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Abstract

The UV-visible photodegradation of Naproxen (6-methoxy-o-methyl-2-naphthaleneacetic acid, CAS: 22204-53-1), one of the
most used and detected non-steroidal anti-inflammatory drugs (NSAIDs) in the world, and its ecotoxicological consequen-
ces were investigated in an aqueous medium. The photo-transformation products were analyzed and the structures of
photoproducts were elucidated using gas chromatography coupled with tandem mass spectrometry (GC-MS/MS) and high-
performance liquid chromatography coupled with ultrahigh-resolution Fourier transform ion cyclotron resonance mass
spectrometry (LC-FTICR-MS). Seven photoproducts were detected and characterized, photo-transformation mechanisms
have been postulated to rationalize their formation under irradiation. In silico Q.S.A.R. (Quantitative Structure-Activity
Relationship) toxicity predictions were performed with the Toxicity Estimation Software Tool (T.E.S.T.) and in vitro assays
were carried out on Vibrio fischeri bacteria. Some of the obtained photoproducts exhibit higher potential toxicity than

Naproxen itself but the whole toxicity of the irradiated solution is not of major concern.
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Introduction

As the human body does not break them down entire-
ly, pharmaceuticals and their metabolites represent a
significant source of environmental contamination
and their ever-increasing consumption is a major
issue for the environment and human safety. The
volume of medicines used globally will reach 4.5 tril-
lion doses by the end of 2020 on a 1.4 trillion dollar
market.! Frequent use and active consumption of
pharmaceuticals led to increased levels of drug-
related residues in the environment. More than 600
active pharmaceutical ingredients (APIs) or their
metabolites and photo-degradation products have
been identified, mainly in surface water and wastewa-
ter, but also in groundwater, soil, and other environ-
mental  matrices.” High  concentrations  of
pharmaceutical products reach wastewater treatment
plants (WWTP), mainly through human urinary,
fecal excretion, and industrial discharges, and a con-
siderable variety of drugs is not mineralized by con-
ventional treatment processes. It is now turned out
that hospital effluents are also significant sources of
aquatic environmental pollution.® Consequently,
more and more research is devoted to design specific

pilot plants suitable for the degradation of biocides
and drugs in hospital effluents, aiming at reducing the
pharmaceutical burden of wastewater treatment
plants and the associated risk.

In the past vyears, different prioritization
approaches, based on consumption data, experimen-
tal toxicological and physicochemical data, and
in silico predictions, were carried out to screen and
identify the most environmentally hazardous pharma-
ceuticals. A recent study using a QSAR (Quantitative
Structure-Activity Relationship) approach has shown
that pharmaceutical products constitute a new gener-
ation of contaminants of emerging concern that can
affect wildlife and the ecosystem even at low concen-
trations.* The majority (83%) of the drugs screened
were predicted to be non-PBT (Persistent,
Bioaccumulative, Toxic) and therefore, may not be
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considered dangerous for the ecosystem. 35 drugs
have been identified as potential PBTs, for which an
experimental evaluation will have to be made to con-
firm the expected PBT behavior.>¢

Contrary to chronic toxicity, the acute toxicity of
nonsteroidal anti-inflammatory drugs (NSAIDs) has
not been widely studied, except in the case of pro-
pranolol, which shows high acute toxicity. 17% of
the medicines exhibited human LC50 values lower
than 100 mg/L, which according to EU Directive 93/
67/EEC” correspond to acute toxicity, 38% exhibited
LC50 values above 100 mg/L and were thus classified
as not harmful to aquatic organisms. The remaining
45% showed a considerable variability of acute tox-
icity values depending on the way they were evaluat-
ed. In the case of Naproxen, the provided EC50
values fall in a range as wide as 10-1000 mg/L.%*

According to statistics conducted in 2017 on clin-
ical drugs, Naproxen was the 71st most prescribed
medication in the United States, with more than
eleven million prescriptions. It belongs to the priority
list of substances defined by the Global Water
Research Coalition (GWRC, 2008);' it is also on
the list of contaminants of emerging concern com-
piled by the NORMAN network, specialized in mon-
itoring and biomonitoring of emerging environmental
substances.!! Naproxen is one of the most commonly
detected pharmaceutical compounds in the environ-
ment, with concentrations in surface waters up to
32ug/L.° It is mainly excreted in urine (95% of the
quantity ingested) and is not effectively removed by
current wastewater treatments. A Naproxen concen-
tration of 6pg/L has been reported in raw urban
wastewater and effluent from a system of activated
sludge, a common treatment adopted for urban
wastewaters prior to final discharge into surface
water bodies.'” In another study conducted on raw
urban wastewater and effluent from an activated
sludge system, Ibuprofen was detected at the highest
concentration (373 pg/L), followed by Naproxen
(53 ug/L). No significant reduction was found for
Ibuprofen and Naproxen in the pre-treatment and
sedimentation step; because of their acidic structures
and their very low solid-liquid partition Kd coeffi-
cients, both molecules undergo very poor sorption
onto sludge and mainly remain in the aqueous
phase.'?

It has been demonstrated that Naproxen, by itself
or through its metabolites, can affect organisms that
inhabit ecosystems and one of the most important
aspects of studies on the degradation of pollutants
is the toxicity of degradation products, which in
some cases can be higher than that of the parent mol-
ecule.'® The main objective of the present work was to
characterize the photoproducts generated from direct
photolysis of Naproxen, based on GC-MS and LC-
MS investigations. Ultra-high-resolution measure-
ments permitted direct assignment of exact formulae

while tandem experiments allowed structural elucida-
tion for the major part of photoproducts. The second
aim of this work was to estimate the potential toxicity
of the photoproducts using both in silico (QSAR cal-
culations) and in vitro (luminescence inhibition tests
on Vibrio fischeri marine bacteria) approaches, to
determine whether UV-visible photodegradation
could be an efficient solution for the safe removal of
Naproxen, for instance from hospital effluents.

Experimental

Chemicals and reagents

Naproxen (6-methoxy-a-methyl-2-naphthaleneacetic
acid, CAS: 22204-53-1) was provided by Sigma
Aldrich (Madrid, Spain). Acetonitrile (ACN), metha-
nol and dichloromethane (Sigma Aldrich, Saint
Quentin Fallavier, France) were of chromatographic
grade, i.e. with purity >99.99%. BSFTA (N,O-Bis
(trimethylsilyl)trifluoroacetamide) and formic acid
were also from Sigma Aldrich (Saint Quentin
Fallavier, France). Ultra-pure water (conductance of
18.2 S/cm) was obtained purifying tap water with a
Purelab Chorus 1 system (Veolia, Wissous, France).

Sample preparation

Naproxen solutions were prepared at four concentra-
tions: 2, 10, 100, and 500 ppm in water to which 0.1%
acetonitrile was added regarding the poor solubility
of Naproxen in pure water close to neutral pH
(around 4mg/L at 25°C according to the
Henderson-Hasselbach equation). Different irradia-
tion times were tested, to determine the appearance
order of photoproducts. The solutions were irradiated
up to a maximum of 6 hours with sampling at t 0-2-5-
10-15-30-45-60-80-100-120 minutes, then every thirty
minutes up to the fourth hour and every hour until
the end of the analysis. For GC-MS analysis, all sam-
ples were dried using an Xcelvap automated evapora-
tion/concentration  system  (Biotage, Uppsala,
Sweden) for an hour, then put in an oven (WTC
Binder 7200, Tuttlingen, Germany) for 10 minutes at
80°C to remove any trace of water. Silylation was
achieved adding 100 uL. of BSTFA (N,O-Bis (trime-
thylsilyl) trifluoroacetamide) and placing the sample
in the oven for 30 minutes. 100 pL of dichloromethane
(DCM) was added prior to GC-MS analysis to recon-
stitute the sample. For LC-MS coupling measure-
ments, samples were dissolved in ultrapure water to
reach a final concentration of 2ppm for non-
degraded Naproxen at t,. For HRMS analysis in
direct infusion mode, samples were diluted in a mix-
ture of HyO/ACN/FA 90/10/0.1%, to reach a 2 ppm
concentration for Naproxen at to. All samples were
stored sheltered from light at 4°C.
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Photolysis experiments

Photodegradation experiments were conducted using
a home-made photoreactor equipped with a high-
pressure mercury lamp HPL-N 125W/542 E27 SC
(Phillips, Ivry-sur-Seine, France) that emits light on
wavelengths between 200 nm and 650 nm, with maxi-
mum irradiation at 254 nm and a radiation flow of
6200 Im. The lamp is located in a quartz tube at the
center of an ALO04-12 sonicator (Advantage-Lab
GmbH, Darmstadt, Germany) and samples are
placed in quartz tubes around, at equal distance to
the lamp. The sonicator is used to achieve the solubi-
lization of compounds before irradiation. To avoid
thermal degradation, the temperature was manually
adjusted to 30 £ 5°C flowing cold-water through the
sonicator manifold.

GC-MS operating conditions

Gas chromatographic separations were carried
out on an Agilent 7890B GC instrument
equipped with a 30m HP-5MS column (5%
Phenylmethylpolysiloxane) with an internal diameter
of 0.25mm and film thickness of 0.25um, coupled
with an Agilent 7000 D GC/TQ triple quadrupole
mass spectrometer (Agilent Technologies, Les Ulis,
France). Samples were injected in splitless mode
using an Agilent 7693 A autosampler, the injection
volume was 1uL and injector temperature was
280°C. A gradient temperature program was used
with an initial temperature of 50 °C, held for 0.5 min
then increased to 320°C with a ramp of 20°C/min.
The carrier gas was high purity helium, with an autor-
egulated flow of 1.2 ml/min. Measurements were car-
ried out in electron ionization (70 eV) with a filament
emission current of 35pA. The electron multiplier
voltage was automatically optimized at 1090V, for a
gain value of 10°. In the full scan mode, ions were
scanned from m/z 50 to m/z 600. Tandem experiment
measurements were performed, using argon as the
collision gas, with collision energies of 15, 30, and
45eV. The source temperature was set to 230 °C.

LC-MS operating conditions

Chromatographic separations were carried out using
an Acquity HPLC system (Waters Technologies,
Guyancourt, France) equipped with a C;g Pursuit
XRs Ultra 2.8pum, 50 x 2.0mm column (Agilent
Technologies, Les Ulis, France) and coupled with
an FT-ICR SolarixXR 9.4T (Bruker Daltonics,
Bremen, Germany). The injection volume was
10 pL, elution was performed using a 0.1 mL/min
flow with a mixture of solvents A (water, formic
acid 0.1%) and B (acetonitrile, formic acid 0.1%).
After 10 minutes, the percentage of solvent B was
increased from an initial value of 5% to 40% in
15min, then to 90% in Smin. The gradient was

then set back to initial conditions (5% of B) during
the last 20 min, for a total method duration of 50 min.
An electrospray ionization source was used both in
positive and negative mode, the nebulizer and drying
gas was nitrogen with a flow of 8 L/min at 250°C for
drying gas and 1 bar for nebulizer gas. The capillary
voltage and end plate offset values were set to -
4500V and - 4000V, respectively for positive mode,
and 3000V and 2500V, respectively for negative
mode. Argon was used as the collision gas for
tandem experiments. lons were accumulated in the
collision cell for 0.2s in MS experiments and 2s in
MS/MS experiments. The ion detection mode was set
to 4 Mpt with a 0.8389 s transient duration in broad-
band mode from m/z 57.7 to m/z 1000 to obtain a
resolution higher than 350 000 at m/z 200. To reduce
the size of the data file, 97% of the data (contributing
to noise) were not recorded to get a data file size
below 2 GB per analysis. Phosphoric acid was used
for external mass calibration and exact chemical for-
mulae were attributed with tolerance below 3 ppm.
For tandem MS experiments, precursor ions were iso-
lated with an isolation window of 1m/z and dissoci-
ated, using argon as the collision gas, with collision
energies of 10, 15, 20, and 25V to study the fragmen-
tation mechanisms.

In silico toxicity estimations

The toxicities of Naproxen and its photoproducts
were in silico evaluated regarding developmental tox-
icity, oral rat LD50 (mg/kg), and Fathead minnow
LC50 (96h) (mg/L). The Toxicity Estimation
Software Tool (T.E.S.T.) - based on Quantitative
Structure-Activity Relationship (QSAR) mathemati-
cal models - was used for this purpose.'” T.E.S.T. has
been developed by the U.S. Environmental Protection
Agency, its main features are briefly described in
Supplementary information SI-1.

In vitro bioassays

Vibrio fischeri commercial in vitro test kit was used to
evaluate the global ecotoxicity of solutions before
(initial concentration of 50 pg/L in Naproxen) and
after two times of irradiation: 30 and 80 min. The
freeze-dried luminescent bacteria and the luminome-
ter were purchased from Hach Lange (GmbH,
Disseldorf, Germany). The experimental method
used in this study is based on the ISO 11348-3 proto-
col.'® Luminescence was measured in duplicate before
the addition of the test solution and after contact times
of 5, 15, and 30 min; results were corrected using the
values measured with control samples. The effective
nominal concentration leading to 20% inhibition of
bioluminescence is designated as the EC20.
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Results and discussion

Kinetics of photoproducts and degradation
efficiency

The relative concentration of Naproxen in ultrapure
water was followed by LC-MS over the irradiation
time (6 hours), integrating the area of the correspond-
ing chromatographic peak on the [M + H]" ion. The
initial amount of Naproxen (initial concentration of
2ppm) was halved after about 30 minutes and the
compound was no longer detected after 45 minutes.
In order to correlate the appearance of some photo-
products with the disappearance of some others, their
relative abundances (normalized data from GC-MS
and LC-MS signals) were plotted as a function of
irradiation time (Figure 1). Photoproducts are
referred as PP1 to PP7; their structures are given in
Tables 1 and 2.

To compare the relative amounts estimated by
GC-MS and LC-MS couplings, LC-MS peak areas
were corrected by a factor determined on the basis
of the peak areas of Naproxen detected by both tech-
niques at ty. This empirical approach aimed at
making possible a rough comparison between ion
abundances from both techniques; it did not serve a
quantification purpose, but allowed to discriminate
reaction intermediates from photoproducts likely to
be found under real sunlight degradation. Seven pho-
toproducts were determined. After a few minutes of
irradiation, PP6 is by far the most abundant before
PP1. Furthermore, PP6 appears as the only persistent
compound at the end of the experiment while all the
other photoproducts appear as reaction intermedi-
ates. Correlating their relative appearance and disap-
pearance order helped to assign their chemical
structures (see section 3.2).

Structural elucidation of photoproducts

GC-MS experiments allowed the structural elucida-
tion of photoproducts PP1 to PP3; retention times,
ions, and chemical structures are given in Table 1.
Dissociations of molecular ions were interpreted; the
silylated compounds were easily identified due to the
presence of a fairly intense ion at m/z 73 (Si(CH3);™)
in their mass spectrum. Dissociation mechanisms of
molecular ions are provided in Supplementary infor-
mation SI-2.

The retention times and m/z measured for
protonated and deprotonated species in LC-ESI-MS
are given in Table 2. Collision induced experiments
permitted the structural elucidation of the photoprod-
ucts. Transitions and associated mechanisms are pro-
vided in Supplementary information SI-3 and SI-4.

Based on the chemical structures of photoprod-
ucts, a photodegradation mechanism of naproxen
has been proposed, which involves classical

photochemistry pathways such as Norrish-type cleav-
age, hydrogen abstraction, oxygen addition (from
water dissolved oxygen), hydrolysis, and concerted
eliminations (see Figure 2). As is often the case with
ketones, the photodegradation process begins by the
Norrish-type cleavage of the C-CO bond of nap-
roxen, leading to a radical which, in contact with a
water molecule, can abstract a hydrogen atom or a
hydroxyl group to lead to PP1 and PP2, respectively.
Photo-induced cleavages of C-H bonds have been
recently demonstrated in a study by De Vaugelade
et al. reporting the UV-Vis photodegradation of
alpha-tocopherol.!” Cleavage of such bonds is only
observed if the resulting radical is strongly stabilized
by mesomeric and/or inductive effects, which is the
case when removing the hydrogen atom carried by the
same carbon atom than the hydroxyl group in PP2.
The resulting radical can lose a second hydrogen
atom to lead to the ketone PP3. Successive oxygen
additions on PP3, combined with hydrolysis reactions
lead to PP6, then to PP5. By analogous mechanisms,
the consecutive oxidation and hydrolysis of PP3 leads
to PP4. Quite surprisingly, PP7 results from metha-
nol elimination from naproxen, followed by hydrogen
addition, the hydrogen atom is abstracted from a
water molecule. This type of mechanism is not
“classical” in photochemistry but both the structure
of naproxen and the MS dissociation pathways of
PP7H* allow unambiguous identification of the
latter.

In silico and in vitro toxicity estimations

In silico toxicity estimation. QSAR 1in silico tests were
carried out with the T.E.S.T. software (see
Supplementary information SI-1) regarding develop-
ment toxicity, oral rat LD50 (mg/kg), and Fathead
minnow LC50 (96hours) (mg/L); results are pre-
sented in Table 3.

Considering developmental toxicity, all com-
pounds except PP4 are potentially toxic, the latter
having a toxicity value coefficient of 0.37, which is
below the threshold of toxicity value (0.50); they are
expected to be at least as toxic as Naproxen.
Regarding oral rat toxicity, the values reported in
Table 3 show that all photoproducts are in category
IIT (slightly toxic) at the exception of except PP7
which belongs to category II corresponding to mod-
erate toxicity. The higher toxicity of PP7 compared to
other photoproducts is quite close to that of
Naproxen; this is consistent with the fact that the
chemical structure of PP7 is the closest to that of
the parent molecule. The lowest LC50 values were
determined for PP5 and PP6, which exhibit the
most hydrophilic structures and thus the lowest
potentials for bioaccumulation. An oral rat LDS50
experimental value of 248 mg/kg was provided for
Naproxen, which is comparable but below the
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Table 1. Retention times, main ions, and elucidated structures of the photoproducts PP1 to PP3 detected in GC-MS/MS (electron
ionization).
Ret. time (min)  Compound  Silylated  Main ions in MS/MS (m/z) - precursor in bold®  Photoproduct
9.08 PP1 No 184, 169, 141, 115
/~/\\
\\0
10.12 PP2 Yes 274, 259, 185, 141, 73 OH
\0 ”
10.18 PP3 No 200, 185, 158, 157, 128 o

11.00 Naproxen Yes

302, 287, 243, 185, 73

“Note that the provided m/z values correspond to ions from the silylated structure in the case of derivatized compounds, i.e. PP2 and Naproxen. For both
compounds, the molecular mass of the photoproduct and thus that of the molecular ion are shifted by 72 amu since the OH function has been replaced by

0Si(CH,)5.

Table 2. Retention times, main ions, and elucidated structures of the photoproducts PP& to PP7 detected by LC-ESI-MS.

Ret. time (min) Compound Detection in ESI+
MH™ ion (m/z) MH™ formula

Detection in ESI-
MH™ ion (m/z)

Structure of the compound
MH™ formula

7.51 PPy 209.04502 C1oHs05 ™"
8.26 PP5 197.04475 CoHo05™
8.72 PP6 253.10742 C13H705"

207.02990

195.03025

251.09250

CioH705~ OH 0
o]
o]
OH
CoH;05~ Gii
o)
o)
\O
OH
Ci3H1s05 OH
OH
\0
OH

(continued)
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Table 2. Continued

Ret. time (min) Compound Detection in ESI+

Detection in ESI-

Structure of the compound

MH™ ion (m/z) MH" formula MH™ ion (m/z) MH™ formula

13.00 Naproxen 231.10198 CiHis05" -

13.14 PP7 201.09152 Cy3H150,"

I JOH
e}
\0
OH
(J

§ )

Figure 2. Mechanisms proposed for the photodegradation of Naproxen in water.

estimated one (516 mg/kg).'® Nevertheless, it suggests
that the in-silico approach used could underestimate
the toxicity of Naproxen and its photoproducts due
to the lack of experimental data on similar structures.
Regarding the toxic effect on Fathead minnow, PP1
exhibits by far the highest potential toxicity, in agree-
ment with previous results.” PP2, PP3, and PP7 pro-
vide LC50 values close to that of the parent
compound. The specificity of PP1 is that it does not
include any CO nor OH group, which makes it much

less polar than other compounds. Here again, the
most hydrophilic compounds exhibit the lowest
potential toxicity. In a previous study on UV photo-
degradation of Naproxen by Cory et al., only PP2
and PP3 were detected though the experimental con-
ditions were quite similar to those used in the present
work.?® Like in the present study, both photo-
transformation products of Naproxen were found to
be more stable than Naproxen itself when exposed to
simulated sunlight; their toxicity was investigated
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Table 3. Toxicity values estimated by the T.E.S.T. software for
Naproxen and its photoproducts.

Fathead

Minnow  oral rat

LC50 (96 h) LD50 Developmental Developmental
Compound (mg/L) (mg/kg) toxicity value® toxicity

NAP 5.3 515.5  0.89 Toxicant
PP1 0.2 667.8  0.53 Toxicant
PP2 5.5 1817.9 0.85 Toxicant
PP3 6.6 1594.0 0.51 Toxicant
PP4 22.8 4230.5 0.37 Non-toxicant
PP5 69.9 39139 0.69 Toxicant
PP6 19.4 1661.8 0.52 Toxicant
PP7 6.8 311.7  0.96 Toxicant

Arbitrary unit.

towards toad tadpoles and they have been shown to
be much more toxic than the parent molecule.

In vitro toxicity estimation. In vitro bioassays based on
the bioluminescence extinction of Vibrio fischeri were
carried out on the solution of Naproxen at different
irradiation times according to the protocol described
in section 1.7. Unlike in silico testing, this approach
takes into account potential mixture effects. In the
above-mentioned protocol, estimation of an ECS50
value requires a minimum of three measurements
for which the inhibition is between 10% and 90%,
with a value above 50% for at least one of the three
measurements. A Naproxen solution at 50 ppm was
submitted to photodegradation; sampling was per-
formed at ty, t3p, and tgg (minutes). For each
sample, the conditions were not met for EC50 deter-
mination, indicating a low ecotoxicity; an EC20 was
thus evaluated, based on linear regression analysis of
the dose-effect relationship. For a duration exposure
of 15 minutes, the EC20 value decreases when increas-
ing the irradiation time, from 11.7 at t0 to 7.2 at
80 minutes, which traduces a slight increase in toxicity
of the mixture. As shown in Figure 1, PP6 is by far
the most abundant photoproduct in the mixture at
80 minutes. Regarding in silico estimations, PP6
exhibits Fathead Minnow LCS50 and oral rat LD50
values higher than those estimated for Naproxen so
this photoproduct is not a priori expected to contrib-
ute to the increase in toxicity of the mixture. Different
conclusions can be drawn from these estimations: (i)
insufficient parametrization of the T.E.S.T. software
regarding the molecules of interest makes the in silico
estimations inaccurate in the present case, especially
in the case of PP6, which displays a quite complex
and unusual structure; (ii) with a Fathead Minnow
LC50 estimated to be 25 times lower than that of
Naproxen (see Table 3), PP1, which is the second
photoproduct in terms of abundance, could be
responsible for the slight increase in toxicity of the
mixture; (iii) a limited “cocktail effect” due to the
concomitant presence of several photoproducts

could also be suspected. Whatever the right explana-
tion, both in silico and in vitro evaluations lead to the
outcome that the ecotoxicity induced by Naproxen
photoproducts is not a major issue compared to
that of Naproxen itself. However, the long-term envi-
ronmental effects of Naproxen exposure at concentra-
tion levels close to those found in the environment
remain poorly studied although detection of the
drug in wastewater and river samples in the ng/L -
pg/L range demonstrated the need for such knowl-
edge 2123

Conclusion

The in-lab photodegradation of Naproxen under
UV-Visible irradiation led to the formation of seven
photoproducts, which were characterized using
LC-HR-MS/MS and GC-MS techniques. A photode-
gradation pathway of Naproxen has been suggested
based on the elucidated structures and kinetics con-
siderations. In silico and in vitro tests were conducted,
on isolated molecules in the first case, on an irradiated
aqueous solution of Naproxen in the second one. The
general conclusion is that photoproducts do not
increase the global toxicity in an alarming way. It is
interesting to note that Naproxen was 90% degraded
after only a few minutes and that all the photoprod-
ucts are eliminated after 5hours of irradiation with
the exception of PP6, which remains in the mixture in
significant amounts and whose toxicity would deserve
to be further investigated after synthesis. Aside from
the consequences of sunlight-induced degradation of
Naproxen in the environment, these results suggest
that direct UV light irradiation — a technique gradu-
ally replacing the more classical photocatalytic pro-
cesses — could be an efficient tool for Naproxen
removal from contaminated waters.
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