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1. Introduction

There are thousands of per- and polyfluoroalkyl substances (PFAS)
on the global market. The exact number in use is not precisely known.
But their heavy use for water- and dirt-repellents, lubricants, wetting
agents, and other non-stick consumer products makes PFAS among the
most widely used chemical classes in the world. Unfortunately, the
environmental stability of the C-F bond also means that PFAS may now
be the most ubiquitous human-made contaminant on earth (U.S. Food &
Drug Administration, 2021). The persistent nature of the C-F bond has
raised global concerns that the biosphere may be perpetually exposed to
these anthropogenic contaminants (Blum et al., 2015; Allen, 2018).
They have been linked to harmful health effects, including reduced
kidney function, metabolic syndrome, thyroid disruption, and adverse
pregnancy outcomes (Agency for Toxic Substances and Disease Registry
(ATSDR), 2020).

PFAS contain one or more carbon atoms with fluorine in place of
hydrogen to form the moiety C,Fa2,1-R, where R represents functional
groups (e.g., sulfonate, carboxylic acid) (Blake and Fenton, 2020;
Interstate Technology and Regulatory Council (ITRC), 2020). The per- or
polyfluoroalkyl moiety is chemically and thermally stable, and it ex-
hibits both lipophilic and hydrophilic properties (Interstate Technology
and Regulatory Council (ITRC), 2020), making PFAS ideal as both sur-
factants and surface protection products. PFAS have been used in
grease-resistant papers for food containers/wrappers, stain-resistant
coatings on carpets and upholstery in home and vehicle products,
water-resistant clothing and footwear, cleaning products, shampoo,
dental floss, nail polish and eye makeup, paints, varnishes, ski wax and
sealants, and aqueous film-forming foams for civilian and military
firefighting (Agency for Toxic Substances and Disease Registry (ATSDR),
2019).

The desirable chemical properties of many PFAS paradoxically
impart environmentally and biologically undesirable properties such as
environmental and biological persistence. PFAS accumulate in the
serum, lungs, kidney, liver, and brain, including fetal organs (Perez
et al., 2013; Mamsen et al., 2019; Cao and Ng, 2021). Human exposure
to PFAS is associated with adverse effects on the immune (National
Toxicology Program (NTP), 2016), endocrine, metabolic, and repro-
ductive systems (including fertility and pregnancy outcomes), and
increased risk for cancer (Agency for Toxic Substances and Disease
Registry (ATSDR), 2020).

PFAS exposure is considered ubiquitous in the U.S. (CDC, 2019) and
around the world, with perfluorooctanoate (PFOA) and perfluorooctane
sulfonate (PFOS) detectable in > 90% of representative study pop-
ulations (Kato et al., 2011; Bjerregaard-Olesen et al., 2017; Ye et al.,
2018). Diet and drinking water are the main sources of exposure for
adults, though this varies with lifestyle, diet, proximity to point and
nonpoint sources, and local drinking water contamination levels.
Formula-fed infants are thought to be the most highly exposed members
of the human population due to their high water intake to body weight
ratio (Goeden, 2018; Goeden et al., 2019). Drinking water may be the
largest source of PFAS exposure for communities impacted by high
levels of PFAS contamination (Environmental Working Group, 2020).

A handful of PFAS (such as PFOA and PFOS) are extensively studied,
but very little is known about the toxicity of the thousands of other PFAS
that can occur in the environment (Ankley et al., 2021). To date, many
PFAS have not been systematically tested. Traditional one-by-one
toxicity testing using laboratory rodents is too expensive, slow, and
impractical to evaluate the hazard of the PFAS chemical space (Patle-
wicz et al., 2019). A more practical way is to identify and prioritize those
PFAS with the most potential to cause adverse human health or envi-
ronmental effects (Ankley et al., 2021). It is critical to assess as many
PFAS as possible in a high-throughput manner in the same platform as
part of this prioritization effort. A subset of PFAS has been assessed using
in vitro assays: 17 PFAS were flagged as active in at least one of the
battery of US Environmental Protection Agency (US EPA) ToxCast

Journal of Hazardous Materials 431 (2022) 128615

high-throughput assays on their Chemical Dashboard. Another 113
unique structures were evaluated in vitro by Houck et al. (Houck et al.,
2021). They confirmed expected activities for previously studied PFAS
and found novel bioactivities, in particular RXRp agonism. However, the
effects of metabolism on PFAS are quite limited in vitro. A whole animal
model avoids this limitation, but in vivo data remain scarce relative to
the diversity of PFAS structures.

The developmental zebrafish platform can be deployed as a sensitive
whole animal biosensor of PFAS hazard. Zebrafish can span the scientific
gap between in vitro and traditional mammalian models (Horzmann and
Freeman, 2018). They have rapid, transparent development and share
significant genetic homology with humans (Howe et al., 2013; Truong
and Tanguay, 2017). Previous PFAS studies in developmental zebrafish
found morphological and behavior effects (Ulhaq et al., 2013; Jantzen
et al., 2016; Rericha et al., 2021; Wasel et al., 2021), and identified
structure driven trends in bioactivity and bioconcentration (Menger
et al., 2019, 2020; Vogs et al., 2019; Gaballah et al., 2020). While one
study conducted a high content screen of 58 PFAS (Rericha et al., 2021),
most have focused on fewer structures. We used the developmental
zebrafish to evaluate and compare the toxicity of a 139 structure PFAS
library assembled by the US EPA (Patlewicz et al., 2019). The goal was
to assess the library for the developmental and neurotoxic potential
across 13 morphological endpoints and 2 behavioral assessments.
Structure-activity relationships were modeled based on chemotypes,
physicochemical properties, and developmental bioactivity. The
multi-dimensional zebrafish platform allowed rapid hazard ranking of
PFAS chemotypes. Hopefully, these data prioritize further testing that
will inform the selection of safer alternatives.

2. Methods: experimental design + analysis
2.1. Chemical library procurement

The library of 139 PFAS was procured from the US EPA Center for
Computational Toxicology & Exposure (CCTE) as a subset of the library
of 430 (https://comptox.epa.gov/dashboard/chemical_lists/EPAPFA
SINV). A table of the individual PFAS and CAS numbers is provided
(Table S1). Parathion ethyl (CAS 56-38-2) was purchased from Sigma-
Aldrich in the PESTANAL analytical standard grade as a positive con-
trol for zebrafish developmental toxicity.

2.2. PFAS structure categorization

To align with existing knowledge of the PFAS chemicals, the 139
PFAS were systematically evaluated to determine whether each struc-
ture belonged to a previously defined category (Buck et al., 2011; Pat-
lewicz et al., 2019; Kwiatkowski et al., 2020), or via the EPA’s CompTox
Chemicals Dashboard PFAS Markush Structure-based Categories List
(https://comptox.epa.gov/dashboard/chemical lists/EPAPFASCAT).
Existing unique categories were identified from these sources, noting
representative chemical structures when available and combining rela-
tively similar categories (e.g., the "polyfluoroalkyl (linear) alcohol"
category defined by the Markush list was combined with the more
general "polyfluorinated alcohol" of Patlewicz et al. and ultimately
termed "perfluoroalkyl alcohol"). Each of the 139 PFAS structures was
then evaluated for fit within each available category based on the
structural definition (Table S1), creating a natural division into per-
fluorinated or polyfluorinated categories. PFAS with structures that did
not align with previously defined categories (e.g., undefined difunc-
tional or halide structures) were labeled as "other," which included
chemicals that are both perfluorinated and polyfluorinated.

2.3. Zebrafish husbandry

Tropical 5D wild-type zebrafish were housed at Oregon State Uni-
versity’s Sinnhuber Aquatic Research Laboratory (SARL, Corvallis, OR)


https://comptox.epa.gov/dashboard/chemical_lists/EPAPFASINV
https://comptox.epa.gov/dashboard/chemical_lists/EPAPFASINV
https://comptox.epa.gov/dashboard/chemical_lists/EPAPFASCAT
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in densities of 1000 fish per 100-gallon tank according to the Institu-
tional Animal Care and Use Committee protocols (Barton et al., 2016).
Fish were maintained at 28 °C on a 14:10 h light/dark cycle in recir-
culating filtered water, supplemented with Instant Ocean salts. Adult,
larval and juvenile fish were fed with size-appropriate GEMMA Micro
food 2-3 times a day (Skretting). Spawning funnels were placed in the
tanks the night prior, and the following morning, embryos were
collected and staged (Kimmel et al., 1995; Westerfield, 2007). Embryos
were maintained in embryo medium (EM) in an incubator at 28 °C until
further processing. EM consisted of 15 mM NaCl, 0.5 mM KCl, 1 mM
MgS0Oy4, 0.15 mM KHyPO4, 0.05 mM NayHPO4, and 0.7 mM NaHCO3
(Westerfield, 2000).

2.4. PFAS exposures

Embryos were dechorionated at 4 h post-fertilization (hpf) and
exposed in 96 well plates as described in (Truong et al., 2014). The
standard plate layout consisted of 10 PFA concentrations (0.015, 0.046,
0.14, 0.41, 1.23, 3.7, 11.1, 33.33, 66.5, 100 uM, n = 7) and positive
control (parathion ethyl at 19.3, 24.2, 29.1, and 34.0 uM, n = 3) on the
same plate (Fig. 1). Parathion is routinely used as a positive control in
the lab as it induces reproducible morphological defects. All PFAS
chemicals and the parathion ethyl positive control were delivered to the
individual wells of a 96-well plates filled with 100 pL of embryo me-
dium, one embryo per well, using an HP D300 digital dispenser from the
master stocks (30, 20, 10, or 5 mM) provided by the US EPA dissolved in
dimethyl sulfoxide (DMSO), and a 10 mM parathion ethyl stock in
DMSO. A complete list of PFAS stocks and concentrations is provided in
Table S1. The DMSO concentration in all plate wells was normalized to
0.33% using the D300 dispenser. Test concentrations were selected to
maximize the probability of encountering the effective concentration at
which 80% of the test population experienced any morphological effect
(ECgp) while avoiding solubility limits and also ensuring concentrations
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appropriate to behavior endpoints, all in one experiment. Each plate was
tested in duplicate with a total of 10 concentrations (n = 14 embryos per
PFAS concentration), 24 solvent control (0.33% DMSO), and 6 per
parathion ethyl concentration.

Immediately after chemical addition, plates were sealed with par-
afilm between the plate and its lid and incubated at 28° + 1 °C overnight
on an orbital shaker at 235 RPM (Truong et al., 2016) until 24 hpf, when
embryonic photomotor response (EPR), mortality, and morphology
were assessed. Plates were then returned to the dark incubator until 120
hpf when larval photomotor response (LPR), mortality, and morphology
were evaluated.

2.5. Developmental toxicity assessments

2.5.1. Mortality and morphology

At 24 hpf, embryos were screened for mortality and 2 developmental
endpoints. At 120 hpf, mortality and incidence of abnormality in 9
morphology endpoints were evaluated as binary outcomes (Table S2 for
a description of morphological endpoints).

2.5.2. Photomotor responses

The embryonic photomotor response (EPR) assay was conducted at
24 hpf, taking care not to expose the test plates to visible light prior to
the assay (Reif et al., 2016). Briefly, EPR images were captured only with
infrared light (IR band pass filter at camera), while the photomotor
stimulus consisted of two 1 s pulses of white visible light (13 kilolux) at
30 and 40 s after video recording began. The nine seconds prior to the
first pulse were considered the "background" (B) period; the nine sec-
onds immediately after the first pulse were considered the "excitatory"
(E) period; the nine seconds following the second pulse were considered
the "refractory” (R) period. During each period, test embryos may exhibit
normal or hypo- or hyper-activity relative to the on-plate control ani-
mals, indicating chemical-induced effects on non-visual (eyes are not
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Fig. 1. Overall Experimental Design. Embryonic zebrafish were developmentally exposed from 6 to 120 hpf (top; hpf = hours post-fertilization). The embryos were
exposed to 10 concentrations of PFAS (plate design: all shades of blue), 4 concentrations of PC (parathion ethyl positive control; gray), and vehicle control (white). At
24 and 120 hpf, embryos were assessed for mortality and 10 morphological endpoints and a summary endpoint (ANY). Examples are: CRAN = craniofacial mal-
formations, EDEM = edema, AXIS = bent axis. Embryonic and Larval Photomotor Response are behavior assays in which movement was assessed in response to 2

flashes of light or alternating light/dark cycles at 24 and 120 hpf.
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functional at 24 hpf) photomotor development (Kokel et al., 2013).

The larval photomotor response (LPR) assay was conducted at 120
hpf when the 96-well plates of larvae were placed into ZebraBox
behavioral analysis chambers (Viewpoint Behavior Technology) and
larval movement tracked with ZebraLab motion analysis software for
24 min across 4 cycles of 3 min light: 3 min dark. The distance moved by
each larva in the 4th light/dark cycle was integrated over 6 s binning
periods.

It should be noted that while both the EPR and LPR assays assessed
photomotor response, EPR is strictly based on the response of photore-
ceptors within the hindbrain, prior to eye vision, while LPR is visual.
Both responses represent a behavioral effect and the mechanism leading
to each effect can differ for a single compound. Additionally, the EPR
assay takes place at 24 hpf, potentially before the affected system/tissue
is developed enough for the chemical to have the effect(s) observed at 5
dpf; therefore, a response in either assay was considered bioactive
independently of the other.

For all assessments, data were collected from embryos exposed to
nominal PFAS concentration and were uploaded under a unique well-
plate identifier into a custom LIMS (Zebrafish Acquisition and Analysis
Program (ZAAP)) — a MySQL database and analyzed using custom R
scripts that were executed in the LIMS background (Truong et al., 2016).
All data can be found at: https://github.com/Tanguay-Lab/Manuscript
S.

2.6. Statistical analysis

2.6.1. Morphology

Following chemical exposure, the incidence of a morphological ef-
fect was recorded as binary (0 or 1) response in any of 13 endpoints
(Table S2). During analysis, responses across all these endpoints were
collapsed into a singular binary (0 or 1) morphology endpoint named
’ANY’. A benchmark dose (BMD) approach was applied to morpholog-
ically bioactive samples on the summary statistic of ’ANY’ endpoint
using a parametric curve fitting process. Briefly, this data was modeled
using the unrestricted 3-parameter log-logistic model for dichotomous
data with "extra risk" and was implemented following guidelines from
the EPA BMDS v3.2 manual (US Environmental Protection Agency
(EPA), 2020). A benchmark response (BMR) was defined as a 10%
change relative to the background response and BMD;, values were
calculated.

2.6.2. Dose-response modeling of behavior data

For EPR, the recorded periods at the beginning of the experiment
(immediately surrounding the initiation/termination of camera
recording) were truncated to assure equivalence in recorded experi-
mental period for all chemicals. The statistical analysis of activity
considered only the Background (B), Excitatory (E), and Refractory (R)
intervals. For LPR, movement data from the 15 frames s~! capture was
integrated into 6 s bins and responses from light and dark phases were
analyzed independently. A comprehensive analysis of the behavior
response patterns was carried out using the BMD methodology with a
10% benchmark response threshold (Thunga et al., 2021). Any dead or
malformed animals were removed from behavior analysis, and con-
centrations in which more than 30% of the individuals were malformed
were also removed. A quantitative dose-response analysis of behavior
data was performed by fitting a 4-parameter log-logistic model to the
response values. Behavior response values were computed as the
average movement value over the defined time interval (Back-
ground/Excitatory/Refractory for EPR and Light/Dark for LPR). These
values were assumed to follow a zero-augmented gamma distribution.
Most model fittings were done by maximum likelihood estimation using
only non-zero response values. However, if there were concentrations
where the number of zero response values was more significant than the
number of non-zero response values, then a penalty was added to the
likelihood function that favored curve fit values closer to zero and a

Journal of Hazardous Materials 431 (2022) 128615

shallower slope. In both cases, the gamma distribution shape parameter
was assumed to be constant and included in the optimization process.
Hyperactive curve fitting was done using a subset of concentrations up
to the highest dose where the mean response value at that dose was
greater than the mean control response, and the response had not
decreased more than 20% from the next lower dose. Hypoactive curve
fitting used data from all concentrations. Curve fits were required to
have the second asymptote outside the band of control mean response
+ /- 50%. BMD values were computed using the same equation as the
morphology endpoints since both data types were fit using log-logistic
models. Finally, post-hoc quality control was performed by visually
inspecting each of the curve fits and removing any unreliable fits due to
high variability among the treated groups or high overlap between the
control and treated groups, especially near the BMD value. Only hits that
passed this final QC check were reported in the SI table.

2.6.3. Chemical property analysis

Five physicochemical properties were obtained from the US EPA’s
Chemical Dashboard for the 139 PFAS and assessed for statistical asso-
ciation with bioactivity. The physicochemical properties included for
this analysis were the average mass, Opera-predicted octanol-air parti-
tion coefficient (Log Koa), Opera-predicted octanol-water partition co-
efficient (log P), predicted vapor pressure (mm Hg), and the number of
fluorinated carbons (manually determined) (Table S1). Association be-
tween these properties and bioactivity were only evaluated for PFAS
manually classified as volatile (see below). Since these predicted values
were predominantly determined using QSARs based on training sets of
mostly volatile compounds, there was less accuracy to predict non-
volatile PFAS that are largely ionized at environmental pH. A chem-
ical’s BMD; values in each of the 3 assays (morphology, EPR, and LPR)
were used to measure bioactivity. Since very few chemicals showed
bioactivity and the data had several tied ranks, the Kendall rank corre-
lation method was used to test for association.

PFAS volatility was determined by manually curating each chem-
ical’s structure, as obtained from the EPA’s CompTox Chemicals Dash-
board, and sorting it into volatile or non-volatile categories. Chemicals
were sorted for volatility based on the structure, such as functional
groups and sites that could release and/or accept protons. Those that
could be ionized are suitable for analysis by liquid chromatography
(non-volatile), while those that are non-ionizable are better suited for
gas chromatography (volatile). For those chemicals that did not fall into
one of the two categories solely based on structure, a program, Chem-
icalize, was used to predict volatility. The software used chemical
identifiers (i.e., molecule name, registry number, SMILES, or InChI) as
input, and predicted pKa and ion speciation. Compounds for which the
software could not supply pKa and ion speciation were assigned as
volatile.

2.6.4. Chemotype enrichment analysis

Chemical feature enrichments across the PFAS library were explored
using ToxPrint chemotypes downloaded from EPA’s CompTox Chem-
icals Dashboard (https://comptox.epa.gov/dashboard/dsstoxdb/batch
_search). The large set of publicly available ToxPrint chemotypes
collapsed into 36 broader chemotype categories (Table S3). Enrichment
analysis for each category was done using contingency tables and
Fisher’s exact test (p-value <0.05) to check if chemicals that were active
in specific assays were enriched for any structural features. Chemotypes
present in less than 5% of all chemicals in the dataset were removed
from the analysis.

3. Results and discussion

3.1. Commonly studied PFAS - ranked potency to impact zebrafish
development

Of the 139 structurally diverse PFAS, 49 (35%) induced either
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abnormal morphology, embryonic and larval photomotor response (EPR
and LPR, respectively) or a combination as determined by benchmark
dose (BMD) analysis (Fig. 2a). In total, 31 PFAS (22%) induced
morphological effects, 11 (7%) elicited abnormal embryonic behavior,
and 25 (17%) caused abnormal larval behavior (Fig. 2b). The median
morphological BMD; for the 31 PFAS was 31.89 uM. The most potent
PFAS was perfluorodecanoic acid (PFDA), with the lowest BMD;q for
morphological effects of 0.223 uM. The least potent was per-
fluorooctanesulfonyl fluoride (PFOS-F), with a BMD;o of 86.05 uM.
PFDA was previously evaluated in ToxCast assays and numerous other
studies, while PFOS-F, a PFOS precursor (Butenhoff et al., 2017), has
very limited toxicity data. Both PFDA and PFOS-F are in the per-
fluoroalkyl group with different functional groups: carboxylic acid, and
sulfonyl fluoride, respectively and with vastly different Log Koa (4.23 vs
3.33, respectively) and LogP (3.13 vs 1.53). Although the Log Kos was
dramatically different, these values are estimates from models that do
not apply well to anionic chemicals such as carboxylates. Previous
studies reported significant toxicity resulting from PFDA exposure (Lau
etal., 2004), specifically compared to other shorter-chain perfluoroalkyl
carboxylates, in developmental zebrafish (Ulhaq et al., 2013) and other
animal models (Olson and Andersen, 1983; Kim et al., 2013). However,
many studies reported greater toxicity from the perfluoroalkyl sulfonic
acid head group compared to a perfluoroalkyl carboxylic acids (Ulhaq
et al., 2013; Menger et al., 2019; Gaballah et al., 2020). Of the 8 PFAS
most commonly studied in vivo, the potency ranking (based on

Morphology EPR LPR
A Perfluorooctanesulfonamido ammonium iodide
((Perfluorooctyl)ethyl)phosphonic acid
Methyl perfluoro(3-(1-ethenyloxypropan-2-yloxy)propanoate) Q
Perfluorocyclohexanecarbonyl fluoride
1H,1H,7H-Perfluoroheptyl 4-methylbenzenesulfonate .
1H,1H,11H,11H-Perfluorotetraethylene glycol °
2.2,2-Trifluoroethyl perfluorobutanesulfonate
1H,1H,8H,8H-Perfluoro-3,6-dioxaoctane-1,8-diol
Hexafluoroglutaryl chloride o
3H-Perfluoro-2,2 4 4-tetrahydroxypentane @
(Perfluorobutyryl)-2-thenoyimethane o
1-(Perfluorohexyljoctane °
Methyl 3H-perfluoroisopropyl ether
11-H-Perfluoroundecanoic acid L]
3-(Perfluoroisopropyl)-2-propencic acid
1H,1H,10H,10H-Perfluorodecane-1,10-diol °
1H,1H,8H 8H-Perfluorooctane-1,8-diol .
8:2 Fluorotelomer sulfonic acid [ ]
62 Fluorotelomer phosphate monoester B
2,2,3,3.4,4,4-Heptafluorobutyl methacrylate
1H,1H,2H,2H-Perfluorohexyl iodide
3-Perfluoroheptylpropanoic acid
= 2H,2H,3H,3H-Perfluorooctanoic acid
g 1-(Perfluorofluorooctyl)propane-2,3-diol ®
2 1H,1H,6H 6H-Perfluorohexane-1,6-diol diacrylate °
o 1H,1H,5H,5H-Perfluoro-1,5-pentanediol diacrylate .
2,2,3 3-Tetrafluoropropyl acrylate [ ]
Perfluoro-3,6,9-trioxatridecanoic acid °
Perfluoro-2,5-dimethyl-3,6-dioxanonanoic acid
Perfluorooctanesulfonyl fluoride
Potassium perfluorooctanesulfonate °
Perfluorooctanesulfonic acid °
Perfluoroheptanesulfonic acid [ ]
Potassium perfluorohexanesulfonate
Perfluorohexanesulfonic acid
Perfluorooctanesulfonamide .
N-Methylperfluorooctanesulfonamide [ ]
N-Ethylperfluorooctanesulfonamide [ ]
Perfluorohexanesulfonamide °
(Heptafluorobutanoyl)pivaloyimethane
Perfluorotridecanoic acid ([ ]
Perfluoroundecanoic acid o
Perfluorodecanoic acid .
9-Chloro-perfluorononanoic acid [ ]
Potassium perfluorooctanoate
Perfluorooctanamidine
Perfluorooctanamide [ ]
Perfluorooctane
i E 5 5 )
g 3 ] S =1
i 8 4
2
Endpoint
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morphological effects) is: PFDA > perfluorooctanesulfonamide (FOSA)
> PFOS > perfluoroheptane sulfonic acid (PFHpS)
> perfluorotridecanoic acid (PFTrDA) > 8:2 fluorotelomer sulfonic acid
(8:2 FTS) > perfluoroundecanoic acid (PFUndA) > perfluorohexane
sulfonic acid (PFHxS) > PFOS-F. All but PFOS-F were non-volatile PFAS,
which could be another explanation of the potency ranking where
PFOS-F was the least bioactive in this screen.

3.2. Embryonic photomotor behavior was impacted by 11 different PFAS
structures

Behavior endpoints affected by PFAS exposures varied based on
assay and endpoint. Aberrant embryonic photomotor response (EPR)
behavior at 24 hpf was predominately detected during the excitatory
phase of the assay. Six compounds induced hyperactivity in this period:
perfluorooctanesulfonamide (FOSA); 1H,1H,10H,10H-perfluorodecane-
1,10-diol; 3-(perfluoroisopropyl)-2-propenoic acid, perfluorooctyl
(ethyl)phosphonic acid, 6:2 fluorotelomer phosphate monoester, and
(heptafluorobutanoil)pivaloylmethane). Five induced a hypoactive EPR:
1H,1H,8H,8H-perfluorooctane-1,8-diol; 1H,1H,7H-perfluoroheptyl-4-
methylbenzenesulfonate; 1-(perfluorohexyl)octane; 8:2 FTS, and
2H,2H,3H,3H-perfluorooctanoic acid. In Fig. 2a; EPR hyperactivity is
displayed in yellow and hypoactivity is displayed in green. The lowest
BMD for the EPR excitatory phase were 1H,1H,10H,10H-perfluorode-
cane-1,10-diol and 1H,1H,8H,8H-perfluorooctane-1,8-diol, both
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fluorotelomer symmetric diols for which there is very limited available
toxicity information.

Activity in the refractory phase is abnormal by definition, but 3-
(Perfluoroisopropyl)-2-propenoic acid, and FOSA induced refractory
phase hyperactivity. These two PFAS were also associated with excit-
atory phase hyperactivity. The PFAS 6:2 fluorotelomer phosphate
monoester was associated with hyperactivity in the EPR background
phase, and 2H,2H,3H,3H-perfluorooctanoic acid was associated with
hypoactivity in the EPR background phase; neither PFAS was associated
with any other EPR effects. The EPR is a rapidly assayable endpoint
detected below the threshold for teratogenicity. As such it can define
unique patterns of hazard potential and prioritize chemicals that impact
early development (Carbaugh et al., 2020) and that likely also impact
later development (Reif et al., 2016; Ortmann et al., 2022).

3.3. LPR behavior was impacted by 25 different PFAS structures

Normal zebrafish LPR behavior at 120 hpf is characterized by low,
almost baseline activity in the visible light phases and 3-10 fold more
swimming g activity in the dark phases. Here 17 and 21 PFAS elicited
aberrant behavior in the light and dark phases, respectively. Most PFAS
induced hyperactivity in the light period while only 3 compounds
induced hypoactivity. The opposite trend was observed for the dark
period of the LPR assay where PFAS mostly elicited hypoactivity.

A total of 15 PFAS were bioactive in both the light and dark phases of
LPR with BMD values spanning 1000 fold (0.045-52.45 pM). Notably,
only FOSA caused abnormalities in EPR, LPR and morphology. FOSA is
one of the 17 PFAS evaluated in ToxCast assays. With a hit rate of 16%
(125/795 total assay endpoints) it was almost 2x higher than the median
hit rate for the ToxCast PFAS (8%). FOSA, an intermediate metabolite of
longer-chain PFOS precursors (Martin et al., 2010), has been identified
in previous studies as particularly bioactive compared to other PFAS in
zebrafish (Dasgupta et al., 2020) and neurotoxic in vitro (Slotkin et al.,
2008). It is a metabolite of n-ethyl perfluorooctane sulfonamide
(EtFOSA), an active ingredient in sulfluramid, a pesticide commonly
used to control leaf-cutting ants in equatorial countries such as Brazil.
The use of sulfluramid has reportedly led to FOSA detection in envi-
ronmental samples suggestive of a significant potential for human
exposure (Nascimento et al., 2018). One proposed mode of action for
FOSA toxicity that could explain its potency in all three assays is
disruption of mitochondrial bioenergetics (Starkov and Wallace, 2002),
to which the embryonic zebrafish model is particularly sensitive (Fichi
et al., 2019).
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Assessments revealed that over a third (35%) of PFAS within a
diverse library exhibited bioactivity manifest as both malformations and
altered behavior in developing zebrafish. The diversity of endpoints
affected across similar chemical concentrations suggested that modes of
action likely differed between structure groups and that the 49 bioactive
PFAS have the potential to adversely impact human health. These PFAS
and their closely related structures in the PFAS universe outside this
library should be prioritized for definitive hazard characterization.
Detailed structure-activity modeling can reveal the features that drive
their toxicity and inform the field on PFAS structures to avoid.

3.4. Low PFAS volatility drives developmental toxicity

The volatility of a chemical could influence its bioactivity under a
given set of test conditions. PFAS were sorted into volatile and non-
volatile categories via a decision tree with manual curation. The 139
member library consisted of largely volatile PFAS (59%). Among the 31
PFAS that induced morphological effects, 12 (39%) were categorized as
volatile and 19 (61%) as non-volatile (Fig. 3). The majority of the non-
active PFAS in any of the assays were volatile, suggesting that PFAS
volatility was a driver of bioactivity under the test conditions used. A
Fisher’s exact test of counts of the number of volatile and non-volatile
PFAS detected in each assay showed that volatile PFAS were likely to
be flagged as inactive by LPR and morphology endpoints (p-value
<0.05). Higher volatility would lessen the amount of PFAS available to
interact with the embryo. This trend was not observed in the earlier EPR
assay where 5 out of the 11 bioactive compounds were volatile (45%).
Volatility might have resulted in lower bioavailability that precluded
LPR and morphology effects but was sufficient to impact early behavior,
perhaps only transiently. Overall, the present study identified an asso-
ciation between volatility of PFAS and its bioactivity in the developing
zebrafish.

3.5. Limited correlation between 5 physicochemical properties and PFAS
toxicity

Average mass, number of fluorinated carbons, LogP, Log Koa, and
vapor pressure were compared to PFAS bioactivity. The median average
mass of the 139 PFAS was 380 g/mole. The individual PFAS average
masses ranged from 163 to 726 g/mole; all were generally considered
low molecular weight PFAS, as opposed to high molecular weight flu-
oropolymers (Buck et al., 2011). Average mass did not significantly
correlate with chemical toxicity when considering morphological
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Fig. 3. Bar plot showing break -down of chemicals’ bioactivity and volatility across each endpoint tested. Red shaded regions represent the number of volatile
compounds in that category and blue shaded regions represent the number of non-volatile compounds in that category. A Fisher’s exact test was applied to the counts

of the number of volatile and non-volatile PFAS detected in each assay (p < 0.05).
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bioactivity (R = 0.24; p = 0.31), EPR (R = —0.4; p = 0.48), or LPR (R =
0.29; p = 0.29) assays in the present study (Fig. S1). Within a compa-
rable mass range, a recent in vitro study by Houck et al. found a lower
incidence of bioactivity for lower molecular weight PFAS, but cautioned
that their results may have been skewed by false negatives due to poor
analytical quality control and volatilization (Houck et al., 2021). Few
toxicological studies have distinguished between PFAS in this mass
range by molecular weight. PFAS are differentiated by fluorinated alkyl
chain length. PFAS chain lengths are typically applied to the most
commonly studied perfluoroalkyl carboxylic acids and sulfonic acids.
Note that fully-fluorinated carbons were not representative of the
broader structural diversity in this library of polyfluorinated substances.
A more suitable criterion was simply the number of fluorinated carbons.

The number of fluorinated carbons per chemical ranged from 2 to 13
with 6 being the median (20 chemicals). Correlation analysis bioactive
PFAS versus number of fluorinated carbons for morphology (R = 0.17;
p = 0.47) and LPR (R = 0.34, p = 0.19) indicated no correlation, but
there was a statistically significant inverse correlation for EPR (R =
—0.84, p=10.05) where increased number of fluorinated carbons
resulted in lower BMD;o values. Previous studies found that PFAS
toxicity (and bioaccumulation) increased with increasing alkyl chain
length (Gaballah et al., 2020; Ankley et al., 2021). The correlation with
EPR, but not morphology or LPR suggested that, at least among a diverse
library, number of fluorinated carbons alone does not explain variation
in toxicity in larval zebrafish.

The PFAS library had a median LogP of 3.5, and no significant cor-
relation was found between PFAS morphology outcomes and LogP (R =
—0.03; p = 0.95), EPR (R=0.4; p = 0.48), or LPR (R=—0.24; p = 0.38).
Likewise no correlation was found between PFAS morphology outcomes
and Log Koa (R = —0.27; p = 0.25), or LPR (R = —0.29; p = 0.29), but a
statistical correlation was observed for EPR (R = —1; p = 0.02). The
higher the Log Koa, the lower the BMD; o values were. The PFAS library
median vapor pressure was 0.54 mm Hg. No correlation was found be-
tween EPR, LPR or morphology outcomes and PFAS vapor pressure (EPR
R=0;p = 1;LPRR=0.29; p = 0.29; morphology R =0.12; p = 0.64). In
summary, there was no correlation between the 5 physiochemical prop-
erties and PFAS bioactivity at 120 hpf, but number of fluorinated carbons
and the Log Kopa had an inverse relationship with EPR BMD; at 24 hpf.
The photomotor excitation detected in EPR is dependent on hindbrain
photoreceptors, but different mechanisms may control the response
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(Kokel et al., 2013). Therefore, the correlation observed in this assay
suggested that two physicochemical properties — increasing fluorinated
carbon chain length and the corresponding increase in Log Koa - can
perturb, at least transiently, nonvisual photomotor behavior. While 2 H,
2 H,3 H,3 H-perfluorooctanoic acid was associated with hypoactivity in
the baseline phase of the EPR we did not directly assay for the baseline
(unstimulated, spontaneous) tail bending by monitoring 24 hpf embryos
for more than 30 s. This may not have been not long enough to obtain a
robust baseline of spontaneous frequency, typically once every 15 s or so
at 28 °C. Spontaneous tail bending is vitally important to muscle devel-
opment needed to break out of the chorion around 48 hpf. Further study
of chorion-intact embryos exposed to longer chain PFAS, while moni-
toring tail flexions, may shed light on whether some PFAS depress motor
activity and hatch fitness.

3.6. PFAS structural categories did not generally predict bioactivity

Structure-activity modeling used the PFAS landscape defined by the
US EPA’s CompTox Chemicals Dashboard Markush Categories list and
several other studies (Buck et al., 2011; Patlewicz et al., 2019; Kwiat-
kowski et al., 2020). The 139 PFAS represented 30 structural categories,
of which 13 categories were perfluorinated compounds (56 PFAS) and
16 of categories were polyfluorinated compounds (51 PFAS) (Fig. 4).
Among these 107 chemicals, there was no significant enrichment of
bioactivity in either the per- or polyfluroniated category (p = 0.42). A
total of 32 PFAS structures (23%) did not fall into previously defined
categories, and were classified "other," including perfluorinated and
polyfluorinated PFAS. However there were more than twice as many
bioactive PFAS in the ‘“other” category than in any of the
CompTox-Markush categories. Improved definition of these categories is
needed.

Forty-nine PFAS representing 20 of the 29 structural categories were
identified as bioactive in at least one assay, spanning both the per-
fluorinated (15), polyfluorinated (16), and other domains. A significant
portion of the perfluoroalkyl carboxylic acids, perfluoroalkyl sulfon-
amides, perfluoroalkyl sulfonic acids, fluorotelomer acrylates, fluo-
rotelomer carboxylic acids, fluorotelomer symmetric diols, and
polyfluoroalkyl carboxylic acids elicited toxicity. But, depending on
representation, these categories could also contain an equal or greater
number of non-bioactive PFAS, e.g., identity as a perfluoroalkyl
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sulfonamide or sulfonic acid appeared to be quite predictive of bioac-
tivity while identity as a much more highly represented perfluoroalkyl
carboxylate was a poor predictor of bioactivity. Low representation in
some categories and many bioactives in the "other" category were
problematic for a PFAS structure-activity assessment (Cousins et al.,
2020). Large size, high diversity and balance should be a goal of future
PFAS library screening.

3.7. Generic chemotypes were not more informative than Markush
categories

In an attempt to overcome the Markush limitations with this
particular library, the effect of recent ToxPrint Chemotype categories
was investigated. Chemotypes (CT) are structural fragments that can
encode physicochemical, atomic, and electronic properties and are
organized by atom, bond, chain, ring types as well as chemical groups
including amino acids and carbohydrates. There were 729 essential
chemotypes in the current ToxPrint v2.0 (downloaded from https://t
oxprint.org/). For the purpose of this analysis, the granular CT land-
scape was collapsed into 36 supergroups (Fig. 5). In total, 6 supergroup
chemtoypes were associated with PFAS developmental toxicity. The
proportion of PFAS with the sulfonyl (SO) CT (Table S5) that induced
aberrant morphology was statistically higher than the proportion that
did not. This was also true for the sulfenamide (SN) and sulfonamide
(SON) chemotypes, and alkyl hydroxide (OZ_oxide, acid oxide) in the
morphology assays. For behavioral endpoints, the proportion of com-
pounds having the chain.alkaneLinear or OZ_oxide CT resulted in fewer
EPR actives, while the SO CT was not correlated with aberrant LPR.
Significant correlates emerged from the chemotype analysis, providing
promising insight about the utility of predictive toxicology for PFAS. The
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adoption of chemotypes specific to all of the PFAS landscape should
greatly improve the utility of ToxPrint Chemotypes and the present data
set. Such a CT set is forthcoming from the US EPA, though a release date
has not been published (Richard et al., 2021). The current set of 729 CTs
are quite generic, thus CTs that emerged as important here offered little
structure-activity insights beyond the previous Markush categories, just
statistical significance.

4. Conclusion

The findings suggest that average mass, number of fluorinated car-
bons, Log P, Log Koa, vapor pressure, and functional head group were
generally not predictive of developmental hazard, though Log Koa and
number of fluorinated carbons, both closely correlated with each other,
together were correlated with aberrant embryo photomotor behavior
(inversely correlated with EPR BMDjg). Volatility and 6 chemotype
structural features were significant correlates with PFAS bioactivity. The
effect of volatility might be specific to the experimental system, i.e.,
zebrafish embryos and larvae in a small volume, static bath exposure,
assumed nominal concentration and elevated temperature; a system not
directly analogous to traditional toxicology scenarios. Having the ability
to rapidly assess the developmental bioactivity in vivo has positioned the
field to capitalize on forthcoming PFAS-specific chemotypes to under-
stand their structure-activity. PFAS-specific chemotypes could be used
to balance a single large library or form multiple smaller targeted li-
braries. Either approach will present a superior picture of which struc-
tural features are hazard liabilities and identify how to select safer
alternatives.
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