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Abstract (200/200 words) 22 

Zebrafish (Danio rerio) is increasingly used to assess the pharmacological activity and 23 

toxicity of compounds. The spatiotemporal distribution of seven fluorescent alkyne 24 

compounds was examined during 48 h after immersion (10 µM) or microinjection (2 mg/kg) 25 

in the pericardial cavity (PC), intraperitoneally (IP) and yolk sac (IY) of 3 dpf zebrafish 26 

eleuthero-embryos. By modelling the fluorescence of whole-body contours present in 27 

fluorescence images, the main pharmacokinetic (PK) parameter values of the compounds 28 

were determined. It was demonstrated that especially in case of short incubations (1-3h) 29 

immersion can result in limited intrabody exposure to compounds. In this case, PC and IP 30 

microinjections represent excellent alternatives. Significantly, IY microinjections did not 31 

result in a suitable intrabody distribution of the compounds. Performing a QSPkR 32 

(quantitative structure-pharmacokinetic relationship) analysis, LogD was identified as the 33 

only molecular descriptor that explains the final uptake of the selected compounds. It was also 34 

shown that combined administration of compounds (immersion and microinjection) provides 35 

a more stable intrabody exposure, at least in case of a prolonged immersion and compounds 36 

with LogD value > 1. These results will help reduce the risk of false negative results and can 37 

offer an invaluable input for future translational research and safety assessment applications.  38 

  39 
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Main text: introduction, results and discussion (3538/4500 words) 40 

Introduction 41 

Zebrafish (Danio rerio) is a small vertebrate that has gained increasing popularity not only as 42 

an animal model for translational research but also to assess the toxicity of compounds such 43 

as drug leads, cosmetics, foods, and environmental samples [1-3]. The key advantages of using 44 

this animal model include its high genetic, physiologic, and pharmacologic homology with 45 

humans, its small size, high fecundity rate, rapid development, and semi-transparent 46 

appearance during the larval stages [4,5]. Particularly, the semi-transparent appearance in 47 

combination with the ex-utero development has made it possible to screen for developmental 48 

effects after compound exposure using nothing more than a low magnification microscope. 49 

Ever since transgenic technology has become widely established and zebrafish with 50 

fluorescent highlighted organs could be generated [2], more detailed screens for organ specific 51 

toxicities such as hepato- [6-8], nephro- [9] cardio- [8,10], and neurotoxicity [8,11] using 52 

fluorescence microscopy has emerged. In addition, it has been established that zebrafish can 53 

determine toxicity of pharmaceuticals and chemicals in general, with a specificity of 89-90%, 54 

sensitivity of 68-80%, and an accuracy of 78% [8,12]. Zebrafish is thus filling a gap between 55 

the affordable, fast, but too simple in vitro models and the more sophisticated but costly and 56 

time-consuming murid studies [13] as it combines the high through-put capacity of in vitro 57 

assays with the benefits of being an in vivo model.  58 

However, zebrafish models also come with some limitations. One being that at least during 59 

the early stages of its development the metabolic capacity is limited [14]. Hence there is a risk 60 

for compounds to be identified as false negatives due to incomplete metabolism. Some 61 

methodological advances have been developed to address this issue. For instance, protocols 62 

have been established that allow zebrafish eleuthero-embryos to be exposed to compounds 63 

after prior in vitro metabolism by rat liver microsomes [15,16].  64 

Another limitation is the low uptake of compounds by zebrafish after immersion exposure, the 65 

most common administration route used in toxicity screens, possibly resulting in false 66 

negative outcomes [5,14,17,18]. The absorptive ability of zebrafish eleuthero-embryos and larvae 67 

is largely determined by the physicochemical properties of the compounds. Studies have 68 

shown that among a wider number of molecular descriptors, lipophilicity plays the largest role 69 

in absorption [19,20,21]. Although somewhat more time-consuming, a way to circumvent a 70 

possible relative lack of absorption, is to microinject compounds into the animals. The most 71 

commonly used injection site in zebrafish eleuthero-embryo is the yolk, consequently intra-72 
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yolk microinjections have also been automated [17,22]. Other routes to deliver compounds 73 

directly into larvae are intracardiac microinjections, as performed to evaluate the permeability 74 

of the blood-brain barrier by fluorescent compounds [23,24], and intravenous microinjection to 75 

evaluate systemic infection of bacterial strains in the zebrafish [25,26].  76 

Despite the multiple and frequently used microinjection routes available, the disposition 77 

within the organism and rate of elimination of compounds injected in eleuthero-embryos and 78 

larvae has not been widely explored [14].  Hence it is not known to what extent 79 

microinjections typically result in a reliable exposure of internal organs and tissues to high 80 

concentrations of the compounds of interest. Therefore, not only a limited uptake of 81 

compounds during immersion, but also a limited body distribution or fast excretion of 82 

compounds after injection might unexpectedly lead to false-negative results. Moreover, a 83 

detailed comparison with results obtained after immersion using the same compounds is 84 

completely lacking.  85 

In this study, we report on the absorption, intra-body distribution and elimination of seven 86 

fluorescent compounds in 3 dpf zebrafish eleuthero-embryos. The compounds were selected 87 

based on their different lipophilicity and delivered by immersion and microinjections in the 88 

pericardial, peritoneal cavity and yolk sac, respectively. By modelling the integrated 89 

fluorescence intensity of delineated whole-body contours present in the fluorescence images, 90 

we determined the main PK parameter values of the compounds. In addition, we examined 91 

whether a combined administration of compounds, i.e., immersion and microinjection, can 92 

offer an added value to the pharmacological activity or toxicity testing of compounds. 93 

Our results will help to forecast the amount of chemical substance that is present in the 94 

zebrafish after administration via immersion, microinjection, or combined immersion/micro-95 

injection, thus allowing a better-informed design of experiments and reducing the risk of false 96 

negative results. 97 

 98 

 99 

  100 



5 

 

Results 101 

 102 

Calculation of molecular descriptors 103 

We used SwissADME to compute a selection of molecular descriptors of seven fluorescent 104 

compounds, i.e., molecular weight (MW), polar surface area (TPSA), molar refractivity (MR) 105 

and number of H-bond acceptors (HBA), H-bond donors (HBD) and rotatable bonds (rotor). 106 

The results are presented in Table 1.  107 

 108 

Experimental determination of lipophilicity 109 

In order to experimentally determine the lipophilicity (LogD) of the fluorescent compounds, 110 

we used the shake-flask method [46]. Briefly, 10 µM of compound was shaken in a mixture of 111 

two mobile phases, n-octanol and Danieau’s solution (eleuthero-embryo medium) and 112 

analysed with UHPLC. Compounds R6GA, FAMA and CY3A were separated by RPLC 113 

(Reversed Phase-Liquid Chromatography), whereas the least lipophilic compounds S-114 

CY5.5A, TAMRA, S-CY3A and S-CY5 were analyzed by HILIC (Hydrophilic Interaction 115 

LC). Results show that the fluorescent compounds displayed LogD values in the range of -116 

1.92 to 1.73 (Table 1). 117 

 118 

Spatiotemporal imaging after immersion and microinjections 119 

We then determined the spatiotemporal distribution of the fluorescent compounds. The 120 

eleuthero-embryos were exposed to the dyes by immersion or microinjection in the pericardial 121 

cavity (PC), intraperitoneally (IP) and in the yolk sac (IY) for 48 h starting from 3 dpf on, i.e. 122 

after hatching, thus avoiding the presence of the chorion that has been reported as a potential 123 

barrier for the absorption of compounds [21,27].  124 

The concentration (10 µM) and dose (0.5 ng, equivalent to 2 mg/kg) used were selected based 125 

on preliminary experiments and did not induce any sign of toxicity while transferring 126 

adequate and quantifiable fluorescence to the organism. At specific time periods after 127 

treatment, the eleuthero-embryos were immobilized by hypothermia and fluorescent 128 

microscope pictures were taken.  129 

After immersion, four of the compounds i.e., S-CY3A, S-CY5.5A, S-CY5A and R6GA, were 130 

slowly taken up, especially during the first 6 h (Figures 1, 2, 3, and 6). The remaining three 131 
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compounds, TAMRA, FAMA and CY3A (Figures 4, 5, and 7) were gradually taken up over 132 

time, with the fluorescent signal mainly localizing in the gastrointestinal system. CY3A was 133 

already clearly absorbed by the eleuthero-embryos after 1 h of immersion. Additionally, 134 

CY3A also presented fluorescence in the lateral line neuromast cells, starting from 1 h post 135 

exposure (Figure 7). 136 

Examining the intra-fish distribution after microinjections into the pericardial cavity, all 137 

fluorescent compounds distributed in the body of the eleuthero-embryo, hence providing good 138 

tissue exposure (Figure 1-7). Specifically, S-CY3A (Figure 1), S-CY5.5A (Figure 2), S-139 

CY5A (Figure 3), FAMA (Figure 4) and TAMRA (Figure 5) rapidly distributed to the 140 

vasculature. After the signal reached the highest level, the total fluorescence dropped 141 

gradually, for some compounds faster than others, most probably by excretion via the cloaca. 142 

Intraperitoneal microinjections (Figure 1-7) showed very similar results as obtained for the 143 

pericardial microinjections. Conversely, compounds injected in the yolk remained mainly 144 

localized at the microinjection site, except in case of TAMRA (Figure 1-7).  145 

As the uptake of compounds during immersion increases over time, whereas PC and IP 146 

injections result in the highest amount of compound present at an early time point, we wanted 147 

to investigate whether combining immersion (10 µM) and PC microinjection (2 mg/kg) would 148 

result in more stable intrabody levels of the fluorescent compounds. The images show that the 149 

level and intra-body fluorescence distribution as observed 48 h later was altered for 150 

compounds S-CY5A, TAMRA and CY3A as compared to the ones obtained for the PC 151 

microinjection route, whereas for all other compounds the visual differences were limited 152 

(Figures 1-7). 153 

 154 

Quantification of whole-body fluorescence and PK analysis 155 

We then quantified the relative amount of compound present in the zebrafish eleuthero-156 

embryos by assessing the integrated fluorescence intensity of delineated whole-body contours 157 

present in the fluorescence images (Figure 1-7). Fluorescent images obtained after IY 158 

microinjections were not analysed as in most cases no redistribution of the compound could 159 

be observed across the zebrafish eleuthero-embryos.  160 

The total measured fluorescence was proportional to total amount of compound present in the 161 

animal, as described by equation (1). 𝑅𝐹𝑈𝑇 denotes the sum of fluorescence intensity in the 162 

overall image, 𝐴 denotes the amount of drug in the zebrafish, and 𝐹𝐿𝑈𝑂𝑅 is a constant 163 
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denoting the compound-specific fluorescence quantum yield. 164 𝑅𝐹𝑈𝑇 = 𝐹𝐿𝑈𝑂𝑅 ∗ 𝐴                           (1) 165 

To describe the disposition kinetics of each compound in the zebrafish, exploratory analysis 166 

of the fluorescence time profiles showed a fast distribution from the injection site for IP and 167 

PC injections, supporting a 1-compartment model as the most parsimonious description of the 168 

data. Exchange with the environment (at compound concentration M, in mg/L) was described 169 

as a superposition of one-way active clearance CL [L/h] and passive exchange Q [L/h] 170 

(Equation 2, 3 and 4, Figure 8). 171 𝑑𝐴𝑑𝑡 = −𝐶𝐿 𝐴𝑉 − 𝑄 𝐴𝑉 + 𝑄𝑀                     (2) 172 

Simplifying by substitution of 𝑘𝑒 = 𝑄+𝐶𝐿𝑉  :  173 

    
𝑑𝐴𝑑𝑡 = −𝑘𝑒 ∗ 𝐴 + 𝑄𝑀                (3) 174 

Next, data fitting was performed with the following mathematical model: 175 

         𝐴(𝑡) = 𝐷𝑜𝑠𝑒 ∗ 𝑒−𝑘𝑒𝑡 + 𝑀𝑄𝑘𝑒 (1 − 𝑒−𝑘𝑒𝑡)     (4) 176 

with Dose the injected dose [mg/kg], M the concentration in the medium [mg/L], Q the 177 

passive exchange with the medium [L/h] and 𝑘𝑒 the total elimination rate constant [h-1]. When 178 

administering the compound through immersion, the injected dose is 0 mg/kg. When injecting 179 

the compound, the concentration in medium is 0. This model was fitted to all available data 180 

using non-linear regression in R version 4.0.3. 181 

Residual error plots were used to identify observations with poor fit. A high residual error 182 

implies these data are poorly described by the pharmacokinetic model, for some data points 183 

possibly due to fluorescence quenching. These observations were censored per compound and 184 

excluded from the modelling dataset (Figure 9). The final model showed low residual error 185 

(Supplementary information, Figure 2) and low bias. Consequently, PK parameters like ke, 𝑡12𝑒 186 

(as calculated from ln(2)/ke) and Q could be accurately identified with low standard errors 187 

(Table 2). 188 

Moreover, we calculated the AUC0-48h values based on fitted functions that represents the total 189 

compound exposure across time for the immersion, PC and IP microinjection and the 190 

combined treatment conditions. To define the Relative Exposure (RE10/2) of the compound 191 

after immersion at 10 µM, we calculated the ratio of AUC0-48h immersion vs the AUC0-48h PC 192 
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microinjection (2 mg/kg) (Figure 10a) as defined in equation (5):                193 

                𝑅𝐸10/2/ℎ =  (𝐴𝑈𝐶𝐼𝑚𝑚 𝐴𝑈𝐶𝐼𝑛𝑗⁄ )                                         (5) 194 

In general, the results show that in case of short incubations (3 h) the relative exposure was 195 

low to very low (range: < 0.01 - 0.05) for all compounds, and somewhat higher for the most 196 

lipophilic compound CY3A (i.e., RE10/2/3h: 0.14) (Figure 10a). Additionally, the RE values for 197 

the 48 h incubation (i.e., RE10/2/48h) were low for the two least lipophilic compounds S-CY3A 198 

and S-CY5.5A (i.e., 0.08 and 0.21, respectively), and high to very high for two most 199 

lipophilic compounds R6GA and CY3A (i.e., 0.78 and 2.90, respectively). Of interest, the RE 200 

values of the other compounds plateaued around 0.5. The data therefore indicate that the total 201 

body exposure to most compounds during the 0-48 h period after immersion were lower than 202 

after microinjections (both PC and IP), except for the compound with the highest LogD value 203 

(1.73) (Figure 10a).  204 

In addition, comparing the passive exchange with the medium (Q) of the compounds reveals 205 

that CY3A is taken up the fastest, whereas compound S-CY5.5A is the slowest one to be 206 

exchanged (Table 2). Expectedly, PC and IP microinjections resulted in similar AUC and 207 

elimination half-lives. Additionally, compounds FAMA and CY3A were the slowest to be 208 

eliminated from the fish.  209 

As expected, for each one of the 7 compounds the AUC of the combination exposure i.e. 210 

immersion + PC microinjection from 0 to 48 h, was higher than the AUC by microinjection 211 

alone (whether PC or IP) (Figure 9).  Thereby we confirmed that the combination of these 212 

administration routes results in an additive effect and continuous exposure to the compounds.  213 

Likewise, to evaluate the intrabody exposure as a result of that combined treatment, we 214 

calculated the relative AUC contribution (RC) of the immersion and PC exposure route as 215 

compared to AUC obtained after combination treatment, as described in equation (6). 216 

                       𝑅𝐶ℎ =  (𝐴𝑈𝐶𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑟𝑜𝑢𝑡𝑒 𝐴𝑈𝐶𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛⁄ )  𝑥 100                           (6) 217 

The results for the 3 h-exposure (i.e., RC3h) (Figure 11a) show that the intrabody exposure is 218 

mainly due to the microinjection route, and no effective additional effect resulted from the 219 

immersion route, except to a limited degree in case of the most lipophilic compound (CY3A). 220 

However, in case of a 48 h-exposure (i.e., RC48h) (Figure 11b), a limited to substantial 221 

contribution of the immersion route to the total intrabody exposure of the compound was 222 

demonstrated.  223 
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QSPkR - quantitative structure-pharmacokinetic relationship analysis 224 

To identify the molecular descriptors that best explain the calculated PK parameters (QSPkR 225 

quantitative structure-pharmacokinetic relationship), we first evaluated and managed the 226 

molecular descriptors in groups of no covariances prior to a multiple linear regression analysis 227 

(Supplementary information, Table 1). 228 

Then we evaluated the QSPkR of the calculated rates (ke, 𝑡12 , Q, and RE).  Results show that 229 

the LogD values (-1.96 to 1.73) present a parabolic relationship with Q (Table 3), RE10/2/3h 230 

(Table 3), and RE10/2/48h (Table 3) (R2 0.817, RMSE 1.20e-09, P<0.015; R2 0.755, RMSE 231 

0.483, P<0.027; R2 0.774, RMSE 0.022, P<0.023; respectively). The stepwise multiple linear 232 

regression did not identify any statistically significant model for ke, and 𝑡12𝑒. In Figure 10 plots 233 

of the observed RE10/2 versus the predicted RE10/2 in case of short incubations (0-3 h) (Figure 234 

10b) and in case of the prolonged incubation period (0-48 h) (Figure 10c) are shown. 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

  247 
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Discussion 248 

In this study we examined the spatiotemporal distribution of seven photostable fluorescent 249 

small-molecules in zebrafish eleuthero-embryos and subsequently investigated their PK 250 

characteristics. All compounds were terminal alkyne derivatives that are completely inert 251 

biologically [28,29], unlike many other commercially available fluorescent derivatives that 252 

contain a chemical bio-reactive linker. In this way, we guaranteed that the body and tissue 253 

distribution of the compounds was determined by their intrinsic chemical characteristics only, 254 

and not by their reactivity towards biomolecules like peptides and proteins. Moreover, since 255 

the metabolic capacity of zebrafish eleuthero-embryos is very limited [15,16], a straightforward 256 

correlation can be assumed between the intrabody fluorescence observed and the amount of 257 

compound present. We initially selected compounds with cLogD values that varied from low 258 

to high lipophilicity (calculated by ChemDraw v18). Subsequently experimental LogD values 259 

were determined so that accurate values corresponding to the actual experimental conditions 260 

were used.  261 

Spatiotemporal imaging after pericardial (PC) and intraperitoneal (IP) microinjections showed 262 

that compounds distributed rapidly over the entire body. PC and IP results were comparable 263 

showing that IP microinjections are a proper alternative to pericardial exposure in the 264 

zebrafish eleuthero-embryo. This is an interesting outcome as PC microinjections become 265 

difficult to perform from 5 dpf on, whereas IP microinjections in zebrafish larvae can easily 266 

be performed even in juveniles and adult zebrafish [30,31]. Moreover, the IP exposure route 267 

represents an enterohepatic distribution which provides a similar distribution to the per os 268 

administration of medicines in humans [32].    269 

Significantly, IY microinjections did not result in a proper intrabody distribution of the 270 

compounds. This is somewhat unexpected as the IY exposure route is often used to deliver 271 

DNA and morpholino’s, and infect (eleuthero-)embryos with viruses, bacterial and cancer 272 

cells, especially since the technique is easy to perform [17,22,33-35]. However, in case of small 273 

chemicals, it appears that the molecules can become entrapped in the yolk that represents a 274 

dense amphiphilic environment consisting largely of cholesterol (40% of total lipid), 275 

phosphatidylcholine (17%), and phospholipo-glycoproteins (i.e., vitellogenins) [36]. In fact, it 276 

has been shown that yolk can selectively accumulate compounds from the surrounding 277 

aquatic environment, both by passive and active transport, involving yolk sac epithelium 278 

receptors in the latter case [37].  279 

We therefore show evidence that IY injections should be avoided when screening small 280 
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compounds for toxic or pharmacological effects, as this route possibly results in a 281 

disproportionate number of false negative outcomes. Clearly, the outcome does not preclude 282 

the possibility of an effective compound transfer from the yolk to body tissues when IY 283 

injections are performed during a very early embryonal stage (i.e., 0-3 hpf) as compared to the 284 

time point used in this study (i.e., 3 dpf). However, this issue is beyond the scope of the 285 

present study and requires further systematic characterization of the body distribution of IY-286 

injected fluorescent dyes as a function of embryonal development.    287 

Next, we quantified the integrated fluorescence intensity of delineated whole-body contours 288 

of the eleuthero-embryos after immersion and after the PC and IP microinjections, and 289 

modelled the data using a one-compartmental PK model. Notably, in case of some 290 

microinjected compounds, the fluorescent signal was not maximal immediately upon 291 

injection, likely as the result of quenching associated with self-assembled aggregates of the 292 

compounds present in high concentrations at the injection spot [38]. As a consequence, we 293 

modelled the microinjection data between 1 h or 3 h to 48 h, censored per compound. The 294 

outcome demonstrates the feasibility to extract PK data from time-dependent series of 2D-295 

fluomicrographs. Furthermore, the quantitative results concerning the PC and IP 296 

microinjections also confirm that the two routes result in a similar PK behavior.  297 

Noteworthy, when comparing bio-characteristics of fluorescent compounds, it should be 298 

borne in mind that quantitative results obtained are critically dependent on the fluorescence 299 

quantum yield of the individual compounds and the equipment settings used. Hence, absolute 300 

fluorescence intensities of different compounds (e.g., as in case of AUC data) cannot be 301 

mutually compared. However, to identify and correlate the PK behavior of the compounds, 302 

we calculated their Relative Exposure values (RE10/2) both after a 3 h- (short exposure) and a 303 

48 h- period (prolonged exposure), as well as their ke, (t
12)e, and Q that all are fluorescence-304 

independent.  305 

For obvious reasons, the RE values critically hinge on the concentration (10 µM), the dose (2 306 

mg/kg) and the exposure time used. Zebrafish eleuthero-embryos and larvae can be exposed 307 

to higher concentrations of chemicals (up to mM range) [18], often depending on the 308 

maximum water-solubility of the compounds, and consequently one would expect 309 

correspondingly higher intra-body concentrations. However, in this study we selected a rather 310 

low but biologically relevant concentration and dose, as often used in preclinical experiments 311 

and zebrafish studies [8,39-41]. We found that the AUCs obtained for both the immersion and 312 
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microinjections conditions were of the same order of magnitude, and this for a large range of 313 

LogD values, at least after prolonged exposure (48 h). Importantly, our data also reveal that 314 

short immersions (1-3 h) that are frequently used when testing the pharmacological activity or 315 

toxicity of compounds, would typically underexpose intrabody tissues and organs to the test 316 

compound as compared to the outcome observed with a 2 mg/kg microinjection.  317 

We further identified Relative Exposure values (RE10/2/h) and the passive exchange with the 318 

medium [L/h] (Q) as useful predictors of absorption by exploratory stages of model building. 319 

Among other molecular descriptors, i.e., polar surface area (TPSA), molar refractivity (MR), 320 

number of H-bond acceptors (HBA), H-bond donors (HBD) and rotatable bonds (rotor), the 321 

QSPkR analysis identified LogD as the most important physicochemical descriptor to explain 322 

the PK parameters. These findings align with studies on the absorption of compounds in 323 

zebrafish eleuthero-embryo [19-21] that have found that the higher the lipophilicity, the higher 324 

the uptake.  325 

On the other hand, we did not find any relationship with the other descriptors that have been 326 

defined by Long et al as predictive parameters for the absorption of compounds in zebrafish 327 

[19]. Possibly, this is due to fact that only a limited number of compounds was used in our 328 

work, thereby underestimating the effect of physicochemical characteristics that are less 329 

dominantly influencing absorption processes. However, the interesting work by Long et al., 330 

(2019) [19] is based on the functional (in)activity of compounds used at different 331 

concentrations, as reported in literature, whereas in this study the relative intra-body exposure 332 

was considered, using a single concentration and dose. Likely, these differences in 333 

computational and experimental methodology affected the outcome of both studies.     334 

Additionally, we investigated whether a combined administration of compounds by 335 

immersion and pericardial microinjection offers an extra benefit, as a continued higher 336 

exposure of intrabody tissues and organs to compounds might reduce the risk to obtain false 337 

negative results during pharmacological or toxicity screens. The outcome clearly 338 

demonstrates that only in case of a prolonged immersion (i.e., 48 h) an additional intrabody 339 

exposure can be expected, especially for lipophilic compounds (i.e., LogD > 1). In case of 340 

short exposures (1-3 h) the contribution to the intrabody concentration of the compound after 341 

immersion is very limited as compared to the one reached after microinjection. 342 

In conclusion, in this study we compared the disposition of fluorescent compounds within the 343 

body using different exposure routes frequently used in zebrafish eleuthero-embryos (3-5 dpf) 344 

at a specific and commonly used concentration and dose. Taken together, the data show that 345 
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the immersion route can result in limited intrabody exposure to compounds, especially in case 346 

of short incubations (typically 1-3 h), possibly resulting in false-negative results in screening 347 

programs. In this case, PC and IP microinjections represent excellent alternatives. We further 348 

demonstrated that the IY exposure route should be avoided and hence care needs to be taken 349 

when analyzing results from this type of exposure, even though it has been widely 350 

implemented and automated [17,22,34]. Finally, we also provide a mathematical model to 351 

predict the relative uptake of compounds as a function of time which can offer an invaluable 352 

input for future translational research and safety assessment applications.  353 

  354 
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Material and Methods (1209/1500 words) 355 

 356 

Zebrafish care and maintenance 357 

Adult AB zebrafish (Danio rerio) were reared at 28.5 °C on a 14/10 hour light/dark cycle 358 

according to standard zebrafish aquaculture conditions [42]. Food was given to the adult fish 359 

ad libitum while minimizing the surplus. Depending on the developmental stage of the fish, 360 

live food (i.e., freshly hatched nauplia of Artemia salina) and dry food (commercial fish diet) 361 

was given. Eleuthero-embryos were collected from natural spawning and fostered in 362 

Danieau’s solution [43]. All procedures were carried out according to the Declaration of 363 

Helsinki and conducted following the ARRIVE guidelines [44] and the guidelines of the 364 

European Community Council Directive 2010/63/EU, implemented in 2020 by the 365 

Commission Implementing Decision (EU) 2020/569 and all the relevant ethical regulations 366 

from the Ethics Committee of the University of Leuven (Ethische Commissie van de KU 367 

Leuven, approval number ECD 027/2019) and from the Belgian Federal Department of Public 368 

Health, Food Safety and Environment (Federale Overheidsdienst Volksgezondheid, 369 

Veiligheid van de Voedselketen en Leefmilieu, approval number LA1210261). 370 

 371 

Fluorescent compounds and their physicochemical properties  372 

Fluorescent compounds were initially selected to have a wide range of cLogD (calculated 373 

lipophilicity) as defined by the ChemDraw calculator. These were purchased from Lumiprobe 374 

(Hannover, Germany): alkyne cyanine-based dyes: S-CY3A (CAS Nº A13B0), S-CY5.5A 375 

(CAS Nº A73B0), S-CY5A (CAS Nº A33B0) CY3A (CAS Nº A10B0), and alkyne xanthene-376 

based dyes: FAMA (CAS Nº A41B0), TAMRA (CAS Nº A71B0) and R6GA (CAS Nº 377 

A52B0). They were dissolved in DMSO (99.9%) and frozen as 10 mM stock solutions at -378 

20°C. Molecular descriptors and properties of the fluorescent compounds were calculated by 379 

the SwissADME platform [45].  380 

 381 

Determination of experimental lipophilicity (LogDo/w)  382 

The lipophilicity of the fluorescent compounds was determined following the EPA guideline 383 

OPPTS 830.7550 Partition coefficient (shake flask method) [46] using Danieau’s solution and 384 

n-octanol as the two immiscible phases. Analyses were performed using an Agilent Infinity 385 
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1290 UHPLC system (Agilent Technologies, Waldbronn, Germany) consisting of an 386 

autosampler, quaternary pump and DAD-detector, operated with Open Lab software (version 387 

C.01.10, Agilent Technologies). FAMA, R6GA and CY3A were separated in RPLC mode on 388 

an Acquity BEH C18 column (100 x 2.1 mm, dp = 1.7 µm) from Waters (Milford, MA, USA) 389 

at a flow rate of 0.4 mL/min. Gradient elution was performed starting at 3:5:92 (v/v) ACN: 390 

200 mM ammonium formate (adjusted to pH 3 with formic acid):MilliQ water, and changed 391 

to 82:5:13 (v/v) ACN: 200 mM ammonium formate (pH 3): MilliQ water in 11.5 min. S-392 

CY5.5A, TAMRA, S-CY3A and S-CY5A were separated in HILIC mode on an Acquity BEH 393 

HILIC column (100 x 2.1 mm, dp = 1.7 µm) from Waters (Milford, MA, USA) at a flow rate 394 

of 0.4 mL/min. Gradient elution was performed starting at 95:5 ACN: 200 mM ammonium 395 

formate (pH 3) and changed to 60:5:35 ACN:200 mM ammonium formate (pH 3):MilliQ 396 

water  in 11 min. The injection volume for all analyses was 1 µL and columns were kept at 397 

room temperature. All compounds were detected and quantified at 390 nm. For the 398 

quantification of the compounds, calibration samples were made in 50:50 ACN:MilliQ water 399 

for the compounds analysed in RPLC and 95:5 ACN:MilliQ water for compounds analysed in 400 

HILIC. Five concentration levels (10, 5, 2.5, 1.25, 0.63 µM) were used for all compounds 401 

except for R6GA, TAMRA and S-CY3A, for which six concentrations levels were used (10, 402 

5, 2.5, 1.25, 0.63, 0.32 µM), and S-CY5A, for which four concentration levels (10, 5, 2.5, 403 

1.25 µM) were used. Each sample was injected three times. The variation (calculated as the 404 

relative standard deviation, %RSD) for 3 injections was always below 10% (for all considered 405 

concentrations) and R2 values of the calibration curves were all above 0.998. All calculations 406 

concerning the evaluation of the recorded data were made in MS Excel (Microsoft 407 

Corporation, Seattle, USA). Finally, the LogD value was obtained as described in equation 408 

(7). 409 

 410 

            𝐿𝑜𝑔 𝐷𝑜𝑐𝑡𝑎𝑛𝑜𝑙/𝐷𝑎𝑛𝑖𝑒𝑎𝑢′𝑠 =  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑂𝑐𝑡𝑎𝑛𝑜𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐷𝑎𝑛𝑖𝑒𝑎𝑢′𝑠⁄          (7) 411 

 412 

Treatment of zebrafish eleuthero-embryos with the fluorescent compounds 413 

Immersion: 3 dpf zebrafish eleuthero-embryos wildtype AB (n =10 per compound) randomly 414 

selected were immersed using 6-well-plates (5 ml per well) of Danieau’s medium with a final 415 

DMSO concentration of 0.1% (v/v), containing the compounds in a concentration of 10 µM. 416 

Vehicle-treated control eleuthero-embryos were exposed to Danieau’s medium supplemented 417 
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with 0.1% v/v DMSO.  418 

Microinjections: 3 dpf zebrafish eleuthero-embryos wildtype AB (n =10 per compound) 419 

randomly selected were immobilized by cooling to 4 ºC and positioned on 1% (w/v) agarose 420 

plates at room temperature. All compounds were microinjected using glass needles fitted to a 421 

micromanipulator (MM-33) connected to a gas pressure microinjector (Eppendorf Femtojet 422 

set - AG 22331 Hamburg). Glass capillaries (W/FIL 1.0MM 4 in TW 100F-4) were pulled 423 

(Sutter Instrument CO. Model P-87 Cat N B100-58-15 Filament: FB330B – FB320B) by 424 

using program 5 (Heat 829, Pull 158, Vel 100, Time 150). Needles were filled with 425 

compounds dissolved in vehicle (DMSO/saline (1:1)). Microinjections were performed into 426 

the pericardial cavity (PC), intraperitoneally (IP) or into the yolk sac (IY) at a volume of 1 nL 427 

and a dose of 2 mg/kg. Afterwards the eleuthero-embryos were transferred to 6-well plates. 428 

Control eleuthero-embryos were exposed to vehicle only.  429 

Combination of exposure routes immersion and PC: 3 dpf zebrafish eleuthero-embryos 430 

wildtype AB (n =10 per compound) randomly selected were immobilized and positioned on 431 

1% (w/v) agarose plates. All compounds were microinjected using glass needles, as 432 

previously described into the PC cavity. Afterwards, the larvae were selected and transferred 433 

to a 6-well-plate, into its corresponding compound at 10 µM. 434 

The thus-treated eleuthero-embryos were kept in the incubator at 28.5° C (in darkness) and 435 

taken out shortly at defined time points (15’, 1 h, 3 h, 6 h, 24 h and 48 h) for image analysis. 436 

 437 

Image analysis  438 

Eleuthero-embryos were immobilized by hypothermia, rinsed three times with Danieau’s 439 

medium, and positioned latero-lateral (right lateral recumbency) in a drop of agarose (0.1%). 440 

To acquire images, a Leica MZ10F fluorescent stereomicroscope with a 4.0× 441 

planapochromatic objective (10447243) was used, equipped with a Digital Color Camera 442 

Leica DFC310 FX (Software LAS 4.13). Filter sets were GFP 10446222 in case of compound 443 

FAMA, dSRED 10447079 in case of S-CY3A, CY3A and TAMRA, and CY5 10446366 in 444 

case of S-CY5.5A and S-CY5A. After manual delineation of the whole body (WB) contours 445 

of the zebrafish eleuthero-embryos using MetaMorph® (Microscopy Automation & Image 446 

Analysis Software V.7.8.00), the fluorescence in the selected area was quantified as integrated 447 

fluorescence intensity (RFU) that adds up all fluorescence intensity values of the individual 448 

pixels. In case of the combination treatment the same correction factor for exposure time from 449 
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the camera setting was applied in the case of FAMA and TAMRA, to avoid saturation of the 450 

images (Supplementary information. Figure 1) [47].  451 

 452 

Pharmacokinetic modelling and QSPkR 453 

The designed model was optimized by a non-linear least squares modelling, using Gauss-454 

Newton algorithms under the method of iterative fashion [48], with R version 4.0.3, using 455 

stats::nls [49].  456 

For the QSPkR we performed multiple linear regression analysis using JMP®, Version 15.1. 457 

SAS Institute Inc., Cary, NC, 1989-2019., Version 15.1. SAS Institute Inc., Cary, NC, 1989-458 

2019. The most appropriate model was identified in a stepwise search optimizing AIC 459 

(forward and backwards). We evaluated the association among the PK parameters (ke, 𝑡12𝑒, Q) 460 

and RE of the fluorescent compounds, with the experimental LogD value and some in silico 461 

values.  462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 
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Tables 491 

 492 

Table 1. 493 

 494 

 495 

Table 2.  496 

Compound 1 2 3 4 5 6 7 

ke [-h x10^- 2] 0.012 0.023 0.014 0.012 0.052 0.011 0.049 𝒕𝟏𝟐 [h] 57.40 30.26 50.41 57.41 13.35 64.33 13.92 

Q [L/h x 10^-9] 0.23 0.34 1.61 1.71 1.45 3.23 8.37 

Residual standard error 1.04 0.28 0.13 0.61 1.89 0.24 0.99 

 497 

 498 

Table 3.  499 

PK  

PARAMETER     

 

MODEL 

R2
 

ADJ 

 

RMSE 

P 

VALUE 

Q = 1.362e-9 + 1.696e-9 (LogD) + (LogD + 0.179)˄2  8.409e-9 0.817 1.20e-09 0.015 

RE10/2/3h = 0.018 + 0.026 (LogD) + (LogD + 0.179)˄2 0.015 0.774 0.022 0.023 

RE10/2/48h = 0.297 + 0.539 (LogD) + (LogD + 0.179)˄2 0.341 0.755 0.483 0.027 

 

Compound 

 

N◦ 

Sulfo-Cyanine 
3 Alkyne         

 
(S-CY3A) 

1 

Sulfo-Cyanine 
5.5 Alkyne         

 

(S-CY5.5A) 
2 

Sulfo- Cyanine 
5 Alkyne         

 

(S-CY5A) 
3 

Fam Alkyne,  
5-Isomer         

 
(FAMA) 

4 

Tamra 
 Alkyne          

5-Isomer         
(TAMRA) 

5 

Rhodamine 
6g (R6g), 6-

Isomer         
(R6GA) 

6 

Cyanine3 
Alkyne            

 

(CY3A) 
7 

 

 

Structure 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

MW g/mol 691.9 1054.36 547.79 413.38 467.52 462.6 530.14 

Rotor 13 18 11 3 6 7 10 

HBA 7 13 1 6 4 2 1 

HBD 1 1 0 3 1 1 1 

MR 180.42 241.21 185.18 109.52 135.27 144.59 169.95 

TPSA Å2 152.68 256.18 23.32 105.09 88.62 38.33 35.35 

LogD -1.96 -1.68 -0.72 -0.14 0.46 1.07 1.73 
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Legends 689 

 690 

Table 1. Molecular descriptors of the fluorescent compounds (in-silico analysis using 691 

SwissADME) and the experimentally determined LogD values. 692 

 693 

Table 2. Values of fluorescence independent PK parameters calculated by modelled data, and 694 

residual standard error. Compounds: S-CY3A (1), S-CY5.5A (2), S-CY5A (3), FAMA (4), 695 

TAMRA (5), R6GA (6) and CY3A (7). Confidence interval 95%. 696 

 697 

Table 3. Multiple linear regression of PK parameters and molecular descriptors as 698 

explanatory variable. Only statistically significant models are shown. R2 adj: R2 adjusted. 699 

RMSE: root mean square error. P value (<0.05). 700 

 701 

Figure 1. Representative pictures of the spatiotemporal distribution of the fluorescent 702 

compound S-CY3A. The eleuthero-embryos were exposed to the dye by immersion (10 µM) 703 

or microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in the 704 

yolk sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting from 705 

3 dpf.  706 

 707 

Figure 2.  Representative pictures of the spatiotemporal distribution of the fluorescent 708 

compound S-CY5.5A. The eleuthero-embryos were exposed to the dye by immersion (10 709 

µM) or microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in 710 

the yolk sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting 711 

from 3 dpf.  712 

 713 

Figure 3.  Representative pictures of the spatiotemporal distribution of the fluorescent 714 

compound S-CY5A. The eleuthero-embryos were exposed to the dye by immersion (10 µM) 715 

or microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in the 716 

yolk sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting from 717 

3 dpf. 718 
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 719 

Figure 4.  Representative pictures of the spatiotemporal distribution of the fluorescent 720 

compound FAMA. The eleuthero-embryos were exposed to the dye by immersion (10 µM) or 721 

microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in the yolk 722 

sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting from 3 723 

dpf. 724 

 725 

Figure 5. Representative pictures of the spatiotemporal distribution of the fluorescent 726 

compound TAMRA. The eleuthero-embryos were exposed to the dye by immersion (10 µM) 727 

or microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in the 728 

yolk sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting from 729 

3 dpf. 730 

Figure 6. Representative pictures of the spatiotemporal distribution of the fluorescent 731 

compound R6GA. The eleuthero-embryos were exposed to the dye by immersion (10 µM) or 732 

microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in the yolk 733 

sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting from 3 734 

dpf. 735 

 736 

Figure 7. Representative pictures of the spatiotemporal distribution of the fluorescent 737 

compound CY3A. The eleuthero-embryos were exposed to the dye by immersion (10 µM) or 738 

microinjection (2 mg/kg) in the pericardial cavity (PC), intraperitoneally (IP) and in the yolk 739 

sac (IY), or by a combination of immersion and PC microinjection, for 48 h starting from 3 740 

dpf. Staining of neuromast cells of the lateral line is visible 1 h post-immersion.  741 

 742 

Figure 8. Schematic illustration of the 1-compartment model used to calculate PK parameters 743 

of the fluorescent compounds in the zebrafish eleuthero-embryo. One-way active clearance 744 

CL [L/h], passive exchange Q [L/h], compound in the medium [mg/L] and dose administrated 745 

by microinjection [mg/kg]. 746 

 747 

Figure 9. Fluorescence-time curves for all compounds and administration routes, with 748 

excluded data points marked as X symbols. Model prediction is presented as dotted line, 749 
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model-predicted equilibrium fluorescence after immersion as solid horizontal line. 750 

Compounds S-CY3A (1), S-CY5.5A (2), S-CY5A (3), FAMA (4), TAMRA (5), R6GA (6) 751 

and CY3A (7). 752 

 753 

Figure 10. Relationship between observed RE and LogD for the short incubation (0-3 h) and 754 

prolonged incubation period (0-48 h) (a). (b) Plot of the observed RE10/2 versus the predicted 755 

RE10/2 in case of the short incubation (0-3 h), (c) and in case of the prolonged incubation 756 

period (0-48 h). Dashed line is the line of fit, shade color is the confidence interval of the 757 

model (95%). Compounds S-CY3A (1), S-CY5.5A (2), S-CY5A (3), FAMA (4), TAMRA 758 

(5), R6GA (6) and CY3A (7). 759 

 760 

Figure 11. Histograms of Relative AUC contribution (RCh) of the immersion and PC 761 

exposure route as compared to AUC obtained after combination treatment for a 3 h treatment 762 

(a) and a 48 h treatment (b). Compounds S-CY3A (1), S-CY5.5A (2), S-CY5A (3), FAMA 763 

(4), TAMRA (5), R6GA (6) and CY3A (7). 764 
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Figures

Figure 1

Representative pictures of the spatiotemporal distribution of the �uorescent compound S-CY3A. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf.



Figure 2

Representative pictures of the spatiotemporal distribution of the �uorescent compound S-CY5.5A. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf.



Figure 3

Representative pictures of the spatiotemporal distribution of the �uorescent compound S-CY5A. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf.



Figure 4

Representative pictures of the spatiotemporal distribution of the �uorescent compound FAMA. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf.



Figure 5

Representative pictures of the spatiotemporal distribution of the �uorescent compound TAMRA. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf.



Figure 6

Representative pictures of the spatiotemporal distribution of the �uorescent compound R6GA. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf.



Figure 7

Representative pictures of the spatiotemporal distribution of the �uorescent compound CY3A. The
eleuthero-embryos were exposed to the dye by immersion (10 µM) or microinjection (2 mg/kg) in the
pericardial cavity (PC), intraperitoneally (IP) and in the yolk sac (IY), or by a combination of immersion
and PC microinjection, for 48 h starting from 3 dpf. Staining of neuromast cells of the lateral line is
visible 1 h post-immersion.



Figure 8

Schematic illustration of the 1-compartment model used to calculate PK parameters of the �uorescent
compounds in the zebra�sh eleuthero-embryo. One-way active clearance CL [L/h], passive exchange Q
[L/h], compound in the medium [mg/L] and dose administrated by microinjection [mg/kg].



Figure 9

Fluorescence-time curves for all compounds and administration routes, with excluded data points marked
as X symbols. Model prediction is presented as dotted line, model-predicted equilibrium �uorescence after
immersion as solid horizontal line. Compounds S-CY3A (1), S-CY5.5A (2), S-CY5A (3), FAMA (4), TAMRA
(5), R6GA (6) and CY3A (7).



Figure 10

Relationship between observed RE and LogD for the short incubation (0-3 h) and prolonged incubation
period (0-48 h) (a). (b) Plot of the observed RE10/2 versus the predicted RE10/2 in case of the short
incubation (0-3 h), (c) and in case of the prolonged incubation period (0-48 h). Dashed line is the line of
�t, shade color is the con�dence interval of the model (95%). Compounds S-CY3A (1), S-CY5.5A (2), S-
CY5A (3), FAMA (4), TAMRA (5), R6GA (6) and CY3A (7).



Figure 11

Histograms of Relative AUC contribution (RCh) of the immersion and PC exposure route as compared to
AUC obtained after combination treatment for a 3 h treatment (a) and a 48 h treatment (b). Compounds
S-CY3A (1), S-CY5.5A (2), S-CY5A (3), FAMA (4), TAMRA (5), R6GA (6) and CY3A (7).
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