume in the zebrafish embryo and the measured concentration 

190 (Cextern) in the exposure solution. PRdry was calculated with the internal concentration per dry 

191 weight and the measured concentration (Cextern) in the exposure solution. 
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192 Calculation of equilibrium partition coefficient for the embryonic body

193 Equilibrium partition coefficients in the embryonic body were calculated using values in the 

194 LSER database for the neutral compounds for two different zebrafish life stages: a) the whole 

195 embryo at 96 hpf (0.02 µg (4.54 v/v%) membrane lipids/embryo and 0.20 µg (46 v/v%) muscle 

196 proteins) and b) that corresponding to an adult female zebrafish (1.03 g, 0.97 mL) in v/v%: 

197 3.13% storage lipids, 1.35% phospholipids, 0.23% serum albumin, 5.88% collagen and muscle 

198 protein, 89.42% water.8,16–25 Estimating lipid and protein contents for the embryonic body from 

199 data for whole embryos would involve assumptions for the distribution between yolk and 

200 embryonic body which are not available from literature yet. The partition coefficients were 

201 calculated in Lwater/Lorganism and transferred to Lwater/kgdry weight with the following densities: 1.4 

202 kg/L for serum albumin, 0.93 kg/L for storage lipids, 1 kg/L for membrane lipids and muscle 

203 proteins.26

204 The body/water partition coefficients of the ions bromoxynil and paroxetine were estimated 

205 by the use of the structure protein/water, storage lipid/water, membrane lipid/water and serum 

206 albumin/water partition coefficients of the neutral form. The log Kserum albumin/water value for 

207 bromoxynil was adopted according to the experimentally determined partition coefficient (log 

208 Kserum albumin/water 5.18), as well as the log Kmembrane lipid/water (1.87 – calculated value for the ion). 

209 The pKa values and corresponding dissociation at the exposure pH can be found in table S1.

210 Toxicokinetic modeling of the uptake of the test compounds into zebrafish 

211 embryos

212 To model a first-order chemical uptake into zebrafish embryo, we started by considering 

213 diffusion through a 400 µm aqueous boundary layer (ABL) and a single cell layer with two 

214 membranes.27 The interior of the embryo was assumed to be well mixed. The total permeability 

215 was calculated after Bittermann and Goss (2017)28 and was then used in the compartment model 

216 for diffusive exchange.29 The model was adapted for the two compartments “water” and 
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217 “embryo” (see excel file in the Supporting Information). The model included the assumption 

218 that the water compartment is large enough so that the uptake by the zebrafish embryo would 

219 not change the exposure concentration in the water.

220 The embryo was modeled with the body parameters of an embryo at 96 hpf: a spherical 

221 compartment with a surface area of 0.019 cm2 (calculated from a volume of 253 nL) and a dry 

222 weight of 57 µg. The calculated partition coefficients of the substances log Kbody/water were used 

223 (Table 2, column 5) to calculate the uptake kinetics. To also explore the possibility of a not 

224 well-mixed embryo in additional model calculations, we assumed that membrane-bound yolk 

225 granules with a diameter of 50 µm can be distributed along the radius (0.035 cm at the 

226 beginning of the development).30 This corresponds to a maximum of 6 yolk granules, and thus 

227 12 cell layers as the maximal diffusive transport resistance are conceivable.

228 For the ionic substances bromoxynil and paroxetine, pH=7.4 for the exposure solution was 

229 used to calculate the speciation required for estimating the total permeability. The following 

230 calculated partition coefficients log Kbody/water were used: 2.6 Lwater/kgdry weight (bromoxynil), 1.8 

231 Lwater/kgdry weight (paroxetine).

232
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233 Results & discussion

234 Dry weight and volume of the zebrafish embryo and the two compartments 

235 embryonic body and yolk

236 Values for volumes and dry weights of the yolk and body compartments of zebrafish 

237 embryos at different developmental stages were determined. Data were incomplete in literature 

238 but are necessary to calculate the distribution of the test chemicals between the embryonic body 

239 and the yolk compartments at different times of exposure. Embryonic body and yolk weights 

240 were experimentally determined and their volumes estimated from microscopic images for the 

241 period between 24 and 74 hpf (Figure 1). Dry weights of the whole embryo continuously 

242 decreased from 64 µg at 12 hpf to 50 µg at 120 hpf (Figure 1a) whereas the volume increased 

243 from 170 nL at 24 hpf to 280 nL at 120 hpf (Figure 1b). While the whole embryo dry weights 

244 determined here are in the range as previously reported, the volumes of whole embryos derived 

245 by image analysis were 30 – 40% lower than previous estimates.15,31,32

246 Until 120 hpf the zebrafish embryo is not actively feeding but consumes its yolk for growth 

247 and differentiation. Correspondingly, the yolk decreases in weight and volume, while the 

248 embryonic body increases in size with development (Figure 1a, b). At an early developmental 

249 stage (26 hpf), the yolk comprises approx. 80 % (48 µg/individual) of the dry weight of the 

250 whole embryo, while at 74 hpf, the yolk makes up about 50% (30 µg/individual). Assuming a 

251 linear decrease of the yolk`s mass during embryonic development, the yolk`s mass makes up 

252 approx. 40% of the whole embryo at the end of the exposure period (96 hpf) (

253 Figure 1b) and is completely consumed at about 160 hpf. Previous observations agree with 

254 this pace of yolk consumption in the fish embryo.33 

255 Steady-state partition ratios for the whole embryo
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256 The seven test chemicals comprise five nonionic, one cationic and one anionic compound 

257 with the molecular weights ranging from 107 to 329 g/mol and the octanol-water coefficients 

258 (log KOW) from 1.28 to 4.62 (log D 0.83 to 4.28 at pH 7.4) (Table S1). 

259 The amounts of the test chemicals in dechorionated whole embryos and embryos without 

260 yolk were determined at various sampling time points until 96 hours of exposure. In addition, 

261 the concentrations of test compounds in the exposure solutions were determined. Based on these 

262 data and the volume estimates (Figure 1b), PRvol was calculated (Table 1). For the five neutral 

263 compounds, for which a stable internal concentration, i.e. a steady-state, was reached within 

264 72 h of exposure, the PRvol for the whole embryo ranged from 0.5 for 2-ethylpyridine to 3500 

265 for 1,2,4-tribromobenzene. For the five substances, the order of the PRvol generally followed 

266 their log KOW values (Table 1 and Table S1).

267 PRvol for the polar compounds 2-ethylpyridine and carbamazepine have not been reported 

268 before but the values found here are in the range of values reported for other chemicals with a 

269 similar log KOW.32,34 PRvol ranging around 3500 were previously also observed for compounds 

270 with a similar log KOW as 1,2,4-tribromobenzene.5,35 

271 Distribution of the chemicals between the embryonic body and the yolk

272 Generally, the PRvol were lower for the embryonic body than for the yolk for all five nonionic 

273 compounds (Figure 2 and S2). Thus, the analysis of whole-body homogenates, comprising the 

274 embryo’s body and its yolk, overestimates the internal concentration in the embryonic body.

275 Strongest differences were found for 1,2,4-tribromobenzene, the least polar test compound, 

276 for which the PRvol in the yolk was about 9 times higher than that of the body after 72 hours of 

277 exposure (Figure 2b). For carbamazepine, the difference was weakest, with 2 times higher PRvol 

278 for the yolk compared to the body after 72 hours of exposure (Figure 2a). The other three non-

279 ionic compounds, 2-ethylpyridine, 4-iodophenol, and diuron, showed PRvol differences between 

280 these two extremes (Figure S2). These differences indicate that partitioning of non-ionic 
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281 compounds into the yolk is stronger than into the embryonic body; this may be explained by 

282 the higher phospholipoprotein content of the yolk.12,36,37

283 The importance of the yolk for compound uptake into the whole body (embryonic body plus 

284 yolk) becomes even more obvious if one also considers its higher contribution to the total body 

285 mass in the early stages of development (Figure 1). For example, for 4-iodophenol after 24 

286 hours of exposure, more than 90% of the total amount found in the whole body homogenate is 

287 located in the yolk rather than in the embryonic body (Figure 3a). With ongoing embryo 

288 development and decreasing mass percentage of the yolk, this imbalance becomes weaker. 

289 However, even after 74 hours of exposure (76 hpf), 85% of 1,2,4-tribromobenzene and 80% of 

290 4-iodophenol are in the yolk (Figure 3c), while only 15 - 20% are located in the embryonic 

291 body. For carbamazepine still, only 50% are in the body. The relative amount in the embryonic 

292 body is expected to further increase in later developmental stages (> 74 hpf) and must reach 

293 100% after full consumption of the yolk at approximately 160 hpf.

294 If internal amounts in the embryonic body and the yolk are normalized to the respective dry 

295 weight rather than to the volumes, the differences between embryonic body and yolk are less 

296 pronounced, as the volume changes more drastically than the dry weight (Table S3 and Figure 

297 S3).

298 The distribution of a test chemical between the body and the yolk has been studied before 

299 for the non-ionic compound estradiol, only.7 Also in that study, the proportion found in the 

300 embryonic body was low after 1 h of exposure (36%) but increased to 63% at 24 h of exposure. 

301 Therefore, the developmental stage, reflected by the changes in dry weight and volume of the 

302 two body compartments, and the sorption properties of the different body constituents are 

303 important factors controlling the distribution of the absolute amounts of a chemical in zebrafish 

304 embryos. This includes the freely dissolved concentration.
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305 While it has been previously shown that the chorion and the perivitelline space have to be 

306 removed from the embryo to avoid an overestimation of the internal concentration in the early 

307 stages of development 38, this study outlines that the same is true for the yolk. 

308 In-vitro sorption experiment to yolk and prediction of the equilibrium 

309 concentration in the embryonic body

310 Since the distribution between yolk and the embryonic body was shown to differ for the 

311 investigated non-ionic chemicals, a comparison with an in-vitro lab experiment and a modeling 

312 approach to predict the equilibrium concentration of test chemicals in yolk and embryonic body 

313 was found to be useful.

314 Therefore, yolk harvested from non-exposed zebrafish embryos around 2 hpf was employed 

315 in partition experiments to determine equilibrium partition coefficients in-vitro (log Kyolk/water). 

316 These values were in good agreement with the in-vivo determined partition coefficients for two 

317 of the compounds, 4-iodophenol, and diuron, with 0.33 and 0.16 log units deviation (Table 2). 

318 For two compounds, carbamazepine and 2-ethylpyridine, the in-vitro data were about one order 

319 of magnitude higher than the in-vivo results, while for the fifth compound, 1,2,4-

320 tribromobenzene, the in-vitro results were 0.8 log units lower (Table 2). 

321 This limited agreement of the in-vitro with the in-vivo data may result from experimental 

322 differences: yolk from embryos after 2 hpf was used for the in-vitro experiments, while the first 

323 in-vivo data were obtained after 26 hpf (Table 2). At this age, yolk consumption and metabolic 

324 transformation of lipids have started.12 Moreover, the yolk in the in-vitro experiment was 

325 observed to age and decompose over the experiment time. Furthermore, internal concentrations 

326 in zebrafish embryos may not follow a simple partitioning between the exposure solution and 

327 the organism, but be affected by metabolism and, possibly, active transport.32,39–41 Accordingly, 

328 several biotransformation products were detected in these experiments: for carbamazepine two 

329 metabolites (0.10±0.015 pmol/embryo acridine and 0.14±0.033 pmol/embryo 3-OH-
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330 carbamazepine) were detected in the extracts of whole embryos after 96 h exposure, for 2-

331 ethylpyridine as well (Table S6). 

332 Additionally, equilibrium concentrations for the embryonic body were predicted for the five 

333 non-ionic compounds, with the composition of the embryo and with the composition of an adult 

334 fish body, respectively. For both predictions, similar sorption properties of yolk and muscle 

335 proteins were assumed.8,16,32 The equilibrium concentrations predicted for the embryonic body 

336 (log Kbody/water) with the estimated composition of a female adult zebrafish are in good 

337 agreement with the in-vivo data after 72 h of exposure, with a deviation between 0.1 and 0.5 

338 log units (Table 2). Agreement between predicted concentrations and the in-vivo data was 

339 slightly weaker if the composition of a zebrafish larvae at 96 hpf from literature was used for 

340 the calculation. Strongest deviation occurred for 2-ethylpyridine with 0.6 log units (Table 2).

341 Prediction of the uptake kinetics 

342 Experimental data for 4-iodophenol, diuron, carbamazepine, and 2-ethylpyridine showed a 

343 steady-state situation in the embryo within 24 h of exposure and for 1,2,4-tribromobenzene 

344 between 48 and 72 h of exposure (Figure 4 and S5). The uptake of the chemicals into the two 

345 compartments, embryonic body, and yolk followed a similar kinetic as into the whole embryo. 

346 It appears that metabolism in the embryos exposed to 2-ethylpyridine, diuron or 4-iodophenol 

347 did not lower the steady-state concentration substantially in the first 72 h of exposure, while 

348 this became visible afterwards (see Figure S5). 

349 Uptake kinetics into the embryo was modeled assuming first order kinetics. Equilibrium for 

350 the neutral compounds was predicted to be reached within 24 h of exposure for 4-iodophenol, 

351 diuron, carbamazepine, 2-ethylpyridine and within 60 h of exposure for 1,2,4-tribromobenzene, 

352 respectively (Figure 4d). This is in agreement with the measured uptake curves for these 

353 compounds (Fig. 4a and Fig. S5). According to the model the ABL is the dominant barrier for 

354 the test chemicals rather than the intrinsic membrane permeability. This would also hold if one 
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355 assumes that the embryo’s interior was not well mixed and that only diffusion would have 

356 transported the chemicals through the about 12 cell layers from the outside to the center of the 

357 embryo. Generally, the establishment of the steady-state takes longer for compounds with a 

358 higher partition coefficient, e.g. 1,2,4-tribromobenzene, because a higher amount of chemical 

359 needs to be transported into the body to reach the equilibrium concentration.

360 The model predicts that for compounds even more hydrophobic than 1,2,4-tribromobenzene, 

361 e.g. permethrin and PCB 126, the equilibration time would exceed the maximum exposure time 

362 of 120 h in the zebrafish embryo test (see Figure S7). This is in agreement with experimental 

363 data.42,43 Modeling also shows that for compounds having a higher partition coefficient to the 

364 yolk than to the embryonic body and having uptake kinetics slower than the dry weight loss of 

365 the yolk, as for 1,2,4-tribromobenzene, increased exposure of the embryonic body by yolk 

366 consumption might occur (Figure 4b).

367 Uptake and distribution of the (mainly) ionic compounds bromoxynil and 

368 paroxetine

369 During the 96 h of exposure, no steady-state was reached for the two ionic test substances 

370 bromoxynil and paroxetine, for the latter not even within 120 h of exposure (Figure 4 and S6;). 

371 Bromoxynil was taken up in similar concentrations into the yolk and embryonic body, 

372 paroxetine showed higher concentrations in the yolk. A slow uptake and long equilibration 

373 times of 72 hours and above, together with low enrichment, were previously reported for other 

374 ionic compounds into whole zebrafish embryos and it was assumed that this was due to the 

375 hindered diffusion of the ionic species.32,44

376 In contrast to these experimental observations, the diffusive uptake model used here 

377 predicted a steady-state for bromoxynil and paroxetine within 24 h of exposure (Figure 4e). For 

378 ionic compounds, the intrinsic membrane permeability is lower because only the neutral 

379 fraction permeates the membrane.45 However, also for the two ionic compounds, the ABL is 
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380 the predicted main barrier and the diffusion across the ABL is not dependent on the ionic state.46 

381 The calculated total permeability only deviates by a factor of 2 among the seven compounds 

382 because the aqueous diffusion coefficients are very similar.47 Thus, the neutral fraction of 0.6 

383 and 0.02% for paroxetine and bromoxynil, respectively, is sufficient so that the intrinsic 

384 membrane permeability is still faster than the diffusion across the ABL. In the following, we 

385 explored the reasons for the deviation of the predicted and measured uptake kinetics.

386 Our model results for the uptake kinetics were dominated by the ABL resistance and 

387 therefore not very sensitive to errors in the estimated intrinsic membrane permeabilities (see SI 

388 for further discussion). Anyhow, a repeated sampling within the first hours of exposure would 

389 be useful in the future to confirm the comparability of the modeled membrane permeability 

390 with the zebrafish embryo membrane.

391 Based on further experiments with dechorionated embryos, it can also be ruled out that the 

392 net negative charge of the chorion has affected the uptake kinetics for the non-hatched embryos, 

393 either by repelling the negatively charged bromoxynil, as suggested for perfluorinated alkyl 

394 acids, or by a preferred accumulation of positively charged paroxetine at the chorion (Figure 

395 S8).48,49 Furthermore, an ion-trapping effect for paroxetine was rejected by additional 

396 calculations (see Supporting Information).

397 Data on active efflux transporters for the two compounds have not been reported yet but 

398 active flux cannot be ruled out, yet. Moreover, the thickness and the net charge of the mucus 

399 hydrogel at the epidermis could reduce the uptake kinetics and should be investigated in the 

400 future more closely.50,51 Obviously, more research is needed to understand and correctly predict 

401 the uptake kinetics of ionic compounds into zebrafish embryos. 

402 Implications for toxicokinetic studies of chemicals in zebrafish embryos

403 The combination of in-vivo and in-vitro experiments with thermodynamic calculations and 

404 kinetic modeling provided insight into the uptake of test compounds, separately, into the body 
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405 and the yolk of zebrafish embryos and its dependence on the physico-chemical properties of 

406 the test compounds. The outcome has some implications of practical relevance for future 

407 toxicokinetic and toxicity studies:

408 The non-ionic compounds (log KOW of 1.3 to 4.6) sorbed stronger to the yolk than to the 

409 embryonic body and this difference increased with increasing hydrophobicity of the test 

410 compounds. Consequently, the total internal concentration, which is usually determined in 

411 toxicokinetic studies, increasingly overestimates the internal concentration in the embryonic 

412 body up to a factor of 5 at 72 hours of exposure. The same trend may be seen for the freely 

413 dissolved concentration in the embryo: with increasing affinity of a test compound to 

414 constituents such as those in the yolk it is also expected to be proportionally lower than the total 

415 internal concentration. Moreover, imaging data have recently shown that even within the 

416 embryonic body of the zebrafish reactive toxicants may not be evenly distributed.38,52,53

417 The first-order one-compartment model with diffusive exchange adequately describes the 

418 uptake kinetics of non-ionic compounds. It shows that in the case of very hydrophobic 

419 compounds (log KOW>4.6) the uptake can be too slow to reach the equilibrium between the 

420 external and the internal concentration in the timeframe of the fish embryo toxicity test of 96 h.

421 In agreement with earlier studies, the uptake of ionic compounds such as bromoxynil and 

422 paroxetine turned out to be low and slow, so that no equilibrium was reached during the test 

423 duration. This may limit the validity of test results for ionic compounds. The uptake was also 

424 much slower than predicted by the present uptake model. Equally challenging is to better 

425 understand the effect of metabolism. Metabolic competence is an important advantage of an 

426 organism employed in toxicity testing because certain test compounds may require metabolic 

427 activation before exerting their toxic potential. But namely for compounds taken up slowly and 

428 at longer exposure times biotransformation or active transport can keep the internal 

429 concentration below the expected equilibrium.
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430 While the time course of internal concentration and distribution of chemicals between yolk 

431 and embryonic body can be explained by the underlying physico-chemical properties and 

432 hence, the internal concentrations could be predicted by models, the behavior of ionic 

433 compounds is still not well understood.
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628 Table 1. Steady-state partition ratios (PRvol) calculated from the internal concentrations per volume of the whole embryo and the measured 

629 concentration in the exposure solution (n=6, respectively) for the exposure times of 24, 48 and 72 h with standard deviation (SD). 

630

631 Table 2. Table 2. Measured partition coefficients (log Kyolk/water) derived from the internal amounts in the whole embryo and embryonic body (n=6), 

632 measured equilibrium partition coefficients (log Kyolk/water) from the dialysis experiment (n=3), measured partition coefficients in the embryonic body 

633 (log Kembryonic body/water, n=6), calculated equilibrium partition coefficients of the zebrafish body and the water with the LSER database with the 

634 composition of the zebrafish embryo at 96 hpf and the female adult zebrafish. standard deviation (SD), a no steady-state

635
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637 Table 1

638

Substance Exposure time (h)
PRvol in the whole embryo
(Lwater/Lwhole embryo)
(SD)

PRvol in the embryonic 
body
(Lwater/Lembryonic body)
(SD)

PRvol in the yolk
(Lwater/Lyolk)
(SD)

24 0.52   (0.18) 0.19   (0.05) 0.64   (0.21)
48 0.66   (0.26) 0.19   (0.05) 1.1     (0.5)2-ethylpyridine
72 0.51   (0.14) 0.28   (0.07) 0.92   (0.35)
24 2.7   (0.9) 3.6   (1.5) 2.4   (1.1)
48 2.9   (0.6) 2.2   (0.3) 3.4   (0.8)carbamazepine
72 2.3   (0.5) 1.9   (0.2) 3.0   (1.0)
24 28   (9.0) 14    (8.4) 32   (10)
48 26   (6.8) 9.5   (3.8) 40   (11)diuron
72 22   (3.2) 11    (3.8) 43   (8.0)
24 43   (23) 8.7   (8.6) 55   (29)
48 40   (12) 16    (5.9) 63   (18)4-iodophenol
72 41   (12) 14    (4.5) 88   (27)
24 1300   (980) 730     (1100) 1500   (1300)
48 3200   (580) 1000   (560) 5100   (860)1,2,4-tribromobenzene
72 3500   (730) 900     (730) 7800   (2100)

639

640
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641 Table 2

Substance

yolk/water 
(in-vivo)
log K (Lwater/kgdry weight)
(SD)

24 h exposure (26 hpf),
48 h exposure (50 hpf),
72 h exposure (74 hpf)

yolk/water 
(in-vitro, dialysis 
experiment)
log K (Lwater/kgdry weight)
(SD)

embryonic body/water

log K (Lwater/kgdry weight)
(SD)

24 h exposure (26 hpf),
48 h exposure (50 hpf),
72 h exposure (74 hpf)

body/water 
(calculated)
log K (Lwater/kgdry 

weight)

96 hpf zebrafish
embryo

body/water 
(calculated)
log K (Lwater/kgdry 

weight)

adult female zebrafish

2-
ethylpyridine

0.24   (0.16)
0.44   (0.19)
0.42   (0.20)

1.14   (0.23) -0.20  (0.15)
-0.05  (0.12)
0.11   (0.14)

0.70 0.25

carbamazepine
0.82   (0.21)
0.95   (0.11)
0.94   (0.18)

1.83   (0.04) 1.05   (0.21)
0.99   (0.07)
0.95   (0.09)

1.24 1.07

diuron
1.95   (0.15)
2.01   (0.13)
2.09   (0.13)

1.79   (0.02) 1.65   (0.28)
1.65   (0.18)
1.71   (0.17)

1.70 1.67

4-iodophenol
2.18   (0.24)
2.20   (0.13)
2.40   (0.17)

2.51   (0.16) 1.45   (0.44)
1.88   (0.17)
1.81   (0.16)

1.59 1.69

1,2,4-
tribromobenzene

3.61   (0.40)a

4.12   (0.09)
4.35   (0.16)

2.85   (0.15) 3.37   (0.65)a

3.68   (0.24)
3.63   (0.36)

3.26 3.15
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643 Figures
644
645

646

647

648 Figure 1. a) Dry weights of whole embryos, embryonic bodies and yolk of zebrafish during 120 

649 hours post fertilization; data from two independent experiments with 6 individuals analyzed 

650 separately at each developmental stage. b) Volumes of whole embryos, embryonic bodies, and 

651 yolk of zebrafish. 

652
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653

654

655

656 Figure 2. Steady-state partition ratios based on the volume (PRvol) of a) carbamazepine and b) 

657 1,2,4-tribromobenzene for the whole embryo, the embryonic body and the yolk for two of the 

658 five non-ionic test substances at 24, 48, 72 hours of exposure (each value error represents the 

659 mean with the standard deviation, n=6). Respective graphics for 2-ethylpyridine, diuron, and 4-

660 iodophenol can be found in Figure S2. 

661
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662

663

664 Figure 3. Relative distribution of the total internal amount of five test compounds between 

665 embryonic body and yolk after a) 24, b) 48 and c) 72 hours of exposure (each value error 

666 represents the mean with the standard deviation, n=6). The vertical line represents the relative 

667 proportion of the dry weight of the embryonic body at the respective age of the embryo. 

668
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669  

670

671

672 Figure 4. a) to c) Measured internal concentrations for the whole embryo and the embryonic 

673 body exposed to a) carbamazepine, b) 1,2,4-tribromobenzene and c) paroxetine (mean with 

674 standard deviation, n=6). Concentrations in the yolk were calculated from the measured values 

675 in the whole embryo and embryonic body (see text for details). Modeled relative internal 

676 amount to the equilibrium concentration in the embryonic body versus time of exposure 

677 assuming first-order uptake kinetics (d) for the neutral test compounds and (e) for the ionic 

678 chemicals bromoxynil and paroxetine. 

679
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