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Abstract

:

The study concerns the photodegradation of the antidepressant escitalopram (ESC), the S-enantiomer of the citalopram raceme, both in ultrapure and surface water, considering the contribution of indirect photolysis through the presence of nitrate and bicarbonate. The effect of nitrate and bicarbonate concentrations was investigated by full factorial design, and only the nitrate concentration resulted in having a significant effect on the degradation. The kinetics of ESC photodegradation is the pseudo-first-order (half-life = 62.4 h in ultrapure water and 48.4 h in lake water). The generation of transformation products (TPs) was monitored through a developed and validated HPLC-MS/MS method. Fourteen TPs were identified in ultrapure water (one of them, at m/z 261, for the first time) and other two TPs at m/z 327 (found for the first time in this study) were identified only in presence of a nitrate. Several TPs were the same as those formed during the photodegradation of citalopram. The photodegradation pathway of ESC and its mechanism of degradation in water is proposed. The method was applied successfully to the analyses of surface water samples, in which a few dozen of ng L−1 of ESC was determined together with the presence of TP2, TP5 and TP12. Finally, a preliminary in silico evaluation of the toxicological profile and environmental behavior of TPs by computational models was carried out; two TPs (TP4 and TP10) were identified as of potential concern, as they were predicted mutagenic by Ames test model.
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1. Introduction


Every year, there is a notable and constantly increasing trend in the number of drugs on the market. In particular, the category of antidepressant drugs has steadily increased due to their wider use for the treatment of depression or anxiety during and after the COVID19 pandemic [1].



The World Health Organization (WHO) has predicted that by 2030, depression could be the mental illness with the highest overall level of disability in the world [2]. Moreover, antidepressants are often used, or rather, abused, with other substances to create deadly cocktails to obtain psychotropic inhibiting effects [1].



A primary consequence of this wide use is the finding of these compounds in surface waters. Sensitive methods of analysis for many of these drugs are already available for determination at low concentrations. The concentration ranges of these drugs are extremely variable and depend on their frequency of use, varying from a few ng L−1 to μg L−1 for others [1].



However, these routine methods of analysis do not take into account the possible transformation products (TPs) that may originate in the environment by hydrolysis reactions, solar radiation or microbial degradation [3]. As a matter of fact, the TPs can have comparable toxicity to, or sometimes be even more toxic than, the starting compound, and for this reason, it is also necessary and important to monitor them in the environment [4,5,6,7]. Only some of the analytical methods developed ad hoc for this purpose take into consideration the TPs of the starting compounds [8,9,10,11,12]; often these studies are restricted only to the drug metabolites, which are generally known, as pharmacokinetic studies are requisite before the compounds are placed on the market [13]. In fact, after their administration, antidepressants can undergo metabolic biotransformations that lead to the excretion of the starting compound or its metabolites, which reach water bodies (e.g., wastewater, surface, underground and drinking water), soils, and sediments through industrial, domestic, and hospital discharges [1].



Furthermore, it should be considered that these compounds, together with their TPs, are often only removed in small percentages, ranging from 18% to 33% [14], or pass almost undisturbed into surface waters, due to the inadequate treatment procedure of wastewater treatment plants (WWTPs) [15,16,17]. They can therefore be considered as emerging pollutants and thus increase the risk of possible toxic effects on aquatic organisms and on human health [18,19,20,21,22]. Furthermore, the active metabolites of these drugs can be converted back into their precursors during the treatment processes, leading to a concentration of the precursor in the effluent greater than that of the influent [23,24]. Therefore, it is important to know the degradation mechanism that can occur to better understand the fate of the drugs both in the environment and in aquatic organisms.



This study takes into consideration escitalopram (ESC), a new generation antidepressant drug with fewer side effects than usual and a drug well-tolerated by patients. ESC is a therapeutically active S-enantiomer of the citalopram raceme and belongs to the category of selective serotonin reuptake inhibitors (SSRIs). In vivo and in vitro studies have shown that its effectiveness is approximately double that of citalopram and it is therefore supplanting its use [25]. The drug is mostly metabolized in the liver, and the main metabolites are the two demethylated forms (S-demethylcitalopram and S-didemethylcitalopram), which lose the active pharmacological effect [25,26]. Furthermore, this drug has a dimethylamine group in its structure, which can lead to the formation of N-nitrosodimethylamine during the processes of potabilization by chlorination [27]. ESC and its metabolites are excreted primarily via the kidneys, with a small percentage of the drug excreted unchanged. The half-life of ESC in human plasma is 27–33 h [25,26].



The degradation studies in the literature mainly concern the citalopram rather than ESC. Some citalopram degradation products have been identified in water under UV radiation [14,28], under chlorination [14], and under TiO2-mediated photocatalytic processes [29]. The pH effect on the citalopram photodegradation in lake waters has been investigated, showing an increase in the degradation time with increasing pH [27,28]. The presence of nitrates and dissolved organic matter (DOM) and their role in photodegradation were also considered, finding the first relevant and the second not relevant. [28]. Nitrate increases the photodegradation kinetics of citalopram, as does, albeit to a lesser extent, bicarbonate [29,30]. The citalopram oxidation with sodium hypochlorite leads to the formation of N-nitrosodimethylamine [27], while its thermal degradation and that of ESC were studied via GC-MS [31].



Since ESC is the active enantiomer of citalopram, a deep and comprehensive study of its specific transformation and accumulation in water is required, as chemical species with different abundances could be formed, and therefore there could be different toxicological effects on living organisms [32,33]. Furthermore, as a consequence of the enantiospecific biotransformation in WWTPs, it may happen that the enantiomeric pattern at the output is different from the one at the input [33].



ESC degradation was studied by forced degradation processes using different ICH-recommended stress conditions (HCl 2M at 80 °C, NaOH 0.1 M at 50 °C, H2O2 30%, thermal at 50 °C, photochemical in methanol solution or directly on the solid drug) [34]; whereas the identification of process impurities was carried out by HPLC-ESI-MS and NMR [35].



In this study, we want to test the natural degradation of ESC due to sunlight in conditions that are typical of temperate climates, such as that of Italy. Furthermore, since the indirect photolysis of citalopram is preponderant on the degradation kinetics [28,36], we want to systematically explore the effect of nitrate and bicarbonate concentrations and their interactions on degradation kinetics. Moreover, it is important to evaluate the (eco)toxicological and environmental behaviour of the products of the degradation process to assess their potential impact on the environment and eventually monitor those of more relevant concern. For this purpose, degradation experiments have been performed first in ultrapure water to evaluate the formation of TPs via direct photolysis, and then the effects of nitrate and bicarbonate concentrations and their interactions have been evaluated by a full factorial design. ESC TPs have been identified by a new and validated HPLC-MS/MS method that will be tested on different Italian river water samples.




2. Materials and Methods


2.1. Reagents


Escitalopram oxalate (ESC) (≥98%), sodium nitrate (>99%) and sodium bicarbonate (>99%) were purchased from Sigma-Aldrich (Milan, Italy), whereas methanol (UHPLC-MS grade), water (UHPLC-MS grade), ammonium acetate (LC-MS grade), formic acid (LC-MS grade) were acquired from Carlo Erba (Milan, Italy). Anions standard mixture (fluoride, chloride, nitrate, phosphate and sulfate) for ion chromatography analysis was purchased from ThermoFisher Scientific (Milan, Italy).




2.2. Instrumentation


A Solarbox 3000e (Co.Fo.Me.Gra, Milan, Italy) equipped with a water-cooled specimen tray, a xenon lamp and a soda-lime glass UV filter for the simulation of the outdoor exposure was used for solar irradiation experiments.



HPLC analyses were carried out by Ultimate 3000 system (ThermoFisher Scientific, Milan, Italy) equipped with an Ultimate 3000 Degasser, a quaternary pump LPG-3400SD, an Ultimate 3000 autosampler and an Ultimate 3000 column compartment. The HPLC was coupled to a triple quadrupole mass spectrometer TSQ Quantum Access Max (ThermoFisher Scientific, Milan, Italy) equipped with an electrospray ionization source (ESI). Data acquisition and reprocessing were performed by Xcalibur 2.2 software (ThermoFisher Scientific, Milan, Italy).



Ion chromatography (IC) analyses were carried out by an ICS-2000 system (ThermoFisher Scientific, Milan, Italy) equipped with anion self-regenerating suppressor 300 (ASRS 300, 4 mm) and a DS6 conductivity cell. A pH50 Violab DHS (XS Instruments, Modena, Italy) equipped with a combined glass Ag/AgCl electrode was employed for pH measurements.




2.3. Standard Solutions and Sample Collecting


The ESC standard stock solution (100.0 mg L−1) was prepared in methanol and after proper dilution was used for the development and validation of the HPLC-MS/MS method. The solution was kept at −20 °C in dark glass vials. For the irradiation experiments, ESC aqueous solutions at 10.0 mg L−1 were freshly prepared and used in order to better simulate the natural photodegradation, avoiding the contribution of organic solvent in the degradation.



Real water samples were collected from some rivers of Northern Italy in rural areas, according to ISO 5667-6:2014 [37]. The lake water was collected near Asti (Piedmont, Italy) and used as a blank sample, according to ISO 5667-4:2016 [38]. In particular, three 1-L samplings were carried out in the center of the lake, each repeated twice, at depths of 0.5, 2.5 and 5 m using a Van Dorn bottle. The samples were placed in polyethylene bottles and kept in the dark and refrigerated at 4 °C until arrival in the laboratory, where they were mixed in equal parts, after determining that the chemical-physical parameters of the samples were very similar to each other (pH = 7.40 ± 0.02, COD = 7.2 ± 0.7). After collection, the samples were transported to the laboratory and 0.2 μm-filtered by polytetrafluoroethylene (PTFE) filters (Carlo Erba, Milan, Italy). The filtered samples were preserved in the dark at −20 °C.




2.4. Photodegradation Experiments


A twenty-eight mL cylindrical quartz cell (Hellma Italia, Milano, Italy) was filled with ESC ultrapure water solution (10.0 mg L−1). The solution was magnetically stirred and underwent simulated sunlight irradiation on the water-cooled tray in the solarbox using an irradiation intensity of 600 W m−2 and a temperature of 35 °C. The instrumental conditions were chosen on the basis of our previous knowledge of the solar average irradiation (day-night) and temperature in the period of May-September in Milan (similar to the natural sunlight irradiance at middle European latitude on sunny days). Each experiment was replicated three times. Aliquots of the solution (3 mL) were withdrawn at a prefixed time and preserved in dark glass vials at −20 °C until further HPLC/MS analysis. Before introducing and filling a new fresh ESC solution into the quartz cell, the latter was emptied and carefully cleaned. Control samples were kept in the dark for the same time as the irradiation experiments in order to highlight hydrolysis phenomena.



To test the effects of nitrate and bicarbonate concentrations on the ESC photodegradation, a 2-level full factorial design (FFD) was performed. The experimental domain includes typical concentrations of nitrate and bicarbonate in water bodies, ranging from 1.0 to 20.0 mgL−1 for nitrate [39] and from 1.0 to 100.0 mgL−1 for bicarbonate [40]. We used as the experimental response the half-life of ESC, which was derived from the kinetic constant of the degradation measured in the different experimental conditions. The experiment in the central point of the design was replicated three times to estimate the pure experimental error. All the FFD solutions were exposed to the same irradiation conditions of ultrapure water.




2.5. Chromatographic and Mass Spectrometric Conditions


The stationary phase was a Kinetex F5 column (50 mm × 3 mm, 2.6 µm) (Phenomenex, Bologna, Italy). The mobile phase was a mixture of ammonium acetate 1.0 mM in water with the addition of 0.1% formic acid (A) and ammonium acetate 1.0 mM in methanol with the addition of 0.1% formic acid (B), eluting at a flow rate 0.5 mL min−1 and the following gradient conditions: 0.00–0.50 min 5% B, 0.5–4.5 min 50% B, 4.6 min 100% B, 4.6–8.5 min 100% B, and 8.6 min to 12.5 min 5% B. The injection volume was 5.0 µL and the oven temperature was set at 40 °C.



ESI source works in positive ion mode with the following parameter settings: spray voltage 2.8 kV, capillary temperature 300 °C, vaporizer temperature 550 °C, sheath gas (N2) pressure 55 arbitrary units (a.u.), auxiliary gas (N2) pressure 5 a.u., and sweep gas (N2) pressure 15 a.u. Tube lens offset and collision energy were optimized for ESC standard solution at 67 V and 25 V, respectively. The instrument works in selected reaction monitoring (SRM) keeping a full width at half maximum (FWHM) of about 0.7 u in each mass-resolving quadrupole (unit mass resolution), with a collision gas (Ar) pressure of 1.5 mTorr and a total cycle time of 0.72 s. The complete list of the monitored SRM transitions is reported in Table S1. In order to obtain complete MS/MS spectra information, the quantitation enhanced data-dependent scan (QED) mode was used. Once the selected SRM transition reaches an intensity threshold of 10,000, the instrument automatically triggers QED, ramping the CE from 55 to 10 V.




2.6. Preconcentration by Solid-Phase Extraction (SPE) Procedure


The SPE cartridge was a C18-E (1 mL, 100 mg) from Phenomenex (Milan, Italy) and it was conditioned with 1.0 mL of methanol and 1.0 mL of ultrapure water (pH 11 for NaOH 0.01 M). After the loading of 10 mL of river water sample brought to pH 11 for NaOH, the cartridge was washed with 1.0 mL of water/methanol 85/15 (v/v) and then dried for 5 min under vacuum. The elution was carried out with 1 mL of methanol with the addition of formic acid 0.1%, evaporating to dryness with a gentle stream of nitrogen and reconstituted with 0.1 mL of the mobile phase at the initial gradient conditions (final pre-concentration factor 100×).




2.7. IC Conditions


The IC analyses were carried out using as analytical column a Dionex Ion Pac AS11 (250 × 4 mm) preceded by a Dionex Ion Pac AG11 (50 × 4 mm) guard column and, as mobile phase, a gradient elution of KOH (from 0.10 to 12.0 mM at 1.0 mL/min) obtained using an Eluent Generation Cartridge EGC III KOH). The injection volume was 20 μL.




2.8. Multivariate Data Analysis


Principal component analysis (PCA) has been used to analyse the (eco)toxicological and environmental fate properties of TPs, which were predicted by generally available internet resources. PCA is a well-known statistical method for exploratory data analysis [41]. It projects the data in a reduced hyperspace defined by principal components (PCs), which are orthogonal linear combinations of the original variables. PCA produces two main graphical outputs, the score and loading plots, where relationships among samples and variables can be analysed, respectively.





3. Results


3.1. Development and Validation of the HPLC-MS/MS Method


A simple triple quadrupole MS analyser was used to develop a sensitive HPLC/MS method (in SRM mode) for the study of ESC degradation and identification of ESC photodegradation products.



First, an MS/MS characterization of a methanol standard solution of ESC at 250 ng mL−1 was performed by infusion mode, increasing the collision energy in order to evaluate the weaker bonds within the molecule and obtain a significant fragmentation pattern that can be helpful for the identification of the unknown photodegradation products. The MS works in ESI PI mode, as there are nitrogen atoms prone to protonation present in the ESC chemical structure. The negative ion mode was also tested, however, but no photodegradation product was found with this type of ionization mode.



Later, the infusion into the mass spectrometer was carried out for the solutions collected at different times of the irradiation process in order to monitor the species that had formed during the photodegradation. MS/MS spectra of these compounds were acquired at different collision energies to understand the fragmentation pattern and identify for each species the two most abundant product ions indispensable for the building of typical SRM transition. In this way, the tube lens offset and the collision energy were optimized for all the formed photodegradation products (TPs) characterized by the respective SRM transitions; the values are the same than that of ESC standard solution. This pool of TPs was selected in the HPLC-MS/MS method, and later monitored during the whole photodegradation process.



In addition, the developed method also makes use of the QED mode, to obtain for each monitored transition a comprehensive MS/MS spectrum useful for the confirmation of the TP.




3.2. Validation of the HPLC-MS/MS Method


Standard solutions of ESC (LOQ, 0.01, 0.05, 0.1, 0.5, 1.0, 2.5, 10.0, 25.0, 50.0, 100, 250, 500, and 1000 ng mL−1) were used to build two external calibration models with weighting factor 1/x, reporting the ESC chromatographic peak area (quantifier transition) as dependent variable y and the standard concentration as independent variable x. The quality of both linear regression models was high, with R2 = 0.9999 in the range 0.01–2.5 ng mL−1 and R2 = 0.9990 between 2.5 and 1000 ng mL−1. The ratio of the calculated to the theoretical concentrations at the fourteen concentration levels was always within the acceptable range of 92.4–116.9%.The limit of detection (LOD) and the limit of quantitation (LOQ) were calculated according to the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) as the analyte concentration giving a signal of 3.3sB/b and 10sB/b, respectively, sB being the blank standard deviation, equal to the residual standard deviation (sy/x), and b the calibration model slope [42]. The obtained LOD and LOQ were 0.08 ng mL−1 and 0.28 ng mL−1, respectively.



Seven replicates of the blank lake water sample were spiked with an ESC solution at a concentration giving an S/N ratio between 2.5 and 5 to calculate the method detection limit (MDL) as MDL = t (n−1,α=0.01) × sd, where t = 3.14 corresponds to a t-Student’s value for 99% confidence level and six freedom degrees, and sd is the standard deviation of the replicates. The method quantification limit (MQL) was defined as three times the MDL value. MDL and MQL were 0.09 and 0.28 ng mL−1, respectively.



The repeatability was calculated by analysing five times the blank lake sample spiked with an ESC solution at MQL value, whereas the intermediate precision was determined by repeating the analyses for 7 consecutive days of the week (n = 35).



Both the repeatability and the intermediate precision gave a relative standard deviation (RSD%) of the precision of the concentrations lower than 6.0%, whereas those calculated for the retention time were lower than 0.8% and 2.6%, respectively.



The matrix effect (ME), calculated as   M E  %  =   s l o p  e  a d d     s l o p  e  e x t     · 100 − 100 ,     was evaluated by comparing through a t-test (at 95% confidence level) the slopes of external calibration models (slopeext) with those of the standard addition models (slopeadd), with respect to the same linearity range. The latter models were calculated by spiking the lake water sample with the ESC standard solutions in the same concentration range as the external calibration models. Since the result of the t-test is equal to 0, therefore the slopeext is not significative different (at 95%) from slopeadd, hence no significant ME was found.



Despite the low MQL of the method (0.28 ng mL−1), a sample pre-concentration of at least 100 times was considered as being necessary, since ESC can be quantified in the surface water at very low concentration (even a few ng L−1).



The recovery R was calculated as Cobs/Cref, where Cobs was the concentration of ESC determined after the HPLC-MS/MS analysis, and Cref was that of an ESC spiked solution. ESC solutions were prepared at 0.5, 50.0 and 500 ng mL−1, to explore as much as possible the whole linearity range. They were added to a blank sample, which was submitted to the SPE procedure, replicating the analysis three times. The R values calculated for the three spiked concentration levels were (91.9 ± 2.0)%, (92.8 ± 0.5)%, and (93.3 ± 0.9)%, respectively. The R values have good reproducibility and were independent of the analyte concentration within the explored concentration range. There was no significant difference among the three obtained R values, as shown by a t-test at 95% confidence level. Therefore, the average recovery (R%) was of (92.7 ± 0.4)%.




3.3. Kinetics and Significant Factors of ESC Photodegradation


The results of the photodegradation experiments (Table 1) showed that ESC degradation kinetics was of the pseudo-first-order in all the considered conditions, whereas no evidence of ESC degradation was observed for the solution preserved in dark, confirming the poor hydrolysis reactions [29].



The degradation kinetics of ESC in ultrapure water are the slowest (half-life of approximately 2.6 days), while it increases in speed in the presence of nitrate and bicarbonate to about a 14.5 h half-life (when concentrations of both nitrate and bicarbonate are at the maximum values of the explored experimental domain), meaning that the degradation by indirect photolysis prevails over the direct photolysis mechanism.



As can be shown in the contour plot (Figure 1), the half-life of ESC photodegradation decreases about from 55 to 15 h with the increase of nitrate concentration (from 1 to 20 mg L−1) and in minor extent (from 55 to 40) with the increasing of bicarbonate concentration (from 1 to 100 mg L−1).



The results are in agreement with other studies on citalopram degradation in water [29,30]. From the coefficients of the FFD model, calculated by multiple linear regression (R2 = 0.8933), it was concluded that ESC photodegradation kinetics were significantly affected only by nitrate concentration (p-value < 0.02) and that the interaction effect between the two factors was not relevant. The presence of quadratic effects was excluded by performing an F-test that compared the difference between the average response of the replicated central experiments and the average response from the factorial design experiments, together with their uncertainty.



In order to evaluate the ESC photodegradation in a real water sample, the blank lake water was used. Being the concentration of nitrate and bicarbonate in lake water (0.60 ± 0.02) mg L−1 and (0.22 ± 0.01) mg L−1, respectively, the expected half-life should be greater than 55 h, whereas a value of 48.4 ± 0.4 was found. This observed lower half-life is probably due to the presence of DOM in the lake water at the concentration of 12.4 ± 0.11 mg L−1 [28]. The effect of DOM concentration was already investigated on the citalopram photodegradation and found to be much less relevant than nitrate concentration, since although DOM can promote the degradation, it can also promote its inhibition by quenching the hydroxyl radical generated by nitrate [28].




3.4. Identification of Photodegradation Products


Figure 2a shows the optimized extracted ion chromatogram of a sample of ESC in ultrapure water irradiated for 179 h. The elution time of ESC, at 4.76 min, was greater than that of all the TPs, which were labelled according to their elution order. It was evident the formation of some isomers: TP9, T12 and T16 were monitored by the same transition (341→262/109), whereas TP10 and TP13 were governed by the transition 355→292/337.



Considering the ESC photodegradation in ultrapure water (Figure 2a), fourteen TPs were found; among them, one (TP1) was detected for the first time. Figure 2b shows the chromatographic peaks of TP6 and TP11 (isomers monitored by the transition 327→260/278) of the lake water sample spiked with ESC at 1.0 mg L−1, after the same irradiation time. Actually, TP6 and TP11 did not form in ultrapure water, but only in presence of nitrate and bicarbonate, therefore the process of indirect photolysis is supposed to be responsible for their formation [28]. As was the case for TP1, TP6 and TP11 were also identified for the first time in this study.



The starting point for the TP chemical structure elucidation was the MS/MS spectrum of the ESC, in which it was possible to identify the major product ions that could be useful to hypothesize the bonds that can most easily be broken to give rise to TPs. In fact, helpful information could really derive from the correlation between the variation of the collision energy for the ESC fragmentation and the relative abundance of the fragments in the MS/MS spectrum, according to which it was often possible to understand which fragments could be the precursors of others. Figure S1 shows the MS/MS spectrum of ESC with the chemical structures of the product ions. It can be noted that the molecule attachment points are mainly two, the alkyl chain with an alkylamine terminal and the oxygen of the furan ring; it is therefore expected that the TPs will be formed starting from the breaking, rearrangement or modification of these parts of the molecule. The product ion with a greater m/z is at m/z 307, corresponding to a loss of water and a furan ring rearrangement. We can then find a signal at m/z 262 corresponding to dimethylamine loss. The subsequent breaking of the remaining alkyl chain and furan ring gives rise to m/z 234 and m/z 247, respectively. The base peak of the spectrum is at m/z 109, corresponding to a flurotropylium ion.



Similarly, the MS/MS characterization was made for all TPs at the irradiation time in which their intensity was maximum, and the product ions formed for each TP were correlated with those of the others, in order to find similarities in the chemical structures formed and subsequently find a common mechanism of formation. For this purpose, useful information can derive from the formation trend of the TPs during the irradiation. For example, Figure 3 shows the variation of the peak area of TP1, TP3 and TP13. It can be noted that the formation of TP3 would be correlated with that of TP13, whereas the increase of TP1 could be associated with the decrease of TP3 and TP13.



The time evolution of the other TPs is shown in Figure S2a–c, whereas Figure S2d shows the trends of all TP s with the decrease of ESC concentration in a logarithmic scale for a comprehensive view.



The chemical structures of the TPs were proposed on the basis of their quasi-molecular ion, the use of nitrogen rule, the interpretation of the MS/MS spectrum and the retention time of the species.



All identified TPs were reported in Table 2 with their retention time, the precursor ion and the most abundant product ions with their relative intensity and the references of similar TPs of citalopram.



A TP7 with a signal at m/z 323, corresponding to a substitution of fluorine atom with a hydroxyl group, was already previously found for citalopram degradation [28,29,36,43]. The structure was confirmed with the presence in the MS/MS spectrum of the ion at m/z 107, corresponding to hydroxytropylium ion, instead of the characteristic fuorotropylium at m/z 109.



TP5 with an m/z signal at 337 corresponding to the oxidation on the furan ring of the TP7 according to the literature [28,29], and for successive loss of the hydroxyphenyl group can give rise to the TP2 at m/z 245 [14,28,29], which successively can undergo to hydroxylation on the aliphatic chain [14]. Unlike the process reported in the literature, the hydroxylation occurs precisely on the carbon in α position with respect to the furan ring to form TP1 at m/z 261. A confirmation of this is seen in the fragment in the MS/MS spectrum (Figure S3) at m/z 161, whose structure consists of a benzofuranone skeleton with a hydroxymethylidene substitution. In addition, the base peak at m/z 243 (loss of water) suggests that the hydroxyl group must be on the alkyl chain and the loss of water cannot derive from furan ring (as in the MS/MS spectrum of ESC). In addition, only one loss of water is observed in the spectrum, therefore the OH position is necessarily on the α carbon close to the furan ring, preventing a subsequent loss of H2O. The other two fragments at m/z 234 and m/z 216 correspond to a loss of the nitrile group and dimethylamine, respectively. This TP was identified and characterized for the first time in this study (Figure S3).



TP4 at m/z 247 forms after the removal of the fluorophenyl followed by a hydroxylation, as reported for citalopram degradation [29]. The ESC oxidation on the furan ring gives rise to TP14 at m/z 339 with the formation of a ketone group [14,28,29,36,43], whereas that on the amine group forms N-oxide TP16 at m/z 341, already found by Osawa et al. [14].



Two other isomers at m/z 341, namely TP9 and TP12, were identified: both derive from hydroxylation reactions on the alkyl chain, with MS/MS signals as discussed and reported by Jiménez-Holgado et al. [29]. A further hydroxylation gives to the formation of TP10 at m/z 355 and TP3 at m/z 357. In agreement with Osawa et al. [14], the MS/MS spectrum of TP10 has three fragments related to three losses of water, one of them much intense at m/z 319 attributed to the hydroxylation of the methyl group of the tertiary amine. TP3 was already found by Jiménez-Holgado et al. [29] for citalopram degradation and its subsequent oxidation on the furan ring can give origin to TP13, an isomer of TP10. TP13 could be also derived from the hydroxylation of TP14 [29], and for further loss of the fluorophenyl moiety could form TP1. Nitrile hydrolysis of ESC can give TP8 at m/z 343, previously found only by Osawa et al. [14] for citalopram degradation and confirmed by the loss of CHNO from m/z 280 to m/z 237 and from m/z 294 to m/z 251.



TP15 at m/z 311 corresponds to the N-demethylation of ESC, confirmed in the MS/MS spectrum by the presence of the signal at m/z 262 formed by a loss of NH2CH3 from m/z 293 [14]. A further hydroxylation gives to the formation of two isomers, identified for the first time, at m/z 327.



The MS/MS spectrum of TP6 (Figure S4) shows two successive losses of water (m/z 309 and m/z 291) suggesting the presence of OH on the alkyl chain, as explained for TP9, the elimination of NH2CH3 to form m/z 278 from m/z 309, the signal at m/z 109 attributed to fluorotropylium and m/z at 262, already found in the MS/MS spectrum of ESC (Figure S1).



The other isomer of TP6 is TP11, in which, similar to the TP1 discussed above, the OH position on the alkyl chain is forced to the carbon in α position close to the furan ring. In the MS/MS spectrum, only a loss of water is present (from m/z 327 to m/z 309), whereas the loss of water on the furan ring is hindered. The elimination of NH2CH3 corresponds to the signal at m/z 296, from which is formed m/z at 278 from the loss of water (Figure S5).



Overall, the photodegradation mechanism of ESC consists of different types of reactions (Figure 4), the main one being hydroxylation (TP9, TP12) or di-hydroxylation, both on the alkyl chain (TP10) and the furan ring (TP3), which can be followed by a subsequent oxidation step of the ring (TP13) and loss of fluorophenyl (TP1).



The hydroxylation reaction can also follow N-demethylation (TP15) to give rise to the remaining N-demethylation and hydroxylation (TP6) or a simple hydroxylation (TP11). N-oxidation instead leads to the formation of TP16, while the oxidation of the furan ring to TP14, from which TP5 and TP2 can originate by substitution of the fluorophenyl with OH and loss of the fluorophenyl itself, respectively. Another way to form TP5 is by the oxidation of the furan ring starting from TP7, which originates both directly from the loss of fluorophenyl of the ESC molecule, and by loss of hydroxyphenyl from TP4 formed by fluorophenyl substitution of ESC. Finally, the formation of amide gives rise to TP8.



Considering the TPs that have lost the fluorine atom (TP1, TP2, TP4, TP5 and TP7), it can be seen in Figure 5a that TP5 gives the most intense signal reaching the maximum concentration after around 100 h of irradiation, while the peak areas of the other TPs are significantly smaller and their maxima are shifted to around 200 h. The formation of fluoride ion (Figure 5b) was monitored and it can be seen that it grows up to about 100 h and then remains almost constant until the end of the irradiation time, demonstrating that the greatest contribution to its formation is due to TP5.




3.5. River Water Analysis


The method developed and validated was successfully applied to the analysis of five river water samples after the pre-concentration step to search for the presence of ESC and any TPs (Table 3). ESC was determined at the concentration of a few tens of ng L−1 in three out of five rivers, while in two of these three rivers, only three out of sixteen of the TPs, TP2, TP5 and TP12, were identified, while in the river Tanaro, only TP5 was identified.




3.6. Toxicity Assessment of TPs


Toxicity and environmental impact of TPs were preliminarily evaluated in silico by quantitative structure-activity relationships (QSARs) and read-across models implemented in the free available internet resources VEGA [44] and T.E.S.T [45]. In particular, from the simplified molecular input line entry system (SMILES) notations [46] of ESC and its TPs, we obtained estimates of acute aquatic toxicity on fish (Fathead minnow (LC50-96 h)), Daphnia magna (LC50-48 h), Tetrahymena pyriformis (IGC50-48 h) and acute oral toxicity on rat (LD50) by the consensus method of T.E.S.T. software relaxing the fragment constraint. The VEGA platform was used to predict mutagenicity by the consensus model on Ames test, developmental toxicity by CAESAR model, bioaccumulation by Arnot-Gobas BCF model, ready biodegradability, and persistence in water, sediment and soil by IRFMN models. Predicted values of the endpoints were collected in Table S2 and investigated by principal component analysis (PCA). Figure 6 shows the similar relationships among ESC and TPs in the orthogonal space of the first two principal components (PCs), which explain 60% of the total data variance. In the score plot, TPs mainly clustered in two groups, with positive and negative scores on PC2. All variables exhibit negative loadings on PC2, while PC1 differentiates Ames and the majority of toxicities (positive loadings) versus bioconcentration and persistence in water (negative loadings). In general, most of the TPs exhibit a similar toxicological profile and environmental behaviour to ESC; only TP4 and TP10 emerge as different since, unlike ESC and the other TPs, they were predicted positive to Ames mutagenicity test. According to the Globally Harmonized System (GHS) of classification and labelling of chemicals [47], only with a few exceptions, ESC and TPs were generally labelled as being moderately toxic for aquatic environment of category 2 (  1 mg / L < LC 50 ≤ 10 mg / L  ) or 3 (  10 mg / L < LC 50 ≤ 100 mg / L  ). Also considering the acute toxicity on rat by oral ingestion, they were labelled as moderately toxic of category 2 (  300 mg / kg < LD 50 ≤ 2000 mg / kg  ); moreover, all of the chemicals were predicted as potential interferents for normal development of humans or animals and non-ready biodegradable but with a low potential of bioaccumulation (logBCF < 3.3 according to REACH regulation EC No 1907/2006) and, accordingly, a low persistence in aquatic and terrestrial environments.





4. Conclusions


ESC photodegraded by exposure to sunlight in aqueous solution by direct photolysis with a half-life of about 2.6 days, kinetics that increased in the presence of nitrates. The formation of 14 TPs were observed in ultrapure water and another two TPs in surface water, whose chemical structures were elucidated and toxicity evaluated by in silico simulation, which appears only in two of the TPs (TP4 and TP10) to be greater than that of ESC. Most ESC TPs are the same as those from citalopram, identified in part in other studies [14,28,29,36,43], but three new TPs can be attributed only to ESC, TP1 at m/z 261, formed also in ultrapure water, and the two isomers TP6 and TP11 at m/z 327, formed only in presence of nitrate. The mechanism of degradation involves similar reactions to citalopram degradation [14,28,29,36,43]. The results of this study will be significant in updating current knowledge on the identification of ESC TPs and may be useful for implementing micropollutant monitoring in water systems.
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Figure 1. Contour plot of first-order FFD model: ESC half-life as a function of nitrate and bicarbonate concentrations. 
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Figure 2. (a) Chromatographic peaks of ESC and TPs in ultrapure water after irradiation for 179 h; (b) additional chromatographic peaks of TPs formed in lake water for the same time of irradiation. 
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Figure 3. Time evolution of peak areas of TP1 (m/z 261), TP3 (m/z 357) and TP13 (m/z 355). 
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Figure 4. Proposed mechanism of reactions involved in the ESC photodegradation. 
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Figure 5. Time evolution of (a) peak areas of TPs that have lost the fluorine atom (TP1 at m/z 261, TP2 at m/z 245, TP4 at m/z 247, TP5 at m/z 337 and TP7 at m/z 323) with a zoom-section on the smallest TP peak areas, and (b) the related fluoride formation. 
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Figure 6. Graphical results of principal component analysis (PCA) of the toxicological and environmental fate endpoints for ESC and its detected TPs: (a) score plot and (b) loading plot of the first two principal components (PCs). The variable labels in the loading plot (b) are: acute toxicity on fish (ToxFish), Daphnia magna LC50 (ToxDaph), T. pyriformis IGC50 (ToxTpyr), oral toxicity on rat LD50 (ToxRat), mutagenicity by Ames test (Ames), log bioconcentration factor (BCFmAG), water persistence (PerWat), sediment persistence (PerSed), and soil persistence (PerSoil). Further details on variables are given in the supplementary material (Table S2). 
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Table 1. Kinetics of escitalopram in different aqueous media conditions.
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	Photolysis Experiment
	Nitrate

(mg L−1)
	Bicarbonate

(mg L−1)
	k

(h−1)
	t1/2

(h)
	R2 *





	UP Water 1
	-
	-
	0.0111 (±0.0008)
	62.4 (±3.2)
	0.9904



	FFD 2
	1.0
	1.0
	0.0103 (±0.0005)
	67.3 (±2.2)
	0.9433



	FFD
	20.0
	1.0
	0.0255 (±0.0022)
	27.2 (±1.6)
	0.9487



	FFD
	1.0
	100.0
	0.0159 (±0.0011)
	43.6 (±2.1)
	0.9409



	FFD
	20.0
	100.0
	0.0478 (±0.0052)
	14.5 (±1.1)
	0.9632



	FFD
	10.0
	50.0
	0.0243 (±0.0023)
	28.5 (±1.9)
	0.9592



	Lake water 3
	0.60
	0.22
	0.0143 (±0.0006)
	48.4 (±1.5)
	0.9984







* Determination coefficient of pseudo-first order kinetic model; 1 UP for ultrapure water; 2 FFD for Full Factorial Design; 3 Lake water as blank.
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Table 2. TPs of ESC: retention time, precursor and most abundant product ions, and the references of similar TPs already found for citalopram.
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	Compound

Precursor Ion [M + H]+
	RT

(min)
	MS/MS Product ions

(Relative Intensity, %)
	Chemical Structure
	Reference for Citalopram Degradation





	Escitalopram

325
	4.76
	307 (6)

262 (33)

247 (18)

234 (30)

221 (9)

166 (9)

116 (19)

109 (100)
	 [image: Separations 09 00289 i001]
	[14,29]



	TP1

261
	2.43
	243 (100)

234 (20)

216 (38)

161 (77)
	 [image: Separations 09 00289 i002]
	This study



	TP2

245
	2.52
	227 (5)

200 (23)

182 (17)

158 (100)

154 (75)

141 (30)
	 [image: Separations 09 00289 i003]
	[14,28,29]





	TP3

357
	2.64
	339 (100)

321 (8)

315 (3)

294 (5)
	 [image: Separations 09 00289 i004]
	[29]



	TP4

247
	2.83
	229 (15)

202 (5)

189 (20)

166 (100)

156 (18)

127 (40)
	 [image: Separations 09 00289 i005]
	[29]



	TP5

337
	3.06
	309 (20)

294 (100)

274 (25)

238 (60)
	 [image: Separations 09 00289 i006]
	[28,29]



	TP6

327
	3.11
	309 (15)

291 (18)

278 (20)

262 (60)

220 (5)

116 (48)

109 (100)
	 [image: Separations 09 00289 i007]
	This study



	TP7

323
	3.12
	305 (3)

287 (2)

278 (3)

260 (31)

232 (26)

166 (13)

107 (100)
	 [image: Separations 09 00289 i008]
	[28,29,36,43]



	TP8

343
	3.13
	325 (35)

298 (5)

294 (45)

280 (22)

276 (30)

251 (52)

240 (100)

237 (70)

109 (60)
	 [image: Separations 09 00289 i009]
	[14]



	TP9

341
	3.15
	323 (14)

305 (17)

278 (5)

262 (72)

234 (45)

220 (18) 166 (8)

109 (100)
	 [image: Separations 09 00289 i010]
	[14,29,36]



	TP10

355
	3.35
	337 (13)

319 (100)

292 (10)

276 (49)

258 (77)

230 (25)

209 (12)
	 [image: Separations 09 00289 i011]
	[14]



	TP11

327
	3.67
	309 (19)

296 (8)

278 (33)

109 (100)
	 [image: Separations 09 00289 i012]
	This study



	TP12

341
	3.73
	323 (9)

296 (13)

278 (18)

240 (16)

234 (53)

221 (16)

109 (100)
	 [image: Separations 09 00289 i013]
	[29]



	TP13

355
	3.94
	337 (58)

310 (4)

292 (100)

274 (13)

264 (5)
	 [image: Separations 09 00289 i014]
	[29,36]



	TP14

339
	4.21
	321 (5)

294 (6)

276 (100)

258 (91)

248 (19)

172 (9)
	 [image: Separations 09 00289 i015]
	[14,28,29,36,43]



	TP15

311
	4.63
	293 (18)

262 (52)

247 (25)

234 (33)

221 (11)

166 (10)

116 (22)

109 (100)
	 [image: Separations 09 00289 i016]
	[13,14,28,30]





	TP16

341
	4.65
	280 (6)

262 (100)

247 (11)

234 (18)

166 (7)
	 [image: Separations 09 00289 i017]
	[13,14,30]
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Table 3. Quantification data in the real samples (n.d. for not detected).
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	Sample
	ESC

(ng/L)
	TP2-245
	TP5-337
	TP12-341b





	Adda river
	45.8 ± (0.6)
	detect
	detect
	detect



	Po river
	39.8 ± (1.4)
	detect
	detect
	detect



	Serio river
	n.d.
	n.d.
	n.d.
	n.d.



	Sesia river
	n.d.
	n.d.
	n.d.
	n.d.



	Tanaro river
	12.5 ± (0.8)
	n.d.
	detect
	n.d.
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