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PeBiToSens™: A Platform for PBT
Screening of Fragrance Ingredients
Without Animal Testing
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Abstract: The determination of persistence (P), bioaccumulation (B) and toxicity (T) plays a central role in the
environmental assessment of chemicals. Persistence is typically evaluated via standard microbial biodegrada-
tion tests. Bioaccumulation refers to the accumulation of chemicals in organisms and is usually assessed in
fish exposed to the test chemical. Toxicity is determined at three trophic levels, with fish toxicity as the highest
trophic level assessed. Thus, animal tests are classically needed for both B and T assessment. In vitro systems
based on fish liver cells or liver S9 fractions (‘RT-S9 assay’) have been recently adopted by OECD to measure
the biotransformation rates for the chemicals for B assessment. Biotransformation drives clearance from the
body and reduces bioaccumulation. For T assessment, an assay based on in vitro toxicity on fish gill cells has
been established (‘RTgill-W1 assay’). Here we summarize our findings indicating that these tests are highly pre-
dictive for fragrance ingredients, and show with two case studies of our latest new registered substances how
we apply these tests in particular during development and also for chemical registration. This platform of tests
(PeBiToSens™) could fully replace animal tests in ecotoxicological assessment and is key in the Givaudan Safe
by Design™ approach to develop safer and environmentally compatible novel fragrance ingredients.
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Dr. Andreas Natsch leads the In Vitro
Molecular Screening team at Givaudan.
The team evaluates risks and bioactivities of
novel ingredients early in the development
pipeline. He started his career at Givaudan
in 1998 and was first involved in the elu-
cidation of the biochemical mechanisms of
body odor formation in order to design new
deodorant ingredients. In parallel he inves-
tigated the biological activities of fragrance
raw materials and developed novel formulations, e.g. for preser-
vation of cosmetic products without classical preservatives. Since
2008, the research focus has shifted to the development, valida-
tion and implementation of in vitro assays to study toxicological
risks associated with cosmetic and fragrance ingredients without
using animal testing.

1. Introduction

The assessment of the environmental profile is a key as-
pect for the registration of industrial chemicals under REACH
(Registration, Evaluation, Authorization and Restriction of
Chemicals) and other legislations, especially for those used in
consumer products which may lead to wide dispersive use. The
determination of persistence (P), bioaccumulation (B) and toxic-
ity to aquatic species and food webs (T) is summarized as the
PBT assessment.

1.1 Persistence

Persistence is generally screened by the potential of a chemi-
cal to be mineralized by microbial communities present in sewage
sludge from water treatment plants or river water, and standard-
ized screening tests have been in use for decades.!]

1.2 Bioaccumulation

Bioaccumulation refers to the accumulation of chemicals in or-
ganisms and of prime concern is the accumulation in the fat tissues
of fish, which may be exposed for a prolonged time to chemicals
in environmental water or via the food chain. Bioconcentration
refers to uptake of the chemical via water only and is determined
based on a standardized test in which fish are exposed to a constant
concentration of the chemical in water and the accumulation in the
fish tissue is determined.[?! It is expressed as the bioconcentration
factor (BCF) which refers to the ratio between the concentration
in fish and the concentration in water at steady state. In Europe
in the context of PBT assessment for new chemical registrations
under REACH, chemicals are considered bioaccumulative if this
ratio exceeds the threshold of 2000 L/kg.31 In absence of biologi-
cal data, bioaccumulation is often screened (e.g. log K > 4.5)1!
or BCF predicted from the lipophilicity of a chemical expressed
as its octanol-water partition coefficient (log K ). However, this
is a simplified view, as it does not account for the fact that fish are
not just a passive sink for chemicals in the environment, but that
they have active processes leading to the excretion of chemicals.
Especially biotransformation of chemicals by the fish liver is a
key factor reducing bioaccumulation.*]

1.3 Aquatic Toxicity

Short-term toxicity to aquatic species is assessed at three trop-
ic levels. Toxicity to freshwater algae (phytoplankton) is the first
level, and it is assessed routinely by measuring the growth rate of
monocellular algae or cyanobacteria exposed to the test chemical
for 72 h.51 Small invertebrates feeding on algae are the next tro-
phic level, hence an immobilization test with e.g. Daphnia magna,
an abundant crustacean in freshwater, is the second trophic level
assessed.[®! Finally, toxicity to fish as the key aquatic vertebrate
needs to be determined, and this is done by exposing fish for 96 h
to the chemical dissolved in water, with lethality and a derived

LC,, as the endpoint determined,” and, for animal welfare rea-
sons is only requested from Annex VIII and superior annual ton-
nages within the REACH testing requirements. When required,
and applying the principles of the 3Rs (see Section 2), an in vivo
acute fish study would follow the Threshold Approach described
in an OECD Guidance Document,!®! which is also recommended
in the recent revision of the OECD TG 203 on fish acute toxicity
testing.[”] As an alternative to the fish acute toxicity test, the fish
embryo acute toxicity test (FET) was proposed.[®101 Short-term
toxicity to fish eggs and hatching embryos, which are considered
in many jurisdictions to be a non-protected life stage (i.e. not sub-
ject to the same animal welfare considerations as juvenile and
adult fish),[11] was shown to correlate well to the toxicity to mature
fish, yet this test still needs a source of fish eggs, and there are still
certain limitations in its use under REACH.[!2]

2. Reducing Animal Testing

The use of animal testing to determine toxicity of chemicals is
increasingly being scrutinized by society. This movement started
within the field of cosmetics, as it was felt that no animals should
suffer for luxury products solely affecting human well-being and
not required for human health like pharmaceuticals. This move-
ment culminated in a ban for animal testing of ingredients solely
used in cosmetics in the European Union by 2013. Testing for
industrial chemicals is still mandatory and dual-use chemicals, i.e.
those used in cosmetics and other applications, may still be tested
if required by the regulation for those other applications. Yet, re-
ducing animal testing to a maximal degree has become an impera-
tive and under the REACH regulation vertebrate animal testing
should be the last resort.[13] Initially, concerns were mainly focused
on toxicity tests conducted on mammals, but regulations treat all
vertebrates similarly, and thus replacing animal tests, namely fish
tests, is also needed in environmental toxicology.['!l This has led
to significant investments and research efforts into the 3Rs, which
stand for replacement, reduction, and refinement of animal test-
ing and this concept had been proposed by Russell and Burch in
1959.1141 Here we focus on the first R, the ultimate replacement of
animal testing in ecotoxicology, aware of the fact that such assays
must fulfil the requirements of an additional 3Rs, i.e. be reproduc-
ible/reliable, relevant, and regulatory acceptable.!!!]

2.1 Replacing the Need for in vivo BCF Studies by
Measuring Biotransformation in vitro

Bioconcentration of a chemical is the net result of the uptake
of the chemical from the water via the gills and elimination pro-
cesses such as the excretion via the gills, biotransformation, and
fecal egestion (Fig. 1). In absence of in vivo BCF data, predictive
models are commonly applied which are based on the log K_,
i.e. the lipophilicity of the chemical. There is a good linear cor-
relation between the log K and the passive bioaccumulation for
chemicals with alog K < ca. 7 which are not biotransformed.!!5!
Biotransformation can reduce the extent to which chemicals ac-
cumulate in fish resulting in the formation of metabolites with
higher water solubility which can finally be excreted by the or-
ganism. Although screening-level QSAR models for estimating
biotransformation rates based on chemical structure have been
established,[16:171 biotransformation is still considered as one of
the major uncertainties in the prediction of bioaccumulation of
chemicals in fish.

2.1.1 The Trout Liver S9 Assay to Measure
Biotransformation in vitro

Recently two in vitro methods have been validated in an inter-
national ring trial which are based on liver S9 sub-cellular fractions
(RT-S9) and liver cells (hepatocytes) from rainbow trout.['8] In
principle, substrate depletion assays are carried out using either he-
patocytes or RT-S9 in the presence of cofactors which are required
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Fig. 1. Processes affecting bioaccumulation and rates used in the BCF
prediction model. The chemical is taken up only via the water (k,, gill
uptake rate constant). Biotransformation (k,), excretion via the gills (k,) or
feces (k) are parameters which may contribute to a substantial decrease
of the chemical in fish.%

Gill uptake

by the biotransformation enzymes and are usually present in intact
cells. The decrease of the test chemical is analyzed by analytical
methods like GC-MS or LC-MS. Heat inactivated biological mate-
rial is used as a negative control to evaluate potential abiotic losses
like volatilization or adsorption of highly hydrophobic chemicals.
Positive controls are also tested to verify the enzymatic activity of
the S9 fractions or heptacytes in the assay.!!8! The validation study
showed that both assays are highly reliable to determine in vitro
biotransformation rates and resulted in their adoption as new test
guidelines (TGs) by OECD (OECD TG 319A and B).[19-201 These
OECD test guidelines are accompanied by a guidance document
which outlines how to use the biotransformation rates to predict
BCFs.21

2.1.2 In vitro — in vivo Extrapolation Models to Predict
BCFs

In vitro — in vivo extrapolation (IVIVE) models have been
used for decades to predict drug clearance for mammals.[?2l These
models have been adapted to predict BCFs taking into consid-
eration specific physiological parameters for fish to refine BCF
predictions. The current most commonly used IVIVE model by
Nichols et al.?31 predicts the BCF for a standard fish defined as
a 10 g rainbow trout which is held at 15 °C and contains 5%
whole body lipid. The biotransformation rate determined in the
RT-S9 assay is converted into a whole body biotransformation
rate constant (k,, or referred to as k) taking into consideration
potential rate limitations by blood flow. The log K of the test
chemical, either estimated by using QSARs[?# or measured,[?>! are
additional chemical dependent inputs of the IVIVE model. The
model includes also a correction factor (fraction unbound, f; ) for
potential protein binding effects on clearance.?3! f; is a binding
term (ranging from O to 1.0) that corrects for the differences in
free chemical concentration between blood (in vivo) and the in
vitro system. It is based on the assumption that only the free or un-
bound fraction of the chemical is available for the biotransforma-
tion enzymes. The modelled gill uptake rate constant (k,), the gill
elimination rate constant (k,) and the fecal egestion rate (k) are
then combined with the estimated whole body biotransformation
rate constant (k,) (Fig. 1) to finally predict the BCF (L/kg fish).[2*

Presently, the effect of chemical binding is one of the major
uncertainties in modelled BCF predictions. It was observed in sev-
eral studies that setting f, = 1.0 (i.e. assuming the same availability
of the chemical to the biotransformation enzymes in vitro and in
vivo) resulted in much better agreement between predicted and
measured BCF values, although setting f;, = 1.0 is mechanistically
not correct.l18.26:27]

2.1.3 Application of the in vitro RT-S9 Assay to Predict
BCFs of Fragrance Ingredients

We have recently expanded our data set to 30 chemicals in to-
tal (23 fragrance chemicals) on comparing predicted BCFs based
on in vitro S9 data and in vivo BCFs determined in fish (Laue et

al., manuscript in preparation). There is a general tendency of
the IVIVE to overpredict the bioaccumulation potential. Predicted
BCFs are on average 6.8-fold higher compared to measured in
vivo values with f,; calculated and 1.7-fold higher using the as-
sumption f,; = 1.0. However, setting f,; = 1.0 resulted in an un-
derestimation of the BCF for five chemicals (by a factor of 3.8
—45). Further studies and modifications of the IVIVE model are
needed to improve the predictions. BCFs predicted with the cur-
rent IVIVE model do avoid the high overpredictions compared
to in silico models based solely on log K (i.e. no assumed bio-
transformation).

2.2 Replacing the Need for Acute Toxicity Studies in
Fish: The RTgill-W1 Assay

The first site of extensive contact of a chemical in water with
fish tissue is the gill surface. Many chemicals can lead to lethality
of fish if they are able to interact with the membranes of the cells
in the gill tissue. Unspecific interaction with cell membranes (as
compared to specific toxicity due to e.g. receptor binding or for-
mation of reactive metabolites) is referred to as a narcotic mode
of action.[281 This simple mode of action is particularly prevalent
among small lipophilic chemicals such as fragrance chemicals.
An assay to determine toxicity to fish gill cells?! has been fully
standardized. A static monolayer of the gill cell line RTgill-W1
from rainbow trout is exposed to different test chemical concen-
trations for 24 h and cell viability is measured with three different
endpoints (metabolic activity assessed by the Alamar blue assay;
plasma membrane integrity and lysosomal integrity.[?] It under-
went an international validation studyB3% to which we participated
and it is now proposed for OECD guideline preparation.

To demonstrate applicability of this test, we performed a de-
tailed benchmarking study on 38 fragrance chemicals for which
we had historical in vivo data on fish toxicity covering a broad
range of physico-chemical properties and varying chemistries.[30]
This study showed a very strong correlation between in vitro gill
toxicity and in vivo fish toxicity (reproduced in Fig. 2). This cor-
relation is similar for industrial chemicals tested in the validation
study and we added the results from our laboratory in the valida-
tion trial to Fig. 2 for comparison. We derived regression equa-
tions from the dataset of fragrance chemicals using a leave-one-
out analysis, and showed that data on 37 fragrance chemicals can
predict the toxicity of the left-out chemical with high accuracy:
the median fold miss-prediction is 1.5-fold.3! This is similar to
the error when testing the same chemicals repeatedly in different
fish species!!% and it shows the high accuracy of this test to predict
toxicity of fragrance ingredients. A final regression equation —
excluding one outlier — was derived from this dataset as the most
appropriate predictive model for fragrance chemicals (Eqn. (1)):

Log LC, ;= 0.97 (£0.04) x

LOg ECSO PB mean measured
R2 =0.94

—0.36 (x0.07) (1)

where ECsj pp mean measurea 1S the €Xposure concentration reducing
cellular viability by 50% as measured with the PrestoBlue® (PB)
assay. The exposure concentration is expressed as the arithmetic
mean between the actual concentrations measured at T, and T,
in the test medium. The PrestoBlue® assay is a modification of
the standard Alamar blue assay?%-3% and both measure the same
endpoint (i.e. metabolic activity of the cells).

In ecotoxicology, concentrations are often expressed as the
geometric mean of the measured concentrations at different time
points. However, we found that under the exposure conditions of
the assay (plastic 24-well plates), the concentration is often de-
clining strongly especially for highly lipophilic chemicals,®" and
using the geometric mean, the low terminal concentration con-



CHEMISTRY AND THE ENVIRONMENT

171

CHIMIA 2020, 74, No. 3

3 o
y=0.97x - 0.36
2
g 21
S
-
R
>
£
g 0 4
—
A
-1 L] L] L] L]
-1 0 1 2 3

Log in vitro ECg, RTgill-W1 (mg/L)

Fig. 2. Correlation between toxicity to RTgill-W1 cells and acute toxic-
ity to fish for fragrance ingredients (black diamonds®") and industrial
chemicals tested in the validation study (blue triangles, our data from
the ring trial®%). The regression line is based on 37 fragrance chemicals
(black diamonds) using mean measured concentrations; one outlier was
excluded (open diamond). The data set used to build the equation does
not include the external test set from the ring trial (blue triangles).

tributes a high weight to the exposure data. As the initial maxi-
mal concentration may affect the cells more strongly, we used the
arithmetic mean equally weighting the measurements conducted
at the start and end of the incubation period for training Eqn. (1)
and this approach provides a high accuracy vs. in vivo data.

3. PeBiToSens™ - A Platform for Comprehensive
Ecotoxicological Screening of Chemicals in the
Development Pipeline Without Animal Testing

Historically, the assessment of mammalian and environmental
toxicity was performed rather late in the development of novel
industrial chemicals. With increasingly stringent regulations, a
safe toxicological profile has become critically important and we
have moved the safety assessment of novel ingredients to a very
early development stage. The availability of non-animal tests is
highly beneficial for this new way of working as it allows in-
house testing for various endpoints at an early stage and helps to
select the best candidate molecules and to iteratively improve the
design in collaboration with discovery chemists to finally propose
chemicals which are Safe by Design™. This program was ini-
tially focusing on mammalian toxicity and culminated in the de-
velopment of KeratinoSens™ by our group,32 an assay for testing
skin sensitization risk, which was later adopted by the OECD.[33]
Integrating the two tests described in the previous section we cre-
ated an in house platform for a full Persistence, Bioaccumulation
and Toxicity screening of chemicals entirely without animal test-
ing, registered under the trade name PeBiToSens™. For persis-
tency assessment we created a rapid workflow to screen chemicals
early in the development pipeline following the OECD TG 301F
as briefly described below.l3 The RT-S9-assay combined with
IVIVE modeling and measured log K_ is then applied to pre-
dict the BCF value. Toxicity is assessed in parallel with a rapid,
non-GLP (Good Laboratory Practice) test on Daphnia and algae
(which is later followed up with a GLP test for chemical notifica-
tion purposes), while the RTgill-W1 assay is used for finally pre-
dicting fish toxicity. Below we illustrate this approach with two
case studies from our most recent market introductions.

3.1 Case Study 1: Pomelol® (2,4,7-Trimethyloct-6-en-1-
ol), a Novel Fragrance Ingredient Registered Based on
the PeBiToSens™ Screening

Pomelol® (2,4,7-trimethyloct-6-en-1-0l) is a powerful new
floral, rosy note. This chemical was assessed entirely without an-

imal tests to determine the ecotoxicological profile for REACH
submission in 2017.0351 In the RTgill-W1 assay an EC,, of 11.85
mg/L based on mean measured concentration was determined re-
sulting in a predicted fish LC, of 4.71 mg/L (Table 1). We have
collected in Table 1 a series of related chemicals (alcohols with
10-15 carbon atoms) from our previous studyB!l for which in vivo
and in vitro data are available. These data on chemical analogues
indicate that the predicted LC,; values for related chemicals are
generally in good agreement with the in vivo LC, values, which
further builds confidence in the prediction made for Pomelol®.
This is clearly a chemical domain where the RTgill-W1 assay ap-
pears to have a particularly high predictive applicability. The EC
determined in the Daphnia magna immobilization assay at 48 h
is 6.4 mg/L, while the EC, for growth inhibition to algae is 6.1
mg/L for yield and 10.8 mg/L for growth rate. Thus the toxicity
at these lower trophic levels is in a very similar range as the value
predicted for fish toxicity, which is typical for chemicals mainly
acting by a narcotic mode of action and further supports the as-
sessment by the RTgill-W1 assay.

The biotransformation rate of Pomelol® was measured in the
RT-S9 assay, and rapid biotransformation was observed for the
two major isomers (Fig. 3). Based on the slope of these plots,
a biotransformation rate of 5.49 mL/h/mg protein for isomer 1
and 3.91 mL/h/mg protein for isomer 2 was calculated. These
rates were entered into the IVIVE model in combination with a
measured log K of 3.4 for the two major isomers. The predicted
BCFs are 52 and 53 L/kg using an assumed f,, = 1.0, while the
predicted BCFs are 76 and 82 L/kg for the two isomers when ac-
counting for differential binding to protein in the in vitro test and
under in vivo conditions (f;; calculated). These predicted BCFs
are substantially below the B criterion of 2000 L/kg, thus a low
bioaccumulation potential is expected for Pomelol®.

Finally, an OECD 301F ready biodegradation study was
performed with Pomelol® using the Manometric Respirometry
Test.[34 Mineral medium inoculated with sewage sludge is stirred
in presence of the test chemical in a closed flask for 28 days. The
consumption of oxygen is measured and the Biological Oxygen
Demand, the amount of oxygen taken up by the microbial pop-
ulation during the biodegradation of the test chemical, is ex-
pressed as percentage of Theoretical Oxygen Demand (ThOD).
The ThOD is calculated from the elemental composition, as-
suming that carbon is oxidized to carbon dioxide, hydrogen to
water and nitrogen to ammonium nitrite or nitrate. Pomelol® was
found to be readily biodegradable (Fig. 4). All these data have
been submitted to ECHAI3S! and they indicate a safe PBT pro-
file for Pomelol®, which was determined entirely without animal
testing. The overall environmental profile of Pomelol® is shown
in Table 2.

3.2 Case Study 2: Scentaurus™ Clean (Ethyl 2-acetyl-
4-methyltridec-2-enoate), a New Fragrance Precursor
Registered Based on the PeBiToSens™ Screening

Scentaurus™ Clean (ethyl 2-acetyl-4-methyltridec-2-enoate)
is anovel type of fragrance precursor registered under REACH.[30]
Such precursors are designed to have a high octanol-water parti-
tion coefficient which facilitates deposition of the molecule onto
fabric during a laundry cycle and the loss of the fragrance material
to the wastewater is minimized. During and after the drying cycle,
the fragrant molecule is then released by slow cleavage of the
precursor. While this concept intrinsically improves the environ-
mental profile based on atom economy, i.e. by reducing loss into
the wastewater, molecules with a high log K raise some environ-
mental concerns regarding the potential for bioaccumulation and
aquatic toxicity by a narcotic mode of action. Furthermore, poorly
soluble chemicals are often rated as difficult-to-test substances.
Their very low water solubility makes assessment of aquatic tox-
icity more challenging.[37]
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Table 1. Toxicity of Pomelol® to RTgill-W1 cells and predicted LC, values according to Eqn. (1) in comparison to related alcohols with available in

vivo LG, values. Data except for Pomelol® are from Natsch et al.
Structure Name

2.4,7-trimethyloct-6-en-1-ol
(Pomelol®)

)\/\H&Q 3,7-dimethyloct-6-en-3-ol
X (Dihydrolinalool)
HO 3,7-dimethylocta-1,6-dien-3-ol
(Linalool)

(E)-3,7-dimethylocta-2,6-
dien-1-ol (Geraniol)

OH 3-isobutyl-1-methylcyclo-

hexan-1-ol (Rossitol®)

(1-methyl-2-(5-methylhex-
4-en-2-yl)cyclopropyl)methanol
(Rosyfolia®)
2-ethyl-4-(2,2,3-trimethyl-
cyclopent-3-en-1-yl)but-2-en-1-o0l
(Radjanol)
3-methyl-5-(2,2,3-trimethyl-
cyclopent-3-en-1-yl)pent-4-en-2-
ol (Ebanol®)
2-isobutyl-4-methyltetra-
hydro-2H-pyran-4-ol (Florosa)

2EC,, values determined in RTgill-W1 cells are based on mean measured concentrations. Values except for Pomelol® have been published previously.©"
°LC,, values were predicted based on the in vitro EC, values determined in the RTgill-W1 assay using Equation 1 (mean measured concentrations).?'!

CAS no.

1913285-57-0

18479-51-1

78-70-6

106-24-1

215231-33-7

1655500-83-6

28219-61-6

67801-20-1

63500-71-0

EC,, RTgill- Predicted
W1 cells? LC
(mg/L) (mg/L)
11.85 4.71
87.04 33.2
88.2 33.7
57.4 22.2
39.04 15.3
9.6 3.9
2.9 1.2
3.6 1.51
497.3 180.2

Measured in

vivo LC,,
(mg/L)¢

no data

42
27.8
55

7.5

32

1.1

23

354

°The in vivo fish studies were performed according to OECD TG 203 using different fish species (Cyprinus carpio, Pimephales promelas, Oncorhynchus mykiss, Danio

rerio, Lepomis macrochirus).
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Fig. 3. Biotransformation of the two major isomers of Pomelol® in trout liver S9 sub-cellular fractions (RT-S9). A, Pomelol® Isomer 1; B, Pomelol® Isomer

2; closed blue diamonds, active RT-S9 with cofactors added; closed red squares, enzymatically inactive, heat-treated RT-S9 (HT-S9).
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Fig. 4. Biodegradation of Pomelol® (A) and Scentaurus™ Clean (B) in an OECD 301F test. Pomelol® was tested at 30 mg/L, while Scentaurus™ Clean

was tested at 20 mg/L.
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Table 2. Overall environmental profile of Pomelol® and Scentaurus™ Clean

Assay Pomelol® Scentaurus™ Clean
Chemical structure 1
w OH Wio/\
(0]
CAS no. 1913285-57-0 960253-23-0
Water solubility OECD 1058 101 mg/L 0.04 mg/L
(at 20°C)
Log K (measured) OECD 1172 34 5.3 -~6.6
(2 major isomers) (major isomers)
Persistence OECD 301F ready biodeg- Readily Biodegradable Readily Biodegradable
(% biodegradation) radation study®¥ (66%)
(62%)
Toxicity to algae (measured EC, rate; OECD 2015! 10.8 mg/L No significant inhibition
[EC,, yield]) [6.1 mg/L] of rate [18% inhibition of
yield] at water saturation®
Toxicity to Daphnia magna (EC,, OECD 20216 6.4 mg/L No toxicity at water satu-
measured) ration®
Toxicity to fish (predicted LC, ) RTgill-W1 cell line assay 4.71 mg/L No toxicity at water satu-
B ration?
Bioaccumulation (predicted BCF) RT-S9 test, IVIVE BCF 52-53 (f,=1.0) 195 - 285 (f, = 1.0)

prediction 120211

76-82 (f,, calc.) 1341 - 1548 (f,, calcu-

lated)®

dindicative value, peaks are outside calibration domain for HPLC method (OECD TG 117)?%; ®Endpoints of the algae (Pseudokirchneriella subcapitata) toxicity test are in-
hibition of the growth rate and inhibition of the yield (biomass at the end of the exposure period minus the biomass at the start of the exposure period)®; °Since algae and
Daphnia toxicity is determined without solvents, the highest concentrations evaluated were at water saturation (0.123 mg/L in algae and Daphnia incubation medium);
9Toxicity to the fish gill cell line RTgill-W1 was tested at water saturation (0.047 mg/L in the gill cell incubation medium) for Scentaurus™ Clean. The standard assay proce-
dure of preparing a stock solution in solvent, followed by serial dilutions in aqueous medium was not suitable for this substance as it led to artificially high test concentra-
tions that are above water solubility; “BCFs were predicted based on the range of log K, values determined for the major isomers (log K , 5.3-6.6).

Scentaurus™ Clean has a water solubility of only 0.04 mg/L in
ultrapure water as tested according to OECD TG 105.381 When it
was tested with the RTgill-W1 assay according to the standard op-
erating procedure, an EC, of 1.36 mg/L based on mean measured
concentration was found. This concentration is far above water
saturation since stock solutions of the test chemical and serial
dilutions are prepared in pure solvent (DMSO) and then finally di-
luted in the test medium (final solvent concentration 0.5% v/v).[*!
However, in ecotoxicology, the toxicity of poorly soluble chemi-
cals is routinely tested up to water saturation onlyl3’! because a
result above water saturation is not relevant for risk assessment
to the aquatic environment. Therefore, a saturated solution in the
medium used for the RTgill-W1 test was prepared according to
OECD TG 105.1381 A solubility of 0.047 mg/L was reached after
stirring for 7 days. This saturated solution was then tested in the
RTgill-W1 assay, and no toxicity was observed (viability of 92
+ 6%). Thus it can be concluded that Scentaurus™ Clean has no
toxicity to the gill cells at water saturation. For registration, a
test on immobilization of D. magna was conducted also at water
saturation.l®! No acute toxic effects were found. The saturation
concentration in the Daphnia incubation buffer was even higher
(0.123 mg/L). In a test on microalgae,l>] 18% inhibition of yield
and no significant inhibition of growth rate was observed in a satu-
rated solution (0.123 mg/L in algae incubation buffer), indicating
only weak toxicity at the solubility limit.

Scentaurus™ Clean was tested in the RT-S9 assay and moder-
ate turnover was observed with 84.5% decrease of the parent in
presence of active S9 and cofactors and 24.5% decrease with the
negative control (enzymatically inactive RT-S9) within 60 min
(Fig. 5). This abiotic rate which may be due to the abiotic cleav-
age of this precursor was subtracted from the biotransformation
rate resulting in a final rate of 1.97 mL/h/mg protein. In the RT-S9
test, the major isomers of Scentaurus™ Clean were quantified to-

gether. The log K determination(?3! revealed a range from 5.3 to
6.6 for the major isomers, illustrating the relative hydrophobicity
of the test item. Thus, using this range of values as input for the
IVIVE model, the BCF predicted with the current IVIVE model
is 195-285 L/kg using an assumed f;; = 1.0, while the predicted
BCF is 1341-1548 L/kg when accounting for differential binding
to protein in the in vitro test and in vivo (fU calculated). In contrast,
the predicted BCFs assuming no biotransformation ranged from
8075 (log K 5.3) to ~21,000 L/kg (log K 6.6) indicating that
especially for high log K chemicals, biotransformation can sub-
stantially lower the predicted BCF. However, as indicated above,
the f;, calculated approach may be more conservative than the f;,
= 1.0 approach. Nevertheless, based on both modeling assump-
tions, the bioaccumulation threshold of ECHA is not reached for
Scentaurus™ Clean, and biotransformation by fish liver enzymes
appears to mitigate the potential of this highly lipophilic molecule
to bioaccumulate.

Finally, Scentaurus™ Clean was tested in the ready biodeg-
radation test. Based on a mineralization of 62% after 28 days
Scentaurus™ Clean is readily biodegradable. According to the
OECD guidance document,!! the 10-day window was not applied
to interpret the results of the test, as Scentaurus™ Clean consists
of “constituents with different chain-lengths, degree and/or site
of branching or stereo-isomers”, even in its most purified com-
mercial form. In this case it can reasonably be anticipated that a
sequential biodegradation of the individual structures is taking
place and the 10-day window should not be applied to interpret
the results of the test. Next to the fact that Scentaurus™ Clean is a
mixture of isomers, it is likely that mass transfer effects strongly
influence the shape of the biodegradation curve for this very poor-
ly water-soluble substance. The OECD 301F test is performed at
test substance concentrations greatly exceeding those observed
in the environment, and, a minimum of 50 mg of theoretical oxy-
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Fig. 5. Biotransformation of Scentaurus Clean™ in trout liver S9 sub-
cellular fractions (RT-S9). Closed blue diamonds, active RT-S9 fractions
with cofactors added; closed red squares, enzymatically inactive (heat-
treated) RT-S9 (HT-S9) fractions. Note: A linear decrease over time was
observed in the negative control with HT-S9 indicating abiotic losses
probably due to adsorption phenomena for this highly lipophilic chemi-
cal or due to abiotic cleavage of the precursor. Thus, this abiotic rate is
subtracted from the overall rate to determine the final biotransformation
rate.

gen demand per litre is stipulated in the test guideline. This is
required to permit differentiation between the samples contain-
ing test item and sludge inoculum from those ‘blank’ incubates
containing only sludge inoculum. Thus, the test on Scentaurus™
Clean was conducted at 20 mg/L, which is 500-fold above the
water solubility. As bacteria can only work against the dissolved
chemicals in water, the speed of dissolution will be a limiting fac-
tor for biodegradation kinetics thus determining the degradation
rate. Still considering this limitation, a very efficient degradation
is observed for Scentaurus™ Clean. The overall PBT profile of
Scentaurus™ Clean is summarized in Table 2.

4. Outlook: Towards Full Regulatory Acceptance and
Environmentally Safe Chemicals

Standardization of alternatives to animal testing, namely for
the two tests discussed here, has gone a long way over the last
five years and the international implementation as OECD guide-
lines is completed or is progressing. Yet, with the adoption of an
OECD TG, the process is not yet finalized, as only acceptance of
the results by regulatory bodies around the globe guarantees that
no animal tests need to be conducted. To facilitate regulatory ac-
ceptance, building trust in the methods and their respective output
is an essential element. A key aspect for building confidence is to
evaluate the applicability domain of the methods, i.e. the chemi-
cal space where prediction is likely to be sufficiently accurate. As
summarized in this review, we have invested significant resources
to benchmark the existing in vivo data with data from the two in
vitro tests,[27:31 and we have demonstrated that both fish acute
toxicity and bioaccumulation of fragrance ingredients can be ac-
curately predicted with these new methods. While the outcome
of the RTgill-W1 assay can directly be translated into a predicted
fish LC,, value by Eqn. (1), a more sophisticated [IVIVE model
has been proposed to translate an in vitro biotransformation rate
into a BCE.[23] This model is still subject to a number of uncer-
tainties. Thus, we have carefully assessed the sources of these
uncertainties, which we will report in a detailed publication (Laue
et al., manuscript in preparation).

Yet, as shown by the case studies provided here, the fruits of
investing into mechanistic and in vitro toxicology are not solely
for the replacement of animal tests. The application of an inte-
grated testing platform with rapid tests early in the discovery
pipeline also allows identification of promising molecules with
a safe environmental profile. This is clearly demonstrated by
the two recent market introductions, Pomelol® and Scentaurus™

Clean, which are readily biodegradable and efficiently biotrans-
formed in the RT-S9 assay. The need to reduce laboratory testing
on vertebrate species is a global issue recognized by industry,
regulatory and non-governmental organizations alike. Hopefully,
the 6 R (regulatory acceptable) for these assays, which have
already been demonstrated to be relevant and reproducible, is
approaching rapidly.

Abbreviations
BCF Bioconcentration factor (L/kg)

IVIVE In vitro-in vivo extrapolation

EC,, Half maximal Effect Concentration (mg/L)

ECHA European Chemicals Agency

FET Fish Embryo Acute Toxicity Test

o Fraction unbound; binding term used to correct for bind-
ing effects in vitro and in plasma (in vivo)

GC Gas Chromatography

GLP Good Laboratory Practice

ky Whole-body biotransformation rate constant (also referred
to as whole-body metabolism rate constant (k,,.; d™")

ky Fecal egestion rate constant (d')

k, Gill uptake rate constant (L/kg/d)

k, Gill elimination rate constant (d')

LC Liquid Chromatography

LC,, Half maximal Lethal Concentration (mg/L)

LogK | n-Octanol water partition coefficient

MS Mass spectrometry

OECD Organisation for Economic Co-operation and
Development

PB PrestoBlue® assay

PBT Persistent, bioaccumulative, toxic

QSAR Quantitative Structure-Activity Relationship

REACH Registration, Evaluation, Authorization and Restriction
of Chemicals

RT-S9 Rainbow trout liver S9 sub-cellular fraction

RTgill-W1 Gill cell line from rainbow trout

TG Test Guideline

ThOD Theoretical Oxygen Demand
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