N

N

Photodegradation of novel oral anticoagulants under
sunlight irradiation in aqueous matrices
Montaha Yassine, Laura Fuster, Marie-Hélene Devier, Emmanuel Geneste,
Patrick Pardon, Axelle Grelard, Erick Dufourc, Mohamad Al Iskandarani,

Selim Ait-Aissa, Jeanne Garric, et al.

» To cite this version:

Montaha Yassine, Laura Fuster, Marie-Hélene Devier, Emmanuel Geneste, Patrick Pardon, et al..
Photodegradation of novel oral anticoagulants under sunlight irradiation in aqueous matrices. Chemo-
sphere, 2018, 193, pp.329-336. 10.1016/j.chemosphere.2017.11.036 . ineris-01863205

HAL 1d: ineris-01863205
https://ineris.hal.science/ineris-01863205
Submitted on 28 Aug 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://ineris.hal.science/ineris-01863205
https://hal.archives-ouvertes.fr

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Photodegradation of novel oral anticoagulants usdalight irradiation in

aqueous matrices

Montaha Yassing®? Laura Fusté® Marie-Héléne Dévié?®, Emmanuel Genest® Patrick
Pardori® Axelle Grélard, Erick Dufouré, Mohamad Al Iskandarahi Selim Ait-Aiss,

Jeanne Garrig Héléne Budzinski® Patrick Mazelliel?® Aurélien S. Trivell &>

2Univ. Bordeaux, UMR EPOC CNRS 5805, LPTC, F-334@fefice, France

®°CNRS, EPOC, UMR 5805, LPTC, F-33400 Talence, France

’National Council of Scientific Research (NCSR), &ebse Atomic Energy Commission
(LAEC), Laboratory of Analysis of Organic PollutanAOP), B. P. 11-8281, Riad El Solh -
1107 2260 - Beirut, Lebanon

3Institute of Chemistry and Biology of Membranes axano-objects, CBMN UMR 5248,
CNRS University of Bordeaux, Bordeaux National itasé of Technology, Allée Geoffroy St
Hilaire, Pessac, France

*INERIS, Unité d’écotoxicologién vitro etin vivo (ECOT), Verneuil-en-Halatte, France

®Irstea, UR MALY, centre de Lyon-Villeurbanne, F-8%6Villeurbanne, France

*Corresponding author: Aurélien Trivella

aurelien.trivella@u-bordeaux.fr

Tel: +33 (0)553352429



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

Kinetics of photodegradation of novel oral antia@agts dabigatran, rivaroxaban, and
apixaban were studied under simulated solar ligatiation in purified, mineral, and river
waters. Dabigatran and rivaroxaban underwent dplactolysis with polychromatic quantum
yields of 2.2x10 and 4.4x10, respectively. The direct photodegradation of apan was not
observed after 19 hours of irradiation. Kineticglefradation of rivaroxaban was not
impacted by the nature of the agueous matrix wihilgtosensitization from nitrate ions was
observed for dabigatran and apixaban dissolvednimaral water. The photosensitized
reactions were limited in the tested river watslg(River, Périgueux, France) certainly due to
the hydroxyl radical scavenging effect of the digsd organic matter. The study of
photoproduct structures allowed to identify two gmunds for dabigatran. One of them is the
4-aminobenzamidine while the second one is a gtabis product. In the case of rivaroxaban,
as studied by very high field NMR, only one photmirct was observdcke. a photoisomer.
Finally, seven photoproducts were clearly idendifieom the degradation of apixaban under

simulated solar light.

Keywords. photolysis; solar light irradiation; surface watapjxaban; dabigatran;

rivaroxaban
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1. Introduction

Until recently, oral anticoagulants were synonyrhgitamin K antagonists (VKAS) such as
warfarin. These medicines are used for venous tho@mbolism, stroke, atrial fibrillation
treatment, and most generally in medicinal condgithat require chronic anticoagulation
(Hanslik et al., 2004). VKAs may not be approprifmemany patients especially due to the
necessity of dietary precautions and frequent ooy monitoring (El-Helou et al., 2013). In
fact, if warfarin concentration is too low the aatagulation effect does not act efficiently; a
too high concentration causes excessive bleediniisd context, novel oral anticoagulants
(NOACSs) were developed (Spyropoulos, 2008; Beyestdfedorf et al., 2014). The U.S.
Food and Drug Administration (F.D.A.) recently apyped the use of three new active
ingredients, namely dabigatran etexilate (2010graxaban (2011), and apixaban (2012)
(Wanat, 2013). Dabigatran etexilate is a prodrag ik converted to dabigatran and acts as a
direct thrombin inhibitor (Khoo et al., 2010). Rreaaban and apixaban are direct factor Xa
inhibitors that do not require cofactors for adiiMiGulseth et al., 2008; Frost et al., 2013).
These three compounds are also increasingly usédrope. In particular, these NOACs
currently represent 30% of ingested anticoagulenisance with an increase in their
consumption by a factor of 10 between the secanwster 2012 and the third trimester 2013
(ANSM, 2013). The main limitation for their use wihge absence of antidote. In 2015, the
F.D.A. approved the idarucizumab as dabigatrardatgiwhile rivaroxaban and apixaban
antidote (andexanet alpha) is about to be valid@etlack et al., 2015; Siegal et al., 2015).
Thus, their prescriptions are expected to conttougse in the near future.

To our knowledge, information reported in the kiteire about the occurrence of NOACs in
the aquatic compartment, their fates, and theicityx as well as their degradation products
are very scarce (Kasad, 2013; Ramisetti et al428&crétan et al.; 2015; Swain et al., 2016;

Tantawy et al., 2016; Wingert et al., 2016). Tkigspecially worring since human
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metabolism studies have shown that NOACs are editathin urines as unchanged forms at
levels between 27 and 85% of the delivered doselé\2017). In fact, organic pollutants

are known to undergo degradation processes in@amgental waters which must be taken
into consideration. Photolysis can be one of thppmaays of degradation for pharmaceutical
compounds absorbing solar light as well as forehegraded by photosensitization (Szabo et
al., 2011; Zuo et al., 2013; Carlson et al., 2(tang et al., 2016; Chen et al., 2017).

This study has for objective to bring informatiamthe environmental fate of NOACs. In
particular, direct and indirect photolysis of NOA®as studied in different aqueous matrices.
Results on molar absorption coefficients, rate tamts and polychromatic quantum yields of
photodegradation are discussed. Rate constantsolvi@med from simulated solar light
irradiation in purified, mineral, and river wateécsevaluate the effect of ions and dissolved
organic matter naturally present in surface watérslly, the elucidation of structures of

photoproducts was performed using LC-HRMS, and atti)800 MHz NMR spectrometers.
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2. Materials and methods

2.1. Chemicals. The novel oral anticoagulants (NOACSs) dabigatreiRlChem Technology,
CAS 211914-51-1, 99%), rivaroxaban (AKSci, CAS 388D2-8, 98%), and apixaban
(APIChem Technology, CAS 503612-47-3, 99%), as a&kl-aminobenzamidine
dihydrochloride ¥ 99.0%), methanol (CHROMASOLV®; 99.9%), and sodium bicarbonate
salt & 99.5%) were purchased from Sigma-Aldrich (Saine@in Fallavier, France). Sodium
nitrate salt (analytical reagent grade) was pravio Fisher Chemical. All chemicals were
used as received. Purified water was produced @sMdli-Q® Direct-Q® 5 system
(Millipore, resistivity 18.2 M2.cm). Mineral water (Volvic) contains 7.2 and 7@.L™ of
nitrate and hydrogen carbonate ions, respectiiser water was collected from the Isle
River (Périgueux, France). This surface water dnath7.7 and 140-200 mg'lof nitrate and
hydrogen carbonate ions, respectively. Before tingeriver water was filtered on a 0.45 pm
hydrophilic PVDF Durapore® membrane (Millipore)ogk solutions of NOACs were
prepared in purified water at concentrations ok 507, 1.0x10°, and 3.0x18 mol.L™* for
dabigatran, rivaroxaban, and apixaban, respectiiilying the preparation, volumetric flasks
were covered with aluminum foils and solutions wlefeunder magnetic stirring during one
week. Then, stock solutions were stored in amlessgbottles at room temperature until use
to prevent photodegradation and solubility probleraspectively. The stability of the three

compounds was checked.

2.2. UV-Visible spectroscopy. UV-Visible absorption spectra were recorded orval300
spectrophotometer (Shimadzu, Japan). A 1-nm raealanhd a “medium” scan rate were
used to record the reference spectrum and spectia range 200-400 nm (NOACs do not

absorb visible light) using either 1 or 5 cm quaeiis (QS, Hellma Analytics).
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Molar absorption coefficients of dabigatran androxaban in purified water were calculated
from the absorbance of five solutions with concatitns included in the range 1010°
mol.L™". Due to the particularly low solubility of apixabi water, a stock solution was
prepared in methanol at a concentration of 9.6xh@l.L™". Then, this stock solution was
used to prepare five solutions at concentrationséden 1.0x106 and 4.8x18 mol.L™* by

adding purified water . the maximal proportion of methanol was of 50%).

The solar light emission spectrum at the Earthasarfvas recorded using a USB2000+

radiometer coupled to an optical fiber (Ocean Gptidorida, USA).

2.3. Irradiation experiments. Solar radiations at the Earth surface were siradlasing a
SUNTEST CPS apparatus from Atlas Material Testiamit®ns (lllinois, USA). The
irradiance was set to 250 W3ann the case of kinetic studies, purified, miheaad river
waters were spiked with the stock solutions prepargurified water to obtain final
concentrations of 3.5x10 3.5x10’, and 4.5x10 mol.L™* for dabigatran, rivaroxaban, and
apixaban, respectively. For the elucidation of ppabduct structures, non-irradiated and
irradiated stock solutions were analyzed withoetfpeatment.

Before irradiation, samples were placed into 12trahsparent glass tubes (optical
pathlength: 1.5 cm) and were sealed to avoid wataporation. NOACs were irradiated in
purified water alone and doped with nitrate anditiblonate ions (same concentrations as in
mineral water), in mineral water, and in river watéor each aqueous matrix, two tubes were
filled with 10 mL of solution and one of them wasapped in an aluminum foil for dark
control. To obtain kinetic data, aliquots of eaamgle were collected before irradiation and
after scheduled irradiation time. For each kinetatdeast five samplings were performed and
the analysis was repeated in triplicate. The marinmuadiation time was of 10 hours for

dabigatran, 4 hours for rivaroxaban, and 19 hoourgjpixaban. To calculate the
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polychromatic quantum yields of photodegradatidmgtpn fluence rates were measured with
a one nanometer interval in the range 290-350 nngwsUSB2000+ radiometer coupled to

an optical fiber (Ocean Optics, Florida, USA).

2.4.HPLC and LC-QToF-M S analyses. For kinetics studies, HPLC analyses were carried
out using an Agilent 1100 series chromatographléhgiTechnologies) equipped with a
variable wavelength detector (Zuo, 2014). For dafoam and rivaroxaban, the column was a
Nucleosil® Gg Nautilus, 250 mm x 4.6 mm, with a particle sizé&qfm (Macherey-Nagel)
while for apixaban the column was a Nucleodur® 500 ec, 250 mm x 4.6 mm, with a
particle size of 5 um (Macherey-Nagel). Solvent &svmethanol and solvent B purified
water. Analyses were carried out in isocratic madéa a ratio of 60:40 (A:B, v/v) for
rivaroxaban and apixaban, and a ratio of 30:70 (A/®) for dabigatran. The UV detection
was performed at 303, 248, and 277 nm for dabigatrnearoxaban, and apixaban,
respectively.

UV absorption spectra of photoproducts were reabwi¢h an HPLC Spectra System P1000
coupled with a diode array detector model UV600QLRermo Separation® Products). For
each NOAC, elution conditions described above wesezl. With the goal to check the elution
of all the products formed after irradiation, otlaealyses were performed in gradient mode.
The gradient elution started with 10% of A and resit100% in 25 minutes linearly. Then, it
was kept stable during 5 minutes. No new photopetstvere observed compared to isocratic
mode analyses.

LC-HRMS analyses were carried out using an Agil&t80 HPLC system coupled to an
Agilent 6540 QToF mass spectrometer (Agilent Tetbgies, Inc., Santa Clara, CA, USA)
equipped with an Agilent Jet Stream electrosprayzetion source (ESI). The

chromatographic separation of the parent compouaddéits photoproducts was performed
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on a Kinetex @ column (100 x 2.1 mm, 1.7 um; Phenomenex®, Agileathnologies, Les
Ulis, France ) regulated at 40°C. Gradient LC elutivas performed at a flow rate of 0.3
mL.min™ using 0.1% formic acid in purified water as molgtease A and 0.1% formic acid in
acetonitrile as mobile phase B. The gradient slanti¢h 10% of B and was linearly increased
to 35% in 13 minutes. The fraction B was then imiaigdly increased and held at 100% for 1
min, before returning to the starting conditions3anin. Sample injection volume was set at
5 pL. Non-irradiated and irradiated stock solutionpurified water were analyzed without
pre-treatment.

After elution, the analytes were detected usingQhieF operating in positive ion mode
(ESI+) with the following parameters: capillary tage, 3000 V; nebulizer pressure, 40 psig;
drying gas, 8 L/min; gas temperature, 300 °C; $hgas flow, 11 L/min; sheath gas
temperature, 400 C; nozzle voltage, 0 V; fragmentttage, 190 V. LC-MS accurate mass
spectra were recorded across the range m/z 706-at@®GHz. The data recorded were
processed with MassHunter Qualitative softwaresjeer B.06.00, Agilent Technologies,
Santa Clara, CA, USA). Accurate mass measureméetch peak from the extracted ion
chromatograms were obtained by means of a calilb@ntion delivered by an external
guaternary pump, allowing system to continuouslyext for any mass drift by using the
reference mass ion HP-921 [hexakis-(1H,1H,3H-tktoabpropoxy)-phosphazine] at m/z
922.0098. Stability of mass accuracy was checkéatdeand if values went above 0.2 ppm
error, then the instrument was recalibrated. Th&aument was operated in single MS with
full spectra (1 spectrum/s) and in MS/MS (2 spésjrasing an isolation width set at medium
(m/z ~ 4), and collision energies of 10, 20, and 40 e\ét@&dard solution containing 36
compounds was injected before the samples to dhedletention time of compounds and the

instrumental sensitivity.



183  2.5. Rate constants and polychromatic quantum yields. Following the absorption of a
184  photon, an organic contaminant (C) can be degradddne or several photoproducts (P) are
185 formed. The equation of the reaction is:
hv
186 C>P

187  Under specific experimental conditions(low absorbance), this reaction generally follows

188  an apparent first-order kinetics modeled by equatio

C
189 In (%) = Kpoty -t €0 (1)

190  where [C} and [C] are the organic contaminant concentrations (mltespectively before
191 irradiation and at the instant {0k is the apparent first-order rate constant under
192 polychromatic irradiation (8§, and t is the irradiation time (s).

193 In this framework, the rate of photolysis of C igsen by equation 2:

194 v(C) = kpoty - [Cle = T3 Iop, - 1 — e 234 . ¢ eq. (2)

195  wherel ,, is the photon fluence rate of the irradiation seyE.L1.sY), Ay, is the absorbance
196  of C andg,, is the quantum yield of photolysis of C (mohEat the; wavelengthA -\, is

197  the overlapping wavelength range between the UValisorptions of the organic

198  contaminant and the emission spectrum of the radigburce.

199 In environmental conditions, the absorbance of @eiserally low (A < 0.02, hyper dilute
200 medium). Based on this hypothesis, the expresdipolgchromatic quantum yield of

201 photolysis ¢poy, mol.EY) of C is given by equation 3:

An 1
A .
1 Eli IO,A,:

_ kpoly
202 Ppory = 23030 )

eq. (3)
203  wherel is the sample’s optical pathlength (cm) apds the molar absorption coefficient

204 (L.mol*.cm®) at theh; wavelength.

205



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

2.6. Nuclear magnetic resonance spectroscopy. LC-QToF-MS analyses were not enough to
identify the structure of the rivaroxaban photoprciddue to the same fragmentation pattern
(see supplementary materials). The main limitatrNMR analyses was the low solubility
of rivaroxaban in water and thus the low concermnadf its degradation product. In order to
concentrate both compounds, a solution of rivararalias prepared in methanol at an initial
concentration of 52.9 mgiland was irradiated with a SUNTEST CPS+ (250 W).during 8
hours. A volume of 8 mL of this solution was evagied and the residue dissolved in 500 pL
of methanol-d (Eurisotop, France) for NMR experiments. The phbe&mnical reactivity of
rivaroxaban was the same in purified water and éthanol. A second sample of pure
rivaroxaban (few mg of powder were dissolved inlmaabl-@) was prepared.

1D and 2D NMR spectra of non-irradiated and irreiaivaroxaban were recorded at room
temperature on Bruker Avance Ill HD SB 700 MHz &@@ MHz spectrometers. The 700
MHz spectrometer was equipped with a 5 mm 1H-138/D5T XI probe with Z-gradients
operating at 176.07 MHz and 700.15 MHz & and'H, respectively. The 800 MHz
spectrometer was equipped with a 5 mm 1H-13C/15NZDcryoprobe with Z-gradients
operating at 81,08 MHz, 201.21 MHz and 800.23 Mtz N, *°C and'H, respectively. In
order to assign the 2 structures, the followingegipents were performed: 11t and 1D-

13C experiments and, HSQE-*C, HMBC 'H-'*C, COSY, TOCSY, NOESY, and SOFAST-
HMQC *H-"N, two-dimensional experiments. Data treatment a@®mplished using the

TopSpin Bruker software.

10



228 3. Resultsand discussion

229 3.1 Ultraviolet absor ption spectra. UV absorption spectra of dabigatran, rivaroxabad, a
230 apixaban, are presented in Fig. 1. Dabigatran ldiedan deionized water displays two

231 maxima located at 302 nresf, = 24 180 L.mof.cm™*) and 220 nmebao = 40 940 L.mot.cmi
232 1. In the case of rivaroxaban, the spectrum reabndéhe aqueous medium shows a

233 maximum at 248 nme(= 23 820 L.mof.cm™). Moreover, a shoulder was observed at 273 nm
234 (e = 14 930 L.mof.cm™). UV absorptions of apixaban have been studiedririxture of

235 methanol and water due to the very low solubilityh@ drug into the aqueous solvent. A
236 maximum of absorption is observed at 278 8m (4 320 L.mot.cm?). This maximum was
237 found at the same wavelength in pure methanol (@8xol.L") and in pure water (3.0xf0
238 mol.L'™Y). The calculated molar absorption coefficient imgmethanol was of 14 700 L.mol
239 tcm'

240

241 Pleaseinsert Fig. 1.

242

243  The three novel oral anticoagulants (NOACSs) abgptiditons above 300 nm. Therefore, they
244  absorb the solar light reaching the Earth surfackthey can undergo direct photolysis (Fig.
245 1). The study of this abiotic degradation pathwsagfimain concern from the environmental
246  point of view. Moreover, the role of ions and dised organic matter (DOM) naturally

247  present in surface waters is also discussed further

248

249  3.2. Rate constants and quantum yields of photolysis. Dabigatran, rivaroxaban, and

250 apixaban were irradiated under simulated solat liglinspiked and spiked purified water
251 with nitrate (NQ") and hydrogen carbonate (HgYJons, in mineral and in river waters.

252  Calculated rate constants, coefficients of deteation, half-lives ({,,), and polychromatic

11
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guantum vyields of photolysis are compiled in Tahlén each case, NOACs photolysis
followed apparent first-order kinetics. From dadatrol samples no thermal degradation and
no hydrolysis were observed at the same time asrdtBation experiments.

Kinetics of photodegradation of dabigatran was ddpat on the nature of the aqueous
matrix. The calculated half-life was of 19.9 hoursleionized water and decreased by a
factor of 2.7 to reach 7.4 hours in the mineralenaAfterwards, dabigatran was irradiated in
purified water spiked with nitrate ions at a cortcation of 7.2 mg.L* i.e,, the same
concentration occurring in mineral water. The atedi half-life was of 6.8 hours, which is
almost the same value as that obtained in mineagwin river water (nitrate ions
concentration: 7.7 mg-), 50% of dabigatran was degraded in 24.1 houesgthre, in this
aqueous medium the degradation induced by ligless efficient by a factor 3.3 compared to
the mineral water.

For rivaroxaban, kinetics of photodegradation westsignificantly dependent on the nature
of the aqueous matrix. In fact, half-lives of 231, and 2.2 hours were obtained in purified,
mineral, and river waters, respectively. Photolydigvaroxaban in purified water spiked
with nitrate ions led to a half-life of 2.0 hours.

The behavior of apixaban under simulated solat iighdiation is a function of the aqueous
medium. In purified water no degradation of thegias observed after 19 hours of
irradiation. At the opposite, in mineral water,egchdation was observed with a calculated
half-life of 23.6 hours. This half-life decreased@factor of 2.3 (10.4 hours) when apixaban
was irradiated in purified water in the presencaitriite ions. When both nitrate and
hydrogen carbonate (74.0 mgf)Lions were present in the medium, the half-liferé@ased to
26.9 hours. In the river water, 50% of degradatiauld be reached after 96.3 hours, clearly
showing a lowering of the photodegradation efficien

Pleaseinsert Table 1.

12



278

279  From these results, we can state that among the MOACSs, dabigatran and rivaroxaban are
280  subiject to direct photolysis under simulated sumligadiation,i.e., degradation occurs in
281  purified water. At the opposite, direct photodegttaxzh of apixaban is not significant. In

282  addition to direct photolysis, photosensitized tieas are clearly observed for dabigatran and
283  apixaban. lons naturally present in the minerakewaan be at the origin of this processes.
284  The photosensitizing potential of nitrate ions \pasticularly reviewed by Mack and Bolton
285  (1999). These ions absorb solar light and thent rgdile water to produce highly reactive

286  hydroxyl radicals (Zuo et al., 2006; Chen et @13). The photodegradation kinetics of

287 dabigatran is accelerated in mineral water andinfipd water spiked with nitrate ions. Both
288 aqueous media led to a half-life close to 7.0 hdtss can thus conclude that the ion mainly
289  responsible for the acceleration of dabigatran gdiegradation was NQO In the case of

290 apixaban, circumstances are slightly differentradé ions are also proved to accelerate the
291 drug photolysis but this result is not sufficientetxplain the obtained half-life in mineral

292 water. In fact, 50% of degradation would be reaciféel 23.6 and 10.4 hours in mineral

293  water and deionized water spiked with N®@espectively. Addition of hydrogen carbonate
294  ions to water spiked with nitrate ions inducedrarease of the half-life by a factor of 2.6t
295 =26.9 h). Hydrogen carbonate ions are among trst midespread anions in environmental
296 waters and they are known to act as scavengengdodxyl radicals (Nakatani et al., 2007;
297  Tercero Espinoza et al., 2007). Therefore, in @sedhe increase of apixaban half-life is
298  mainly due to the reaction of HGQons with hydroxyl radicals produced by nitrataso

299 under simulated sunlight irradiation. Finally, ng&aban photolysis seems not to be

300 significantly impacted by ions present in the matevater. This result can be explained by
301 the very fast direct phototransformation of rivaaban. As a consequence, indirect

302 photochemistry is unable to affect the phototramsédion rate significantly.

13
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In the river water, the concentration of nitratesq7.7 mg.L") is close to that measured in
mineral water (7.2 mg:t). The concentration of hydrogen carbonate ionsdsided between
200 and 140 mg.L i.e, at least twice as high as in mineral water. TtsHCQ' ions
scavenging effect is expected to be more effidieniver water than in mineral water. In
surface waters, the ions effects are added to thioB©M that can act as photosensitizer, as
screen through competitive light absorption, agbidr of triplet-sensitized transformation

by reducing partially oxidized intermediates to g@ting compounds, and as radical
scavenger (Walse et al., 2004; Wenk et al., 20h&nCet al., 2013; Liang et al., 2015; Zhang
et al., 2016). In the case of dabigatran, the lifalin river water increases by a factor of 3.3
in comparison with the mineral water. This increaaenot be assigned only to the
scavenging effect of HCQ ions. In fact, the comparison of results in miharater and in
purified water spiked with N©ions shows no clear effect of Hg@ns on the rate constants
for photolysis of dabigatran (Table 1). In the samag, apixaban half-life increases by a
factor of 4.1. Thus, the increase of half-livesiabigatran and apixaban cannot be explained
only by the concentration increase of HLCONs in the river water but by the effect of DOM.
Results obtained with rivaroxaban help to undestrole. In fact, rivaroxaban
phototransformation is apparently not impactedhgyggresence of DOM. Thus, no significant
screen effect is observed from DOM (see SF1 of lempgntary materials). This result leads
to the conclusion that the observed slowing dowtihefdegradation of dabigatran and
apixaban in river water is mainly due to a scavegg@f hydroxyl radicals. The effect of

DOM is emphasized with apixaban, for which the dédgtion occurs only by means of
photosensitization.

Finally, the efficiency of NOACs direct photolysiss evaluated from polychromatic
quantum vyields of photodegradation. Values of 208%and 4.4x13 mol.E* were calculated

for dabigatran and rivaroxaban, respectively. Datoan absorbs sunlight to a higher extent

14
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than rivaroxaban (Fig. 1), which partially offskétstrong difference in the photolysis
guantum vyields. In the case of apixaban, no quariefd for photolysis was determined due

to the absence of degradation after 19 hours aiflsiied sunlight irradiation.

3.3. Structures of NOACs photoproducts. For each NOAC, non-irradiated and irradiated
solutions were analyzed by means of LC-QToF-MSeg&hproducts (D1, D2, and D3) were
observed for dabigatran and one product (R1) f@raxaban, both irradiated in purified
water. For apixaban, seven products (Al to A7) velaserved in mineral water. Results are
gathered in Table 2.

In the case of dabigatran, among the three photioste observed two of them were
associated to the drug photodegradation (Fig. 2¢s& compounds have m/z of 136.0874
(D1, GH10N3) and 323.1145 (D2, H15N403). D1 fragmentation spectrum displays m/z at
119 (-17) associated to the loss of azNirbup located on the amidine part, and at 92 (-27)

associated to the loss of the C=NH fragment (sekedbBupplementary materials).

Pleaseinsert Table 2.

D1 was identified as the 4-aminobenzamidine (4-AB)is hypothesis was confirmed from
LC-UV (Fig. 3a) and LC-QToF (see SF4 of supplementaaterials) analyses of the
standard. 4-AB is known to act as inhibitor of syp an enzyme involved in the digestion of
proteins (Safarik et al., 2002). D2 structure isrfed from the other moiety of dabigatran for
which an intramolecular cyclization and a demettigtaoccurred (Fig. 2). Only one fragment
(m/z = 251) is clearly observed for D2. This fragmis associated to a decarboxylation and a
CO elimination. The UV spectrum of D2 is displayedrig. 3a.

Pleaseinsert Fig. 2.
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Finally, a last photoproduct (D3) with a m/z of 2/248 (GeH15N4O) was observed. This
compound is not directly formed from dabigatran footn D2. In fact, D2 and D3 have a m/z
difference of 44 (C@group) and produce the same fragment at m/z =Dadrefore, we can

assume that D3 is formed from the photo-decarboylaf D2.

Pleaseinsert Fig. 3.

Rivaroxaban degradation induced by simulated digllar irradiation in purified water
produces only one main photoproduct with molecigarat m/z 436.0732 (hamed R1) in
ESI+ mode (Table 2). R1 has the same m/z as riadiarxi.e. a photoisomerization occurred.
The UV absorption spectrum of R1 displays one r###5 nm while that of rivaroxaban
presents a maximum at 248 nm with a shoulder an278Fig. 3b). The substituted thiophene
moiety is responsible for the maximum of absorpicound 245 nm (Boig et al., 1958)is

part of the parent compound is unchanged in R1s fidsult is supported by the presence of a
fragment at m/z 145 assigned to the substitutexgpki@ne ring and observed on both spectra

of isomers (see SF8 of supplementary materials).

Pleaseinsert Fig. 4.

Processes of photoisomerization involving an intkacular cyclisation as photo-Fries
(Sandner et al., 1968) and Norrish type Il reac{Marrish et al., 1937) were considered. The
two processes lead to structures in which the guted thiophene ring is unchanged as
validated using high field NMR. IndeetH and**C NMR spectra show the same splitting
patterns for both compounds (see SF9 and SF1(ppfesmentary materials). The SOFAST-

HMQC *H-"N 2D map undoubtedly shows the presence of a NHimthe R1 structure
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378 (Fig. 4a) and the TOCSY sequence clearly exhibitsdorrelation pathways between NH
379 proton (8.93 and 8.75 for R and R1 structures,eesygely) and protons at 3.74 (J3), 4.92
380 (J4), and 4.24/3.95 (J5) ppm for R, 4.24/3.95 pjBh for R and 3.74/3.84 ppm (J3), 4.96
381 (J4), and 4.00/4.26 (J5) ppm for R1 (Fig. 4b). @ie basis, the proposed structure for R1 is
382  presented in Fig. 5.

383

384 Pleaseinsert Fig. 5.

385

386  The simulated sunlight irradiation of apixaban imenal water results in the clear observation
387  of seven photoproducts (Table 2). Assuming thatM.&MS structure responses are the same
388 for each compound, four degradation products cacohsidered as major (A3, A5, A6, and
389  A7). Their structures are presented in Fig. 6.&tmes of minor photoproducts have also
390 been determined (Al, A2, and A4; see SS2, SS3S&adof supplementary materials).

391

392 Pleaseinsert Fig. 6.

393

394 Al (m/z=191.1186) and A2 (m/z = 287.1146) aregaes] to GiH15N20 and G4H15N4Os,

395 chemical formula, respectively. Concerning the npintoproducts, A3 (354.1581,

396  CigH20Ns03) is formed from the release of methoxybenzeneadd A5 (476.1939,

397  CusH2eNsOs) are obtained by hydroxylation of the phenyl grofp (446.1818, eH24Ns0,)
398 is formed from the substitution of the methoxy grday a hydroxy group, and A7 (458.1820,
399  CuysH24NsOy) is obtained from the formation of an unsaturatido the 2-oxo-1-piperidinyl
400 ring linked to the pyrazole ring. This latter stiwe is in agreement with a polarity lowering
401 and thus a retention time increase. The fragmemtgattern of each photoproduct is

402 described in SS4, SS6, SS7, and SS8 of supplerjentderials.
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4. Conclusion

Kinetics of photodegradation show that photolysis be one of the main ways of
degradation for NOACs present in surface watergaf®xaban degradation is not
significantly impacted by the nature of the aquemasrix. This compound seems only to
undergo direct photolysis leading to a photoison&ion. The structure of the photoisomer
has been clearly identified from NMR spectra. Dabign is photolyzed by direct and indirect
routes. Nitrate ions are mainly responsible forabeeleration of dabigatran degradation.
Results in river water show that dissolved organatter slows down the degradation of
dabigatran probably related to its action as aesager of hydroxyl radicals. Two
photoproducts are formede. the 4-aminobenzamidine and a cyclization proddpixaban

is degraded only by photosensitization which isicet by nitrate ions. At the opposite,
hydrogen carbonate ions partially block the degradaf apixaban. This effect is also
observed in the presence of dissolved organic m&esen photoproducts were clearly
identified under simulated solar light irradiatiohapixaban.

Following these results, it will be important toadvate the ecotoxicological impact of
NOACs photoproducts. Compounds of potential coneeenespecially the isomer of
rivaroxaban and the 4-aminobenzamidine, whichkisavn inhibitor of trypsin and could be

at the origin of toxic effects.
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28 Tables

29
30
31 Tablel

32 Apparent first-order rate constants (k, Mincoefficients of determination (R?), half-lives
33 (tyy h), and polychromatic quantum yields of photaly@ mol.E®) obtained from Suntest
34 irradiation of NOACs in aqueous matrices. ND: negjichded. Error bar on first-order rate

35 constants: +10%.

NOAC Aqueous matrix kxT0 R?2 tio ®
Dabigatran purified water 6.0 0.9944 19.9 2.2x10°
mineral water 141 09778 7.4 -
purified water + N@ 171  0.9953 6.8 -
river water 4.7 0.9633 24.1 -
Rivaroxaban purified water 49.4 0.9975 2.3 4.4x10
mineral water 559 0.9943 2.1 -
purified water + N@ 57.5 0.9808 2.0 -
river water 51.6 0.9960 2.2 -
Apixaban purified water ND - - ND
mineral water 49 0.9924 23.6 -
purified water + N@ 11.1 0.9892 104 -
purified water + N@ + HCOy 4.3 0.9823 26.9 -
river water 1.2 0.9875 96.3 -

36
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38

39
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41

Table2
LC-MS/MS (ESI+) analyses of NOACs and of their ghpybducts. RT: retention time.
NOAC Name m/z Proposed chemical A(m/z) Fragments
(RT in min) formula (ppm) (relative intensity in %)
Dabigatran D 472.2116 (2.2) 24E81,6N;O5 -4.02 -
D1 136.0874 (1.0) E10N3 0.73 119 (100), 92 (17)
D2 323.1145 (2.3) GH1N4Os3 -0.31 251 (100)
D3 279.1248 (3.2) {H1N,O -0.72 251 (100)
Rivaroxaban R 436.0739 (11.3) 168:sCIN3OsS -1.15 -
R1 436.0732 (8.2) fH1CIN3OsS 0.46 436 (73), 231 (63), 145 (100)
Apixaban A 460.2012 (11.7) 2£H26Ns0,4 -5.87 -
Al 191.1186 (1.5) GH1NO -1.05 191 (100), 147 (16), 107 (13)
A2 287.1146 (5.3) GH1=N4O5 -0.70 270 (100), 242 (9)
A3 354.1581 (5.5) H20NsO3 -4.24 337 (100)
A4 476.1939 (8.0) £eH2¢NsOs -1.05 459 (100), 241 (13), 199 (74)
A5 476.1939 (8.5) £H26NsOs -1.05 459 (100), 361 (11), 241 (18),
200 (13), 199 (70)
A6 446.1818 (8.8) £H24NsO,4 2.24 430 (23), 429 (83), 282 (13),
227 (15), 186 (13), 185 (100),
171 (12), 93 (11)
A7  458.1820 (12.3) £H24Ns0,4 1.75 458 (42), 441 (100), 385 (64),

342 (10), 277 (15), 199 (36)
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Molar absorption coefficient (L.mol™.cm™)

Fig. 1. UV absorption spectra of dabigatran (dashed kme) rivaroxaban (solid line)
dissolved in purified water, and of apixaban (dbttee) dissolved in a methanol-water

mixture. Solar light emission spectrum at the Eatttiace on May 5, 2016 at coordinates

(45.195510, 0.718811).
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D1 (4-aminobenzamidine)

Fig. 2. Photodegradation of dabigatran under simulated #gl# irradiation in purified

water.
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Fig. 3. UV absorption spectra of (a) dabigatran (soli@)jriD1 (dashed line), 4-
aminobenzamidine (dotted line), and D2 (dashededdihe); (b) rivaroxaban (solid line) and
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57  Fig. 5. **C and'H chemical shifts (ppm) of rivaroxaban (R) andpit®toisomer (R1).

58  Chemical shifts in italics: the similarity of thea structures (R and R1) as well as the low
59  concentration of the samples did not allow, degpigeuse of a very high magnetic field, to
60 remove the ambiguity on the assignment of chensic#is.
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Fig. 6. Major photoproducts of apixaban formed under satad solar light irradiation in

mineral water.
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Highlights

» Dabigatran undergoes direct and indirect photolysiss of 24h in river water.
> Direct photolysis is predominant for rivaroxabam,i$ of 2.2h in river water.
» Argatroban is mainly photodegraded by photoseragitn.

» Structures of main photoproducts have been idedtifi



