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HIGHLIGHTS

e Ox0-LOHC compounds are generally
baseline toxicants for tested aquatic
organisms.

e Mixture toxicity of BP-based LOHC sys-
tem is predicted well using a CA model.

e Ox0-LOHC compounds are unlikely to
be bioaccumulative.

e Ox0-LOHC compounds did not show
endocrine activity in YES/YAS assay.
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ABSTRACT

The Liquid Organic Hydrogen Carrier (LOHC) technology offers a technically attractive way for hydrogen
storage. If LOHC systems were to fully replace liquid fossil fuels, they would need to be handled at the multi-
million tonne scale. To date, LOHC systems on the market based on toluene or benzyltoluene still offer poten-
tial for improvements. Thus, it is of great interest to investigate potential LOHCs that promise better performance
and environmental/human hazard profiles. In this context, we investigated the acute aquatic toxicity of oxygen-
containing LOHC (oxo-LOHC) systems. Toxic Ratio (TR) values of oxo-LOHC compounds classify them baseline
toxicants (0.1 < TR < 10). Additionally, the mixture toxicity test conducted with D. magna suggests that the
overall toxicity of a benzophenone-based system can be accurately predicted using a concentration addition
model. The estimation of bioconcentration factors (BCF) through the use of the membrane-water partition co-
efficient indicates that oxo-LOHCs are unlikely to be bioaccumulative (BCF < 2000). None of the oxo-LOHC
compounds exhibited hormonal disrupting activities at the tested concentration of 2 mg/L in yeast-based
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reporter gene assays. Therefore, the 0xo-LOHC systems seem to pose a low level of hazard and deserve more
attention in ongoing studies searching for the best hydrogen storage technologies.

1. Introduction

Hydrogen, known for its high gravimetric energy density (120 MJ/
kg) [11, has emerged as a potential secondary energy vector — one that is
nearly emission-free if produced using renewable energy. However, the
low volumetric density of hydrogen (0.091 g/L) necessitates either
pressurized gaseous hydrogen or cryogenic liquid hydrogen for which a
significant investment in the infrastructure is a key hurdle [2]. As a
viable solution, Liquid Organic Hydrogen Carrier (LOHC) systems,
consisting of a pair of Hy-lean and Hy-rich compounds, have gained
increasing attention in recent years. In such systems, hydrogen is first
bound to the Hy-lean form of a carrier molecule and subsequently
released from the Hj-rich form through catalytic (de)hydrogenation
processes (Fig. 1) [3]. A striking advantage of LOHC systems is that
hydrogen, covalently bound to the LOHC compound, can be stored as a
liquid under ambient conditions. This is key as our current fossil
fuel-based infrastructure can simply be adapted for storage and distri-
bution of LOHCs, and thus of hydrogen [4]. Recently, in the
Netherlands, the Port of Rotterdam Authority has announced plans to
import 20 million tons of hydrogen by 2050, utilizing the toluene/me-
thylcyclohexane (TOL/MCHEX) LOHC system (Fig. 2A) [5]. In Ger-
many, the first hydrogen-refuelling station was established utilizing the
benzyltoluene/perhydro-benzyltoluene (HO-BT/H12-BT)-based LOHC
system (Fig. 2B) for mobility applications [6]. Furthermore, a megawatt
LOHC/fuel-cell based propulsion system is being developed for maritime
transport [7].

A recent development in the field of LOHC systems is oxygen-
containing LOHC (hereafter denoted as ‘oxo-LOHC’) systems, which
offer a high hydrogen storage capacity coupled with low dehydroge-
nation temperatures [8]. The latter facilitates the use of waste heat
generated by the energetic utilization of the released hydrogen (e.g. in a
fuel cell or a combustion engine) for the endothermal hydrogen release
from the LOHC system [9]. Herein, three oxo-LOHC systems were
investigated, namely benzophenone/dicyclohexylmethanol
(HO-BP/H14-BP),
methyl-benzophenone/perhydro-methylbenzophenone
(HO-MBP/H14-MBP), and acetophenone/cyclohexylethanol
(HO-ACP/H8-ACP). Recently, the HO-BP/H14-BP LOHC system has been
shown to release the first Hy molecule from H14-BP under mild

conditions (170 °C) [8], which is advantageous for the aforementioned
heat integration when compared to other LOHC that typically operate at
temperatures above 250 °C [3,10,11]. In addition, the HO-BP/H14-BP
LOHC system (Fig. 2D) is characterized by a high gravimetric
hydrogen storage capacity (7.19 wt% or 2.39 kWh/kg based on the
lower heating value of the reversibly bound hydrogen), which out-
performs well-known LOHC systems, namely the TOL/MCHEX and
HO-BT/H12-BT LOHC systems (both by 17 %) or N-ethyl-
carbazole/perhydro-N-ethylcarbazol (HO-NEC)/H12-NEC (by 23 %)
[8].

The successful implementation of LOHC systems — even for niche
applications - raises concerns with regard to their environmental safety
and their threat to human health in the event of release during use or
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Fig. 2. Reversible hydrogen storage in four LOHC systems. The number of Hy
shows the added or removed hydrogens from each form through catalytic hy-
drogenation or dehydrogenation process. Abbreviation: toluene (TOL), meth-
ylcyclohexane (MCHEX), benzyltoluene (HO-BT), perhydro-benzyltoluene
(H12-BT), quinaldine (HO-Quin-2Me), perhydro-quinaldine (H10-Quin-2Me),
benzophenone (HO-BP), and dicyclohexylmethanol (H14-BP).
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Fig. 1. The benzophenone/dicyclohexylmethanol LOHC system showing the process of storing and using hydrogen.
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transport. Additionally, the EU Strategy for Sustainability promotes the
use of chemicals which are safe and sustainable by design [12]. In light
of these considerations, the potential environmental hazards of
0x0-LOHCs need to be assessed at this early stage of technological
development to ensure that efforts to achieve climate goals do not have
negative impacts in other areas (the so-called regrettable substitution).
Various systems, including quinaldine, indole-, alkylcarbazole-, ben-
zene-, toluene-, benzyltoluene-, and dibenzyltoluene-based LOHCs have
already been investigated in this regard [13-16]. Endocrine disruption is
another significant concern, as chemicals can mimic natural hormones,
potentially disrupting the hormonal systems of humans and animals.
These effect include decreased reproductive output, delayed or altered
development, and occurrence of certain diseases [17].

In this study, we investigated aquatic toxicity of oxo-LOHC systems
because benzophenone and its derivatives, such as mono- and di-
hydroxybenzophenones, some of which are used as UV filters in sun-
screen products and in food packaging, are known to be toxic to aquatic
organisms [18,19]. We hypothesized that the aquatic toxicity of
0x0-LOHCs would be caused by a hydrophobicity-driven disturbance of
cell membrane function - known as baseline toxicity. To verify this mode
of action the octanol-water partition coefficient (log Kow) was predicted
using the COnductor like Screening MOdel for Realistic Solvation
(COSMO-RS) and used to estimate the baseline toxicity via established
Quantitative Structure-Activity Relationship (QSAR) models. To inves-
tigate a broad environmental impact, we included three aquatic or-
ganisms at different trophic levels: luminescent marine bacteria
(Aliivibrio fischeri), unicellular limnic algae (Raphidocelis subcapitata),
and water invertebrate (Daphnia magna). Additionally, the toxicities of
the oxo-LOHC systems were compared with those of two well-known
LOHC systems (Fig. 2A and C).

Secondly, we investigated the mixture toxicity of six known com-
ponents of the HO-BP/H14-BP LOHC system to Daphnia magna because it
is possible that oxo-LOHCs, as technical grade products, will contain
mixtures of various hydrogenated and dehydrogenated forms of a spe-
cific LOHC system which might be released into the environment. In the
form of a mixture, we assumed that oxo-LOHC compounds would
behave in a concentration-additive manner if they were baseline toxi-
cants. To test this hypothesis, a concentration addition model was used
and compared with experimental results. On the other hand, the
membrane-water partition coefficient (log Kyw) of oxo-LOHC com-
pounds was determined to assess the membrane affinity of these com-
pounds and to estimate their bioconcentration factor (BCF).

Lastly, we investigated the (anti)estrogenic and (anti)androgenic
potentials of oxo-LOHCs using yeast-based reporter gene assays because
benzophenone showed weak estrogenic activity in the YES test with an
ECsp of 1.82 mg/L [20] and hydroxybenzophenones were identified as
one of the structural alerts for endocrine activity [21-23]. Therefore, we
assumed that compounds with benzophenone-based structure may
induce endocrine activity.

We aim to provide the first hazard assessment of oxo-LOHC systems
to support the development of responsible and sustainable LOHC tech-
nologies, technologies that align with environmental considerations
while also seeking high levels of operational effectiveness in their
hydrogen storage and transportation task.

2. Materials and methods
2.1. Chemicals

Benzophenone (HO-BP; 99.8 %) and 2-hydroxy-4-methoxybenzophe-
none, commonly referred to as benzophenone-3 (BP-3; >99.9 %), were
purchased from HPC Standards GmbH, and acetophenone (HO-ACP;
99 %) was purchased from Sigma-Aldrich (Merck KGaA). Benzhydrol
(H2-BP), cyclohexylphenylketone (H6-BP), cyclohexylphenylmethanol
(H8-BP), dicyclohexylketone (H12-BP), dicyclohexylmethanol (H14-
BP), 2-methylbenzophenone (H0-2-MBP), 3-methylbenzophenone
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(HO-3-MBP), 4-methylbenzophenone (H0-4-MBP), 4-methyl-dicyclo-
hexylmethanol (H14-4-MBP), and 1-cyclohexylethanol (H8-ACP) were
obtained from the University of Erlangen, Germany with a purity
> 97 % [8]. Naphthalene and pyrene were purchased from Fluka
(>99 %). Dithiothereitol (DTT), 4-hydroxytamoxifen (OHT), and fluta-
mide (FLU) in analytical grade were purchased from Sigma-Aldrich
(Merck KGaA). Analytical grade 4-methylum-bellifer-
yl-B-D-galactopyranoside (MUG) was purchased from Carl Roth GmbH.
17p-estradiol (E2) and testosterone (T) were purchased from Merck
KGaA (>97 %).

2.2. Instrumental analysis and sample preparation

The analysis of H12-BP, H14-BP, H14-4-MBP, and H8-ACP was
carried out using GC-MS. An Agilent 7890A gas chromatograph equip-
ped with a Restek Rxi®— 5 ms column (30 m x 0.25 mm, 0.25 um film
thickness) was coupled to an Agilent 5975 C mass spectrometer. Using
an automatic injection system (G6500-CTC), 1 uL liquid samples were
injected with an inlet temperature of 250 °C. Split injection (5:1 split
ratio) and splitless injection were used for toxicity samples, while pulsed
splitless injection was used for TRANSIL samples (Kyw). The oven
program was as follows: 2 min hold at 55 °C, followed by a temperature
ramp at 50 °C/min to 320 °C and finally 1 min hold at 320 °C. The GC-
MS was operated in electron ionization mode with the energy at 70 eV,
while the transfer line was set at 315 °C and quadrupole at 180 °C. The
carrier gas (helium) flow rate was set to 1.6 mL/min. The calibration
standards for GS-MS analysis of the toxicity test samples ranged from
1 mg/L to 10 mg/L and were measured with split injections (H12-BP,
H14-BP, and H14-4-MBP) and splitless injection (H8-ACP). The cali-
bration standards for GC-MS analysis of the TRANSIL samples ranged
from 10 pg/L to 250 pg/L and were measured using pulsed splitless in-
jection mode. The sample preparation for GC-MS analysis involved
solvent extraction. Specifically, 2 mL of the sample was transferred into
a 20 mL glass vial with a teflon screw cap, followed by extraction with
2 mL of hexane by shaking for 30 min at 200 rpm (HS501 D, Janke &
Kunkel GmbH). After shaking, the hexane phase was transferred into a
4 mL glass vial and then dried with anhydrous sodium sulfate. After-
wards, the 1 mL of hexane extract was transferred into a 1.5 mL glass
vial and 25 pL naphthalene (internal standard; 1000 pg/L in hexane)
was added. For TRANSIL samples, pyrene was used as a surrogate
standard for the extraction of H12-BP, H14-BP, and H14-4-MBP. The
extraction rates of oxo-LOHCs and pyrene were higher than 87 %
(Table S1). The Limits of Detection (LOD) and Limits of Quantification
(LOQ) are shown in the supplementary information (Table S2).

An ExionLC™ liquid chromatography system, coupled with a tandem
mass spectrometry (SCIEX Triple Quad™ 4500 MS/MS), was used to
determine the concentration of HO-BP, H2-BP, H6-BP, H8-BP, HO-2-
MBP, HO-3-MBP, and HO-4-MBP in samples. LC-MS/MS was operated in
positive electrospray ionization mode. A Kinetex EVO C18 column
(100 A, 100 x2.1 mm, 5 um particle size, Phenomenex) was used for the
chromatographic separation. The column oven was set at 40 °C. Eluent
A consisted of 950 mL H50, 50 mL acetonitrile, and 150 pL formic acid,
while eluent B consisted of 1000 mL Acetonitrile and 150 uL. HCOOH.
The elution gradient was set as follows: 0.0-0.5 min, 20 % B;
0.5-3.5 min, 98 % B; 3.5-5.0 min, 98 % B; 5.00-5.02 min, 20 % B;
7.0 min, 20 % B. The flow rate of the eluent was 0.4 mL/min and the
injection volume was 3 pL. The calibration ranged from 10 pg/L to
1000 pg/L. The aqueous sample (4 mL) was mixed with 4 mL of
50:50 = Hy0O:MeOH and then BP-3 (2-hydroxy-4-methox-
ybenzophenone; internal standard) was added (200 pL). The sample was
then filtered with a regenerated cellulose syringe filter (0.2 um pore size,
Macherey-Nagel GmbH). The first 5 mL of filtered test solution were
discarded and the following 1 mL of filtered solution was used for the
analysis. LOD and LOQ are given in the supplementary information
(Table S3).
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2.3. Ecotoxicity test (A. fischeri, R. subcapitata, and D. magna)

The Aliivibrio fischeri (Luminescent marine bacteria) acute lumines-
cence inhibition test was performed according to DIN 11348-2. Freeze-
dried bacteria from a commercial test kit (LUMIStox; Hach Lange
GmbH) were reconstituted in the reactivation solution for 15 min at
15 °C. Subsequently, the initial luminescence of bacteria was measured
using a luminometer (LUMIStox 300, Dr. Lange). A suspension of bac-
teria (500 uL) was mixed with 500 pL of test sample prepared in phos-
phate buffer including 2 % NaCl (2 g NaCl /100 mL phosphate buffer;
pH=7.0). This was incubated for 30 min at 15 °C and the luminescence
was measured again. The bacteria were exposed to five different con-
centrations of test compounds (in duplicate). At least three negative
controls (only medium) and two/three positive controls (sodium chlo-
ride 7.5 g/L) were included in every test. Three independent tests were
conducted. Since exposure duration was only 30 min and preliminary
analysis confirmed stable chemical exposure over the test period, the
ECs¢ values were calculated based on the nominal concentration. A
concentration-response analysis was performed for most compounds
except H6-BP, H14-BP, and H14-MBP for which only limit tests were
performed - at the saturation level of each compound in the test medium
(see the legend in Table 1).

The algae growth inhibition test was conducted according to OECD
201. Green algae, Raphidocelis subcapitata, was also obtained from the
Culture Collection of Algae at Gottingen University (SAG) in Germany.
R. subcapitata was cultured in OECD medium (OECD TG 201; pH = 8.1)
at 21 °Cunder the 16 h:8 h (light:dark) cycle. R. subcapitata was exposed
to six different concentrations of the test compound, each in three rep-
licates accompanied by six replicates for control samples (only medium).
The number of algal cells was determined using a CASY® Model TTC cell
counter and used for the calculation of growth rate. Initial algae cell
counts were 6 000 cells/mL. The final cell density in the treated samples
was recorded after 72 h. Cell density was recorded daily in the control
samples (i.e. after 24 h, 48 h, and 72 h). Three independent experiments
were conducted for every test substance. The pH of the test solutions was
measured at the beginning and at the end of each test, and it was
generally within the criteria range. 3,5-dichlorophenol was used as a
reference substance and was tested two times per year.

The Daphnia magna acute immobilization test was conducted ac-
cording to OECD 202. D. magna was obtained from Biochem agrar GmbH
in Leipzig, Germany. Daphnids were obtained from in-house culture
maintained in M4 medium at 20 °C under a 16 h:8 h (light:dark)
photoperiod. Daphnids were fed three times a week with live Desmo-
desmus subspicatus (0.2 mg C/daphnid/day). The D. subspicatus was
purchased from SAG and has been cultured in the lab. In addition,
daphnids were fed once a week with Tetra Goldfish Crisps from Tetra
GmbH and with spirulina powder from Steinberger GmbH. Neonates (<
24 h) were exposed to five different concentrations of each compound
for 48 h. Test solutions were prepared in the medium (pH = 7.8) con-
sisting of calcium chloride (293.8 mg/L), magnesium sulfate (123.3 mg/
L), sodium bicarbonate (64.8 mg/L), and potassium chloride (5.8 mg/
L). A negative control (only medium) was included in each test. After 24
and 48 h, immobilization of neonates was recorded. There were four
replicates in each treatment and each replicate included five neonates.
Three independent experiments were conducted for every test sub-
stance. The pH of the test solutions was measured before and after the
test, and it did not deviate significantly by the end of the test. Potassium
dichromate and diclofenac salt were used as reference substances and
were tested two times per year.

The test concentration was determined based on either literature
values or estimated ECs( values from baseline toxicity QSAR models (see
Fig. 3). Based on the range-finding test, the exposure range was refined
to encompass the inhibition range (0-100 %). The concentration of oxo-
LOHC compounds in test samples from toxicity tests was measured at the
beginning and the end of the test using either GC/MS or LC-MS/MS. In
the first test of each compound, all test concentrations during the test
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period were measured and a deviation of under 20 % was confirmed.
Afterwards only the lowest and the highest concentrations of the test
samples were measured. The half maximal effective concentration
(ECsp) of LOHC compounds for three aquatic organisms was calculated
using GraphPad Prism version 9.5.0. For algae ECs, the inhibition of the
72 h average growth rate was calculated. Note that the ECsy values of
0x0-LOHCs from D. magna and R. subcapitata tests were calculated using
measured concentrations that were kept within + 20 % of the initial
concentration over the test period (Table S4 and S5).

2.4. Determination of membrane-water partition coefficient (Kyw) using
TRANSIL

Solid-Supported Lipid Membranes (SSLM) composed of phosphati-
dylcholine (POPC, 12 uL/mL suspension in phosphate buffer saline)
acquired commercially (TRANSIL® Intestinal Adsorption (Sovicell,
Leipzig)) was used to determine Kyw values of LOHCs. Test solutions
were prepared in dimethyl sulfoxide (DMSO) and then diluted with
phosphate-buffered saline (PBS, pH 7.4; Thermo Fisher Scientific) to the
desired test concentration (< 1 % DMSO). Five different volumes of
SSLM were added to the test samples in 1.5 mL glass vials and the
samples were shaken for 30 min at 25 °C and 700 rpm on the shaker (KS
125 basic, Janke & Kunkel GmbH). For the negative control, the same
amount of PBS buffer was added to the sample instead of SSLM sus-
pension. Afterward, the samples were centrifuged at 10,000g for 10 min
at room temperature. The supernatant from the samples was extracted
with hexane for GC/MS analysis or diluted with 50:50 HoO:MeOH for
LC-MS/MS to determine the amount of test compound which was not
bound by the SSLM (Cpgs). Negative controls without SSLM were pro-
cessed in the same way to determine nonspecific binding or losses
(Ctotal)- Cssim (the lipid-bound concentration) was determined using the
following (Eq. (1)) [24]:

logKMW _ lOg (Vtotal . Ntotal — nsupemamnt) (1)
Vipid Nyotal
The linear regression analysis of Cpps vs. Cgspy Was performed using
the LINEST function in Microsoft Excel (Fig. S1).

2.5. Prediction of the octanol-water partition coefficient (log Kow) and
membrane-water partition coefficient (log Kyw) using COSMO

log Kow and log Kyw were predicted by the COnductor like
Screening MOdel for Realistic Solvation (COSMO-RS). 3D structure files
of the studied oxo-LOHC compounds were obtained via density func-
tional theory (DFT)/COSMO calculations using COSMOtherm, version
18.0.2, in combination with TURBOMOLE [25-27]. For all of these
calculations, Becke-Perdew density functional theory, a triple-zeta
valence polarization basis set with additional diffuse basis functions
and fine grid marching tetrahedron cavity construction (TZVPD-FINE)
were applied [28,29]. Since COSMO-RS theory is able to predict
chemical potentials and partitioning coefficients between pure phases,
log Kow values can be easily obtained based on DFT/COSMO calcula-
tions of water, octanol and the oxo-LOHC compounds. However, mem-
brane partitioning is more complicated due to the complex structure of
lipid bilayers. The software extension COSMOmic allows the prediction
of membrane partitioning coefficients based on a previously published
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine ~ (POPC) micelle
structure [30,31]. POPC was chosen in order to allow for comparison
with the TRANSIL studies which were performed using this lipid.

2.6. Mixture toxicity test (D. magna)

Six oxo-LOHC compounds were used in this mixture toxicity test (HO-
BP, H2-BP, H6-BP, H8-BP, H12-BP, H14-BP). Concentrations corre-
sponding to 5 %, 20 %, 40 %, 50 %, 60 %, 80 %, 90 %, 95 % effect for
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each compound were calculated from concentration-response curves for
the single compound using Graphpad. The concentrations correspond-
ing to a 100 % effect, at which all daphnids tested would be immobi-
lized, was set to 10 % higher than the concentration corresponding to
95 % effect because ECig9 cannot be mathematically calculated. For
example, ECgs of HO-BP is 24.3 mg/L and EC; g of HO-BP is estimated to
26.7 mg/L which is 2.4 mg/L higher than ECgs. Then, effective con-
centrations of the mixture corresponding to the effect of 5 %, 10 % and
etc. (ECxmix) were calculated using the concentration addition (CA)
model (Eq. (2)) [32] and prepared for the toxicity test. Herein, n denotes
the number of compounds in the mixture, p; denotes the proportion of
ith compound in the mixture (p; =¢i/Ctotal). ECxmix is the joint effect at
the total concentration of the mixture. ECy; is the x% effect of ith com-
pound when applied in isolation. Two independent toxicity tests were
conducted as described for the D. magna acute immobilisation test.

-1
_ ~ D
EC3mix = (ZEle) 2

Another concept is independent action (IA) where compounds of a
given mixture act independently, i.e. having different sites of action (e.g.
molecular acceptor). The IA model was calculated according to Eq. (3)
[32].

Ele) =1 f[p _E()] @)

The Index of Prediction Quality (IPQ; Eq. (4)) was used to assess the
difference between the experimental result and the CA model [33,34]. If
IPQca is zero, the prediction agrees ideally with the experimental value.

EC,
If ECsoca > ECsoexp, then IPQes = o> — 1,
ECSO,exp
ECso.ca
elseIPQcp =1 — —~ (€))
cA ECSO,exp

2.7. Yeast-based reporter gene assays

Recombinant yeast strains were used for each yeast endocrine
screening assay. Human Estrogen Receptor (hERa) is integrated into
yeast cells in the Yeast Estrogen Screen (YES) and in the Yeast Anti-
Estrogen Screen (YAES). Human Androgen Receptor (hAR) is inte-
grated into yeast cells in the Yeast Androgen Screen (YAS) and in the
Yeast Anti-Androgen Screen (YAAS). The test was conducted according
to ISO 19040-1 and as described elsewhere [23]. In brief, once the es-
trogen (or androgen) agonist binds to the estrogen (or androgen) re-
ceptor in YES (or YAS), estrogen-responsive elements trigger expression
of the lacZ gene, which leads to production of p-galactosidase. The
amount of p-galactosidase produced is proportional to the level of
activation. When the f-galactosidase is secreted to the medium, it
cleaves the 4-methylum-belliferyl-p-D-galactopyranoside (MUG) into
B-D-galactose and 4-methylumbelliferone (4-MU). The blue fluorescence
of 4-MU was measured (Aey = 360 nm, Aey, = 485nm). In the
anti-activity assays, 17p-estradiol or testosterone were added to the
media and the decrease in 4-MU fluorescence was measured as the
antagonist inhibits the binding of 17f-estradiol (or testosterone) to each
receptor.

Test stock solutions of oxo-LOHC compounds (C = 1000 mg/L) were
prepared in methanol and positive controls were prepared in ethanol.
Test stock solutions were serially diluted in methanol to the final test
concentration (2 mg/L) and positive control stocks were diluted in
ethanol. Blank (without yeast and the test compound), negative control
(NC; without the test compound), and solvent control (SC; without the
test compound) were included. All test compounds, blanks, and controls
were measured in pseudo-octuplicates. Yeast cells were cultured for two
to three days at 30 °C and 450 rpm to obtain a sufficient yeast density -
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assessed based on optical density measured at 595 nm. Water and
samples (including blanks) were transferred to the 96 well plate (opti-
cally transparent and flat-bottomed; Thermo Scientific™) and then
yeast suspensions were transferred to the plate. Afterward, the mixture
of Lac-Z-buffer, dithiothreitol (DTT), and MUG was added and incubated
for one hour at 30 °C and 450 rpm. The fluorescence was read at lex
= 360 nm and Ae, = 485 nm. As positive controls, 17f-estradiol (E2) in
YES, testosterone (T) in YAS, 4-hydroxytamoxifen (OHT) in YAES, and
flutamide (FLU) in YAAS were used for the calibration curve, which was
fitted using GraphPad Prism version 9.5.0. (Fig. S2). The bioanalytical
equivalents (BEQ), which are E2-equivalents (E2-EQ) in YES and T-
equivalents (T-EQ) in YAS, were used to benchmark the strength of the
effect. In the antagonistic test, OHT-EQ and FLU-EQ were used. Two
independent tests were conducted for oxo-LOHC compounds. The
calculation of BEQs and LOQs is shown in the supplementary informa-
tion (see Text S1).

3. Results and discussion
3.1. Acute aquatic toxicity

Concentration-response curves for the oxo-LOHC compounds in
three tests are shown in Figs. S3-S5. ECs¢ values in pmol/L are shown in
Table S6. In the A. fischeri test, the ECsq values for the oxo-LOHC com-
pounds range from 5.0 mg/L to 81.3 mg/L (Table 1). Oxo-LOHC com-
pounds with two rings were more toxic to both R. subcapitata and
D. magna (ECsp = 0.146 — 38.1 mg/L) than HO-ACP and H8-ACP (EC5p =
157 - 529 mg/L). Among the oxo-LOHC compounds with two rings,
HO-3-MBP and HO-4-MBP exhibited particularly high toxicity towards
algae with ECsg values lower than 1 mg/L, corresponding to acute
aquatic toxicity category 1 (“very toxic to aquatic life”; red) according to
the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS) [43]. The remaining compounds belong to either acute
2 (“toxic to aquatic life”; orange) or acute 3 (“harmful to aquatic life”;
yellow) based on algae and water flea test results. The ECsg values for
benzophenone against R. subcapitata and D. magna are 2.7 mg/L and
11.1 mg/L respectively, which is in good agreement with the previously
reported values (3.5 mg/L [44] and 9.5 mg/L [19], respectively). The
ECs¢ values measured in R. subcapitata and D. magna tests for HO-ACP
and H8-ACP are higher than the last threshold in the GHS (100 mg/L;
green), thus these compounds would not require labelling with respect
to their aquatic toxicity.

In the HO-BP/H14-BP LOHC system, H2-BP showed the lowest
toxicity across all species and H14-BP was the most toxic towards
D. magna, which can be explained by the difference in their structure and
corresponds to their different hydrophobicities. In addition, the differ-
ence in ECs values within one oxo-LOHC system is less than one order of
magnitude in the R. subcapitata and D. magna tests, indicating that the
hydrogenation or dehydrogenation processes do not significantly alter
the toxicity of the compound within the same system. The impacts of the
presence and position of the methyl group within the benzophenone
structure were investigated by comparing the HO-BP/H14-BP LOHC
system to the MBP-based LOHC systems. Interestingly, the methyl group
at the ortho and para positions did not significantly influence the
toxicity in the algae test, while the methyl group in the meta position
significantly increased toxicity compared to benzophenone. Specifically,
the ECs( value decreased to less than one-tenth of that of benzophenone.
On the other hand, in the A. fischeri and D. magna tests, the presence of a
methyl group, regardless of its position, did not significantly increase the
toxicity compared to benzophenone. In addition, except for HO-2-MBP
and HO-3-MBP, all tested compounds showed similar levels of toxicity
across three different trophic levels, with ECs( values within one order
of magnitude. In the case of HO-3-MBP and HO-4-MBP, R. subcapitata is
the most sensitive of tested species (the lowest EC5q values) and there-
fore dictates the overall GHS classification. Thus, the 3-MBP- and 4-
MBP-based LOHC systems are classified as acutely toxic to aquatic life
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Table 1

ECsg values (including 95 % confidence intervals) of LOHC systems from three toxicity tests as well as the corresponding octanol-water partition coefficients and lipid
membrane-water partition coefficients (measured, +/-standard error). The abbreviations for the chemical names indicate the basic structure of the compound along
with the number of hydrogen atoms added to the structure as compared to the Hy-lean form.

Chemical

Structure CAS No oz K. oz K A. fischeri R. subcapitata D. magna
uctu .
name® § fow § Ko ECso (mg/L) ECso (mg/L) ECso (mg/L)
HO-BP 119-61-9 3.18° 3.13+0.06 16.4 (15.0-17.8) = 2.65 (2.37-2.98) 11.1 (10.2-12.0)
H2-BP B 91-01-0 2.67° 2.88+0.02 81.3(79.2-83.5)  17.4(15.3-20.4) 38.1(37.4-38.8)
H6-BP 712-50-5 3.68° 3.88+0.04 >4.2¢ 4.38 (4.01-4.81) 6.26 (5.91-6.61)
H8-BP . VKHA\] 945-49-3 3.54¢ 3.33£0.03 25.0 (24.0-26.0)  12.1(10.4-14.2) 21.7 (21.0-22.3)
N~ NF
H12-BP (j)kO 119-60-8 3.95° 3.9140.06 5.66 (5.2-6.3) 11.2 (10.4-12.0) 5.52 (5.17-5.93)
H14-BP A~ ) 4453821 4.28¢ 3.7740.11 >1.5° 3.40 (3.18-3.64) 3.97 (3.33-4.68)
~~ "
HO-2-MBP 40¢ 131-58-8 3.62° 3.4340.04 17.1(16.0-18.3) = 1.22 (1.09-1.39) 10.7 (10.4-10.9)
HO-3-MBP 643-65-2 3.63° 3.54+0.03 16.2 (15.0-17.6) 5.93 (5.69-6.19)
HO-4-MBP Z \’ATfj 134-84-9 3.45¢ 3.67+0.03 4.96 (4.53-5.50) 6.21 (6.07-6.39)
NS N
H14-4-MBP ( b n.a 4.68° 3.84+0.07 >1.3¢ 3.27 (3.00-3.62 2.72 (2.54-2.90
Bege (o036 272250290
HO-ACP ©)J\ 98-86-2 1.58° - 28.7 (26.8-30.8) 199 (184-216)" 162-529¢
H8-ACP O)\ 1193-81-3 2.24¢ - 68.9 (65.9-72.1) 268 (245-293) 157 (151-162)

21.4" 12.5' 5-21)k

MCHEX

cHy
TOL ©/ 108-88-3 273 na.

HO-Quin-2Me @[j 91-63-4 2.45™ n.a. 19 (16-22)" 43 56 (54-59)°
H4-Quin-2Me @ ' 1780-19-4 3.04™ n.a. 7.4(6.2-8.9)" 17 (14-20)" 2.7 (2.3-3.2)°
H10-Quin- N
2'36 Oij 20717-43-5 3.25™ n.a. >306"P 52" 155 (120-191)"
Colour code [43]
Acute 2 Acute 3 not labelled
1 mg/L< ECso < 10 mg/L 10 mg/L< ECso < 100 mg/L ECso > 100 mg/L

@ The full name of the respective oxo-LOHC compounds is given in the chemical information section of the materials and methods. Abbreviation for the other com-
pounds: toluene (TOL), methylcyclohexane (MCHEX), benzyltoluene (HO-BT), perhydro-benzyltoluene (H12-BT), quinaldine (HO-Quin-2Me), tetrahydro-quinaldine
(H4-Quin-2Me), and decahydro-Quinaldine (H10-Quin-2Me). b Experimental log Kow values from Ref. [35]. ¢ log Kow values predicted using COSMO-RS at
TZVPD-FINE level. ¢ exact ECsg could not be calculated because approximately 50 % inhibition was achieved at the solubility limit. ® ECso could not be calculated
because approximately 10 % inhibition was observed at the solubility limit. f exposure duration was 48 h. Ref. [36]. 8 LCso from Ref. [37,38]. " Predicted values using a
baseline QSAR model in Fig. 2 (A). iAccording to Ref. [39].7 LCs values are included (5 mg/L and 12 mg/L) according to Ref. [37,38,40,41]. K The lowest ECso value
was used for the colour code. ! Ref. from [42]. ™ predicted values using COSMO-RS according to Ref. [16]. ™ According to Ref. [15]. © According to Ref. [13]. P

Luminescence inhibition did not reach 40 % at the highest concentration in the test. *Chemical structures were drawn using Marvinsketch v22.22. n.a. — data not
available.



Y. Seol et al.

- category 1, while BP- and 2-MBP-based LOHC systems fall into cate-
gory 2 of acute aquatic toxicity. Lastly, the HO-ACP/H8-ACP LOHC
system cannot be categorized (ECsp > 100 mg/L).

3.2. Acute aquatic toxicity in comparison with other LOHC systems

To put the ecotoxicity of oxo-LOHC compounds into perspective, we
chose two other LOHC systems for which similar data were available for
a comparative assessment. These benchmark systems were the
hydrocarbon-based toluene/methylcyclohexane (TOL/MCHEX) system
used commercially by the Chiyoda corporation [45,46] and the N-het-
erocyclic, Quinaldine-based (HO-Quin-2Me/H10-Quin-2Me) LOHC sys-
tem (which has the literature-known advantage of a comparatively low
dehydrogenation temperature) [1,47]. The ECsyp or LCsy values of
toluene against D. magna range from 5 to 21 mg/L [37,38,40,41], while
the ECsg for R. subcapitata is reported as 12.5 mg/L [39]. On the other
hand, for methylcyclohexane (MCHEX; the fully hydrogenated form of
toluene), ECs¢ values of 0.326 mg/L for D. magna and 0.134 mg/L for
R. subcapitata were reported (Table 1) [42]. These values mandate
classifying MCHEX as very toxic to aquatic organisms according to the
GHS (“acute 1"). Based on the lowest ECsq values, the toxicity of the
TOL/MCHEX LOHC system is comparable to that of the 3-MBP and
4-MBP-based LOHC systems (both acute aquatic toxicity category 1),
while the BP- and especially the ACP-based systems are less toxic. In
comparison to the Quinaldine-based system, benzophenone- and
2-MBP-based systems have similar or higher toxicity towards
R. subcapitata and D. magna, as ECsg values of the Quinaldine-based
system range from 2.7 mg/L to 155 mg/L [13,15]. This leads to this
system being classified as category “acute 2" according to the GHS, if the
lowest ECsp is taken into account. In this regard, 3-MBP and
4-MBP-based systems can be considered more toxic than the
Quinaldine-based system. Among the LOHC systems discussed, the order
of toxic potency can be specified as follows based on the lowest ECsg
value of their constituent compounds: TOL =~ 3-MBP, 4-MBP
> Quinaldine ~ BP, 2-MBP > ACP. While oxo-LOHC systems still
require significant technological development, a comparison of their
toxicity with two benchmark systems reveals a clear advantage of low
aquatic toxicity for the ACP-based system. It should be noted that other
aspects (e.g. chronic toxicity, the bioaccumulation potential, mobility in
soils etc.) should be taken into account for a comprehensive environ-
mental hazard assessment [48,49].

3.3. Prediction models and mode of toxic action

The growing number of new chemicals outpaces the chemical risk
assessment, raising concerns for chemical safety [50]. As a consequence,
it is difficult to assess all of the new chemicals with conventional in vivo
methods in a timely manner [51]. In this context, prediction models
offer a promising approach for a preliminary assessment, which provides
insights into the potential hazard of chemicals. In the following sections,
we have employed different prediction models to assess
single-compound toxicity, mixture toxicity, and bioconcentration fac-
tors. Furthermore, we compared these prediction values for aquatic
toxicity with experimental results to evaluate the models’ accuracy.

3.3.1. Baseline toxicity and Toxic Ratio

Among the oxo-LOHC compounds, the hydrophobicity generally
increases as one progresses from the Hy-lean (aromatic) form to the Ho-
rich form (aliphatic) within each system. For neutral organic com-
pounds, the log Kow value is a good indicator of the affinity to lipids and
can be used to estimate the aquatic toxicity as the correlation between
the toxicity and hydrophobicity of such compounds is well established
[52]. The log Kow values for oxo-LOHC compounds in this study range
from 1.58 to 4.68 (Table 1) and, as expected, are lower for the HO-ACP
and H8-ACP (log Kow 1.58 and 2.24) than for the oxo-LOHC compounds
with two rings (log Kow ranging from 2.67 to 4.68). The toxicity based
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on the hydrophobicity-driven partitioning into biological membranes is
the minimum level of toxicity that a compound can exhibit, and is
therefore termed the “baseline toxicity”. Indeed, we found that ECsg
values for oxo-LOHC compounds were inversely correlated with the log
Kow values (Table 1, Fig. 3), which is a prerequisite of baseline toxicity.
In other words, as the log Kow value increases, the ECsg value decreases
and toxicity rises (Fig. 3).

The initial QSAR models applied in screening-level hazard assess-
ment assume that compounds are baseline toxicants and use log Kow (or
log Kyw) to predict toxicity. Excess toxicity is toxicity caused by the
compound under test conditions reacting or interacting with specific
biomolecules (e.g. receptors, enzymes, and DNA) and usually occurs at
lower concentrations. Therefore, using models designed to predict
baseline toxicity for compounds that also exhibit excess toxicity would
result in an underestimation of toxicity. The baseline QSAR models are
therefore helpful to be able to, at least, distinguish if the tested LOHC
compounds are baseline or excess toxicants.

We applied baseline toxicity models for three test species to LOHC
compounds and compared experimental results to model predictions
(Fig. 3, A-C). To classify oxo-LOHC compounds, we adopted the Toxic
Ratio concept (TR; Eq. 5) introduced by Verhaar et al. [52] that serves as
a tool for classifying compounds into baseline (narcotic), or excess
toxicants by employing a baseline toxicity QSAR model:

. . EC. i
Toxic Ratio — 50,baseline

ECSO‘expen'ment (5)

ECs0,baseline denotes the predicted value obtained from a baseline
toxicity QSAR model based on the relationship between log Kow and
ECsp (Fig. 3. A-C), while ECsg experiment is obtained from the laboratory
experiments.

Fig. 3. (D) shows that the TR values for oxo-LOHC compounds fall in
the range of 0.1 ~ 10 indicating that oxo-LOHC compounds can be
considered as baseline toxicants for the three tested aquatic organisms
[53-55]. Likewise, most oxo-LOHC compounds distribute within a range
of one order of magnitude from the respective QSAR (Fig. 3. A-C). As
outliers, HO-3-MBP exhibited a TR value of 29 in the R. subacapitata test,
corresponding to excess toxicity, whereas the TR value for HO—4-MBP in
the R. subcapitata test and HO-ACP in the A. fischeri test are only slightly
above the threshold value of 10. The position of a methyl group seems to
play a role in determining algal toxicity since HO-3-MBP exhibits clear
excess toxicity while other isomers do not. In contrast to the ortho po-
sition, the presence of a methyl group at the meta or, to a lesser extent,
the para position in methylbenzophenones might lead to the excess
toxicity exhibited against R. subcapitata. This could be attributed to the
so-called ‘methyl effect’ observed for some drugs, where the presence of
a methyl group enhances the binding affinity for active sites [56].
Similar significant differences in toxicity, due to changing the position of
the methyl group, were also observed for 1,2-dimethyl-naphthalene and
1,3-dimethyl-naphthalene in the literature [57]. The ECsg of the former
against R. subcapitata is 4.2 mg/L, while the latter has an ECsg of
0.62 mg/L, approximately 7 times lower. Except for two methyl-
benzophenones, the Toxic Ratio of 0xo-LOHC compounds suggests that
their acute toxic effect is mainly driven by the hydrophobicity and does
not induce a specific mode of toxic action to the three tested organisms
[52].

3.3.2. Determination of the log Kyrw and comparison with prediction
models

In the case of baseline toxicity, hydrophobic compounds intercalate
into lipid membranes and disrupt their integrity [58]. In this regard,
lipid-membrane partition coefficients (log Kyw), rather than log Kow
values (derived from a bulk solvent, octanol), can better represent the
interaction of some compounds with the membrane [59] and its
concomitant toxicity. To examine whether this holds true for oxo-LOHC
compounds, we measured their log Kyw using solid supported liquid
membranes (SSLM) composed of phosphatidylcholine (POPC,



Y. Seol et al.

>

log(1/EC;,[M])
N w =Y W (-] ~ -]

0 T T

[y
!

© Baseline (n=85)
© 0x0-LOHCs

(@)

~ o
1 )

o
L

y =0.8948x + 1.2368
R? = 0.8356

Journal of Hazardous Materials 476 (2024) 135102

E' 5 R
2 | e o e aRes® O e
B4 T o Foe T
o | et 00 T T e
w3 ] o 2% o
[=] O .0
T2 O e ;
........ © Baseline (n=61)
1 4 ® 0x0-LOHCs
0 T T T T
1 2 3 4 5

log K,

B
9 -
8 o ]
2d e °
= y=0.8966x +1.4078 .7
S 6 R?=0.7018 O et B
U85 . T 7 o
e 5
ERR I s Sl
FER I X I
£ 2] e L © Baseline (n=73)
...... ® 0x0-LOHCs
1 M
0 : . : : :
1 2 3 4 5 6
log K.,
D
100 .
® A.fischeri Excess Toxicant
¢ R subcapitata o
A D.magna
L2 10- . °
T
14 * « Baseline Toxicant
[3)
S A ® 2 A
|2 1416 4 A o ®
o n A
: 4 o o 5
* * *
Ol"T——T—T T T T T T T T T 1
F RS FEEFEE LS
SECHCHCIHTI NSNS o
R R Ry RN NN ®
oy Q‘QQ‘QQ'&

Fig. 3. Three QSAR models for baseline toxicity: (A) A. fischeri from Ref. [53], (B) R. subcapitata from Ref. [54], and (C) D. magna from Ref. [55]. White diamonds are
known baseline toxicants, while black circles represent oxo-LOHC compounds. Solid line represents the respective QSAR and dotted lines indicate one order of
magnitude from the trend line of baseline toxicants. See Text S2 for the detailed information about QSAR models. (D) Toxic Ratio of oxo-LOHCs in three acute

toxicity tests.

TRANSIL™). The measurement of Ky using SSLM:s is relatively costly
and has its limits (e.g. log Kyw values lower than 1.5 or higher than 5.5
cannot be measured) [60] which did not allow for the experimental
determination of Ky of the HO-ACP/H8-ACP system.

We found that empirical log Kyy values range from 2.88 to 3.91 in a
similar range of log Kow values (Table 1). A somewhat higher difference
between log Kow and log Kyw can be observed for the Hy-rich forms of
the carriers (H14-BP and H14-4-MBP). Nevertheless, log Kow and log
Kyw correlate well for oxo-LOHC compounds (Fig. S6; R? =0.8693).
Such a good agreement of both parameters was previously observed for
neutral organic compounds [61,62]. Thus, log Kow was used as a
parameter for the baseline toxicity in this study. Additionally, we used in
silico models to estimate log Kyw and aimed to assess their general
applicability for oxo-LOHCs. First model was COSMOmic that predicts
partitioning of 0xo-LOHCs into POPC by treating the bilayer structure of
POPC as anisotropic, layered structure. The predicted log Kyw values for
seven compounds (HO-BP, H2-BP, H6-BP, H8-BP, HO0-2-MBP,
HO0-3-MBP, and H0-4-MBP) were found to be in very close agreement
with the experimental values. However, the log Ky values for three
hydrogenated forms (H12-BP, H14-BP, and H14-4-MBP) were over-
predicted by more than one order of magnitude (compared to experi-
mental values; Fig. 4). This overprediction may be attributed to
COSMOmic considering only the direct interactions between surface
fragments of the solute and the lipid membrane, while neglecting their
3D structure and resulting steric effects. Secondly, we used the poly-
parameter linear free energy relationship (pp-LFER) model developed
by Endo and coworkers [61] to predict log Kyw values. The pp-LFER
model is robust and accurate when used to predict log Kyw for
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Fig. 4. Comparison of the predicted and measured values of membrane-water
partition coefficients (log Kyw). Predictions were performed using COSMOmic
at TZVPD-FINE (blue diamond) and pp-LFER (red circle).

various chemical classes - due to the fact that it incorporates descriptors
of polar and nonspecific interactions, i.e. hydrogen bond, polarizability,
and van der Waals interaction. The accuracy of prediction was within
0.08 to 1.17 log units. As with COSMOmic, the predicted values for
hydrogenated forms deviate the most from the experimental values, by
0.73 for H14-BP and 1.17 for H14-4-MBP (Fig. 4). The overpredictions
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by both models may be attributed to the limited number of compounds
with multiple cyclic aliphatic moieties in the training set of the software
[24,30,61,63,64]. However, the reason for this deviation cannot be
clarified with certainty. In general, both models provide reliable esti-
mates for log Kyw of aromatic 0xo-LOHC compounds [30,61]. Detailed
information on the descriptors can be found in Table S7.

3.3.3. Estimated mixture toxicity of the benzophenone-based LOHC system

LOHC systems in practical use are typically mixtures of technical
grade products. As neither the LOHC hydrogenation (to charge the
system) nor the LOHC dehydrogenation (to uncharge) are quantitative
conversion steps, there are usually mixtures of compounds with different
degrees of hydrogenation/dehydrogenation present in an LOHC system.
In addition, small quantities of high or low boiling side products have
been found under laboratory conditions [8]. Diphenylmethane, the
deoxygenated product of benzophenone, and its hydrogenated forms are
also observed in the BP-based carrier system due to some hydro-
deoxygenation activity of the applied catalytic system [8]. Note, that in
some application cases, dehydrogenation is intentionally limited to less
than 100 % or other carriers or even solvents are mixed with the original
0x0-LOHC system in order to keep the carrier system liquid under
storage conditions [65-67].

To start addressing the issue of mixture toxicity, we evaluated mix-
tures of six-LOHC compounds in the HO-BP/H14-BP LOHC system, using
D. magna. Given that these LOHC compounds have been found to be
baseline toxicants in acute tests with D. magna, we used the concentra-
tion addition (CA) model. The CA model is applicable when the com-
ponents of a mixture share “a common site of action” [32], here the cell
membrane. According to the CA model, the effective concentration of
the mixture can be calculated based on the known effective concentra-
tions of the components (tested individually) forming the mixture. We
prepared a mixture of six components of the HO-BP/H14-BP system by
mixing them in quantities proportional to the toxicity of each individual
compound. The experimentally determined ECsy of the mixture was
18.7 (18.4-19.2) mg/L and, thus, was close to the theoretical ECsgy
predicted using the CA model (14.5 mg/L). Fig. 5 shows that below 80 %
immobilization the effect of the mixture was lower than predicted by the
CA model. Beyond 80 %, the experimental results were in close agree-
ment with the CA prediction. The index of prediction quality of the CA
model (IPQcy; Eq. 2) is 0.298, indicating a good agreement between the
CA model and the experimental result as the IPQc, is close to zero. On
the other hand, the IA model underestimates the toxicity of the mixture
as it yields approximately 40 % immobilization at the highest tested
concentration (24.7 mg/L). Thus, the CA model predicts the effect of
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Fig. 5. The concentration-response curve of the mixture toxicity test
(D. magna). The orange line represents the concentration addition (CA) model
and blue dashed line represents the independent action (IA) model. Black cir-
cles represent the experimental results from this study. Error bars represent the
standard deviation.
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mixtures well for our test system (D. magna) and allows an effective
preliminary assessment of LOHC mixtures as long as the individual
compounds are baseline toxicants.

3.3.4. Estimated bioconcentration factors and bioaccumulation potential

Assessing the bioaccumulation potential of a chemical is an impor-
tant aspect of a hazard assessment. Bioaccumulation is the enrichment of
chemicals in organisms, relative to the concentration present in the
surrounding environment. Bioaccumulation potential is most often
assessed using fish bioaccumulation tests and compounds are considered
bioaccumulative if the ratio of concentration in fish, relative to the
exposure medium, is higher than 2000 (log BCF = 3.3) [68]. Given the
constraints of cost and animal welfare, computational models have
gained widespread usage for a preliminary assessment of bio-
accumulation. In this regard, two models were used in this study to es-
timate the bioconcentration factor of oxo-LOHC compounds. One model
developed by Dotzonek et al. (Eq. (6)) [69] is based on a correlation
between empirical log Kyw [61] and the bioconcentration factor (BCF)
[70] for organic compounds. The membrane-water partition coefficient
is a biologically relevant parameter for the estimation of the bio-
accumulation potential of chemicals which interact with biological
membranes rather than storage lipids [61].

log BCF = 0-80 log Kyw — 0-95 )

Secondly, the Arnot-Gobas model was employed. The Arnot-Gobas
model uses uptake (through respiration, dietary ingestion, and dermal
absorption) and elimination (through respiration, faecal egestion, and
metabolic transformation) rates to calculate bioaccumulation factors
[71]. The model requires log Kow as an input parameter and generates
predictions of bioaccumulation factors for three trophic levels of fish
species. In this study, BCF values for the upper trophic level were used
for the analysis because these upper trophic species represent the
worst-case scenario.

The log Kyw-based model proposed by Dotzonek et al. estimated the
BCF of 0x0-LOHC compounds to be in the range of 1.08 to 150, while the
log Kow-based model of Arnot and Gobas yielded BCF values ranging
from 3.93 to 653 (Table 2). These two models show good agreement,
with the largest difference between the two models of 520 (or 0.7 log
units) for H14-4-MBP. Based on the predicted BCF, none of the tested
0x0-LOHC compounds seems to be bioaccumulative in fish — at least
according to the REACH bioaccumulation criterion (BCF > 2000) [68].
According to more stringent GHS criteria (BCF >500 or log Kow > 4.0)
[43], H14-BP and H14-4-MBP could be potentially considered as

Table 2
Bioconcentration factors (BCFs) of oxo-LOHCs obtained using two models.

Compound Dotzonek et al.” Arnot-Gobas”
BCF BCF
HO-BP 35.6 23.9
H2-BP 22.8 18.5
H6-BP 142 155
HS8-BP 52.0 72.9
H12-BP 150 285
H14-BP 117 354
HO0-2-MBP 62.7 195
HO-3-MBP 76.1 198
HO0-4-MBP 96.1 152
H14-4-MBP 133 653
HO-ACP 1.08° 3.93
HS8-ACP 5.58¢ 14.8

? QSAR model from Ref. [69] was developed using the correlation between log
Kmw and log BCF.

b BCFBAF v 3.01 is based on the Arnot-Gobas model [71] - a single parameter
QSAR using log Kow. Estimated log Kow values (KOWWIN v1.68) were used as
input for the model when no experimental values were available.

¢ For HO-ACP and H8-ACP, COSMOmic (TZVPD-FINE)-predicted log Kyw
values were used to derive BCFs.
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bioaccumlative (Table 2). Since both BCF and log Kow values of the two
compounds are estimated values, this assessment should be considered
as preliminary.

3.4. Endocrine activity of oxo-LOHC compounds using yeast-based
reporter gene assays

The effect of oxo-LOHC compounds on endocrine activity was
investigated using four yeast-based reporter gene assays, designed to
detect interactions with the human estrogen receptor alpha (hERa) in
YES and YAES tests, and the human androgen receptor (hAR) in YAS and
YAAS tests. Both agonistic (binding to the receptor and eliciting
response) and antagonistic (blocking the receptor without eliciting
response) effects were investigated. The observed effects were compared
with dose-response curves of respective positive controls (17f-estradiol
(E2), testosterone (T), 4-hydroxytamoxifen (OHT), and flutamide (FLU))
(Fig. S2) and then bioanalytical equivalents were calculated (Fig. 6). The
test concentration, 2 mg/L (ca. 107> M), was selected because benzo-
phenone and its derivatives exhibited estrogen or androgen receptor-
mediated effects at this concentration [20,22,23]. In addition, 4-hydrox-
ybenzophenone (4-OH-BP) was included in Fig. 6 for a comparison at
2 mg/L because 4-OH-BP showed estrogenic and androgenic activity in
the literature [23].

3.4.1. Estrogenic and antiestrogenic activities
The estrogenic (YES assay) and anti-estrogenic (YAES assay) effects
of the 0xo-LOHC compounds tested at 2 mg/L were below the assay’s
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LOQ, while 4-OH-BP showed a low level of positive response in the YES
test, but not in the YAES test (< LOQ) [23]. The structural feature of
17p-estradiol (E2; a sex hormone) known to be responsible for its es-
trogenic potential is the hydroxyl group at the third position of the
A-ring. This hydroxyl group plays a crucial role in hydrogen binding to
the estrogen receptor’s (ER’s) ligand-binding domain [72]. Additionally,
the hydrophobic backbone (containing at least one aromatic ring) and
another hydrogen bond donor (like a hydroxyl group in the D-ring of the
E2) are necessary for binding [72]. Due to possessing such structural
features, the hydroxylated benzophenones exhibited estrogenic activity
in yeast screen assays, presumably by making direct hydrogen bonds
with the ER [22,23,73] as the OH-BP’s hydroxyl group is similarly
positioned to the hydroxyl group of the A-ring of E2 [74]. Hence, it can
be deduced that benzophenone and methylbenzophenones, which lack a
hydroxyl group at position 4 of the phenyl ring, are unable to form a
hydrogen bond with the ER. This observation reaffirms the argument
that the estrogenic potential of benzophenone is eliminated, when the
hydroxyl group on the phenyl ring is missing [75]. The same principles
may be extended to the rest of the oxo-LOHC compounds - a hydroxyl
group in the middle of the structure (H2-BP, H8-BP, H14-BP, and
H14-4-MBP) does not seem to be able to make a hydrogen bond with the
ER. Additionally, the absence of the aromatic ring in aliphatic oxo-LOHC
compounds (H12-BP, H14-BP, and H14-4-MBP) may lead to a lack of
potency as the ER ligand-binding domain requires the presence of an
aromatic ring [72]. Steroids without an aromatic ring have shown weak
binding affinity in previous studies, despite their conformational simi-
larity to E2 [76,77].
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Fig. 6. Endocrine activity of oxo-LOHC compounds shown as bioanalytical equivalents of: 17B-estradiol equivalents (E2-EQ) in YES, 4-hydroxytamoxifen-equivalents
(OHT-EQ) in YAES, testosterone equivalents (T-EQ) in YAS, and flutamide-equivalents (FLU-EQ) in YAAS. Data are shown as mean values from one experiment
(n = 8). Error bars represent standard error of the mean (SEM). The dotted lines indicate the LOQ of each assay. 4-hydroxybenzophenone (4-OH-BP) data were taken

from Carstensen et al. [23].
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3.4.2. Androgenic and antiandrogenic activities

The androgenic and anti-androgenic effects of oxo-LOHCs tested at
2 mg/L were below the assay’s LOQ, while 4-OH-BP exhibited a
response higher than the LOQ in YAS, and YAAS tests [23]. The struc-
tural features of dihydrotestosterone that are important for binding to
the androgen receptor are: the ketone group on the A-ring (3-position)
and the hydroxyl group on the D-ring (17-position) [78]. The positions
of these two functional groups are the same as two hydroxyl groups in
17p-estradiol (E2). Similar to how 4-OH-BP functions as an ER ligand,
4-OH-BP seems to act as an AR ligand by hydrogen bonding with an
arginine or asparagine/threonine residue where testosterone also forms
hydrogen bonds [78]. Although all oxo-LOHC compounds have a ketone
group or hydroxyl group in their structure that could be either a
hydrogen donor or acceptor, their positions do not seem to enable a
close interaction with the hAR. These structural features in oxo-LOHC
compounds might be the reason for the not observable effect in this
study, even though many phenols possessing only one group capable of
hydrogen bonding show low but detectable binding to recombinant AR
[78]. The lack of an effect observed with oxo-LOHC compounds with one
ring (HO-ACP and H8-ACP) is in-line with the result of Carstensen et al.
with two compounds in a mono-ring structure, 4-cresol and benzoate,
that lack androgen activity in yeast screening assays [23]. The result that
HO-ACP and H8-ACP do not bind to the hAR can also be attributed to
their relatively low hydrophobicity - hydrophobic interactions have
been found to be important for the binding of non-steroids (e.g. phenols
and phytoestrogens) to the AR in the log Kow range from 1 to 7 [72,78].
In a mammalian reporter gene assay (hAR), the androgenic effect of
HO-BP was observed at concentrations one order of magnitude higher
than tested here, and a significant anti-androgenic effect was observed
with an 50 % inhibition concentration value of 14 mg/L [79]. Since the
interaction of benzophenones (with both the ER and the AR) is increased
upon hydroxylation, which can occur in the environment as a result of
microbial degradation [23,80] or as the result of enzymatic metabolism
in an organism (e.g. rat hepatocytes) [81], it is still possible that
0x0-LOHCs might demonstrate endocrine activity upon metabolic acti-
vation. Additionally, non-human species may respond differently to
0x0-LOHC compounds due to different sensitivity [82,83]. Therefore,
the results in this study might be an underestimation of the true potency
of 0x0-LOHC compounds and should be regarded as a preliminary
assessment.

4. Conclusions

The assessment of aquatic toxicity shows that most oxo-LOHC com-
pounds exhibit moderate acute toxicity and fall under the “toxic” or
“harmful to aquatic organisms” classification according to the GHS
criteria. Furthermore, the toxic ratio of oxo-LOHC compounds indicates
that their toxicity is nonspecific (baseline toxicity). This is linked to the
mode of action, which is the intercalation of a compound into the
membrane, resulting in impaired membrane integrity. This nonspecific
effect of oxo-LOHC compounds was further supported by the
concentration-additive behavior observed in the mixture toxicity test
with benzophenone and its five hydrogenated forms using D. magna.
Furthermore, yeast screening assays showed no estrogen and androgen
receptor-mediated effects, supporting the nonspecific mode of toxic
action. However, there is a possibility that hydroxylation of the LOHC,
due to microbial or metabolic degradation, might increase the estro-
genic or androgenic activity as has been observed in the case of
benzophenone-based UV-filter [23,80]. Lastly, a low bio-
concentration/bioaccumulation potential for oxo-LOHC compounds was
estimated using partitioning coefficients as parameters in each model.

On the basis of aquatic toxicity tests and yeast screening assays,
structure-activity relationships can be derived. First, across the three
tested organisms, the hydrophobicity of a compound appears to be the
main driver of aquatic toxicity rather than a certain structural element.
Exceptions are HO-3-MBP and HO0-4-MBP that showed ECso values
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below 1 mg/L in algae toxicity test and TR values above 10. This may
suggest that methyl substitution on the aromatic ring may cause excess
toxicity, likely depending on the position of the methyl group, as H0-2-
MBP showed comparable toxicity to HO-BP. Further research is war-
ranted to elucidate the influence of methyl group position and the spe-
cific mode of action. Secondly, the position of hydroxyl groups on the
chemical structure appears to determine estrogenic or androgenic ac-
tivity. As reported in the literature, the hydroxyl group on position 3 or 4
of the ring can interact with ER and AR receptor [23,74,75], whereas a
hydroxyl group positioned in the center of two-ring structures, as found
in oxo-LOHC compounds, appears to be unable to make a close inter-
action. Overall, the HO-ACP/H8-ACP LOHC system is the most envi-
ronmentally favorable among the oxo-LOHC systems investigated
because of its low aquatic toxicity.

The research findings of this study, which indicate moderate eco-
toxicity and low bioaccumulation potential for the tested oxo-LOHC
compounds, combined with their favorable technological characteris-
tics make them highly promising candidates for future hydrogen storage
and transportation applications. Further research should investigate the
behaviour of 0xo-LOHCs in the environment including their mobility
and especially their biodegradability, which is an important factor that
influences the likelihood of other hazards occurring. In the case that the
persistence of oxo-LOHC compounds is found to be considerable, it is
also necessary to assess the potential for chronic toxicity. Lastly, it would
be beneficial to consider the side products being formed during the (de)
hydrogenation process, such as diphenylmethane in the BP-based system
[8]. A comprehensive environmental hazard assessment will ensure that
we are well prepared to address all issues related to the newly imple-
mented and highly anticipated LOHC systems. It will enable us to be
confident that we have truly found a “clean technology” with which to
power the future.

Environmental implications

The potential widespread use of LOHC systems as a replacement for
fossil fuels comes with the concern, that large quantities of organic
compounds may reach the environment in the event of an accident. To
address this concern, this study provides data on aquatic toxicity, bio-
accumulation potential, and human estrogen/androgen activity for
three oxo-LOHC systems. This study contributes to our understanding of
the environmental impact of oxo-LOHC systems, supports LOHC de-
velopers and regulatory agencies in making informed decisions
regarding the safe implementation of oxo-LOHC systems, and facilitates
the choice of the most suitable LOHC system from growing portfolio of
potential carriers.
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