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Abstract 

Polycyclic aromatic hydrocarbons (PAHs) are a group of environmental toxicants found ubiquitously as complex mixtures in human- 
impacted environments. Developmental zebrafish exposures have been used widely to study PAH toxicity, but most studies report 
nominal exposure concentrations. Nominal exposure concentrations can be unreliable dose metrics due to differences in toxicant 
bioavailability resulting from disparate exposure methodologies and chemical properties. Toxicokinetic modeling can predict 
toxicant tissue doses to facilitate comparison between exposures of different chemicals, methodologies, and biological models. We 
parameterize a biologically based dosimetry model for developmental zebrafish toxicity assays for 9 PAHs. The model was optimized 
with measurements from media, tissue, and plastic plate walls throughout a static developmental exposure to a mixture of 10 PAHs 
of high abundance within the Portland Harbor Superfund Site. Plate binding, volatilization, zebrafish permeability, and tissue— 
media partitioning coefficients vary widely between PAHs. Model predictions accounted for 83% and 54% of 48 hpf body burdens 
within a factor of 2 resulting from exposures to mixtures and individual PAHs, respectively. Accounting for solubility significantly 
improves model performance. Competition for active sites in metabolizing enzymes may change biotransformation kinetics 
between individual PAH and mixture exposures. Area under the curve estimations of concentrations in zebrafish resulted in altered 
hazard rankings from nominal exposure concentrations. Future work will be oriented to generalizing the model to other PAHs. This 
PAH dosimetry model improves the interpretability of developmental zebrafish toxicity assays by providing time-resolved body 
burdens from nominal exposure concentrations.
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The past 2 decades have witnessed a shift toward large in vitro 
screens to generate toxicity data to inform decisions of chemical 
risk in environmental and pharmaceutical applications. This is 
motivated in part by increased demand for mechanistic hazard 
data, the greater speed and lower cost of most in vitro tests, and 
increased societal pressure to reduce, refine, and replace animal 
testing in chemical decision-making (MacArthur Clark 2018; 
Beilmann et al. 2019; Thomas et al. 2019; Paul Friedman et al. 
2020). Cell-based in vitro models have some disadvantages; 
namely they have highly specific readouts and can fail to recapit
ulate or predict complex organ toxicities for which animal mod
els are often better equipped to detect (Beilmann et al. 2019; 
Weaver and Valentin 2019; Yu et al. 2021; Daley et al. 2023; 
Juberg et al. 2023). Developmental toxicity assays in Danio rerio 
(zebrafish), fill a crucial niche—combining moderately high 
throughput in vitro-like capabilities with broad systems-level 
susceptibility in a vertebrate model (Hill et al. 2005; MacRae and 
Peterson 2015).

A number of qualities make zebrafish a strong developmental 
and toxicological model. They develop ex utero and near- 
transparently enabling visualization of organ systems and 

morphologic malformations. Embryonic and larval zebrafish fit 
into a 96-well plate format and consequentially do not require 
large volumes of chemical for testing. Zebrafish develop most 
organ systems excluding the gastrointestinal tract within the 
first 72-h postfertilization (hpf), enabling varying exposure proto
cols to expose before, during, or after organogenesis (Kimmel 
et al. 1995; Hill et al. 2005; Garcia et al. 2016). Finally, being verte
brates, they share many organ systems and relevant biological 
and toxicological processes with humans (Hill et al. 2005; Howe 
et al. 2013). Due to these strengths and the larger trends in toxi
cology mentioned above, zebrafish are increasingly used to inves
tigate toxicity, both in mechanistic studies and in large-scale 
chemical screens such as those conducted in ToxCast (Padilla 
et al. 2012; Knecht et al. 2013; Geier et al. 2018a; Jarema et al. 
2022; Truong et al. 2022).

Toxicity data gathered from developmental zebrafish assays 
would ideally be used to inform chemical risk assessment. This 
would require in vitro to in vivo extrapolation in which a dose 
causing a toxic response in the assay is related to an exposure to 
an in vivo system of interest through toxicokinetic modeling (Bell 
et al. 2018). Most large screens of zebrafish toxicity assays report 
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nominal concentrations in the exposure media. Nominal expo
sure concentrations can be unreliable surrogates for tissue dose 
because different chemicals partition between the fish and expo
sure media to different extents depending on their physiochemi
cal properties (K€uhnert et al. 2013; Brox et al. 2016; Geier et al. 
2018a). Exhaustively measuring tissue body burdens in develop
mental exposure assays would greatly decrease throughput and 
increase cost; however, biologically based kinetic dosimetry mod
els can estimate fish tissue burdens from nominal exposure con
centrations.

To date, a number of models have been utilized to describe 
chemical dose in developmental zebrafish exposures. Sim�eon 
et al. (2020) constructed a zebrafish dosimetry model for develop
mental exposures in commonly used plastic well plates. This 
model performs well in predicting body burdens of valproic acid 
analogs after 48 and 96 h of exposure, but overestimates initial 
body burdens because it assumes instantaneous diffusion 
between compartments. More recently, models have been devel
oped for perfluoroalkyl substances and 2 for bisphenols (Warner 
et al. 2022; Billat et al. 2023a, 2023b; Chelcea et al. 2023). Three of 
these models account for binding to plastic and all of them 
included limited uptake rates which improves their applicability 
in early exposure time points. Importantly, no models have been 
constructed and evaluated for semi-volatile compounds with 
poor water solubility.

This presents a major dilemma when studying the toxicity of 
polycyclic aromatic hydrocarbons (PAHs). PAHs are a chemical 
group characterized by multiple ring structures with aromaticity 
throughout. They are widely distributed in the environment in 
complex mixtures (Ravindra et al. 2008; Abdel-Shafy and 
Mansour 2016; Marques et al. 2016). Owing to their diverse struc
tures, PAHs have multiple modes of toxicity including bioactiva
tion to reactive metabolites, direct interaction with the aryl 
hydrocarbon receptor, and disruption of potassium channels 
(Shultz et al. 1999; Genter et al. 2006; Incardona et al. 2006; 
Siddens et al. 2012; Chepelev et al. 2015; Brette et al. 2017; 
Garland et al. 2020; Al-Moubarak et al. 2021). A great body of 
work has been generated utilizing developmental zebrafish toxic
ity assays to study PAHs, primarily utilizing nominal exposure 
concentrations (Geier et al. 2018a; Lindberg and Di Giulio 2019; 
Shankar et al. 2019; Fang et al. 2022). A better understanding of 
PAH dose in developmental exposure assays, informed by a bio
logically based kinetic dosimetry model, would greatly improve 
interpretability and applicability of these studies.

Some work has been done to examine PAH disposition in poly
styrene well-plate exposures. PAH binding to polystyrene plate 
walls is proportional to hydrophobicity and subcooled liquid 
vapor pressure (Chlebowski et al. 2016; Fischer et al. 2018). 
Multiple groups have described loss of semi-volatile lipophilic 
compounds such as phenanthrene within time periods of 24 h in 
plastic well plate exposures (Schreiber et al. 2008; Kramer et al. 
2012; Birch et al. 2019). These phenomenon, along with differen
ces in solubility and tissue—media partitioning, are likely to 
explain a trend noted by Geier et al. (2018b)—that PAH accumu
lation in fish tissue increases with octanol—water partitioning 
coefficients (KOW) for PAHs with log KOW<5.5, but not for very 
hydrophobic PAHs. Despite considerable efforts, no toxicokinetic 
model yet describes developing zebrafish exposures to water
borne PAHs.

This study sets out to understand the exposure dynamics of 
PAHs within a 96-well plate developmental zebrafish toxicity assay. 
We build a new biologically based kinetic dosimetry model incorpo
rating plate binding, embryo growth and biotransformation, and 

loss of compound from an imperfectly sealed system. The model is 
parameterized using measured PAH concentrations in the media, 
plate walls, and embryos tissue at 6 time points over a developmen
tal exposure. We evaluate model performance using PAH body bur
dens from a previous study, investigate the impact of important 
model parameters such as solubility and biotransformation, and 
use it to interpret PAH toxicity data in light of estimated tissue 
doses.

Materials and methods
Chemical sourcing
Supermix 10 (SM10) was provided by the OSU Chemical Standard 
Store (OSU CSS) in a 50× solution in DMSO. It consists of the 10 
most abundant PAHs measured in the Portland Harbor 
Superfund site in the molar ratios of their averages measured in 
sampling campaigns carried out in 2010 and 2015 (Allan et al. 
2011; Minick and Anderson 2017; Geier et al. 2018b). All PAHs in 
SM10 were purchased from Accustandard (New Haven, CT). They 
are listed in Table 1 along with their molar concentrations in the 
50× solution and during exposure. Surrogate standard solution 
constituents and sources are available in Table S1. Perylene-D12 
purchased from Cambridge Isotope Laboratories (Andover, MA) 
was used as an instrument standard. All PAHs and standards 
were analytically verified and assessed for purity by the OSU CSS 
prior to use. Optima-grade ethyl acetate and n-hexanes were 
purchased from Fisher Chemical (Pittsburgh, PA).

Zebrafish rearing
All embryos utilized for this study were acquired from pathogen- 
free 5D zebrafish brood stock at the Sinnhuber Aquatic Research 
Lab under IACUC approval 24-0510. Brood fish are fed twice daily 
with Gemma Micro (Skretting, Inc. Fontaine Les Vervins, France) 
and kept on a 14:10 h light:dark cycle. They are maintained in 50- 
gallon tanks on a recirculating water system supplemented with 
Instant Ocean salts (Spectrum Brands, Blacksburg, VA, United 
States) buffered to pH 7.4 with sodium bicarbonate. Fish were 
spawned at 8 AM, with fertilized eggs collected 1 h later. Quality 
embryos were selected at 4 hpf, developmentally staged, and 
dechorionated enzymatically with pronase (Mandrell et al. 2012). 
At 6 hpf, embryos were robotically plated into 96-well plates in 
0.1 ml of embryo media before manual inspection and replace
ment when necessary. Embryo media consisted of 15 mM NaCl, 
0.5 mM KCl, 1.3 mM CaCl2 KH2PO4, 0.05 mM Na2HPO4, 2.0 MgSO4, 
4.7 NaCO3 buffered to 7.2 pH.

Exposures
All exposures were conducted with injections by a D300e 
Bioprinter (HP, Palo Alto, CA, United States) with light shaking 
and DMSO as a vehicle solvent. At 8 hpf (75% epiboly), zebrafish 
embryos were exposed to SM10 at 0.45% of the stock concentra
tion, equivalent to �39.5 μM total PAH. This exposure concentra
tion was the highest exposure concentration resulting in 
malformations in less than 20% of fish by 120 hpf. This high 
exposure concentration was chosen to maximize analyte detec
tion and quantification, and is within the range of commonly 
tested concentrations for PAHs (Geier et al. 2018a, 2018b; 
Morshead et al. 2025). After injection, plates were sealed with 
Thermaseal RTS PCR film (Excel Scientific, Victorville, CA, United 
States) and placed on an orbital shaker set to 300 RPM in a dark 
incubation room maintained at 28 �C. All plates not utilized in 
8.5 hpf measurements were transferred to still, dark incubation 
boxes at 24 hpf. Plates without embryos termed “fishless plates” 
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were exposed in parallel to measure PAH binding from the media 

to the walls of the plate without interference from the developing 
fish. Method controls were generated using both fish-in and fish

less plates exposed only to DMSO.

Measurements of PAHs in developmental 
exposures
Samples were sacrificially measured at 8.5, 9, 24, 72, 96, and 120 
hpf. The 8.5 hpf and 9 hpf samples were intended to be as close 

to t¼ 0 as possible. Each sample consisted of 36 wells from a 

plate, with 2 samples per plate to allow for 25% attrition of devel
oping fish due to SM10 toxicity. For each “fish-in” plate, extracts 
were acquired from the media, fish tissue, and plate walls as 
described below. For each “fishless” plate there were only 
extracts from the media and plate walls. There was 1 replicate at 
8.5 hpf and 2 replicates at 9 hpf which were combined for figures 
into a single point to be able to generate error bars. All other 
timepoint measurements had at least 3 replicates. Original meas
urements in tissue, media, and plate walls used for model train
ing in this study are available in Table S2.

Table 1. Supermix 10 constituents and exposure concentrations.

Chemical CAS Structure
Concentration (μM)

Whole Mix Nominal Exposure

Naphthalene 91-20-3 584.9 2.63

2-Methylnaphthalene 91-57-6 174.1 0.78

Acenaphthylene 208-96-8 324.1 1.45

Fluorene 86-73-7 301.0 1.35

Phenanthrene 85-01-8 280.8 1.26

Pyrene 129-00-0 2474 11.1

Fluoranthene 206-44-0 2473 11.1

Chrysene 218-01-9 437.6 1.97

Benz[a]anthracene 56-55-3 438.5 1.97

Retene 483-65-8 1281 5.76
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Sample collection
Morphologically normal developing zebrafish with media were 
transferred via glass pipette to a 4 ml amber glass vial. The 
remaining plates were immediately resealed and placed in a 
freezer at −20 �C until extraction. The vials were placed briefly 
on ice to anesthetize the zebrafish. Media was removed to a sepa
rate amber glass vial to comprise the media sample. The fish 
were rinsed twice with 1 ml of iced media, with each rinse trans
ferred to the media sample vial. After rinsing, fish were trans
ferred to a polypropylene rhino-safe lock tube, flash-frozen in 
liquid nitrogen, and stored at −20 �C until extraction. Media sam
ples were stored in amber vials with Teflon lids at 4 �C until 
extraction.

Tissue extractions
Tissue extractions were adapted from previously verified proto
col established by our group (Goodale et al. 2013). Upon removal 
from the freezer, each sample was spiked with internal standard 
in ethyl acetate and received 100 μl of 1mm glass beads. Samples 
were thawed over ice for 10 to 15min. After thawing 250mg 
Na2SO4 and 200μl ethyl acetate were added to the samples. The 
mixtures were vortexed, then homogenized in a bullet blender 
(Next Advance, NY, United States) at speed 8 for 3min. An addi
tional 300 μl of ethyl acetate was aliquoted to each sample. 
Samples were then vortexed briefly, centrifuged at 1600×g for 
10min at 4 �C, and the supernatant was removed to comprise the 
tissue extract.

Media extractions
For each embryo media sample, a 2.5-ml aliquot was spiked with 
internal standard solution, and extracted 3 times via liquid– 
liquid extraction. For each extraction, 0.5 ml of hexane was 
added, the mixture was vortexed 1 min, and the organic layer 
was removed to comprise the extract. The 3 sequential extrac
tions were pooled, evaporated under a stream of nitrogen to 
0.5 ml, and stored in an amber GC via until analysis via GCMS/ 
MS.

Plate extractions
For each sample, 12 wells were extracted 3 times with 100 μl of 
hexane. Preliminary studies showed less than 5% increased 
extraction efficiency after 3 extractions (data not shown). The 
initial extraction was spiked with internal standard in hexane. 
For each extraction, 100 μl of hexane was pipetted to the well, 
sealed with parafilm to decrease hexane evaporation, and recov
ered after 10min. Sequential extractions from all 12 wells were 
pooled to comprise a 3.6-ml plate extract in hexane stored in a 4- 
ml amber glass vial sealed with a Teflon lid and stored at room 
temperature until analysis.

GCMS/MS quantification
Extract aliquots of 200 μl were spiked with instrument standard 
at 500pg/μl and analyzed on a modified Agilent 7890 B gas chro
matograph with an Agilent 700C quadrupole mass spectrometer 
described previously (Anderson et al. 2015). The CG column used 
was a 30m×0.25mm×0.15 μm J&W Scientific Select PAH column 
(model: CP7462, Agilent, Santa Clara, CA, United States). For each 
sample, 1 μl was injected in pulsed splitless mode onto deacti
vated glass wool in a 4-mm Agilent splitless single-taper liner at 
320 �C. Samples were loaded with a 35-psi pulse after injection 
for 0.3min. Injection purge was accomplished with 25ml/min 
flow to the split valve for 0.7min at 320 �C. The oven program is 
described in Anderson et al. (2015). Helium carrier gas flowed at 

2.0ml/min. The transfer line and source temperatures were held 
at 320 and 340 �C, respectively. The triplepole helium quench gas 
was set to 2.25ml/min, and nitrogen collision gas at 1.5ml/min. 
PAHs were identified by mass-to-charge ratio and retention time 
and quantified on a minimum 6-point calibration curve. Limits of 
detection were calculated by analyzing replicates of low calibra
tion standards (n¼15) over 3 days, then multiplying the variance 
by the 99.5% CI. Limit of quantifications were set at 5 times the 
limit of detection. Low calibration standards consisted of PAHs at 
1ppb, or the initial concentration in calibrations curves if they 
were undetected at 1ppb. A small amount of naphthalene was 
measured in method controls and was subtracted from sample 
values.

Measurement QC
Instrument and method performance were verified with calibra
tion verification solutions (CCVs) at the beginning and end of 
every analytical batch. CCVs were also performed no less than 
every 10 samples. In total 8 CCVs were analyzed. Recovery of all 
standards in all CCV runs averaged 103.5% with an average rela
tive percent variance of 8.3%. All calibration verifications were 
verified at ±30% the true value for ≥92.8% of analytes. One post
extraction over-spike was performed for each sample type. The 
over-spike recovery for fish tissue extract was 102%. For media 
extract the over-spike recovery was 97.5% and for plate extract, it 
was 90%. Laboratory blanks included blank solvent and clean 
media extracts and were run after every calibration verification 
solution. All laboratory blanks found analyte at or below the limit 
of quantification. One sample of each sample type was run in 
duplicate to ensure reproducibility. Duplicate fish tissue analysis 
had an average relative percent difference of 4.8% and ranged 
from 0.5% to 20.5%, embryo media displayed an average relative 
percent difference of 12.7% and ranged from 0.3% to 21.6%, and 
the plate extract duplicate analysis had an average relative per
cent difference of 1.5% and ranged from 0.1% to 9.5%. Deuterated 
internal standards in tissue extracts had an average percent rela
tive deviation (%RPD) of 24% and average recovery of 84%. In 
media samples, internal standards had a %RPD of 107% and an 
average recovery of 108%. In plate extracts, internal standards 
had a %RPD of 13.3% and an average recovery of 98%.

Validation dataset
Measurements from Geier et al. (2018a) were utilized as an exter
nal dataset to test model performance, and are referred to 
throughout the paper as the Geier data. This included reported 
body burdens from mixture exposures and individual chemical 
exposures. The mixture used in Geier et al. contains the same 
chemicals in the same proportions as SM10 except that it utilized 
acenaphthene instead of acenaphthylene. Mixture and individual 
chemical exposures were conducted from 6 to 48 hpf. Mixture 
exposures were conducted at nominal mixture concentrations of 
21.9, 11.0, and 5.5 μM total sum of PAHs. Individual chemical 
exposures were conducted at nominal exposure concentrations 
of 25, 11.6, 5.39 μM for each PAH. All other exposure conditions 
were conserved between Geier et al. and this study. Tissue 
extractions followed the same protocols as those used in this 
study. There are no measurements of PAH from the media or 
plate walls in the Geier data. Geier data are available in Table S3.

Physiochemical property acquisition
All chemical physicochemical (physchem) properties, unless oth
erwise stated were obtained from the Comptox Chemical 
Dashboard Version 2.4.1 (Williams et al. 2017). Experimental 
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means were used whenever available. When no experimental 
values were available then the OPERA estimated values provided 
by the Comptox Chemical Dashboard were utilized (Mansouri 
et al. 2018). The concentration of retene achieved by passive dos
ing was used as the water solubility of retene (Incardona et al. 
2024). The cheminformatics library RDKit (RDKit Team 2023) was 
used to calculate solvent-accessible surface area, Van der Waal’s 
surface area, and Van der Waal’s volume. Atomic radii for 
solvent-accessible surface area were calculated using RDKit’s 
Van der Waal’s radius method within the periodic table module, 
whereas for Van der Waal’s surface area, radii were calculated 
using the FreeSASA module. Subcooled liquid vapor pressures 
were obtained from Epi Suite v4.1 (U.S. EPA 2024). Table S4 con
tains all physchem properties utilized in this study.

Biologically based zebrafish dosimetry model 
structure
In order to better understand and quantify chemical dosimetry 
in the developmental zebrafish system, we developed a biologi
cally based toxicokinetic model of PAH transport. The model con
sists of 3 compartments including the media, surface of the 
plastic wells, and zebrafish (Fig. 1). The media compartment con
sists of solubilized and insoluble fractions of compound. CSL 
code for the model is available in the Supplementary Material.

Model parameters
Model parameters consisted of physiological values, partition 
coefficients, and biochemical values that were previously pub
lished, experimentally derived, calculated, or optimized. Unless 
otherwise stated, when describing the model, all concentrations 

are in units of μM, all rates are in units of nmol×h−1, volumes are 

in ml, and all molar quantities are given in nmoles. Media vol

umes and surface area of plastic wells were defined by the exper

imental conditions in 96-well plates and calculated assuming the 

geometric surface area of a cylinder. The zebrafish volume (ml) 

and surface area (cm2) were estimated using a geometric model 

of an intersecting sphere and cylinder with the sphere represent

ing the yolk and the cylinder representing the embryo body. 

Derivations for the zebrafish volume and surface area are 

included in the Supplementary Material and utilize model esti

mations of the fish’s length, abdominal height, and yolk volume 

from 0 to 120 hpf from Kimmel et al. (1995). Original measure

ments of fish volumes were determined by the displacement of 

water volume by 350 embryos at 9, 24, and 49 hpf utilizing the 

chamber of a Hamilton (NV, United States) 1 ml, model 1001 RN 

syringe as a graduated cylinder. Each time point was measured 

for n¼ 3 biological replicants. The fish’s modeled surface area 

and volume along with experimentally determined volumes and 

surface areas from this study and previously published work are 

displayed in Fig. S1A and B (Guo et al. 2017; Sim�eon et al. 2020).

Absorption/distribution
In the model, an injected dose of PAH to the media separates 

instantaneously into dissolved and undissolved fractions. The 

dissolved fraction is determined by the solubility limit of the 

compound in 1% DMSO calculated from Equation (1), originally 

given by Kwon and Kwon (2012). 

Fig. 1. Structure of the biological-based dosimetry model for developmental zebrafish exposures. Upon addition to the well, the chemical partitions 
from the media to the plate wall, and zebrafish embryo. Zebrafish clearance, and elimination from the media to the headspace account for loss from 
the system over time. Zebrafish clearance is scaled to developing liver volume. KD1, KD2, Equilibrium dissociation constants for wall binding; Pzf, 
Zebrafish—media partition coefficient, diffusion-limited; kEM, ClLIV, elimination from the system by evaporation to the headspace and liver clearance.
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log SolMð Þ ¼ log Solwð Þþ FDMSO � σSol: (1) 

SolM is the solubility in the media (μM), SolW is the solubility in 
water (μM), FDMSO is the fraction of DMSO in the media, and σSol 

(log(μM)) is the cosolvency power of DMSO at 1%. Cosolvency 
power for each PAH is estimated utilizing KOW according to the 
methods described in Kwon et al. We refer to the dissolved frac
tion as the PAH in the media that is bioavailable and freely par
ticipates in kinetic processes such as elimination to the 
headspace and partitioning to the fish (CEM, Fig. 1). The undis
solved compartment represents a nonaqueous fraction of PAH 
that is not bioavailable but can dissolve into the aqueous solubi
lized compartment as the aqueous compartment is depleted 
through other kinetic processes (binding to plastic, partitioning 
to the embryo, etc.).

Binding of solubilized PAH in the media to the walls of the 
plastic wells is modeled with 2 binding sites: A low-affinity high 
capacity binding site (site 1) and a high-affinity low capacity 
binding site (site 2). We describe both sites with differential 
ligand–receptor binding kinetics. The chemical equation for bind
ing of PAH to the well walls at binding site 1 is described in 
Equation (2), where [B1] is the concentration (μM) of free binding 
sites and [MB1] is the concentration (μM) of bound PAH. The 
amount of bound PAH (nmoles) and the number of bound sites 
(MB1) are equivalent and equal to [MB1] multiplied by the volume 
(ml) of media in the well [Equation (3)]. The change in the num
ber of bound sites dMB1

dt (nmoles×h−1) is equal to the difference 
between the rate of binding and rate of disassociation [Equation 
(3)] and the change in the number of unbound sites (dB1

dt ) is the 
reverse [Equation (4)]. 

CEM þ B1½ �� MB1½ � (2) 

MB1½ ��Vm ¼ MB1 (3) 

dMB1

dt
¼ kon � CEM � B1½ � � koff � MB1½ �ð Þ � Vm (4) 

dB1

dt
¼ � kon � CEM � R1½ � þ koff � MB1½ �ð Þ � Vm: (5) 

Site 2 and the amount of PAH bound to site 2 are modeled in 
the same manner as binding site 1. The total amount of a PAH 
bound to the walls is the sum of binding to both sites.

Absorption of PAH into the zebrafish is modeled with 
diffusion-limited partitioning. Rzfm, the rate of exchange 
between the media and developing zebrafish (nmoles × h−1), is 
given by Equation (6), where Pazf is the permeability between 
the media and fish (cm × h−1), SAzf is the surface area of the 
zebrafish (cm2), CZF is the concentration (μM) in the zebrafish, 
and Pzfm is the partitioning coefficient (unitless) relating the 
concentrations in the media and zebrafish at thermodynamic 
equilibrium. 

Rzfm ¼ Pazf �SAzf � CEM �
CZF

Pzfm

� �

: (6) 

We do not include differential partitioning between different 
compartments of the fish in this model due to limitations in ana
lytical methods and uncertainty in the processes governing 
transport of chemical within the fish throughout development.

Losses from the system include loss of chemical from the media 
to the atmosphere by evaporation and elimination of the chemical 
via the fish’s metabolism. PAH elimination by evaporation is mod
eled as a first-order process with respect to the concentration in the 
media. Elimination by metabolic biotransformation in the develop
ing zebrafish is modeled using intrinsic clearance (first-order proc
ess) with respect to the concentration in the zebrafish scaled by the 
liver volume. This approach links PAH biotransformation ontogeny 
to the growth of the liver and assumes a constant activity of 
enzymes per volume of liver. Since we fit PAH clearance values 
using PAH concentrations found in the zebrafish embryo, this 
approach scales total zebrafish clearance, which includes both hep
atic and extrahepatic metabolism, to the liver. Scaling to liver vol
ume rather than scaling to body weight offers a distinct initiation 
time of biotransformation, which is more consistent with observed 
timing of PAH biotransformation than an immediate onset at con
ception/exposure (K€uhnert et al. 2013; Kuhnert et al. 2017; Nawaji 
et al. 2020). The rate of metabolism, Rbt, is given in Equation (7), 
where Rbt is the total rate of biotransformation (nmoles×hÞ− 1, ClLIV 

is hepatic scaled clearance (ml×h−1×l− 1
liver), Vliv is the volume of the 

liver (L), and CZF is the concentration (μM) in the zebrafish. 

Rbt ¼ Clliv�Vliv�CZF: (7) 

The volume of the liver is obtained by multiplying the fractional 
liver volume by the total volume of the zebrafish.

Liver volume was determined by logistic regression of meas
ured liver volumes determined by confocal microscopy on the 
Andor BC43 (Oxford Instruments, Abingdon, England) of trans
genic zebrafish expressing green fluorescent protein (Gfp) in their 
liver. The fish contain a construct of Gfp and a 2.8-kb portion of 
the 50 flanking region of fabp1a (Her et al. 2003). Fish were dechor
ionated at 4 hpf, and imaged at 24, 47, 72, 96, and 120 hpf. Laser 
intensity and exposure duration were held the same for each 
image. Liver volumes were measured in imageJ (Fig. S1C). The 
resulting volumes were divided by the total volume of the fish 
and fit to the 3-parameter logistic regression model given in 
Equation (8), where VFliv is the fractional liver volume, HPF50liv is 
the developmental time (hpf) at which the liver is half its final 
fractional body volume, and VFmaxliv is the maximum fractional 
liver volume. 

VFliv ¼
1

e� 0:83 � ðhpf � HPF50livÞ
� VFmaxliv: (8) 

Optimization of parameters
The parameters for each chemical were fit sequentially utilizing 
measurements from the media, fish tissue, and plate walls. 
Optimizations minimized the natural logarithm of the sum of 
squared residuals. Relevant R code for optimizations is included 
in the Supplementary Material. We began by optimizing for wall 
binding and elimination to the headspace. Plate exposures with
out zebrafish revealed 2 kinetic phases of PAH concentrations in 
the media, evidence of 2 dominant binding sites: A low capacity 
high-affinity site and a high capacity low-affinity site. As such, 
we modeled 2 binding sites for all PAHs except chrysene and 
benz[a]anthracene. Kinetics for chrysene and benz[a]anthracene 
were monophasic and sufficiently modeled with only one domi
nant binding site. Low-affinity binding site capacity was set to 
1000 nmol×cm−2 for each compound. High affinity binding site 
capacity was set equal to the amount of chemical remaining on 
the well walls at 120 hpf divided by the submerged surface area 
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of the well. The equilibrium binding constants for both binding 
site types and the first order rate constant of elimination to the 
headspace were fit simultaneously utilizing measurements of 
PAH in the media and well walls in fishless exposures. 
Measurements at 8.5 and 9 hpf were weighted 3-fold during opti
mization compared with other values to capture the effect of 
high early loss from the system. Media samples after 24 hpf 
lacked adequate acenaphthylene and naphthalene for quantifi
cation and media samples after 48 hpf lacked adequate fluorene 
and phenanthrene for quantification. This prevented simultane
ous fitting of both binding sites and elimination for these com
pounds. Instead, we set the equilibrium binding coefficient for 
low-capacity sites to 0.0001 μM, and fit only high-capacity sites 
and elimination from the media utilizing all available measure
ments.

Fitted model parameters pertaining to fish included perme
ability, the tissue—media partitioning coefficient, and metabolic 
clearance. Each of these 3 parameters was optimized using tissue 
measurements from fish-in exposures. We elected not to utilize 
media concentrations for optimization of permeability and 
tissue-media partitioning coefficients because concentrations in 
the embryos are much more sensitive to these parameters than 
the media due to the tiny volume of the embryos. Tissue—media 
partitioning was optimized on tissue concentrations from 24 hpf 
with permeability set to 5. After determining the tissue—media 
partitioning coefficient, permeability was optimized utilizing tis
sue measurements from 8.5, 9, and 24 hpf. Finally, metabolic 
clearance was optimized utilizing all available tissue measure
ments from 72, 96, and 120 hpf samples. For volatile compounds 
such as naphthalene, acenaphthylene, fluorene, and phenan
threne, clearance rates were fit with very small tissue concentra
tions. Smaller apparent clearances for these compounds 
corroborate previously reported findings (Nichols et al. 2013, 
2018), but may be artificially low due to fitting with tissue con
centrations near analytical limits.

Optimization of models with shifted metabolic onset was per
formed using a grid optimization that solved for clearance and 
tissue—media partitioning coefficients under different combina
tions of permeability and metabolic onset times. Permeability 
values included 0.1, 0.3, 0.5, 1, 3, 5, 10 cm×h−1. Metabolic onset 
time was altered by shifting the 50% fractional liver volume time 
from 97.2 hpf to 84, 72, and 60 hpf, thereby breaking the ontology 
between biotransformation rates and liver volume. Clearance 
and tissue—media partitioning coefficients were optimized 
simultaneously under each combination of metabolic growth 
times and permeability utilizing tissue concentrations at 24, 48, 
72, 96, and 120 hpf. Tissue measurements at 24 hpf were 
weighted at 3 times the standard measurement, and tissue meas
urements at 48 hpf were weighted at 1.5 times from all the other 
points.

Sensitivity analysis
Local sensitivity analysis of the area under the curve dose (AUC) 
(µM×h) was conducted for fish-specific parameters and 
chemical-specific parameters for each of the parameterized 
chemicals in SM10. For each compound, the analysis was con
ducted utilizing a hypothetical single static exposure from 8 to 
120 hpf with a starting nominal media concentration of 5 μM. 
This concentration was chosen because it is within the apparent 
solubility for all compounds in SM10 excluding benz[a]anthra
cene and chrysene and most PAHs do not cause developmental 
malformations in zebrafish below this concentration. The local 
sensitivity coefficient was calculated as the relative change in 

the AUC divided by the relative change of the parameter. For 
each sensitivity test, the relative change in parameter was 20%.

Model performance
Model performance was assessed utilizing the mean square error 
of the log10 values (MSE), the log-likelihood (lnðbLÞ), and Akaike 
Information Criterion (AIC). We assume measured values can be 
approximated by a normal distribution, in this way the log- 
likelihood is defined in Equation (9), where n is the number of 
data points and RSS is the residual square error. 

ln bL
� �

¼ �
n
2

× ln 2πð Þþ ln RSSð Þ � ln nð Þ � 1½ �: (9) 

AIC was calculated utilizing Equation (10), where k is the number 
of estimated parameters within a model (Akaike 1998). 

AIC ¼ 2k � 2ln bL
� �

: (10) 

Software utilized
All statistics and analysis, unless otherwise stated were con
ducted in R version 4.3.2 in RStudio (R Core Team 2023, 2024). All 
figures were generated in ggplot2 (Wickham 2016). DRC was uti
lized for loglogistic modeling (Ritz et al. 2015). Dosimetry models 
were built in Magnolia Version 1.3.9 (Magnolia Sciences, LLC, 
Orlando, FL, United States) and implemented in R using the 
RMagnolia package (Magnolia Sciences). When optimizing the 
model for multiple parameters simultaneously, the function 
optim was used with the limited memory, quasi Newtonian, 
L-BFGS-M method, to minimize the residual sum of squares of 
log residuals (Byrd et al. 1995). When solving for single parame
ters, the function optimize was used. RDkit was implemented in 
Python (Python Software Foundation, www.python.org).

Results
Model fits and measurements
We evaluated PAH mass balance from 96-well plate exposures as 
determined by summed quantities of PAHs measured in the 
media, plate walls, and zebrafish at each time point for both fish- 
in and fishless exposures (Fig. S2A and B). In general, in both fish- 
in and fishless exposures, more volatile compounds display 
higher loss from the system, whereas more hydrophobic com
pounds bind to plate walls in greater abundance. Volatile com
pounds such as naphthalene, 2-methylnaphthalene, and 
acenaphthylene, were depleted by more than 75% within the first 
30 min of exposures in both fish-in and fishless exposures. For all 
compounds except benz[a]anthracene and chrysene, preliminary 
extractions of adhesive plate seals at 16 h postexposure con
tained 10% to 30% of the mass balance, suggesting volatilization 
followed by partitioning to plate seals is the main driver of loss 
for volatile PAHs (data not shown). Compounds such as pyrene, 
fluoranthene, phenanthrene, and retene, showed more gradual, 
but still significant loss in both fish and fishless exposures. They 
were depleted by 25% to 50% within the first 30 min, and between 
87% and 98% in 120 hpf measurements. In fish-in and fishless 
exposures, benz[a]anthracene and chrysene primarily parti
tioned to the wall. Neither of them displayed significant loss of 
compound in fishless exposures after the first 30 min; both were 
depleted some during fish-in exposures.

After parameterizing the model for all SM10 compounds 
except for 2-methylnaphthalene, the compounds were classified 
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into 3 groups based on their distribution among the embryos, 
media, and plate wall: A volatile group, a bioavailable group, and 
a hydrophobic group (Fig. 2). The volatile group includes acenaph
thylene and fluorene. These compounds leave rapidly from the 
system, adhere to the plate only at low capacity high affinity 
binding sites (site 2), and distribute minimally to the zebrafish 
embryo. They achieve total tissue doses equivalent to less than 
5% of the initial added compound, and by model estimations 
achieve their maximum dose within 2 to 4 h of exposure. 
Fluoranthene is part of the bioavailable group which also includes 
phenanthrene and pyrene. For chemicals in this group, the zebra
fish tissue compartment contains the highest fraction of the 
added PAH at some point during the exposure. They are less vola
tile, utilize both types of binding sites, and achieve internal doses 
between 7% and 20% of the initial added chemical mass. They 
achieve their maximum doses later, between 8 and 37 h after 
exposure. Fluoranthene and pyrene are significantly more bioa
vailable achieving internalized doses of 15% and 20% compared 
with just 7% for phenanthrene. Retene, chrysene, and benz[a] 
anthracene are part of the hydrophobic group. These are chemi
cals for which Cnom was well above their solubility limit. They are 
characterized by low loss from the system and large chemical 
loads within the plate walls. Plate walls remain the dominant 
compartment by chemical mass throughout the exposure. 
Despite this, they still achieve significant body burdens equiva
lent to 6%, 7%, and 15% of the mass balance for retene, chrysene, 
and benz[a]anthracene, respectively. Model fits and measure
ments are available for all 9 parameterized chemicals in Fig. S3. 
Chemical-specific parameter values are available in Table S5.

Sensitivity analysis
The PAH concentration in zebrafish AUC (h × μM) was sensitive 
to the biotic parameters of embryo surface area and volume for 
all chemicals, and was sensitive to the onset of liver growth for 
hydrophobic compounds (Fig. 3A, Fig. S4). Increases in surface 
area positively impacted AUC for all chemicals due to the direct 
input of surface area on the rate of chemical transfer between 
the fish and media [Equation (6)]. Increases in fish volume result 
in decreases in the AUC embryo dose. Because metabolic 
capacity is scaled by liver volume in this model, a delay in liver 

growth results in an increased AUC; however, this increase is 
most relevant when the loss due to volatilization is small. The 
sensitivity to liver growth time is best viewed by scaling the sen
sitivity to the concentration within the fish tissue (Fig. 3C, Fig. S6) 
because sensitivity to AUC is less impactful by later timepoints 
due to very small concentrations within the fish. Viewed in this 
manner, the onset of liver growth time meaningfully impacts the 
tissue AUC for benz[a]anthracene and chrysene, but is less influ
ential for other compounds in SM10 (Fig. S7).

PAH permeability and the zebrafish-media partitioning coeffi
cient were important in determining PAH concentration in zebra
fish AUC for all PAHs, whereas sensitivity to other parameters 
such as solubility, plate binding affinity, metabolic clearance, 
and the rate of elimination from the media varied highly among 
chemicals (Fig. 3B, Fig. S5). With increasing volatility, AUC is 
increasingly sensitive to the rate of elimination from the media 
and decreasingly sensitive to clearance rates. Conversely, with 
increasing molecular size and hydrophobicity, solubility and 
clearance become increasingly influential parameters. Chemical- 
specific embryo permeability was strongly influential on the AUC 
dose for all chemicals and mirrored that of surface area (Figs S4 
and S8). The AUC for volatile compounds such as naphthalene, 
acenaphthylene, fluorene, and phenanthrene was also sensitive 
to the rate of elimination from the media but not plate binding 
affinity or metabolic clearance. For less volatile compounds such 
as fluoranthene, pyrene, and retene, plate binding affinity and 
elimination from the media had similar magnitudes of effect on 
AUC. For chrysene and benz[a]anthracene, AUC was negligibly 
sensitive to plate binding and elimination from the media. 
Instead, solubility was the most influential parameter, likely 
because it limited the bioavailability of these compounds. 
Permeability, embryo-media partitioning, and clearance were 
also influential parameters for benz[a]anthracene and chrysene. 
For all compounds, the embryo-media partitioning coefficient 
was the third or fourth most influential parameter to AUC.

Model performance
The zebrafish dosimetry model accurately predicts 48 hpf body 
burdens in both mixture exposures and individual PAH exposures 
from the Geier dataset (Fig. 4A and B). It predicted 83% (20/24) of 

Fig. 2. Example compounds demonstrating 3 patterns of PAH distribution to fish tissue (dark blue), media (light blue), and plate walls (blue) resulting 
from static waterborne exposure of dechorionated zebrafish embryos to SM10 from 8 to 120 hpf. Naphthalene represents the volatile group, 
fluoranthene represents the bioavailable group, and chrysene represents the hydrophobic group. Model predictions are depicted by solid lines. Mean 
GC-MS measurements are depicted by points with 95% CIs from 3 to 4 biological replicates consisting of 36 plate wells. When no error bar is present, 
only one measurement was above the LOD. When no point is present, no chemical was measured above the LOD.

Toxicological Sciences, 2025, Vol 205, Issue 2 | 333  

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data


48 hpf body burdens of mixture exposures within a factor of 2 and 
92% (22/24) within a factor of 5. For individual chemical exposures 
at high concentrations, the model predicted 54% (13/24) of body 
burdens within a factor of 2 and 87% (21/24) of body burdens 
within a factor of 5. Most of the error in body burden prediction 
for the dosimetry model arises from predictions of chrysene, benz 
[a]anthracene, and retene which together account for 85% of the 
residual squared error in individual PAH exposures. Larger errors 
of body burden predictions for these PAHs in individual PAH expo
sures may result due to their exposures being well above their sol
ubility limits in individual PAH exposures or due to mixture 
effects on clearance rates resulting from inhibition by other PAHs.

Effect of solubility and AUC dose and model 
performance
We evaluated the effect of solubility on model performance by 
parameterizing a solubility-agnostic model and comparing model 

performance to the original model. The original model is referred 
to as the solubility model throughout this section. We refer to the 
data generated in this study that measured PAH concentrations 
in the tissue, media, and plate walls as training data. Goodness of 
fit to the training data was evaluated by comparing the MSE of 
the 2 models for the amount of PAH in embryo tissue and the 
MSE for the amount of PAH in all 3 compartments (Fig. 5A). 
When examining the MSE for model fits to PAH in the tissue from 
training data, the solubility model performed better for every 
constituent of SM10 exposed at a nominal exposure concentra
tion above its solubility. This included pyrene, fluoranthene, 
retene, chrysene, and benz[a]anthracene. When examining the 
MSE for all compartments, only chrysene and benz[a]anthracene, 
the 2 compounds that exceeded their solubility limits to the 
greatest extent, had better performance in the solubility model. 
The MSE for all compartments for retene, fluoranthene, and pyr
ene, were comparable between the solubility and solubility 

Fig. 3. Sensitivity of the AUC (μM×h) tissue dose to A) biological parameters and B) physchem parameters during simulated exposure of developing 
zebrafish embryos to naphthalene, fluoranthene, and chrysene from 8 to 120 hpf at nominal concentrations of 5 μM. C) The modeled tissue 
concentration throughout the exposure. HPF50LIV, 50% liver growth time; VLIV, the liver volume; SAZF, zebrafish surface area; VZF, zebrafish volume; Clc, 
zebrafish clearance; KD1; binding site 1 equilibrium concentration; KD2, binding site 2 equilibrium concentration; kEM, first-order rate of volatilization; 
PAZF, permeability of the zebrafish; PZFM, zebrafish—media partitioning coefficient; SolM, media solubility of compound.
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agnostic model. No difference in model performance was 
observed for any of the compartments for compounds exposed 
below their nominal exposure concentrations to generate train
ing data (Fig. 5A).

The predictive performance of the 2 models was also eval
uated by computing the AIC of each model’s predictions of 48 hpf 
body burden from the Geier dataset (Fig. 5B, Table 2). Again, the 
solubility model performs better when nominal exposure con
centrations exceed solubility limits. The solubility model predicts 

PAH body burdens from individual chemical exposures in the 
Geier dataset closer to measured values than the solubility 
agnostic model, but performs nearly equivalently in predicting 
body burdens resulting from mixture exposures from the Geier 
dataset (Fig. 5B). Consequentially, the solubility model has lower 
AIC than the solubility agnostic model for the individual expo
sure data from Geier et al., but higher AIC than the agnostic 
model for mixture exposures. This is likely because the individ
ual chemical exposures from the Geier dataset tended to exceed 
their predicted solubility limits more than the mixture experi
ments. When including all Geier data in calculating the AIC, the 
solubility model performs slightly better than the agnostic 
model. This, along with the frequency at which PAHs are exposed 
above their solubility limits in routine testing, leads us to con
clude that accounting for solubility adds value in developmental 
zebrafish dosimetry modeling.

The nominal concentration at which media solubility limited 
the AUC dose of chemical in fish varied greatly among chemicals, 
but was higher for volatile compounds than nonvolatile com
pounds. To examine at what nominal exposure concentrations the 

Fig. 4. Predictions of body burdens from nominal exposure concentrations reported in Geier et al. (2018b) for A) mixture exposures and B) single 
chemical exposures. Error bars depict 95% CIs or measured body burdens resulting from exposures to PAH in 96-well plates from 6 to 48 hpf. The 
dotted gray line represents perfect estimations.

Fig. 5. A) The MSE log10 values of model outputs for chemical in the tissue alone and chemical in tissue, embryo media, and plate wall for the solubility 
model in blue and solubility agnostic model in red for each measured PAH. B) Model estimates and measured body burdens for PAHs from Geier et al. 
Solubility model estimates are blue circles and solubility agnostic model estimates are red X’s. Mixture exposure values are displayed in darker tones, 
whereas individual chemical exposures are displayed in lighter tones. Error bars include the 95% CI for each experimental value as estimated from 3 
biological replicates.

Table 2. AIC for solubility and solubility agnostic models 
predicting body burdens from Geier et al. (2018b).

Model Exposure method AIC

Solubility Single 180.7
No Solubility Single 222.7
Solubility Mixture 84.4
No Solubility Mixture 55.1
Solubility Single and Mixture 196.8
No Solubility Single and Mixture 229.1
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media solubility of chemical limited AUC tissue dose, we calculated 
sensitivity coefficients for media solubility and nominal concentra
tions for simulated exposures from 0.01× to 1000× the solubility 
limit for each parameterized PAH. The sensitivity coefficient can be 
interpreted as the fractional effect to the AUC dose of a change in 
the parameter of interest; a sensitivity coefficient of 0.5 indicates 
that under local conditions, a relative change in the solubility limit 
of 0.2 resulted in a relative change in the AUC dose of 0.1. The sensi
tivity coefficient of solubility remained near zero until nominal 
exposure concentrations were far above expected solubilities for all 
PAHs (Fig. S10A). For naphthalene, the most volatile compound, the 
sensitivity coefficient of solubility reached 0.5 at �99 mM about 
386× its expected solubility. For benz[a]anthracene, a nonvolatile 
compound, this occurred at 2.89 μM, about 41× its solubility limit. 
The Spearman correlation between sensitivity to nominal exposure 
concentration and volatility was 0.91 (P-value<0.05). As expected, 
the sensitivity coefficient of nominal concentration followed an 
inverse relationship to that of the solubility limit (Fig. S10B). These 

results indicate that while exceeding the solubility limit in expo

sures introduces considerable uncertainty in the derived dose- 

response relationship, the solubility limit does not immediately 

limit the dose of PAH taken up by the embryo.

Investigation into the onset of biotransformation
We tested the ontological link between the rate of biotransforma

tion and liver volume in by incrementally shifting biotransforma

tion onset earlier than liver growth and comparing the resulting 

fits to training data. Metabolic onset was shifted by changing 

HPF50liv from 97.2 hpf to 84, 72, and 60 hpf (Fig. 6). In this analy

sis, we refer to HPF50liv, the 50% fractional liver growth time, as 

the metabolic growth time because it no longer reflects meas

ured liver volumes. Optimizations of clearance and zebrafish- 

media partitioning were performed over a grid of static perme

abilities and metabolic growth times to reduce dimensionality.
No singular combination of metabolic growth time and per

meability value performed the best for every PAHs included in 

Fig. 6. The MSE log10 values of tissue burdens for pyrene, fluoranthene, chrysene, benz[a]anthracene, and retene with regard to training data. 
Metabolic growth time refers to the time at which clearance is scaled to 50% of its maximum fractional embryo volume and facet values refer to 
zebrafish permeabilities (0.5, 1, 3, 5, 10). The model was parameterized for fish—media partitioning coefficients and scaled clearance for each 
combination of zebrafish permeability and metabolic growth time. Optimizations were performed using measurements from the fish tissue at hpf¼24, 
48, 72, 96, and 120.
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the analysis. The 2 condition sets with the lowest cumulative 
errors have metabolic growth times of 84 and 96 hpf and a zebra
fish permeability 3 cm × h−1. The model with metabolic growth 
time at 84 hpf has the lowest error (ƩMSE84¼1.47, ƩMSE96¼1.57), 
but with a relative likelihood of 0.36, there is not significant evi
dence to firmly support either metabolic growth time. It appears 
then, that early variation in clearance capacity occurring from 
extrahepatic metabolism can be adequately accounted for in the 
apparent clearance we obtain by scaling to liver volume.

Comparison to PhysChem properties
Generalization of the model to other PAHs will require estimation 
of model parameters from physchem properties. Chemical- 
specific model parameters were tested for linear or log-linear 
correlations to physchem properties to access the prospects of 
future generalizability to other PAHs and access if model param
eters truly described their intended processes. Significant log- 
linear relationships existed between plate wall binding affinity 
and KOW (Fig. 7A), elimination from the media and KH (Fig. 7B), 
and hepatic clearance and KOW (Fig. 7C). There was no significant 
log-linear correlation between intrinsic clearance and the first 
order rates of clearance predicted by OPERA or EPI Suite’s 
BCFBAF (Fig. S11A and B). The relationship between rates of bio
transformation and KOW has been noted in other studies (Arnot 
et al. 2008; Franco et al. 2022). PAH metabolism by Cyp1a is 
largely influenced by Vander walls forces within the Cyp1a active 
site and proximity of the substrate to the heme iron (Chen et al. 
2021). For PAHs metabolized by Cyp1a in zebrafish, higher 

clearance rates for higher KOW PAHs likely result from larger 
compounds fitting more favorably within the Cyp1A active site, 
rather than a direct relationship between KOW and biotransfor
mation (Chen et al. 2021). The above-noted relationships in 
parameters for plate binding, elimination from the media, and 
clearance imply that they characterize their intended processes.

Logarithmic values of permeability for each PAH scaled most 
positively with measurements of molecular size such as Van der 
Waal’s volume, Van der Wall’s surface area, and solvent avail
able surface area (Fig. 7D, Fig. S12). The observed relationship for 
permeability is nonsensical and indicates permeability may be 
unduly influence by bioavailability for hydrophobic compounds 
and rapid loss for volatile compounds. Similarly, confidence in 
fitted zebrafish—media partitioning coefficients is called into 
questions by its lack of correlation with thermodynamic proper
ties such as KOW, fugacity capacity in octanol, subcooled liquid 
vapor pressure, or the bioconcentration factor estimated in 
OPERA (Fig. S13).

Application of dosimetry model to exposure data
The model was applied to concentration-response data reported 
by Geier et al. (2018b) concerning nominal waterborne exposures 
of individual components of SM10 to dechorionated zebrafish 
from 6 to 120 hpf (Geier et al. 2018b). Dose-response curves were 
fit to the percent of malformed embryos to derive nominal 
BMD20 media concentrations (Fig. 8A). BMD20 refers to the 
amount of a chemical causing a 20% increase in a toxic outcome 
from control data. The AUC (μM×h) tissue dose was calculated 

Fig. 7. Linear and log-linear models for: A) binding affinity (KD1) and octanol–water partitioning coefficient (KOW), B) the rate constant of elimination 
from the media (kEM) and Henry’s law (KH), C) clearance from the liver (ClLIV) and KOW, and D) the permeability of zebrafish to the compound (PAZF) and 
Van Der Wall’s volume (VVDW). Models were fit in R. Asterisks (�) indicate P-values ≤0.05 for linear model.

Toxicological Sciences, 2025, Vol 205, Issue 2 | 337  

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaf039#supplementary-data


for each of the chemicals eliciting a BMD20 (Fig. 8B). Interpreted 
blindly, nominal exposure concentrations indicate that pyrene is 
more toxic than benz [a]anthracene; however, utilizing the AUC 
tissue dose, benz[a]anthracene causes toxicity in fish at a dose 
�20× smaller than pyrene. Lastly, we predicted the AUC for all 
chemicals at nominal exposures of 50 μM, the maximum tested 
concentration in Geier et al. (Fig. 8C). The dashed red line indi
cates the AUC tissue dose for pyrene at its BMD20. Although 
retene and benz[a]anthracene were able to achieve toxicity at 
much lower AUCs than pyrene, it is not clear if the lack of 
observed toxicity for other compounds in SM10 is due to a true 
lack of toxicity or a lack of bioavailability. This is particularly 
true for compounds such as chrysene and naphthalene, which 
achieved modeled AUCs �60 and 16 times less than that of pyr
ene at its BMD20.

Discussion
Developmental zebrafish assays have been used to generate tox
icity data in an integrated vertebrate model for hundreds of 

PAHs. Many of these studies report nominal exposure concentra
tions which has hampered comparison between chemicals and 
exposure systems. An end goal of our group is a biologically 
based kinetic dosimetry model, generalized for PAHs using intrin
sic chemical properties, for accurate prediction of PAH dose in 
zebrafish embryos throughout developmental exposures. The 
model presented in this paper represents a significant step 
toward the realization of a generalized PAH model. It adequately 
describes volatile loss and plate wall binding with parameters 
that logically scale with expected thermodynamic properties. 
Moving forward, however, a generalized PAH model will require 
refinement in our understanding of mixture effects, clearance 
rates, partitioning between the zebrafish and media, and 
chemical-specific permeability.

Training the PAH model using mixture exposures had the 
advantage of parameterizing multiple chemicals within one 
experiment and revealed potential mixture effects for a subset of 
chemicals. Utilizing mixture exposures reduced the required 
sample prep, analytical time, and number of sacrificed zebrafish 
embryos while still parameterizing an effective model. The PAH 

Fig. 8. Comparison of dose metrics for BMD20s for pyrene, fluoranthene, retene, and benz[a]anthracene in static waterborne exposures of 
dechorionated zebrafish embryos. A) Nominal concentration is the amount of chemical added to the well divided by the volume of media. B) AUC is the 
area under the curve of the tissue concentration for the 6 to 120 hpf exposure as estimated by the dosimetry model. C) Comparison of the AUC of each 
chemical at 50 μM nominal exposures as predicted by the dosimetry model. Fifty micromolar was the maximum tested concentration for each 
chemical in Geier et al. (2018). The dashed red line indicates the AUC given by pyrene exposed at its nominal BMD20 (20.6 μM).
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model predicted 48 hpf body burdens resulting from similar mix
ture exposures in a different study within a factor of 2 for 83% 
(20/24) of measurements and within a factor of 5 for 92% (22/24) 
of measurements. Performance diminished some for 48 hpf body 
burdens resulting from individual chemical exposures, predicting 
only 54% (13/24) of measurements within a factor of 2 and 87% 
(21/24) of measurements within a factor of 5. The increase in 
error for predictions of individual chemical exposures was likely 
partially caused by exposures being performed well above PAH 
solubility limits. Estimates for benz[a]anthracene and chrysene 
in individual PAH exposures accounted for all body burden esti
mations not within a factor of 5. In comparison, there is a clear 
decrease in the ratio of tissue burden to exposure concentration 
between individual exposures and mixture exposures for these 
compounds (Fig. S8). The noted shift between exposure types 
may result from mixture effects on xenobiotic metabolism. PAHs 
can inhibit each other’s biotransformation by competing for 
active sites in metabolizing enzymes or by non-competitive 
inhibition (Willett et al. 1998, 2001; Smith et al. 2022). Both would 
result in underestimated clearance values from mixture expo
sures leading to overestimated tissue burdens in exposures to 
individual PAHs. Experiments investigating the rates of clearance 
in embryonic zebrafish for chemicals in individual and mixture 
exposures in sealed systems such as closed vial exposures could 
be used to determine the impact of competition for active sites in 
developmental exposures.

Early biotransformation of xenobiotics by zebrafish embryos 
is commonly described by first-order kinetics, however, most 
studies have not linked metabolic capacity to specific processes 
in development (K€uhnert et al. 2013; Brox et al. 2016; Chelcea 
et al. 2023). The pseudo equilibrium model described in Simeon 
et al., and models based on it thereafter, have linked metabolic 
capacity to liver volume. They modeled liver growth utilizing the 
fractional liver volume in adult zebrafish fish and a liver growth 
onset time (Sim�eon et al. 2020; Billat et al. 2023a). We also scale 
clearance to liver growth in our model, but find a loglogistic 
model more suitable for describing liver growth in developing 
zebrafish (Fig. S1C). Both approaches set up a direct ontological 
link between liver volume and xenobiotic clearance in developing 
zebrafish. Conceptually, this is reasonable if the majority of 
metabolizing enzymes are present in the liver, or if the amount 
of metabolizing enzymes in the zebrafish remains roughly pro
portional to the liver size throughout development. For Ahr2 
interacting compounds, including some PAHs, biotransformation 
has been demonstrated earlier in development than liver out
growth, suggesting extrahepatic metabolism may be an impor
tant driver of PAH disposition in development (Sadler et al. 2007; 
Chu and Sadler 2009; K€uhnert et al. 2013; Br€aunig et al. 2015; 
Rude et al. 2024). Because of this, we tested if early extrahepatic 
biotransformation could be better accounted for by fitting clear
ance with a scalar that increased over an earlier time course 
than liver growth. Models with earlier metabolic growth times 
resulted in comparable fits to the original model scaling clear
ance directly with liver growth (Fig. 6). This suggests that approx
imating clearance in developing zebrafish by scaling to liver 
volume is functionally sufficient, if not entirely physiologically 
accurate. Further support for this method can be gained by com
paring the fitted clearance values in this study to clearances 
measured in perfused rainbow trout livers and killifish S9 
(Nichols et al. 2013; Fay et al. 2017; Franco et al. 2022). The rank 
order of fitted or measured clearance values for PAHs shared 

between our study and Nichols et al. (2013) are identical: 
Pyrene>phenanthrene>fluorene>naphthalene (Fig. S14A). 
Additionally, with the exception of fluoranthene and pyrene, 
which have very close intrinsic clearances, the rank order of 
clearance values in the zebrafish dosimetry model and liver S9 
from killifish are also conserved (Fig. S14B). It appears then that 
intrinsic clearance in future models could be informed by 
in vitro-measured clearances. Additionally, ab initio clearance 
values in future models may be predicted by quantitative struc
ture–activity relationships relating in vitro or in vivo clearances 
to parameters measured in in silico docking studies of PAHs in 
the active sites of cytochrome P450s (Chen et al. 2021).

Zebrafish-media partitioning coefficients and chemical- 
specific permeability represent areas for model improvement in 
future iterations. Permeability was positively correlated with 
measurements of molecular size (Fig. 7D, Fig. S13) which is oppo
site to both theoretically expected and previously determined 
experimental trends (K€uhnert et al. 2013; Miyamoto and 
Shimono 2020). Zebrafish media partitioning coefficients did not 
correlate strongly with any of the tested physchem properties 
(Fig. S14). The lack of expected behaviors for these 2 parameters 
may be due to incorrect assumptions about the bioavailability of 
undissolved compounds. In keeping with common practice, the 
presented model assumes that only freely dissolved chemical is 
bioavailable to the embryo (Dahan and Miller 2012; Lydy et al. 
2014); however, it is not difficult to imagine precipitated chemical 
coming into contact with a zebrafish embryo in the confines of a 
96-well plate thereby facilitating direct dermal absorption and 
inflating permeability estimations. Alternatively, the unexpected 
trends may arise from our experimental setup. To maximize 
applicability, our measurements were conducted in 96-well poly
styrene plates which are imperfectly sealed, use small media vol
umes, and feature significant PAH binding to vessel walls. These 
conditions, along with limited early measurements, made for dif
ficult parameter estimates. For better experimental measure
ments of zebrafish—media partitioning and permeability, future 
experiments would be served to obtain measurements under less 
dynamic conditions. As an example, K€uhnert et al. (2013)
obtained good results by conducting measurements of PAH in 
media and zebrafish embryos within sealed glass vials at concen
trations well under the limit of solubility for test compounds.

An alternative approach could lean more heavily on ab initio 
estimation of permeability or zebrafish—media partitioning coef
ficients. For instance, the embryo could be described as mass 
fractions of storage lipid, phospholipid, protein, and water. 
Estimated or empirically derived partitioning coefficients into the 
above-named compartments could then be used to estimate 
zebrafish—media partition coefficients (Endo et al. 2013; Fischer 
et al. 2017; Fisher et al. 2019). The estimated zebrafish—media 
partitioning coefficients could then be used to constrain the 
model while fitting permeability to training data. Similarly, 
machine learning and quantitative structure—permeability rela
tionship models have been developed to estimate permeability of 
compounds (Egan et al. 2000; Moss et al. 2002; Sharma et al. 2017; 
Sun et al. 2017). These could be adapted or applied to estimate 
the permeability in zebrafish to further constrain the model. We 
expect an approach utilizing ab initio estimations to selectively 
constrain some but not all parameters, may allow for faster 
development of intelligible, predictive models moving forward.

The single well-mixed compartment approximation of a zebra
fish effectively modeled body burdens over time, providing a useful 
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and analytically verifiable dose metric with which to interpret PAH 
toxicities. Recent models have varied in approach; a few treating all 
organs as separate compartments (Sim�eon et al. 2020; Billat et al. 
2023a, 2023b), some dividing the embryo into yolk and tissue com
partments (Halbach et al. 2020; Chelcea et al. 2023), and still others 
utilizing a single compartment much like our own (K€uhnert et al. 
2013; Brox et al. 2016; Vogs et al. 2019; Warner et al. 2022). Complex 
models treating each organ as a separate compartment yield more 
specific dose metrics but make assumptions about the rate and 
extent of chemical transport within the developing fish that are not 
verifiable at this time. A middle path exists in treating the embryo 
as a yolk compartment and tissue compartment. This approach 
likely approximates separate tissue and yolk doses more accurately 
than a whole embryo body burden as at least 2 studies have shown 
significant preference of hydrophobic compounds to the yoke com
partment (Halbach et al. 2020; Ulrich et al. 2020). Still analytical val
idation of separate yolk and tissue concentrations is much more 
challenging, and depending on study goals, not always necessary. 
Because we predicted whole-body burdens, analytical validation 
was straightforward via whole embryo extractions and GCMS/MS 
analysis. The single-compartment approach effectively modeled 
highly variable body burdens within developing embryos through
out exposure times. This dose metric allowed for the determination 
of integrated AUC doses to compare PAH potencies which showed 
that benz[a]anthracene and retene cause toxicity at much lower tis
sue doses than other constituents of SM10.

The PAH dose metrics estimated by this model will allow for 
greater interpretability of toxic outcomes in developmental 
zebrafish assays. Predicted tissue doses can be used to normalize 
data between different exposure scenarios such as flow-through 
versus static renewal exposures or 96-well plate versus sealed 
vial exposures. Zebrafish embryo dose metrics such as the AUC 
concentration or maximum tissue concentration will allow for 
comparison to other biological systems. We could for instance 
compare the AUC tissue dose of retene causing toxicity in a 
developing zebrafish to a modeled AUC cellular dose causing tox
icity in a lung epithelial culture to an AUC tissue dose expected 
in human lung alveoli exposed to severe wildfire smoke or heav
ily polluted urban air. Such comparisons will help us understand 
which PAHs or mixtures of PAHs drive toxic outcomes and better 
prioritize future research directions.

Conclusion
This study presents a new biologically based toxicokinetic dosim
etry model for waterborne exposures of developing zebrafish to 
PAHs. It demonstrates the utility and limitations of utilizing mix
ture experiments to parameterize for multiple chemicals within 
an individual experiment and clarifies exposure kinetics of 9 
PAHs having KH and KOW spanning 3 orders of magnitude. Armed 
with this knowledge, it is clear that volatile loss, solubility, and 
binding to plastic plate walls have considerable influence on the 
dosimetry of PAHs. High losses noted for phenanthrene, fluorene, 
and naphthalene, indicate that volatile PAHs will require alterna
tive means of exposure such as passive dosing or tightly sealed 
vial exposures in order to accurately access toxicity. We expect 
that a predictive generalized PAH dosimetry model accounting 
for zebrafish physiology and a variety of exposure scenarios will 
be possible with further investigation into the physchem proper
ties governing PAH permeability, tissue—media partitioning, and 
clearance rates. As developmental zebrafish exposures are 
increasingly utilized for toxicological investigation, modeling 
such as this will increase interpretability of potency between 

different compounds, comparison between different exposure 

methods, and translatability to inform both human health and 

environmental decision-making.
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