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ABSTRACT: In plants, sinapate esters offer crucial protection
from the deleterious effects of ultraviolet radiation exposure.
These esters are a promising foundation for designing new sun-
screen filters, particularly for the UVA (400 — 315 nm), where
adequate photoprotection is currently lacking. Whilst sinapate
esters are highly photostable due to a cis-trans (and vice versa)
photoisomerization, the cis-isomer can display increased
genotoxicity; an alarming concern for current cinnamate ester-
based human sunscreens. To eliminate this potentiality, we have
synthesised a sinapate ester with equivalent cis- and trans-
isomers. We investigate its photostability through innovative
ultrafast spectroscopy on a skin mimic, thus modelling the as-
close-to true environment of sunscreen formulas. These studies
are complemented by assessing endocrine disruption activity and
antioxidant potential. We contest, from our results, that sym-
metrically functionalized sinapate esters may show exceptional
promise as nature-inspired sunscreen filters in next generation
sunscreen formulations.

Naturally occurring sinapate esters’ have shown promise as
starting points for a new generation of sunscreen filters,
offering exemplary photoprotection. They exhibit high levels
of photostability under ultraviolet (UV) exposure, due to an
efficient trans-cis and cis-trans photoisomerization resulting
in a photoequilibrium between these isomers, this process is
shown in Fig. 1; starting from the trans-isomer of a sinapate
ester as an example. More specifically, this photoisomeriza-
tion after UV exposure, consists of three dynamical processes.
After the initial absorption of UV radiation, the sinapate es-
ters undergo a geometry relaxation. The geometry relaxation
is then followed by the photoisomerization, which forms
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Fig. 1. The geometric structures of DES and ES, along with a
schematic illustrating the dynamical processes involved in the

photoisomerization of ES.

either the cis- or trans-isomer, and is mediated by a conical
intersection between the excited state and ground electronic
states.”*** During this relaxation, the excess electronic en-
ergy is converted into vibrational energy, leading to the iso-
mers being formed vibrationally hot. This vibrational energy is
eventually lost to the surrounding solvent bath.®’

Not only do these sinapate esters display high UV photosta-
bility, they also demonstrate potent antioxidant capabilities.?
However, they are not without their issues: Firstly, their ab-
sorption does not completely span the UVA region (400 — 315
nm), thus lacking optimum UVA photoprotection. Secondly,
their UVA A, is close to the UVB (315 — 280 nm), of which
there are already a plethora of effective UVB filters. Thirdly,
the two isomers have differing absorption profiles, with the
cis-isomer having the weaker absorption.”> Fourthly, the
genotoxicity of the cis-isomer has been shown to be signifi-
cantly higher in a related cinnamate.'® Lastly, concern has
been raised over several other sunscreen filters being endo-
crine disruptors,**™ adding further considerations before
any sinapate derivative can be included in a sunscreen formu-
lation.

An intuitive solution to the issues introduced by the cis- and
trans-isomer conundrum is to add identical ester moieties
across the acrylic double bond, leading to indistinguishable
trans- and cis-isomers. Concurrently, this serves to increase m-
system conjugation and thus red-shift the A, (see Supple-
mentary Fig. S1 for UV/visible spectra). To this end, we have
synthesized diethyl 2-(4-hydroxy-3,5-
dimethoxybenzylidene)malonate (diethyl sinapate) abbrevi-
ated DES hereon. DES is based on ethyl sinapate (ES) which
has been previously studied by the Stavros group.* Structures
of DES and ES are shown in Fig. 1.

However, while this spectral shift (to lower energy) in ab-
sorbance is a positive attribute towards DES being employed
as a UVA filter, this alone does not indicate whether DES
maintains the desired properties (vide supra) that may facili-
tate sinapate esters being promising sunscreen filters. There-
fore, we have utilized a combination of femtosecond tran-
sient electronic (UV/visible) absorption spectroscopy (TEAS)
and steady-state spectroscopy to investigate the photostabil-
ity of DES. The combination of time-resolved and steady-state
spectroscopies, enables one to link the ultrafast with the
ultraslow dynamics, providing unprecedented insight into
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Fig. 2. TAS of DES in a) VC/AB and c) AB, both excited at 335 nm, shown as a false colourmap, with the intensity scale representing
change in optical density (AOD). Note the x-scale is plotted linearly from -0.5 to 10 ps then as a log scale from 10 to 100 ps. Specific wave-
length slices taken from the TAS of DES in b) VC/AB and d) AB, which have been globally fitted with a series of exponentials (k,, 1 < n < 4);

the fits are shown by the solid line.

how photophysical processes involved at the very early stages
of the photon-molecule interaction, influence the longer-
term photostability.”***”** TEAS measurements were taken
of DES blended with a commercial sunscreen emollient, C12-
15 alkyl-benzoate (AB) deposited on a synthetic skin mimic,
VITRO-CORNEUM® (VC). The dynamical measurements taken
using this innovative approach, makes the data accrued di-
rectly valid to real-world applications of sunscreen formulas.

While the present studies focus primarily on the spectros-
copy of DES, we have not only developed two greener syn-
thetic procedures to access DES but also carried out endo-
crine disruption measurements of DES for the alpha oestro-
gen receptor (ERa) and the xenobiotic receptor (PXR) as well
as determining the antioxidant potential of DES using a 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay. The combined results
enable us to propose whether DES shows promise as a poten-
tially new generation, nature-inspired sunscreening agent.

Results

Synthesis of DES. DES can be readily obtained through the
Knoevenagel condensation of syringaldehyde and diethyl
malonate. All the synthetic procedures that have been re-
ported in the literature for such a condensation are not only
quite hazardous, as they use toxic reagents/solvents such as
piperidine and benzene, but they also require energy con-
suming-conventional heating. As we dedicate ourselves to the
development of sustainable chemical pathways, our first goal
was to design a greener synthesis of DES. By using micro-
wave-heating instead of conventional heating, we were able
to reduce energy consumption, eliminate benzene while
reducing the reaction time from 7.5 hours to 30 minutes.
Although this procedure brought significant improvements, it
still required piperidine and column chromatography; more-
over, one could also question the relevancy of microwaves at
the industrial scale. A proline-mediated Knoevenagel-
Doebner condensation in ethanol under conventional heating
recently developed in our group was successfully imple-
mented to the synthesis of DES at the multigram scale, thus
allowing to fully replace piperidine. Finally, whatever the



synthetic procedure used (i.e., microwave-assisted or proline-
mediated condensation), we also succeeded in replacing
column chromatography purification by a simple precipita-
tion.

Transient absorption spectroscopy. The transient absorp-
tion spectra (TAS) of DES in AB (10 mM) after being applied to
the surface of VC (termed DES VC/AB hereon) and allowed to
absorb into the substrate, are shown as a false colormap in
Fig. 2a. Comparison TAS of DES in AB (1 mM) are also shown
in Fig. 2c. We note the difference in initial DES concentration:
this is due to the dilution of the sample as it absorbs into VC,
meaning we are unable to accurately determine the concen-
tration of DES in VC. That being said, due to the signal
strength in the TAS (in comparison to the TAS for DES AB), we
modestly estimate ~1.5 mM. Additional TAS were collected of
DES in ethanol, cyclohexane and water (see Supplementary
Fig. S2) to provide a range of solvent environments as com-
parisons. Saturated solutions (<1 mM) of DES in cyclohexane
and water were used, while in ethanol a concentration of 1
mM was used. All samples were photoexcited at their UVA
Amax: VC/AB = 335 nm; AB = 335 nm; ethanol = 336 nm; cyclo-
hexane = 325 nm; and water = 331 nm, (see Supplementary
Fig. S1 for UV/visible spectra).

The excited state dynamics can be globally summarised by
Fig. 1, with differences highlighted in the proceeding text
where appropriate. After initial excitation, likely to a ‘mrt*
state akin to what has been seen in ES,* the TAS of DES VC/AB
and DES AB consists of a single excited state absorption which
rapidly disappears within a pump-probe time-delay (At) of
<100 fs (not apparent in Fig. 2, see Supplementary Fig. S3) as
the excited population on the 'mn* state evolves from the
initially prepared Franck-Condon region. This has been previ-
ously assigned to a combination of geometry relaxation (in-
tramolecular vibrational redistribution) and solvent rear-
rangement,’®"” and we conjecture a similar mechanism is in
operation here. The geometry relaxation reveals three dis-
tinct spectral features that consist of: (i) a ground state
bleach (~350 nm) corresponding to where the DES electronic
ground state absorbs; (ii) a strong excited state absorption
(~380 nm) and a second weaker excited state absorption
(~*540 nm); and (iii) a stimulated emission (~470 nm,). We
note for DES VC/AB that this feature is very weak (<0.2
mAOD) and have elected to not include this feature in our
global fitting (see below). (i)-(iii) are in accordance with what
has been observed from 'rmt* state-driven dynamics for ES.*

As the TAS evolve in time, the excited state absorption and
stimulated emission have decayed by At = ~4 ps. Thereafter a
small absorption at ~380 nm and the ground state bleach

Table 1. Rate-constants (k,) resulting from the fitting of se-
lected wavelength transients of the TAS of DES in VC/AB, and
AB. The errors are quoted to 2c.

Keeo / 5™ Kio / 5™ kee/S"  Kean/S"

(x10™) (x10™) (x10™) (x10™)
VC/AB| 2+16 1.2+01 2.0+02 04+0.2
AB 17+1.1 19+02 36+01 1402

features remain. The decay of the excited state absorption
and stimulated emission is attributed to repopulation of the
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Fig. 3. UV/visible spectra of DES in AB, at varying durations of
irradiation at 335 nm and replicating solar intensity.

electronic ground state from the 'mnt* state, likely mediated
by a photoisomerization pathway.® This photoisomerization
pathway leads to the electronic ground state being vibration-
ally populated. Therefore, we attribute the small absorption
peak at ~380 nm to the absorption from this vibrationally hot
electronic ground state. As this state ‘cools’ to the solvent
bath, the peak at ~380 nm decays completely. However, the
corresponding ground state bleach remains. Crucially, this has
not been previously seen in ES or any related sinapate or
cinnamate in the condensed phase.”*>”*>*® The ground state
bleach eventually recovers, suggesting that the population of
a “dark” state acts (in competition with other pathways) as an
intermediary electronic excited state en route to electronic
ground state repopulation. We discuss this in more detail
below.

From the TAS presented (see Fig 2) three distinct and sepa-
rate features were chosen to model the kinetics (photody-
namical processes) of DES; in VC/AB and AB. The three fea-
tures chosen were the ground state bleach (~¥350 nm), the
large excited state absorption (380 nm) and the weak ex-
cited state absorption (~540 nm). These spectral features (S)
were simultaneously (globally) fit using the following equa-
tion:

S(A) = Z g(A8) * (Coexp(—At k)

Here, g(At) is our Gaussian instrument response function
(~80 fs) and k, is the rate constant for the geometry relaxa-
tion (kgeo; N = 1), photoisomerization (kis,; n = 2), vibrational
cooling (k,; n = 3) and the decay of the “dark” state (Kqani; N =
4). C, are the amplitudes of each exponential component and
only these were allowed to vary during the global fit. Fur-
thermore, only the ground state bleach is affected by all four
dynamical process. Therefore, C, is fixed to zero for the
strong and weak excited state absorption as these are not
affected by the “dark” state. In addition, C; is also set to zero
for the weak excited state absorption. The value for each
rate-constant attained is shown in Table 1.
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Fig. 4. Endocrine disruption activity of DES for ERa (circle) as
either an agonist (red) or antagonist (blue) and for PXR
(square) as either an agonist (green) or antagonist (orange).

Steady-state spectroscopy. To complement the time-
resolved measurements, steady-state irradiation measure-
ments were carried out, to determine the long-term photo-
stability of DES. UV/visible spectra were taken at various
time-intervals during the irradiation of the sample at its UVA
Amax at solar intensity (0.2 mWem™). The resulting UV/visible
spectra of DES in AB are shown in Fig. 3. It is clear from these
spectra that over a period of two hours, DES only experiences
a minor reduction in its absorbance, 3.3%, while for the UVA
Amax Of ethanol, water and cyclohexane a drop of 3.1%, 2.4%
and 1.6%, respectively, was observed (see Supplementary Fig.
S4 for additional spectra). Hampered by scattering issues
within the spectrometer, we were unable to perform these
measurements for DES VC/AB. For comparison, trans-ES in
cyclohexane experiences a 16% loss in absorbance over a
period of 45 minutes, a consequence of establishing a photo-
equilibrium between the two (trans and cis) structural iso-
mers.*

Endocrine disruption potential of DES. Endocrine disrup-
tion activity of DES was assayed on two types of receptors.
The first receptor selected was the ERa receptor, which is a
member of the nuclear hormone receptors family, whose
activity is regulated by the steroid and oestrogen sex hor-
mone 17B-estradiol (E2). The second receptor is the PXR
receptor, a member of the steroid and xenobiotic sensing
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Fig. 5. Antiradical activity determination via DPPH assay, the

ECs, is provided by the crossing point of % DPPH (blue) and %

reduced DPPH) (green), which occurs at 32.7 nmol.

nuclear receptors family, with a known agonist being SR
12813. Endocrine disruption assays, shown in Fig. 4, demon-
strate that DES is neither an agonist nor antagonist ligand for
either ERa or PXR.

Antioxidant potential of DES. While the photostability of
sinapates is a major interest for use as sunscreen filters, their
potent antioxidant capabilities are an added benefit. There-
fore, to determine if DES also exhibits antioxidant potential, a
DPPH assay was carried out. This method determines the H-
donor capacity of the antioxidant to quench the stable DPPH
free radical, as previously reported.® In this study, the
ECs, value (lower is better) corresponds to the amount of
antioxidant, needed to reduce half of the initial population of
DPPH radicals. The lower the ECs, value, the higher the anti-
oxidant potential. DES's ECs, value was determined as being
32.7 nmol, as highlighted in Fig. 5. For ease of comparison
with other studies we have converted this value to a ratio,
quoted as [antioxidant]/[DPPH]; this gives a value of 0.86 for
DES, we will discuss this value with regards to widely used
commercially available antioxidants.

DPPH studies:

Irganox
1010 Trolox BHT BHA ES DES
ECsq (nmol) 6.89 4.02 7.11 3.67 13.7 32.7
[antioxidant]/[DPPH] 0.18 0.11 0.19 0.10 0.36 0.86

Discussion

The spectroscopic measurements, both time-resolved and
steady-state, have demonstrated that the addition of the
second ester moiety has not impeded the high UV photosta-
bility that the sinapate backbone possesses.* This is high-
lighted by the minimal drop (£3.3%) in the absorbance of DES
after 2 hours of UV irradiation, at solar intensities.

Interestingly however, an additional ground state recovery
pathway is observed in the TEAS measurements of DES. This
process appears as an extended recovery in the ground state
bleach in the TAS (vide supra, Fig. 2b and d), with no other
spectral features associated with it. Their absence is either
due to their spectral features being outside of the TEAS spec-
tral probe window, or weak absorption from this state to
higher lying electronic states within the probe window. We
believe that this is most likely an nm* state, another elec-
tronic excited state that has previously been implicated to
play a role in the photodynamics of cinnamates.>?%%
Whether the population of this excited state happens con-
comitantly with the photoisomerization back to the electronic
ground state or is due to a bifurcation of the excited state
population after initial excitation is unknown.

Furthermore, there is an apparent viscosity dependence on
the decay of this “dark” state, which is best highlighted by the
difference in kg, between DES in AB (n = 38) and ethanol (n =
1.19)* where kg, is 4 times quicker in ethanol. Interestingly
kiso is not affected by solvent viscosity (see Supplementary
Information for kg, and ki, for DES in ethanol). In a previous




study on sinapate esters, the rate of photoisomerization has
been shown to be impacted by the viscosity,? attributed to
the large amplitude nuclear motion that occurs during the
photoisomerization. The absence of a viscosity effect on ki,
does not rule out photoisomerization, however, as related
cinnamates, that undergo photoisomerization, also show no
viscosity dependence due to the in plane motion during the
isomerization.™®" Yet, the dependence for kg, does suggest
that the relaxation pathway of this “dark” state involves sig-
nificant nuclear motion, whether this is also a photoisomeri-
zation or some other nuclear motion is unclear. We also note
that DES in VC/AB also impacts kg, to a greater extent than
in AB; this serves to highlight the importance of using a more
realistic model for these measurements. Ultimately, while
this additional decay pathway is present, it does not appear
to impact the long-term photostability of DES. Characterisa-
tion of this state and how it is populated will inevitably bene-
fit from high level theoretical and (supplementary) experi-
mental work, the latter utilizing different probe techniques,
to elucidate how the excited state population evolves in DES.
This, however, is beyond the scope of the current work.

Another consideration in whether DES shows promise as a
next generation sunscreening agent is if it is an endocrine
disruptor which has previously caused controversies for cur-
rent UV filters."**>* Due to these controversies and the gen-
eral concern over endocrine disrupting chemicals, it is be-
coming a significant factor in the design of new sunscreening
agents. Fortunately, in the case of DES the endocrine disrup-
tion measurements showed no adverse effects to the ERa or
PXR receptors.

Whilst the intrinsic UV photostability of the sinapates is a
draw for them as sunscreen filters, their potent antioxidant
potential is an additional benefit. Whilst the DPPH assays
demonstrate that DES can act as an antioxidant, its activity
(0.86) is lower than ES (0.36),% Irganox1010 (0.18), Trolox
(0.11), BHT (0.19), BHA (0.10) and a-tocopherol (0.21),** the
latter being an antioxidant used in commercial sunscreen
formulations. a-tocopherol is only included in sunscreening
formulas in small quantities compared to sunscreen filters.
Therefore, while the antioxidant potential of DES is lower, its
concentration will be significantly greater. Coupled to its low
endocrine disruption activity, this provides undeniably evi-
dence that DES shows promise as a candidate ingredient for
the next generation sunscreen filter with dual (vide supra)
functionality.

Amidst growing concerns of increasing exposure of society
to solar radiation, the results presented herein demonstrate
the promising new potential of sinapate ester sunscreens for
commercial use in sunscreen formulations. The symmetric
functionalisation across the acrylic double bond ensures that
the cis- and trans-isomers are equivalent, negating concerns
over genotoxicity of isomeric photoproducts. Concurrently,
the absorption has been spectrally shifted into the UVA re-
gion, where there is a growing need for sunscreen filters.
Moreover, the photodynamics measured for DES in an emol-
lient used in commercial sunscreen formulas are consistent
when also deposited on a synthetic skin mimic. This provides
confidence of the photoprotection potential of DES in a real-
world setting. Our work provides a blueprint for further modi-

fications to the ester group functionality to potentially add
additional beneficial properties (e.g. enhanced antioxidant
potential), especially given the modest impact on the photo-
chemistry when changing the ester group functionality.2'3’4’7
This ability for customization has broad implications for not
only human photoprotection, but for materials under con-
stant UV exposure such as plastics and resins. Finally, DES
displays no endocrine disruption activity, which is a significant
requirement in next generation sunscreens filters given ever-
growing concerns over current sunscreen filters on both
human health and aquatic life.""*>*>*

Methods
Synthesis.

DES was synthesized in one step using either a micro-wave-
assisted or a proline-mediated Knoevenagel condensation
between lignin-derived syringaldehyde and diethyl malonate
(Scheme 1).%

Procedure 1:

Syringaldehyde (4 mmol, 728 mg) and diethylmalonate (13
mmol, 2 mL) were mixed together. Piperidine (2 mmol, 200
uL) was then added to the reaction mixture, the tube sealed
and placed into a Monowave 400 microwave system. Con-
stant power (50 W) was applied until reaching a temperature
of 100 °C which was then maintained for 30 additional
minutes. The reaction mixture was directly purified by flash
chromatography (Cyclohexane/Ethyl acetate 8/2). Fraction
containing the wanted product was evaporated under vacu-
um to afford pure DES (1.1 g, 85%).

Procedure 2:

Syringaldehyde (4 mmol, 728 mg) and diethylmalonate (13
mmol, 2 mL) were mixed together. Piperidine (2 mmol, 200
pL) was then added to the reaction mixture, the tube sealed
and placed into a Monowave 400. Constant power (50 W)
was applied until reaching a temperature of 100 °C which was
then maintained for 30 additional minutes. The reaction
mixture was cooled down to room temperature and added
dropwise to a 1N HCl aqueous solution (50 mL) at 0 °C. The
resulting precipitate was filtered and washed with cold water
to afford pure DES (1.05 g, 80%).

Procedure 3:

Syringaldehyde (4 mmol, 728 mg) and diethylmalonate (13
mmol, 2 mL) were mixed together. Proline (2 mmol, 235 mg)
was then added and the reaction mixture was refluxed over-
night. The reaction mixture was cooled down to room tem-
perature and added dropwise to a 1N HCl aqueous solution
(50 mL) at 0 °C. The resulting precipitate was filtered and
washed with cold water to afford pure DES (1.04 g, 80%).

CO,Et
CHO
Z “CO,Et
+ EtO,C_COEt — 5
MeO OMe
OH MeO OMe
OH

Scheme 1. DES synthesis through Knoevenagel condensation.

Spectroscopy.



The TEAS setup used to observe the photochemistry of
DES has been described in detail previously,?®*?” however,
information specific to the present experiments is pro-
vided herein. Samples of DES were made to a concentra-
tion of 1 mM in C12-15 alkyl benzoate (Lubrizol), ethanol
(absolute, VWR), Water (deionized) and cyclohexane
(99.99%, VWR). For DES on VITRO-CORNEUM® (IMS Inc.)
a DES sample at a concentration of 10 mM in C12-15
alkyl benzoate was applied to VITRO-CORNEUM®. The fs
pump pulses were generated by an optical parametric
amplifier (TOPAS-C, Spectra-Physics) with a fluence of
200 — 800 p-cm™. The probe pulse was a broadband
white light supercontinuum generated in a vertically
translated CaF, window, providing a probe spectral win-
dow of 345 — 735 nm. The pump-probe time delay (At)
was varied by adjusting the optical delay of the probe
pulse, the maximum obtainable At was 2 nanoseconds
(ns). Changes in the optical density (AOD) of the samples
were calculated from transmitted probe intensities, col-
lected using a spectrometer (Avantes, AvaSpec-
ULS1650F). The sample delivery system was a flow-
through cell (Demountable Liquid Cell by Harrick Scien-
tific Products Inc.) consisting of two CaF, windows; the
windows where spaced 100 um apart. The sample was
circulated using a diaphragm pump (SIMDOS, KNF) and
replenished from a 25 mL reservoir to provide each
pulse-pair with fresh sample. For VC/AB the sample
thickness was measured to be 120 um and was mounted
on the front of a CaF, window.

Steady-state UV/vis absorption spectra of DES in AB,
ethanol, water and cyclohexane, were using a UV/vis
spectrometer (Cary 60, Agilent Technologies). The sam-
ples were irradiated with an arc lamp (Fluorolog 3, Ho-
riba) for 2 hours, with the UV/vis spectra taken at various
time points, at the corresponding TEAS excitation wave-
length, using an 8 nm bandwidth of the irradiation
source. The fluence was set to 100 — 200 w-cm? to
mimic solar incidence conditions.

Endocrine disruption measurements.

Cell culture material was from Life Technologies (Cergy-
Pontoise, France) except the 96-well Cell star plates, which
were from Greiner Labortechnic (Poitiers, France). Luciferin
(sodium salt) and geneticin were purchased from Promega
(Charbonniéres, France). R1881 was from NEN Life Science
Products (Paris, France). Estradiol, SR12813, hygromycin and
puromycin were purchased from Sigma Aldrich (Saint-
Quentin Fallavier, France). Stocks solutions were made in
dimethyl sulfoxide (DMSO) at 10 mM and dilutions from this
stock solution were prepared in a culture medium.

HELN and HELN hERa. cells were already described.”® Briefly,
Hela cells were stably transfected with the ERE-BGlobin-
Luciferase-SVNeomycin plasmid, with or without the pSG5-
hERa-puromycin plasmid leading to the HELN and HELN
hERa-cell lines. HG5LN and HG5LN PXR cells were already
described.” The Hela cells were stably transfected with the
GAL4RE;:-BGlobin-Luciferase-SVNeomycin plasmid, with or
without the pSG5-GAL4(DBD)-hPXR(LBD)-puromycin plasmid
leading to the HG5LN and HG5LN-hPXR cell lines.

Cells were cultured at 37 °C under humidified 5% CO, at-
mosphere. HG5LN, HG5LN PXR and HELN cells were cultured
in red phenol (DMEM)-F12 medium (Thermofisher, Villebon
sur Yvette, France) supplemented with 1% penicil-
lin/streptomycin and 5% fetal calf serum (FCS). HELN hERa
cells were cultured in DMEM-F12 without red phenol sup-
plemented with penicillin/streptomycin (1%) and dextran-
coated charcoal-treated fetal calf serum (DCC-FCS) (5%) (Test
medium)

Cells were seeded in 96-well white opaque flat bottom
plates at 25,000 cells per well in 150 pL of test medium. DES
(four replicates per plate) was added 24h later using auto-
mated workstation (Biomek 3000, Beckman Coulter,
Villepinte, Paris) and cells were incubated at 37 °C for 16h.
Then, the medium was removed and 50 plL of test medium
containing luciferin at 0.3 mM was added per well. After 5
min, the production of light was measured in living cells using
microplate luminometer (MicroBeta, PerkinElmer SAS,
Courtaboeuf, France).

Agonistic activities of HELN hERa and HG5LN hPXR cells
were tested in the presence of increasing concentrations
(10nM-10uM) of DES. Results were expressed as a percent-
age of maximal luciferase activity. Maximal luciferase activity
(100%) was obtained in the presence of 10 nM E2 for ERq,
and 3 puM SR12813 for PXR. Antagonistic assays were per-
formed using a concentration of agonist yielding approxi-
mately 60-85% of maximal luciferase activity. The antagonis-
tic activity of DES tested at (10 nM — 10 uM) was determined
by co-incubation with the agonist E2 at 0.1nM for ERa, and
the agonist SR12813 at 100 nM for PXR.

DES was also tested for non-specific modulation of lucifer-
ase expression on the HELN and HG5LN cell line, which are
devoid of hERa and hPXR. DES showed non-specific induction
of luciferase expression at 10 uM.

Antioxidant measurements.

190 pL of homogeneous DPPH solution (200 uM) in ethanol
was added to a well containing 10 uL of the potential anti-
radical molecule solution in ethanol at different concentra-
tions (from 400 uM to 12.5 uM). The reaction was followed
by a microplate Multiskan FC, performing 1 scan every 5 min
for 7.5 h at 515 nm. The use of different amounts of DES give
the ECso value, which is describe as the efficient concentra-
tion needed to reduce the initial population of DPPH by half.

This procedure has been applied to commercially available
antioxidants to provide not only positive controls but also
benchmark values: Irganox1010 antioxidant used in polymers,
Trolox antioxidant used in the pharmaceutical industry, BHT
and BHA antioxidants used in the cosmetic and food/feed
industries.

Supporting Information

UV/visible absorption spectra, additional transient absorption
spectroscopy measurements, Synthesis of DES.
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