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ABSTRACT

Abiotic stability of chemicals is not routinely tested prior to performing in vitro bioassays,
although abiotic degradation can reduce the concentration of test chemicals leading to the
formation of active or inactive transformation products, which may lead to misinterpretation of
bioassay results. A high-throughput workflow was developed to measure abiotic stability of 22
test chemicals in protein-rich aqueous media under typical bioassay conditions at 37°C for 48h.
These test chemicals were degradable in the environment according to a literature review. The
chemicals were extracted from the exposure media at different time points using a novel 96-pin
solid-phase microextraction. The conditions were varied to differentiate between various
reaction mechanisms. For most hydrolyzable chemicals, pH-dependent degradation in
phosphate buffered saline indicated that acid-catalyzed hydrolysis was less important than
reactions with hydroxide ions. Reaction with proteins were mainly responsible for the depletion

of the test chemicals in the media, which was simulated by bovine serum albumin (BSA) and
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glutathione (GSH). 1,2-Benzisothiazol-3(2H)-one, 2-methyl-4-isothiazolinone and L-
sulforaphane reacted almost instantaneously with GSH but not with BSA indicating that GSH
is a good proxy for reactivity with electrophilic amino acids, but may overestimate the actual
reaction with three-dimensional proteins. Chemicals such as hydroquinones or polyunsaturated
chemicals are prone to autoxidation, but this reaction is difficult to differentiate from hydrolysis
and could not be simulated by the oxidant N-bromosuccinimide. Photodegradation played a
minor role, because cells are exposed in incubators in the dark and simulations with high light
intensities did not yield realistic degradation. Stability predictions from various in silico
prediction models for environmental conditions can give initial indications of the stability, but
were not always consistent with the experimental stability in bioassays. As the presented
workflow can be performed in high throughput under realistic bioassay conditions, it can be
used to provide an experimental database for developing bioassay-specific stability prediction

models.
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Introduction
The field of human risk assessment of chemicals has undergone a paradigm shift in recent years

moving away from animal testing to mechanistic in vitro toxicology.! New methods are being
developed to enable reliable risk assessment without causing animal suffering. These so-called
new approach methodologies (NAMs) also include the use of in vitro reporter gene bioassays,
which can detect early cellular indicators for adverse outcomes in humans.® In various parts of
the world, institutions such as the U.S. National Research Council, or the UK National Centre
for the Replacement, Refinement, and Reduction of Animals in Research (NC3Rs), have
worked to implement and optimize in vifro assays for toxicity assessment.> 7 Compared to
conventional animal experiments, in vitro bioassays are more cost-effective, can be automated
and, if fit-for-purpose, are ethically more acceptable.

Quantitative in vitro to in vivo extrapolation (QIVIVE) methods are used to extrapolate
data from in vitro bioassays to the in vivo situation and to draw conclusions about the safety of
chemicals in humans and the environment.® QIVIVE models rely on constant chemical
exposure in vitro as they are typically based on the extrapolation of nominal effect
concentrations in vitro to predicted maximum plasma concentrations in vivo.”

The dosed (nominal) concentration is the primary concentration metric used in in vitro
toxicology.'® Various loss processes, like volatilization, sorption to the plastic of the well plate
and interactions with components of the medium or the cells, can cause the actual bioavailable
concentration to deviate from the nominal concentration.!!"' Less attention has so far been paid
to abiotic transformation of the test chemicals, although it has been shown that test chemicals
can react with components of the bioassay medium.!> '® Transformation processes may lead to
a decrease in the concentration of the parent chemical over time, leading to an apparently lower
effect. In addition, inactive or active transformation products can be formed, resulting in an
underestimation or overestimation of the toxicity of the chemical.! 7 If these processes remain

unnoticed, this might lead to considerable errors in QIVIVE models.!® The stability of
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chemicals in in vitro assays is not routinely monitored and prediction models are not tailored to
bioassay conditions but rather to environmental degradation.!*->2

The aim of this study was to develop a high throughput (HT) method to quantify
degradation kinetics of chemicals in bioassay media in absence of cells to assess whether the
chemical is abiotically degraded in the time course of an in vitro bioassay. A second aim was
to decipher the transformation processes involved, which might lead to conclusions about
possible transformation products. Understanding abiotic processes under in vitro test
conditions, both qualitatively as well as quantitatively, is important as these processes have an
impact on how in vitro assay response data can be interpreted in a QIVIVE context. In addition,
the abiotic stability of the test chemicals in the environment and mechanisms of transformation
were predicted with various freely available in silico models'*?? to evaluate if it is possible to

waive the experimental stability assessment or have a screening step before running the

experimental workflow.

Experimental framework for stability testing

The framework for stability testing is depicted in Figure 1. As first step, the (pseudo) first-order
degradation rate constants k£ and degradation half-lives (#1») of all test chemicals in three
different assay media were determined over the relevant time window for routine in vitro
bioassays (48 h) used for risk assessment>*2* and environmental monitoring.’

Chemicals with 71, > 100 h can be considered abiotically stable under bioassay
conditions and the in vifro bioassay can be performed without experimental quantification of
exposure concentrations (Figure 1). For the method development and validation of the proposed
workflow, however, all subsequent tests were performed for all chemicals. If 712, was < 100 h,

the abiotic stability should be investigated in more detail and the relevant degradation processes
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identified (Figure 1). In this case the experimental quantification of exposure concentrations in
the bioassay is recommended.

Four representative degradation processes in bioassay medium were evaluated:
Hydrolysis, reactivity towards proteins, photodegradation, and oxidation/autoxidation.
Degradation in phosphate-buffered saline (PBS) at pH 7.4, the pH of cell-based in vitro assays,
is the core experiment, as these degradation processes also occur in all other test systems. If the

t121n PBS equal those in bioassay medium, no further tests would be needed.

Test chemical

e In vitro bioassay
Stability in assay bioasstsa:Ieczwcjiﬁirons I without concentration
medium? y quantification
ti2 < 100h Unstable under bioassay In vitro bioassay with
conditions — concentration
Evaluation of degradation processes |-—‘ quantification

Structural alert yes ——
TN TR D —-{ Autoxidation likely |

l pH-dependent autoxidation?

Autoxidation and hydrpolysis do not explain t,,,

Protein Photo-

reactivity? degradation Oxidation

?

Figure 1: Framework for HT abiotic stability assessment of the test chemicals.

Autoxidation, i.e. the oxidation by oxygen in the air,* often catalyzed by traces of iron,
cannot be experimentally distinguished from hydrolysis using the present experimental set-up
but there are clear structural alerts for autoxidation such as hydroquinone moieties in
polyphenols or benzohydroquinones.!® 2 Autoxidation can also be pH-dependent.?® 2’ Hence,
if such a structural alert was present in an investigated molecule, we assumed that autoxidation

was the dominant mechanism over hydrolysis.
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For those chemicals that were unstable in PBS, the mechanism of
hydrolysis/autoxidation was assessed with pH-dependent experiments (Figure 1). Acid-
catalyzed hydrolysis was assessed at pH 4 and the role of the hydroxide ion as nucleophile was
determined at pH 9. This setup was based on the “Fate, Transport and Transformation Test
Guideline” of the OPPTS (Office of Prevention, Pesticides and Toxic Substances, United States
Environmental Protection Agency).?® 26

Whenever the 712 in PBS was higher than the 71, in bioassay medium, additional
degradation processes must have played a role (Figure 1). Reactivity towards proteins was
probed with bovine serum albumin (BSA) as a surrogate for FBS, which contains mainly
albumin. Since the potentially reactive amino acids might be buried due to the three-
dimensional structure and folding of BSA, reduced glutathione (GSH, y-Glu-Cys-Gly), which
is commonly used to simulate the reaction potential of chemicals with proteins, was also used
to mimic a direct reaction with a free thiol group.

Photodegradation is highly relevant for chemicals in the environment, as they are
constantly exposed to sunlight.>* In cell-based in vitro bioassays, photodegradation plays a
minor role, as the incubation of the plates takes place in the dark. Nevertheless, the chemicals
might be exposed to various light sources during the preparation of the assay. For this reason,
the photodegradation potential of the test substances was investigated using a xenon test
chamber (Q-SUN Xe-1, Q-LAB). The test setup was based on the OECD guideline:
“Phototransformation of Chemicals in Water — Direct Photolysis™.*!

The mild oxidizing agent N-bromosuccinimide (NBS)*> was used to examine the
general susceptibility of the test substances to oxidation which might be an indicator for
autoxidation in bioassay medium.

Using the proposed HT workflow for stability testing (Figure 1), unstable chemicals and
their mechanisms of abiotic transformation can be identified under conditions that are matching

those of a realistic in vitro bioassay, i.e., in a well plate format under identical exposure
7
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conditions (with exception of photodegradation and oxidation). The workflow is HT because a
novel solid-phase microextraction (SPME) device (Supel™ BioSPME 96-Pin Device) was used
to extract the chemicals from the exposure medium, which enables the extraction of chemicals
from 96-well plates in one easy process.>* This device allowed us to upscale the experiments to

a 96-well plate format, which greatly increased the throughput of the experiment.

Material and Methods

Chemicals. A set of 22 test chemicals suspected to be prone to abiotic transformation were
selected for this study (Table 1). The chemical structures can be found in Table S8. All test
chemicals had a purity of > 90 %, were nonvolatile with water-air partitioning constants
(Kwa)> 10000 L/ and were of moderate hydrophobicity with octanol-water partitioning
constants log Kow < 5 (Table S1). For all test chemicals, except for L-sulforaphane, aliquots
were weighed and dissolved in methanol immediately before the experiment. The stocks were
discarded after the end of the experiment. L-sulforaphane was purchased from the provider as
a solution in ethanol (10 g/L) and used directly for the experiments. The content of methanol

or ethanol in the test system was kept below 0.6 % for all tests.

Materials. The Supel™ BioSPME 96-Pin Devices (Sigma-Aldrich; 59683-U) had 96
polypropylene pins with a length of 24.7 mm. The tip of each pin was coated with C18 particles
which were attached to the pins with polyacrylonitrile (PAN) binder. The coating length was
2.1 mm, and the average coating thickness was 12.5 um, resulting in an approx. coating volume
of 80 nL.** The experiments were performed in glass-coated deep-well plates (Product No.
60180-P306 and 60180-P336) from Thermo Scientific™. Oxidation experiments were
performed in polystyrene deep-well plates from Labsolute (Product No. 7696548) to prevent

oxidation of the glass-coating material. During incubation, the plates were sealed with adhesive
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sealing film from Brand (Product No. 701367). The water for the experiments was obtained

from a Milli-Q water purification system from Merck.

Table 1: Test chemicals of this study with suspected transformation processes.

Chemical Suspected transformation process Reference
1,2-Benzisothiazol-3(2H)-one Reactivity towards proteins Ref 3
2-Methyl-4-isothiazolinone Reactivity towards proteins Ref 3
6-Gingerol Hydration — dehydration Ref ¥
8-Gingerol Hydration — dehydration Ref ¥
Acetaminophen Photodegradation Ref 3¢
Acetylsalicylic acid Hydrolysis Ref ¥’
Amoxicillin Hydrolysis, photodegradation Ref,*® Ref ¥
Andrographolide Hydrolysis, reactivity towards proteins Ref,*0 Ref #!
Bendiocarb Hydrolysis, photodegradation Ref,*? Ref #*
Carbofuran Hydrolysis, photodegradation Ref,** Ref #°
Chloramphenicol Hydrolysis, photodegradation Ref,*6 Ref %’
Dinoseb Photodegradation Ref 4
Furosemide Hydrolysis, photodegradation Ref,* Ref ¥
L-Sulforaphane Hydrolysis, reactivity towards proteins Ref>! Ref
Malathion Hydrolysis Ref %
Oxytetracycline Hydrolysis, photodegradation Ref >
Phosmet Photodegradation Ref %
Pretilachlor Photodegradation, reactivity towards proteins Ref,¢ Ref %’
Quercetin Oxidation, photodegradation Ref,*® Ref ¥
Sethoxydim Photodegradation Ref
Thiabendazole Photodegradation Ref ¢!
Triclopyr Photodegradation, reactivity towards proteins Ref,®? Ref %’

The components of the bioassay media were purchased from Thermo Fisher Scientific. More

detailed information about the chemicals and solvents used can be found in Table S2.

Chemical stability in bioassay medium. The stability of the test chemicals was tested in three
different bioassay media: The AREc32 medium (10 % untreated FBS and 90 % DMEM
Glutamax) had a protein content of 8.93 mL/L and a lipid content of 0.14 mL/L,%® the
GeneBLAzer medium (2 % charcoal-stripped FBS and 98 % OptiMEM) had a protein content
of 4.84 mL/L and a lipid content of 0.02 mL/L,% and the neurobasal medium (2% B-27
Supplement, 2% GlutaMAX Supplement) had a protein content of 2.58 mL/L and a negligible

lipid content.®* All media contained 100 U/mL Penicillin and 100 pg/mL Streptomycin.
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8 mL of each medium or buffer solution were spiked with the individual test chemicals.
The final concentration was 5 mg/L for all test chemicals, except of 1,2-benzisothiazol-3(2H)-
one (20 mg/L), 2-methyl-4-isothiazolinone (20 mg/L), acetaminophen (20 mg/L),
acetylsalicylic acid (20 mg/L), amoxicillin (10 mg/L), chloramphenicol (20 mg/L), L-
sulforaphane (10 mg/L), and oxytetracycline (20 mg/L). Aliquots of 600 pL per well of each
medium and buffer were transferred into six glass-coated deep-well plates with one column per
chemical and two rows per medium (Figure S1). One plate was preheated to 37 °C for 15 min
and extracted immediately with solid-phase microextraction (SPME). The other plates were
incubated at 37 °C for 2 h, 4 h, 7 h, 24 h or 48 h. After the respective incubation time, the plates
were extracted with SPME. The plate for the 16 h incubation time was prepared separately by
pipetting 600 pL of each medium into one well of a glass-coated deep-well plate following the
pipetting scheme (Figure S1). The medium or buffer was spiked with the test chemicals directly
in the plate leading to the same final concentrations as mentioned above. The plate was shaken
at 1000 rpm (BioShake iQ, Quantifoil Instruments) for 5 min and then incubated at 37 °C for
16 h. The experiments were performed at least twice, and three times for chemicals that showed

degradation.

Chemical stability at different pH values. The pH-driven degradation was tested in phosphate
buffered saline (PBS, 137 mM NacCl, 12 mM phosphate) and three different buffer solutions,
pH 4 buffer (50 mM potassium phthalate, 0.4 mM NaOH), pH 7.4 buffer (50 mM KH>POs,
39.5 mM NaOH) and pH 9 buffer (50 mM KCI, 50 mM H3BOs, 21.3 mM NaOH). The
experiments were performed in the same way as the experiments with medium. In one
additional experiment, the degradation kinetics were determined for two chemicals (carbofuran
and quercetin) at additional pH values covering the pH-range where degradation could be
detected which was pH 6.6 to 8.6 (carbofuran) or pH 5.4 to 7.8 (quercetin) using the buffers

described in Table S3.

10
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Reactivity towards proteins. The pH of the BSA and GSH solutions in PBS was adjusted to
pH 7.4 with 5 M NaOH and 5 M HCI. Since GSH is also unstable at pH 7.4 and might be
oxidized rapidly by air,®> an Ellman’s test was performed to assess the stability of the GSH in
the test solutions.®® More information can be found in the supporting information (Text S2).
8 mL of the BSA or GSH solution in PBS were spiked with the individual test chemicals.
1,2-Benzisothiazol-3(2H)-one, 2-methyl-4-isothiazolinone, acetaminophen, acetylsalicylic
acid, chloramphenicol and L-sulforaphane were spiked at a final concentration of 1.74 x 10 M.
The concentration of BSA or GSH was 10 times higher (1.74 x 10 M). The other chemicals
were spiked at a final concentration of 2.48 x 10> M with a BSA or GSH concentration of
2.48x 10 M. As hydrolysis control, 8 mL of PBS were spiked with the corresponding
concentration of the test chemicals. Aliquots of 600 pL per well were transferred into six glass-
coated deep-well plates according to the pipetting scheme (Figure S1). The plates were
incubated and extracted as described above. The plate for the 16 h incubation time was prepared
separately as described above using the same chemical concentrations. The experiment was
repeated up to three times for chemicals that showed degradation. In one additional experiment,
the degradation kinetics were determined at additional GSH concentrations (1.24 x 10~ M, 2.48

x 10 M, and 1.24 x 102 M) for two chemicals (pretilachlor and andrographolide).

Photodegradation. The photodegradation potential of the test chemicals was investigated
using a xenon test chamber (Q-SUN Xe-1, Q-LAB) equipped with a Daylight-Q optical filter.
7 mL of PBS were spiked with the individual test chemicals at a final concentration of 5 mg/L
for all test chemicals except of 1,2-benzisothiazol-3(2H)-one (20 mg/L), 2-methyl-4-
isothiazolinone (20 mg/L), acetaminophen (20 mg/L), acetylsalicylic acid (20 mg/L),
amoxicillin (10 mg/L), chloramphenicol (20 mg/L), L-sulforaphane (10 mg/L), and
oxytetracycline (20 mg/L). Aliquots of 600 pL per well were transferred to six glass-coated

deep-well plates according to the pipetting scheme (Figure S1). One plate was preheated for

11
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15 min at 37 °C and extracted immediately without further incubation. The other plates were
placed in the xenon test chamber and covered with a quartz glass plate to reduce volatilization
of water from the samples without reducing the light intensity. The air temperature of the
chamber was set at 37 °C, but the actual temperature in the sample could not be measured. The
plates were incubated in three independent experiments at an irradiance at 340 nm of 0.77 W/m?

for 1.5h,2h,3 h,4h,4.5h,6hor 7.5 h with full spectrum sunlight and extracted with SPME.

Oxidation. N-bromosuccinimide (NBS) was used as mild oxidizing reagent. In a preliminary
test, 4 mL of a NBS solution in PBS was spiked with the test chemicals. 1,2-Benzisothiazol-
3(2H)-one, 2-methyl-4-isothiazolinone, acetaminophen, acetylsalicylic acid, chloramphenicol
and L-sulforaphane were spiked at a final concentration of 1.74 x 10* M. The concentration of
NBS was 10 times higher (1.74 x 10> M). The other chemicals were spiked at a concentration
of 2.48 x 10> M with a NBS concentrations of 2.48 x 10 M. 4 mL of PBS were spiked with
the respective concentration of the test chemicals as hydrolysis control. Aliquots of 600 pL of
each spiked solution were pipetted into three glass-coated deep-well plates according to the
pipetting scheme (Figure S1). Ascorbic acid was added to each well of one plate at a
concentration of 1.74 x 102 M or 2.48 x 10 M, respectively to stop the reaction. The plate was
shaken at 1000 rpm (BioShake iQ, Quantifoil Instruments) for 5 min, preheated to 37 °C for
15 min and extracted with SPME. The other plates were incubated at 37 °C for 2 h or 48 h,
ascorbic acid was added and the plates were extracted with SPME as described below.

Since oxidation was fast for most chemicals, additional incubation times below 2 h were tested.
The plates were prepared separately by pipetting 600 pL. of PBS or NBS solution into one well
of a glass-coated deep-well plate following the pipetting scheme (Figure S1). The solutions
were spiked with the test chemicals directly in the plate leading to the same final concentrations
as mentioned above. The plates were shaken at 1000 rpm (BioShake iQ, Quantifoil Instruments)

for 5 min and then incubated for 10 min, 15 min, 20 min, 30 min, 40 min, 45 min, 50 min,

12
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60 min, 70 min or 90 min at 37 °C. After incubation, 1.74 x 10> M or 2.48 x 10> M ascorbic
acid were added to each well to stop the reaction. The plates were shaken at 1000 rpm

(BioShake iQ, Quantifoil Instruments) for 5 min and extracted with SPME.

Solid-phase microextraction. The plates from all stability tests were extracted using SPME
immediately after spiking and after the respective incubation times. The BioSPME 96-pin
device was conditioned for 20 min in a glass-coated deep-well plate containing 800 pL
isopropanol per well and washed for 10 sec in a glass-coated deep-well plate with 900 pL of
MilliQ water per well. It was transferred to the sample plate, attached to the plate with adhesive
tape and shaken at 37 °C and 1000 rpm (BioShake iQ, Quantifoil Instruments) for 15 min. The
desorption plate was prepared with 600 pL of the respective desorption solvent (Table S1) per
well. The pin device was transferred to the desorption plate, attached and shaken at 1000 rpm
without temperature control (BioShake iQ, Quantifoil Instruments) for 15 min. The transport
time of the pin device between the plates was below 6 seconds to prevent the pin coating from
drying out. After desorption, the desorption plates were stored at 4 °C until chemical analysis.
Pin-water partitioning and the reproducibility of the SPME extraction is described in detail in

Text S1, Figures S2 and S3 and Table S4.

Instrumental analysis. The concentration of the chemicals in the desorption solvents and in
the PBS samples was quantified with a liquid chromatography instrument (Agilent 1260
Infinity II) coupled to a triple quadrupole mass spectrometer (Agilent 6420 Triple Quad). A
Kinetex 1.7 pm, C18, 100 A, LC column (50 x 2.1 mm), a BioZen 1.6 um, Peptide PS-C18 LC
column (50 x 2.1 mm), or a LunaOmega 1.6 um, Polar C18, 100 A, LC column (50 x 2.1 mm)
were the columns used, depending on the test chemical. All LC and MS parameters can be
found in the supporting information (Tables S5 and S6). PBS samples of 6-gingerol, 8-gingerol,
dinoseb, phosmet and pretilachlor were diluted 1:1 with acetonitrile before measurement.

Calibration standards with a concentration range of 1 — 10000 ng/mL were prepared in the

13
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respective desorption solvent or PBS and measured with the samples. Acetonitrile blanks were

measured after approx. every tenth sample.

Data evaluation. In a second-order reaction between two reactants A and B, the reaction rate
depends on the concentration of the two reactants (eq. 1), where ksecond-order 1S the reaction rate

constant.

3[A]
7 = _ksecond—order X [A] X [B] (1)

If one of the reactants is present in large excess (e.g., [B] >> [A]), its concentration remains
constant over time and [B] can be combined with ksecond-order to Obtain a pseudo-first-order

reaction rate constant Kpseudo first-order (€q- 2).

S[A] . —
5t ‘pseudo first-order X [A] with kpseudo first-order — ksecond—order X [B] (2)

For all stability tests, the reaction partner [B] of the test substances was used in excess
to assure that pseudo-first-order kinetics apply. The natural logarithm (In) of the concentration
in the desorption solvent after SPME (Caes) was plotted against the incubation time (7) to
determine the degradation rate constant of the test chemicals.’” %® It was not necessary to
convert Cyes to the concentration in the assay, because all reactions were apparently first order.
The experimental first-order rate constant £ was derived from a linear regression of In(Cues)

against 7 (eq. 3).
In (Cdes)t =-kxt (3)

The degradation half-life (71») of the (pseudo) first-order decay constant £ was calculated with

tl/z— T (4)

14



In silico prediction of chemical stability. Three freely available in silico prediction programs

were used to get an indication of the stability of the test chemicals (Table 2). HYDROWIN, a

model of the EPI Suite™ from the United States Environmental Protection Agency (US-EPA),

Table 2: In silico prediction models used for the prediction of chemical degradation.

Transforma-
Provider | Module Description
tion process
Aqueous hydrolysis rate constants for acid- and base-
catalyzed hydrolysis and degradation half-lives for esters,
HYDROWIN
carbamates, epoxides, halomethanes and selected alkyl
halides.?
Environmental and biological transformation pathways and
Hydrolysis US-EPA products by comparison of the test chemical with existing
Chemical reaction libraries. The abiotic hydrolysis reaction library
Transformation contains 25 reaction schemes. A rank is assigned to each of
Simulator (CTS) the reaction schemes at pH 5, pH 7 or pH 9 at 25 °C, with
which an approximate degradation half-life can be
determined. "’
Simulates the abiotic oxidation pathways of chemicals under
o air or oxygen exposure at room temperature, atmospheric
Autoxidation
pressure and pH 7-9. Contains 325 structurally generalized
simulator
molecular transformations, extracted from observed
autoxidation pathways for 140 training set chemicals.* 7
Autoxidation
Simulates the abiotic oxidation pathways of chemicals under
Autoxidation air or oxygen exposure at room temperature, atmospheric
simulator (alkaline | pressure and pH 10.2. Contains 308 structurally generalized
conditions) molecular transformations, extracted from the observed
OECD autoxidation pathways of 139 training set chemicals.®® 7
QSAR 102 reaction profiles and structural alerts for the capability of
Protein binding
toolbox a directly acting electrophile to form covalent bonds with a
OECD ]
protein.”!
Protein binding OASIS TIMES model for skin sensitization. Contains 112
Reactivity OASIS structural alerts related to interactions with (skin) proteins.”
towards Alerts for the capability of a chemical to react with lysine
) Protein binding
proteins (Lys). The 77 structural alerts were developed based on data
potency Lys
from the Direct Peptide Reactivity Assay (DPRA).”>7
Alerts for the capability of a chemical to react with cysteine
Protein binding
(Cys). The 77 structural alerts were developed based on data
potency Cys
from the Direct Peptide Reactivity Assay (DPRA).”>7

15
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Table 2 continued: In silico prediction models used for the prediction of chemical degradation.

Transforma-
Provider | Module Description
tion process
o Potency of a chemical to react with proteins based on the
Reactivity OECD
Protein binding capability to react with the thiol group of glutathione (GSH).
towards QSAR
) potency GSH The 137 protein binding alerts were developed based on
proteins toolbox
experimental GSH RC50 values.”®
Environmental and biological transformation pathways and
Ph Chemical products by comparison of the test chemical with existing
oto-
US-EPA | Transformation reaction libraries. The direct photolysis reaction library
degradation
Simulator (CTS) contains 155 reaction schemes, but is currently unranked, so
no degradation half-life can be determined.?

predicts aqueous hydrolysis rate constants for acid- and base-catalyzed hydrolysis and
degradation half-lives.”> The web-based Chemical Transformation Simulator (CTS),”’
developed by US-EPA, predicts different environmental and biological transformation
pathways including abiotic hydrolysis'® and photodegradation’® and suggests possible
degradation products.

The Organization for Economic Cooperation and Development (OECD) QSAR
Toolbox provides QSAR-based prediction models for the prediction of adverse effects of
chemicals.?! Autoxidation of the test chemicals was predicted using two models in neutral and
alkaline conditions and five different models were applied to predict the reactivity of the test
chemicals towards proteins. Although the QSAR Toolbox models are called “protein binding
potency” models, in this case protein binding refers to a chemical reaction, that is, the formation
of irreversible covalent bonds between the test chemicals and a biological nucleophile. Possible
reactions that can be predicted by the models are, for example, acylation, Michael addition,
Schiff base formation, Sx2 reaction or SyAr reaction. Reversible bonds of chemicals to proteins

formed by interactions such as van der Waals forces or hydrogen bonds are not considered.
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Results and Discussion

Chemical stability in bioassay media. 11 of 22 chemicals were stable in bioassay media and
PBS (Figure 2) under bioassay conditions over 48h. The degradation rate constants derived
from the decay curves (Figure S4) and thereof derived 712 of all chemicals and media are listed
in Table S7. While experiments ran over 48h, extrapolation of 71> up to 100 h was possible and
all chemicals with 712 > 100 h were considered stable in the respective medium or PBS.

Acetylsalicylic acid, pretilachlor, phosmet, bendiocarb and quercetin had similar 71, in all media
as well as PBS, indicating that hydrolysis and possibly autoxidation in the case of quercetin
(Table S8) were responsible for the degradation. Phosmet showed the fastest degradation with
tip below 5h in all media. Malathion, carbofuran, amoxicillin, andrographolide and L-
sulforaphane showed faster degradation in the assay media than in PBS. For these chemicals,
the protein content of the medium appeared to affect the degradation rate. However, the rapid
degradation of some of these chemicals in neurobasal medium was unexpected (e.g., f12
malathion 4.37 h, t12 andrographolide 5.01 h and 71> L-sulforaphane 8.73 h). The protein
content of the neurobasal medium (2.58 mL/L) was slightly below that of GeneBLLAzer medium
(4.84 mL/L), so the t1» in GeneBLAzer and neurobasal medium were expected to be very
similar. However, the 1 in neurobasal medium were almost as high as those measured in
AREc32 medium which has a much higher protein content (e.g., L-sulforaphane: AREc32
medium = 6.27 h and neurobasal medium = 8.73 h). It may be that the different composition of
neurobasal medium influenced the degradation rate of the test chemicals, since it is an FBS-
free medium. The neurobasal medium contains two supplements of undefined components that

might be responsible for the accelerated degradation of the chemicals.
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Figure 2: Stability of the test chemicals in three bioassay media, PBS and in three pH buffers. The different colors
indicate the degradation half-life (#12) of the chemical in the respective medium or buffer. Chemicals that were
stable in all media and PBS are marked with an asterisk and chemicals that were stable in all media and buffer are
marked with two asterisks.

Oxytetracycline was the only chemical that showed degradation only in PBS and not in
the bioassay media. Reversible binding to proteins of the media may stabilize the structure of

oxytetracycline and prevent a hydrolytic degradation.

Chemical stability at different pH values. In addition to the stability of the chemicals in cell
culture media and PBS as a physiological buffer, the chemical stability was investigated at three
different pH values over a maximum duration of 48 h to determine whether degradation of
chemicals is more likely to be acid-catalyzed or neutral hydrolysis or might be accelerated by
hydroxide ions. Autoxidation can also be pH-dependent if the redox potential of the chemical

is dependent on the protonation state.>” ’® Evaluation of the pH-dependence of degradation is
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important because the pH value of the bioassay medium can change during the course of the
bioassay. The degradation kinetics plots of all chemicals (Figure S5) were used to derive kand
112 at the different pH values (Table S7).

Six chemicals were found to be stable at all three pH values with 712> 100 h, and
furosemide and thiabendazole showed only very slow degradation at one pH value (Figure 2).
Acetylsalicylic acid, pretilachlor and 8-gingerol showed similar 71> at all pH values (Figure 2),
thus the degradation was independent of the hydroxide or proton concentration. For these
chemicals, the nucleophile is either water or the hydrolysis is a SN1 reaction.

Most of the test chemicals (phosmet, bendiocarb, quercetin, malathion, carbofuran,
andrographolide and L-sulforaphane) showed fastest degradation at pH 9 and decreasing
degradation rates at pH 7.4 and pH 4. The degradation of these chemicals is apparently
accelerated by hydroxide ions, since they were stable at low hydroxide concentrations (pH 4,
[OH] = 10'° M) and degraded more rapidly with increasing hydroxide concentrations pH 7.4
([OH] = 10%% M) and pH 9 ([OH] = 10 M). For andrographolide and quercetin there was
evidence of possible autoxidation.’® 7% 7 For the other chemicals, it was probably a hydrolytic
degradation. In this case, the overall reaction followed pseudo-first-order kinetics between the
test chemicals and the hydroxide ions, despite the concentration of hydroxide ions at the highest
pH values tested was not higher than the chemical concentration (e.g. [carbofuran] =
2.26 x 10° M and [OH] at pH 9 = 1 x 10> M). The reactions took place in a buffered system
to keep the pH, and thus the hydroxide ion concentration, constant throughout the duration of
the test. The pH of the buffers was measured after 48 h incubation with the chemicals and
showed no significant deviation from the initial pH values within 0.1 pH units.

Bendiocarb, phosmet and quercetin showed the lowest 712 at pH 9 with 0.28 h
(bendiocarb), 0.26 h (phosmet) and < 0.28 h (quercetin) (Table S7). The time required to

perform the experiments was approx. 17 min (0.28 h). Therefore, for chemicals with very rapid
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degradation, which were already degraded without additional incubation, 71> < 0.28 h was
reported.

For two of the test chemicals (carbofuran and quercetin), the degradation was measured
from pH 6.6 to 8.6 (carbofuran) or from pH 5.4 to 7.8 (quercetin) (Table S3). The kincreased
linearly with increasing [OH] for carbofuran (Figure 3A) and quercetin (Figure 3B). For
carbofuran, the hydroxide ion acted as a nucleophile and the measured degradation constant &

can be broken down into hydrolysis (kmo) and reaction with OH" (kom.) (eq. 5).

k=ky,ot koy- *[OH ] )

Thus, a linear regression of k plotted against [OH] has a slope of komn- and an intercept of kmo.
Acid-catalyzed hydrolysis and reaction with water was negligible as the intercept of the linear
regression of eq. 5 in Figure 3 with a kmo of 0.014 + 0.006 h™! demonstrated. The kon™ was
3.42 x 10 £ 1.69 x 10° M'h"!,

For quercetin, which showed a structural alert for autoxidation, the reaction rate also
increased linearly with increasing pH, because the autoxidation is also pH-dependent.?’
Hydroxide ions can deprotonate the transition state of this reaction, which accelerates the

reaction.”® 7® The intercept of Figure 3B was <0.01 h™!, which means that protons do not play a

role but kon” was 5.58 x 10° = 1.87 x 10* M'h™! for the OH -facilitated autoxidation (eq. 6).

k=koy-*[OH ] (6)

Dinoseb and sethoxydim were rapidly degraded at pH 4, but had #,2,> 100 h at pH 7.4 and pH
9. There is no evidence of hydrolysis of dinoseb in the literature, but the photocatalytic
degradation was much faster at pH 4 than at higher pH-values.®® Dinoseb has a acidity constant
(pKa) of 4.62%! and the anion present at pH 7.4 and 9 is stabilized by the delocalization of the

pi-electrons over the benzene ring into the electron-withdrawing nitro-substituents. For
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sethoxydim, the observations are consistent with the literature, since hydrolysis of the oxime

group is catalyzed by protons.®?

A Carbofuran

0 6x10012x10°
[OHT (M)

B Quercetin

0 3x107 6x107
[OH] (M)

Figure 3: Experimental degradation constant (k) of (A) carbofuran and (B) quercetin plotted against the
concentration of hydroxide ions [OH].

Oxytetracycline was the only test chemical that showed degradation only at pH 7.4. At
lower or higher pH, 71> was > 100 h for that chemical. This observation is consistent with the
literature where it has been demonstrated that oxytetracycline is hydrolyzed to apo-
oxytetracycline.’* Oxytetracycline has three acidic functions with pK, values of 3.28, 6.68 and
12.52 and one basic amino group with pK, of 9.00.%> At pH 7.4, the molecule is 84% anionic

and 16% zwitterionic. Differences in speciation could influence the susceptibility to hydrolytic

degradation.
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Reactivity towards proteins. The reactivity of the test chemicals towards proteins was tested
with BSA and GSH as model nucleophiles. The pH of all solutions was adjusted to pH 7.4 and
the nucleophile was always used in excess to ensure pseudo-first-order kinetics.

The reduced glutathione (GSH) was quantified with Ellman's assay.® The measured
GSH concentration equaled the nominal concentration when measured immediately but
deviated from the initial concentration by up to a factor of 10 after 48h (Figure S6). Since this
observation did not occur at all concentrations, it could be an artifact. Although GSH was used
in 10-fold excess to the chemical concentration, GSH could have been partially depleted after
48 h, which could slow down the reaction. The plots of degradation kinetics of the test
chemicals in a GSH or BSA solution in PBS (Figure S7) were used to derive k as fit parameter
and 712 (Table S7).

Eight chemicals showed degradation in the GSH solution with 712 < 100 h, i.e., kK >
0.007 h'! (Figure 4A). For five of the chemicals (acetylsalicylic acid, andrographolide,
carbofuran, malathion and pretilachlor) £ in the GSH solution was higher than £ measured for
the PBS control, but there was only a significant difference for andrographolide and pretilachlor
(unpaired t-test). There was an immediate degradation of 1,2-benzisothiazol-3(2H)-one, 2-
methyl-4-isothiazolinone and L-sulforaphane, so that no & could be fitted and 71> was <0.28 h
for these chemicals. It is well known that isothiazolinone biocides like 1,2-benzisothiazol-
3(2H)-one and 2-methyl-4-isothiazolinone can react with the cysteine residue of GSH.3
However, there was no degradation of either chemical in BSA solution nor in the bioassay
media up to 48 h of incubation. The size and three-dimensional structure of the BSA molecule
may be a steric hindrance that prevents a reaction with the free cysteine, also explaining the
stability of 1,2-benzisothiazol-3(2H)-one and 2-methyl-4-isothiazolinone in bioassay medium
(Figure 2, Table S7). In this case, the stability test in GSH solutions did not reflect stability in
the bioassay medium, so GSH should not generally be used as sole surrogate for determining

reactivity towards proteins in assay medium.
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Figure 4: (A) Comparison of experimental degradation constants (k) of the test chemicals in glutathione (GSH) in
phosphate-buffered saline (PBS) compared with kin PBS. (B) The k& of the test chemicals in bovine serum albumin
(BSA) in PBS compared with kin PBS. (C) The k in BSA solutions in PBS compared with & in GSH solutions in
PBS. Only chemicals with £> 0.007 in at least one test solution are shown. For L-sulphoraphane no & could be
measured in GSH because 71, was < 0.28 h. The difference between k£ measured in the GSH or BSA solution and
in PBS was tested with an unpaired t-test (A and B). The asterisks above the columns indicate the level of
significance. If no asterisks are shown, the difference was not significant. CHL: Chloramphenicol, OXY:
Oxytetracycline, MAL: Malathion and AND: Andrographolide (C).

Eleven chemicals had & > 0.007 h! in the BSA solution (Figure 4B). The kin BSA
solution was higher than k£ in PBS for nine of the chemicals, but the difference was significant
only for andrographolide, bendiocarb, L-sulforaphane, malathion and oxytetracycline (unpaired
t-test, Figure 4B). L-sulforaphane showed a very fast degradation in GSH and BSA solutions
and was stable at pH 7.4 in PBS, thus, the reaction with proteins must be the main degradation
pathway for this substance. This is consistent with the observation of Hanschen et al.> who
demonstrated that L-sulforaphane can react with the thiol group of cysteine as well as with the
amino group of e.g., lysine.

Bendiocarb, malathion and oxytetracycline were all hydrolyzed at pH 7.4, which makes
it difficult to say whether there is an additional reaction with proteins, or whether the hydrolysis
might be accelerated due to the presence of BSA. Only malathion showed faster degradation in
the bioassay medium than in PBS, which also indicates a reactivity towards proteins for this
chemical. Yamagishi et al.®® recently showed that malathion can form various adducts with
human serum albumin. For most chemicals, £ measured in the presence of BSA or GSH did not
differ greatly (Figure 4C). However, four of the test chemicals (chloramphenicol,

oxytetracycline, andrographolide, malathion) showed faster degradation with BSA than with
23
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GSH. Chloramphenicol and oxytetracycline, showed low k and high standard deviations with
both nucleophiles, hampering the evaluation of this result. Malathion and andrographolide
showed a significantly faster degradation in the presence of BSA compared to GSH (up to a
factor of 19.9 difference). GSH has a freely accessible thiol group, but BSA contains other
reactive amino acids (e.g., lysines) that can play a role in reactivity. The results obtained with
both nucleophiles are generally comparable for most of the chemicals, but since some chemicals
showed a significantly faster reaction with GSH than with BSA and vice versa, testing with
both nucleophiles is advisable.

The degradation kinetics were measured for additional GSH concentrations for
andrographolide and pretilachlor to determine the second order rate constant with GSH kgsn
(eq. 7). Figure 5 shows £k plotted against the GSH concentration for pretilachlor (A) and

andrographolide (B).

k= kot kgsy * [GSH] (7)

For pretilachlor, kgsu determined from the fit was 37.55 M h'l and ko was 0.049 h.
This is slightly higher but in the same range as stability measured in PBS (0.022 + 0.010 h''),
because pretilachlor showed slow degradation at pH 7.4. Although pretilachlor reacted with
GSH, it showed no reactivity to BSA (Figure 4B), because k in the BSA solution was higher
than kmo0, but the difference was not significant (unpaired t-test).

Andrographolide had a kgsn of 437.90 M'h™! and was found to be stable at pH 7.4 with
k <0.007, so the intercept was set to 0. Michael addition is the mechanism of the second-order
reaction of andrographolide with GHS.*! Andrographolide showed an even faster reaction with

BSA, which could be caused by other reactive amino acids in addition to cysteine.
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Figure 5: Experimental degradation constant (k) of (A) pretilachlor and (B) andrographolide plotted against the
concentration of glutathione [GSH].

Photodegradation. The susceptibility of the test substances to photodegradation was tested by
incubation in a xenon test chamber. The chemicals were exposed to the radiation of the lamp
for up to 7.5 h, which corresponds to a multiple of the light intensity to which chemicals are
normally exposed under laboratory conditions. The degradation plots of all chemicals can be
found in the supporting information (Figure S8). The sample temperature could not be
monitored in the xenon chamber and the samples were prone to evaporation after longer
incubation. Therefore, there were volume variations in the samples from different time points.
Since the volume of the desorption solution was constant, these variations should not have a
large effect on the relative chemical concentration, but no kinetics for photodegradation were

fitted, since these would not be comparable with the kinetics of the other test systems.
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An overview of the qualitative photodegradation results for the test chemicals can be found in
the supporting information (Table S7). 11 chemicals showed degradation within 7.5 h
incubation in the xenon test chamber. Three of these chemicals (bendiocarb, phosmet and
quercetin) showed 71,2 < 7.5 h in PBS in the dark, so the degradation of these chemicals might
be caused by hydrolysis (or autoxidation) and not by photodegradation. 1,2-Benzisothiazol-
3(2H)-one, chloramphenicol and furosemide, which were all stable in PBS in the dark, and
oxytetracycline showed the fastest degradation in the xenon test chamber, so these chemicals
are very likely to be prone to photodegradation which is also in line with the literature.*’- 3% 3%
8 All chemicals that showed fast photodegradation were found to be stable in the bioassay
medium. This observation proves that for a normal use of the chemicals in the in vitro bioassay,
photodegradation does not play a significant role, as the chemicals are not exposed to high light

intensities over a longer period of time. For other in vitro systems such as algal toxicity, where

incubation in light is necessary, these processes could play a more important role.*’

Oxidation. Although autoxidation in the bioassay medium is possible for some chemicals, this
reaction cannot be separated from the other processes and is therefore difficult to detect.
Potentially comparing stability in presence and absence of antioxidants could shed more light
on autoxidation. The general susceptibility for oxidation was checked by incubation of the test
chemicals with the mild oxidant N-bromosuccinimide (NBS). NBS was used in excess to ensure
a complete reaction of the chemicals. The reaction was very fast and the half-lives were lower
than the process time of the experiment. The degradation plots of all chemicals can be found in
the supporting information (Figure S9) and an overview over the results can be found in Table
S7. 15 of the 22 test chemicals were degraded by NBS within 2 h incubation (Figure S9, Table
S7). 2-Methyl-4-isothiazolinone, acetylsalicylic acid, bendiocarb, chloramphenicol,
pretilachlor, thiabendazole and triclopyr were not oxidized within the total incubation time of

48 h. The observed degradation of acetylsalicylic acid, bendiocarb, and pretilachlor after 48 h
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was caused by hydrolysis, since the chemical concentration in the NBS solution did not differ
from the concentration in the PBS controls (Figure S9). Most of the other test chemicals were
degraded rapidly (< 10 min) by NBS. The test with NBS showed that most of the test substances
were principally oxidizable but oxidation does not appear to be relevant under bioassay
conditions, because many chemicals that were degraded by NBS were stable in the bioassay
medium (1,2-benzisothiazol-3(2H)-one, 6-gingerol, 8-gingerol, acetaminophen, dinoseb,
furosemide, sethoxydim). Thus, NBS is not a good substitute to detect oxidation under bioassay
conditions (autoxidation), however, reaction with NBS may indicate that these chemicals can

also be oxidized within cells by metabolizing enzymes (cytochrome P450 enzymes).*®

In silico predictions. Three different in si/ico models were used to determine the susceptibility
of the test chemicals to hydrolysis at different pH values, photodegradation and their reaction
potential towards proteins. All models were designed for the prediction of environmental
degradation processes or structural alerts for chemical reactivity. We wanted to evaluate if these
models could be used to identify unstable chemicals in in vitro bioassays as well. The in silico
models predicted degradation for all chemicals except thiabendazole for at least one test
condition (Figure 6). More detailed information can be found in the supporting information

(Table S9).

Two models (HYDROWIN and CTS) were used to predict hydrolysis of the test chemicals at
three pH values. The models often provided different predictions of chemical stability, and
HYDROWIN often lacked data for predicting stability at higher and lower pH. The predicted
t12 (Table S9) were often very high (days to years), compared to the normal duration of an in

vitro bioassay (24 to 48 h), which was also performed at higher temperature.
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Figure 6: Overview of the in silico stability predictions for all test chemicals. Underlying data are given in Table
S9. The in silico prediction models used for hydrolysis prediction also predict degradation half-lives (#1). All
chemicals with predicted #1» < 60 days were classified as degradable (red), those with #;, > 60 days as not
degradable (blue). The grey boxes indicate chemicals and conditions where no prediction was possible. Only
qualitative predictions were made for photodegradation and reactivity towards proteins using the QSAR toolbox.
*HYDROWIN was accessed via EPI-Suite version 4.1.?> "Chemical transformation simulator version 1.1 (CTS)
was accessed via the internet (https:/qed.epa.gov/cts/, 20. April 2021).' °Chemical transformation simulator
version 1.1 (CTS) was accessed via the internet (https://qed.epa.gov/cts/, 20. April 2021).2° YAccessed via QSAR
Toolbox version 4.4.1.77

As a conservative approximation, all chemicals with predicted 71>, < 60 days were
considered degradable according to the persistence criterion of the European chemical
regulation REACH.% For ten of the chemicals, both models predicted no degradation at all pH
values. At pH 4 or 5, respectively, HYDROWIN predicted degradation for two chemicals (L-
sulforaphane, sethoxydim) and CTS for four chemicals (amoxicillin, bendiocarb, carbofuran,
pretilachlor). At pH 7, HYDROWIN predicted the degradation of five and CTS of seven
chemicals and at pH 9, degradation was predicted for four chemicals by HYDROWIN and ten

chemicals by CTS.

28



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

CTS was also used to predict photodegradation and 13 of the test chemicals were
predicted to be prone to photodegradation. There were no t1/2 predicted for photodegradation,
so all chemicals with predicted photodegradation were considered as unstable.

Five models from the QSAR Toolbox were used for the prediction of reactivity towards
proteins. The protein binding OECD model classified nine chemicals as reactive and the protein
binding OASIS model classified 13 chemicals as reactive. The protein binding potency LYS
model predicted degradation only for L-sulforaphane and the protein binding potency CYS
model predicted degradation for 1,2-benzisothiazol-3(2H)-one, 2-methyl-4-isothiazolinone,
acetylsalicylic acid and L-sulforaphane. 2-Methyl-4-isothiazolinone, chloramphenicol and

pretilachlor were predicted to be unstable by the protein binding potency GSH model.

Comparison of experimentally determined stability with in silico predictions.

The models used for the prediction of hydrolysis or photodegradation were developed
to predict these processes in the environment. The protein reactivity models are based on
structural alerts and do not give any indication of reaction rates or conditions.

Since the pH of the bioassay medium is 7.4, hydrolysis at neutral pH should be a major
degradation process in bioassay medium. The HYDROWIN model was able to give a prediction
for 13 of the test chemicals at pH 7. Acetylsalicylic acid, bendiocarb, carbofuran, L-
sulforaphane and phosmet were predicted to be degradable. All of these chemicals, except of
L-sulforaphane also showed degradation in the experiment. However, two chemicals
(malathion and oxytetracycline) that showed degradation at pH 7.4 in the experiment were
predicted to be stable by the model. According to CTS, amoxicillin, andrographolide,
bendiocarb, carbofuran, malathion, phosmet and pretilachlor were prone to degradation at pH
7. Amoxicillin and andrographolide were found to be stable in the experiment, but 8-gingerol,
acetylsalicylic acid and oxytetracycline showed degradation which was not predicted by CTS.

Quercetin, which also showed degradation at pH 7.4 in the experiment, was probably not
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degraded hydrolytically but oxidized, which is why it was classified as stable by CTS. Table
S10 compares model predictions with experimental results. For HYDROWIN, the agreement
was 77 % and for CTS 76 %, respectively.

Reactivity towards proteins is a major potential degradation route for chemicals in
bioassays, along with hydrolysis, since most media contain high levels of FBS or protein-rich
supplements. In the experiments, six chemicals (1,2-benzisothiazol-3(2H)-one, 2-methyl-4-
isothiazolinone, andrographolide, L-sulforaphane, malathion and pretilachlor) reacted with
GSH and/or BSA.

The models used to predict reactivity towards proteins are normally used to get early
warnings about a possible skin sensitization potential of chemicals.”>”> Therefore, they only
give structural warnings indicating potentially reactive groups of the test chemical, but do not
give any indication of conditions and rate of a possible reaction. None of the models were able
to identify all chemicals that showed reactivity towards proteins in the experiment. The protein
binding OECD and the protein binding OASIS models gave alerts for approx. half of the
chemicals. Still, both models could not identify all chemicals that showed reactivity towards
proteins in the experiment. The protein binding OECD model classified 1,2-benzisothiazol-
3(2H)-one and malathion as non-reactive and the protein binding OASIS model gave no alert
for andrographolide. The agreement of both models with the experimental findings was 59 %
respectively. 1,2-Benzisothiazol-3(2H)-one, 2-methyl-4-isothiazolinone, acetylsalicylic acid
and L-sulforaphane were predicted to be reactive by the protein binding potency CY'S model,
but it did not give a warning for andrographolide and malathion and could not make a prediction
for pretilachlor. The agreement with the experimental results was 76 % for the protein binding
potency CY'S model, which was the best agreement of all models predicting reactivity towards
proteins. The protein binding potency GSH model had an agreement of 67 % with the
experimental results and predicted reactivity for 2-methyl-4-isothiazolinone, chloramphenicol

and pretilachlor and no prediction was possible for the other chemicals. L-Sulforaphane was
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the only chemical classified as reactive by the protein binding LYS model. L-sulphoraphane
showed degradation in the presence of BSA, but from these results it is not possible to conclude

which amino acids were involved in the reaction.

Conclusion

The proposed HT workflow for the determination of the abiotic stability and characterization
of degradation processes of chemicals in in vifro bioassays was used to evaluate the stability of
22 environmentally unstable test chemicals under bioassay conditions. Hydrolysis at pH 7.4,
autoxidation (specifically for quercetin), and reactivity towards proteins were identified as the
main responsible processes for the degradation of chemicals in bioassay medium. All chemicals
that showed degradation in assay media were either degraded in PBS alone or showed reactivity
towards proteins. The experiments showed that the abiotic stability of chemicals played a
relevant role even in the relatively short time frame of in vifro bioassays and that stability tests
are necessary to obtain reliable bioassay results.

The depicted workflow (Figure 1) suggests that first, the concentration of the test
chemicals in the respective bioassay medium should be measured and compared with the initial
concentration. If no reduction of the initial concentration can be detected in this test, the
chemicals can be considered as abiotically stable and no further tests are necessary. However,
if a reduction in chemical concentration of > 20% compared to the initial concentration is
observed, the 712 should be determined in the respective medium. If chemicals are not stable,
the concentrations should be quantified in the bioassay and measured effect concentrations
should be reported.

To identify the responsible degradation processes, the 71, at pH 7.4 should be
determined first, and if they are found to be higher than the corresponding 712 in the medium,

the reactivity towards proteins should be tested with BSA or GSH. In this case, the BioSPME
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96 Pin Device can be used for a HT measurement of the relative concentration, but also other
extraction techniques can be used for more hydrophilic (e.g., protein precipitation) or
hydrophobic (e.g., liquid-liquid extraction) chemicals.

According to the results of the present study, tests for photodegradation are not
necessary if the bioassays are performed under laboratory conditions and incubated in the dark.
Tests with NBS could not mimic oxidation under bioassay conditions in the present study, but
might be used to give indication of metabolic degradability.

In silico models for the prediction of hydrolysis and reactivity towards proteins, can be
used in support of experimental tests to screen test chemicals for possible degradation or
reactivity prior to bioassay. The models generally showed good agreement with the
experimental data, but no model could predict all chemicals that showed degradation in the
experiment. The models were not designed for the specific conditions in the bioassay and are
therefore not sufficient on their own to evaluate the stability of chemicals in this context. Having
a larger set of experimental stability data under bioassay conditions, it may be possible to
develop a model capable of reliably predicting stability in the bioassay in the future, but until
this is achieved, experimental stability measurements are indispensable for a reliable evaluation
of the abiotic stability of chemicals and should be routinely integrated in future in vitro bioassay
workflows.

Abiotic degradation processes that reduce the stability of the test chemical in the
bioassay medium may lead to misinterpretation of the bioassay results. For example, if less
active transformation products are formed, the chemical will be classified as inactive in the
corresponding assay. Further research is needed to determine whether comparable degradation
processes can also occur in humans. If nominal effect concentrations of unstable chemicals in
in vitro assays are used as input parameters for QIVIVE models, the effect in vivo may be
underestimated. QIVIVE models are usually based on the nominal concentration, which does

not take into account either partitioning processes (e.g., binding to proteins or plate material)
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or loss processes (abiotic degradation, metabolism, volatilization) of the test chemicals during
the assay.!® ?%°! Differences in stability of the test chemicals between the in vitro bioassays
and in vivo in humans may be a major impediment for using bioassay data for human health

risk assessment.
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