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HIGHLIGHTS

o Tianeptine fully photodegrades in water
after 106 h of simulated solar
irradiation.

e Tianeptine degradation kinetics in ul-
trapure water and river water are very
similar.

o Eight new transformation products of
tianeptine were identified by HR MS/
MS.

e Same TPs were formed in both ultrapure
water and river waters solutions.
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ABSTRACT

This study aims the characterization of several tianeptine transformation products in ultrapure water by simu-
lated sunlight irradiation. Tianeptine was completely degraded after 106 h of exposition following pseudo-first-
order kinetics (half-life time = 12.0 &+ 2.4 h). Furthermore, an ultra-high-performance liquid chromatography
coupled with a high-resolution quadrupole time-of-flight-mass spectrometry method was developed and fully
validated taking into account different method performance parameters for the quantification of tianeptine in
river water up to a concentration of 400 pg L™, Following a non-targeted approach based on mass data-
independent acquisition, eight different transformation products not previously reported in the literature were
identified and accordingly elucidated, proposing a photodegradation mechanism based on the accurate tandem
mass spectrometry information acquired. Irradiation experiments were replicated for a tianeptine solution pre-
pared in a blank river water sample, resulting in the formation of the same transformation products and similar
degradation kinetics. In addition, a toxicity assessment of the photoproducts was performed by in silico method,
being generally all TPs of comparable toxicity to the precursor except for TP1, and showing a similar persistence
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in the environment except for TP2 and TP6, while TP4 was the only TP predicted as mutagenic. The developed
method was applied for the analysis of four river water samples.

1. Introduction

The consumption of antidepressants for the treatment of depression
or anxiety disorders has steadily increased since the COVID-19
pandemic (Diaz-Camal et al., 2022). An alarming prediction by the
World Health Organization (WHO) is that depression could be consid-
ered the mental illness with the highest overall disability in the world by
2030 (Sindu, 2020). This situation is aggravated by the fact that anti-
depressants and painkillers are abused in combination with other sub-
stances, resulting in cocktails of drugs that cause inhibitory psychotropic
effects on the consumer (Diaz-Camal et al., 2022). In fact, the con-
sumption of narcotics has risen over the years, particularly in Countries
with the highest citizen income, raising numerous social and environ-
mental problems (Trawinski and Skibinski, 2017; UNODC, 2023).

One of the problems of the use of antidepressant drugs is the envi-
ronmental impact, since traces of these compounds have been found in
surface water of rivers, lakes and seas (Trawinski and Skibinski, 2017).
Therefore, it is evident that water contamination has become key in the
research and development of methods for the elimination of these sub-
stances and reducing the subsequent ecotoxicological damage.

There are many sensitive methodologies for the determination at low
concentrations for most of these kinds of drugs (Chen et al., 2023; Zaki
et al., 2023; Valdez et al., 2023; Xu et al., 2023). The concentration in
surface water mainly depends on the frequency of use, being the con-
centration range very variable, from few ng L™! to pg L™! (Diaz-Camal
et al., 2022). In general, these methods of analysis do not consider the
possible transformation products (TPs) that could be generated in the
environment by microbial degradation, sunlight irradiation or hydro-
lysis reactions (Bavumiragira et al., 2022). Some of these TPs can be as
toxic or even more toxic than the starting substances, so the monitoring
of TPs in the environment becomes essential (Gosetti et al., 2010, 2015,
2018; Bottaro et al., 2008). Only some studies specifically aware of this
problem have taken into consideration the persistence of TPs in the
environment (Gosetti et al., 2020; Calza et al., 2021; Gornik et al.,
2021a; Gros et al., 2015; Metcalfe et al., 2010).

Frequently, studies are focused on the assessment of drug metabo-
lites that are previously known from the initial pharmacokinetic studies
carried out before releasing a drug on the market. These metabolites can
reach water bodies after hospital, industrial and domestic discharges
(Hu et al., 2022). Moreover, antidepressants and their TPs are usually
removed in percentages ranging from 18 to 33% (Osawa et al., 2019) or
are even not adequately treated and removed in wastewater treatment
plants (WWTPs) (Gornik et al., 2021b; Rejek and Grzechulska-Damszel,
2018; Verlicchi et al., 2012). These TPs could be considered emerging
pollutants since the persistence of these substances in the environment
can lead to the increase of toxic effects on human health or aquatic life
(Pivetta et al., 2020; Duan et al., 2022; Ma et al., 2022; Yang et al., 2018;
Fong and Molnar, 2013). In addition, sometimes the treatment process
itself can cause the metabolites to be transformed back into their pre-
cursors leading to higher concentrations in the effluent compared to that
of the influent (Calisto and Esteves, 2009; Subedi and Kannan, 2015).
Hence, the knowledge of the degradation mechanism of substances of
abuse is fundamental to better understanding the fate of these drugs in
the environment.

One example of a molecule with an antidepressant effect is tianeptine
(TNP), which is the active substance of a tricyclic drug commercialized
since 1988 under the name of Zinosal®, Stablon® or Coaxil®, depending
on the Country, and used for the treatment of depression and anxiety
disorder. The molecular formula of TNP is C21Hs5CIN204S. This mole-
cule is a secondary amine characterized by aromatic rings and an
aliphatic chain with a terminal carboxyl group. Usually presented in the

sodic salt form, it is soluble in water and some organic solvents such as
ethanol. This antidepressant is orally consumed, and its abuse can cause
euphoria, being the psychoactive effect stronger than other associated
substances (El Zahran et al., 2018; W. A.JO. DS. C.M, 2001). In 2012, the
National Agency for the Safety of Medicines and Health Products
(ANSM) in France ruled that there was indeed a risk of abuse and
dependence associated with the use of TNP-based antidepressants.
Consequently, very often the immediate solution to face this problem
seems to be legislative, seeking to limit or avoid the consumption of
some drugs even for medical purposes. An example is the situation in
Italy, where in 2020 the Italian Ministry of Health included all
TNP-based drugs in Table 1 of narcotic substances (Italian Ministry of
Health, 2020). Other examples of countries where the commercializa-
tion of TNP-derived drugs is no longer permitted are the United States,
United Kingdom, Canada, and Australia. Nevertheless, in many Asian
Countries or Countries from Europe such as Portugal, France or Spain, its
medical use under prescription is still legal (Garcia-Garcia, 2016).

In a gas chromatography-mass spectrometry (GC-MS) study of
human urine samples, the pharmacokinetics of TNP in the human body
was evaluated and several metabolites were found, being MC5 the main
metabolite of TNP and also presenting antidepressant activity (Horla-
chuk et al., 2019). However, to the best of our knowledge, no studies on
the assessment of TNP TPs in waters after natural sunlight irradiation
were found in the literature and very few studies assessed the occurrence
of the environment, especially in natural waters. One of these few ex-
amples reported that TNP was found in seven species of biota fish with a
maximum concentration of 0.53 ng g~ ' of dry weight on the Polish
coastline (Swiacka et al., 2022). Giebuttowicz et al. (Giebultowicz and
Natecz-Jawecki, 2014) investigated the presence of TNP in surface
water, also providing the predicted environmental concentration of TNP
in surface waters based on the 2012 sales of active compound in Poland,
which was estimated as 8 ng L™!. In other studies, nineteen surface
water samples from the Seine River (Brieudes et al.,, 2017) and
twenty-eight influent wastewater samples collected from each of the
four WWTPs in Belgium (Boogaerts et al., 2019) were analyzed, but TNP
was not detected in any of the samples. Moreover, in some studies, it was
noted that TNP is relatively insensitive to high temperatures, but it can
be affected by UV radiation (Khedr, 2007).

This study aims to characterize TNP TPs in water by an ultra-high-
performance liquid chromatography quadrupole time-of-flight tandem
mass spectrometry (UHPLC- QTOF MS/MS) method. A photo-
degradation of TNP in water by sunlight-simulated irradiation was
carried out imitating environmental conditions that are typical to the
north of Spain, where its commercialization is still legal. After devel-
oping and validating the proposed method of analysis, four river water
samples from the Nervion River (Bilbao, Spain) have been analyzed to
check the presence of TNP or its TPs.

2. Materials and methods
2.1. Reagents

TNP sodium salt (>98 %) was purchased from LGC Standards
(Teddington, USA), whereas methanol (UHPLC-MS grade), acetonitrile

(UHPLC-MS grade), water (UHPLC-MS grade), and formic acid (LC-MS
grade) were acquired from Carlo Erba (Milan, Italy).

2.2. Instrumentation

A Solarbox 3000e (Co.Fo.Me.Gra, Milan, Italy) equipped with a
xenon lamp (2500 W), a water-cooled sample tray and a soda-lime glass



E. Cruz Munoz et al.

UV filter was used to simulate the exposure of the samples to sunlight
irradiation. A Universal 320 Centrifuge (Hettich Italia, Milan, Italy) was
used for centrifuge operations.

The UHPLC analyses were carried out by ACQUITY UPLC H-Class
system (Waters Corporation, Milford, USA) coupled with the Xevo G2-
XS QTof Mass Spectrometer (Waters Corp., Milford, MA, USA) through
an electrospray ionization (ESI) source. Instrument control and data
acquisition were performed by MassLynx 4.2 software (Waters Corpo-
ration, Milford, USA) whereas data processing operations such as peak
picking, deconvolution, noise level setting, identification of TPs

Table 1
Summary of all the identified TPs.
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considering accurate mass, as well as isotopic and fragmentation pattern
of each detected feature through comparison with the spectral database
were carried out by MS-Dial (ver. 5.1.230517) and MS-Finder (ver.
3.52), two open-source tools for compound identification in untargeted
metabolomics (ht tp://prime.psc.riken.jp/).

2.3. Standard solutions and sample collecting

A TNP standard stock solution (100.0 mgL’l) was prepared in ul-
trapure water and after proper dilution, it was used for the development

Compound  Molecular Accurate RT MS accuracy Chemical structures Isotopic MS/MS accuracy ~ Number of product
formula m/z (min) (ppm) tolerance (%) (ppm) ions identified
TNP C21H25CIN204S 437.1306 4.650 1.8 <0.9 <11.8 9
TP1 C7H;5NO, 146.1185 1.523 1.1 <0.9 <11.0 9
TP2 C14H;7CINO2S 292.0203 4.202 0.6 <15 <19.5 5
TP3 C21H21CIN,05S 449.0948 4.305 3.4 <2.4 <12.7 6
TP4 C21H23CIN204S 435.1128 4.608 2.7 <2.0 <12.0 8
TP5 CyoH21CIN04S 421.0975 4.903 2.0 <13 <5.2 3
TP6 C20H21CIN204S 421.0988 5.094 2.6 <2.4 <8.4 4
TP7 CH2,CIN,0,4S 421.0986 6.150 0.6 <3.1 <1.2 5
TP8 C21H25CIN205S 453.1233 6.494 2.8 <5.9 <121 6
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and validation of the UHPLC-MS/MS method. The stock solution was
kept at —20 °C in an amber glass vial. For the irradiation experiments, an
aqueous solution of TNP (10.0 mg L™!) was freshly prepared.

River water samples were collected from Nervion River (Bilbao,
Spain), according to ISO 5667-6:2014 (ISO, 2014) The samples (1.5 L
each) were collected at four different points of the river (Fig. S1): river
mouth close to the sea (43.321488 N, 3.016796W), industrial area
(43.304207 N, 2.980176W), outskirts (43.253235 N, 2.891099W) and
city center (43.269326 N, 2.933702W).

Each sample was stored in dark glass bottles at —20 °C until analysis.
The physicochemical parameters of the river water samples were re-
ported in Table S1.

2.4. Photodegradation experiments

A cylindrical quart cell (i.d. 1.9 cm, length 10 cm, Hellma Italia,
Milano, Italy) of 28.0 mL capacity was filled with the TNP ultrapure
water solution (10.0 mg L’l). The solar box was set at 600 W m 2 and a
controlled temperature of 35 °C. The solution was exposed under stir-
ring to a simulated sunlight irradiation on the water-cooled tray in the
solarbox. The actual measured temperature of the sample was about
18-21 °C. These conditions were chosen considering the previous
knowledge of the average irradiation and temperature in the period of
July-September in the north of Spain, where the drug is available on
prescription. A control sample was kept at room temperature and in dark
conditions for the same time as the photodegradation experiments to
further assess whether hydrolysis phenomena were present or not. Ali-
quots of the independent solutions (fifteen in total, 2 mL each) were
withdrawn at different photodegradation times (0, 5, 10, 24, 29, 34, 48,
53, 58, 72, 77, 82, 96, 101 and 106 h, indicated from tg to t;4, respec-
tively) and kept at —20 °C in amber glass vials until further UHPLC-MS/
MS analysis. Before introducing and filling a fresh TNP solution into the
quartz cell, the latter was emptied, and carefully and accurately cleaned.

2.5. Chromatographic and mass spectrometric conditions

The stationary phase used was an Acquity HSST3 C18 column (100
x 2.1 mm, 1.8 pm; Water Corporation, Milford, USA). The mobile phase
was a mixture of water/acetonitrile 90/10 v/v (solvent A) and 10/90 v/
v (solvent B) with the addition of 0.1 % (v/v) of formic acid. The mobile
phase flow rate was 300 pL min~! eluting in gradient mode as follows:
0.0-0.5 min, 5% solvent B; 0.5-6.0 min, 100% solvent B; 6.0-7.0 min,
100 % solvent B; 7.1 min, 5% solvent B; 7.1-10.0 min, 5% solvent B. The
injection volume was 5 pL and the column oven temperature was set at
45 °C.

Accurate mass data were collected in positive ionization mode by
data-independent acquisition MSE, i.e., by alternating low and high
energy applied to the collision cell. In the low-energy MS mode, data
were collected at a constant collision energy of 6 V; in high-energy
mode, the collision energy was ramped from 15 to 30 V with a scan
time of 0.1 s. Spectra were recorded in the range of m/z 50-600. The
source parameters were set as follows: electrospray capillary voltage
2.50 kV, sampling cone 10 V, and source and desolvation temperatures
140 °C and 600 °C, respectively. The cone and desolvation gas flows
were 0 and 1000 L/h, respectively. Both in full and in MS/MS scan
mode, a resolving power of 30,000 was used. The mass spectrometer was
calibrated with sodium formate (0.5 M) and leucine-enkephalin (100 pg
pL™Y) infused at 8 pL min~! and acquired every 30 s as LockMass.

2.6. Preconcentration by solid phase extraction (SPE) procedure

Each river sample was centrifuged at 1500xg for 5 min to remove
any suspended organic matter and the supernatant was filtered on 0.2
pm polytetrafluoroethylene (PTFE) filters (VWR, Radnor, USA). For the
preconcentration of the four river samples, an SPE C18 cartridge from 1
mL to 100 mg (Phenomenex, Torrance, USA) was employed. First, the
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cartridge was previously conditioned with 1.0 mL of methanol and 1.0
mL of ultrapure water. Then, 250 mL of each sample was loaded on the
cartridge with an estimated flow of 1.3 mL min~". Then, the cartridge
was dried for 5 min under vacuum and at least eluted with 2.0 mL of
methanol. Each eluted solution was further evaporated to dryness with a
gentle steam of nitrogen and reconstituted with 1.0 mL of mobile phase
mixture at the initial gradient conditions previously described. With this
SPE procedure, it is possible to reach a pre-concentration factor of 250x.
The SPE preconcentration was replicated three times for each river
sample.

3. Results and discussion
3.1. Development of the UHPLC-MS/MS method

A preliminary MS/MS characterization of TNP was conducted in
order to obtain information from its MS/MS fragmentation potentially
useful to further identify possible TPs formed during the irradiation
experiments.

Both positive ionization (PI) and negative ionization (NI) modes
were tested, but only in PI mode TNP was easily characterized thanks to
the presence of nitrogen atoms in its structure. First, 0.2 mg L1 solution
of TNP in methanol was prepared from the stock solution and directly
infused by a syringe pump at 0.1 pL min~! into the mass spectrometer
working in MS® mode. The most intense signal for TNP in PI mode was
m/z 437.1306 which corresponds to the [M+H]" species. The MS/MS
spectrum and the related chemical structures for the more abundant
product ions are reported in Fig. S2. It should be noted that the signal at
m/z 292.0193 corresponds to the in-source fragmentation of the TNP
molecule.

Thus, the QTOF MS/MS analyzer was used to develop a sensitive
high-resolution MS/MS method for the study of the TNP photo-
degradation. For the quantification of the TNP high-resolution multiple
reaction monitoring (HR-MRM) was used, considering the ion at m/z
437.1 as precursor ion and the ions at m/z 228.0381 and m/z 292.0204
as quantifier and qualifier product ions, respectively. Preliminary
chromatographic analyses were carried out testing the separation per-
formances of two different stationary phases, a Kinetex F5 (2.1 x 100
mm, 2.6 pm, Phenomenex, Torrance, USA) column and a Kinetex C18
XDB (100 x 3 mm, 1.7 pm, Phenomenex, Torrance, USA) column, that is
able to elute the TNP and its TPs with gaussian peaks, avoiding tailing
effect. However, TNP and one of TP (later named TP2) coeluted and
therefore, the use of a functionalized C18 column such as Acquity HSST3
C18 column (100 x 2.1 mm, 1.8 pm; Water Corporation, Milford, USA)
has proven successful, obtaining a good separation of these two peaks.
Mixtures of methanol and acetonitrile with water were tested, in order
to obtain an adequate separation of TNP and its TPs. ACN allows for
shorter retention time, as well as resolved peaks, whereas the addition in
the mobile phase of formic acid 0.1% improved the ionization of all the
identified compounds. Fig. S3 shows, as an example, the extracted ion
chromatogram (XIC) of TNP at m/z 437.1306 before (blue line) and after
106 h (magenta line) of irradiation. The peak of TNP at a retention time
of 4.65 min decreased during degradation until it disappeared
completely after prolonged irradiation in the solarbox and no other
peaks, indicated afterward as TP1, TP2, etc., are visible to the naked eye.
The other peaks present in the chromatogram correspond to the blank
contribution.

Together with the most intense MS signal at 4.65 min (m/z
437.1306), there is another signal particularly intense at m/z 292.0193,
that corresponds to the in-source fragmentation of TNP molecule, as
reported also during the TNP MS/MS characterization.

3.2. Validation of the UHPLC-MS/MS method

For the validation of the method, standard solutions of TNP (0.100,
0.125, 0.250, 0.500, 1.0, 2.5, 5.0, 10, 25, 50, 100, 125 and 250 pg LY
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were prepared to build a calibration model with weighting factor 1/x,
reporting the TNP chromatographic peak as dependent variable y and
the standard concentrations as independent variable x. The quality of
the model was evaluated by obtaining a determination coefficient (R?)
equal to 0.9927 in the range of 0.100-250 pg L~'. The accuracy,
expressed as the ratio of the calculated to the theoretical concentrations
for the thirteen concentration levels was within the acceptable range of
90.5-108.5 %. The limit of detection (LOD) and the limit of quantifi-
cation (LOQ) were calculated according to the International Council for
Harmonization of Technical Requirements for Pharmaceuticals for
Human Use guideline (ICH) as 3.30pjqnk/b and 100p4nk/b, respectively,
being opiank equals to the standard deviation of the blank, that is, the
residual standard deviation (oy,,) and b the slope of the calibration
model. The calculated LOD and LOQ were 0.030 pg L™ and 0.100 pg
L}, respectively (taking into account the preconcentration factor of the
SPE procedure). Seven replicates of the blank river water sample were
spiked with TNP solution at a concentration giving an S/N ratio between
2.5 and 5 to calculate the method detection limit (MDL) = t (n—1, « = 0.01)
x sg, where t = 3.14 corresponds to a t-Student’s value for 99% confi-
dence level and six freedom degrees, and sq is the standard deviation of
the replicates. The method quantification limit (MQL) was defined as
three times the MDL value. MDL and MQL were 0.030 and 0.100 pg L},
respectively, comparable to the values of LOD and LOQ obtained using
TNP ultrapure water solutions.

Carry-over and memory effects were carefully evaluated, injecting a
blank river sample after the injection of the TPN standard solution at
250 pg Lt (the highest concentration level of the calibration plot). No
carry-over or memory effects were found. In addition, selectivity was
investigated by the analysis of 4 consecutive injections of the blank river
water samples, replicated three times and no interfering species were
observed at the retention time of the TNP and its TPs.

The repeatability was calculated by analyzing five times both the
TNP ultrapure water solution at the concentration of the LOQ value and
the blank river sample spiked with TNP solution at the concentration of
MQL value, whereas the intermediate precision was determined by
repeating the analyses for seven consecutive days of the week (a total of
35 analyses), respectively. The repeatability precision gave a relative
standard deviation (RSD%) of the precision of the concentration lower
than 4.8% and 5.2% calculated for TNP ultrapure water and spiked
blank river sample, respectively, whereas the intermediate precision
resulted always lower than 4.8%. As concerns the repeatability and the
intermediate precision calculated for the retention time both for TNP in
ultrapure water and spiked blank river samples, values always lower
than 1.9% and 3.3% were obtained, respectively.

In order to evaluate the matrix effect (ME), calculated as ME(%) =

slopeqga
slopeext

tion plot (slope.y) and that of the standard addition plot (slopegqq) was
carried out through a t-test at a 95% confidence level. The standard
addition plot was built by spiking a blank river water sample with the
TNP standard solutions in the same concentration range as the external
calibration model. No significant ME was found as reflected in the result
of the t-test (equal to 0), i.e. the slopes of both models are not significant
different at 95% from each other. The absence of matrix effect also
confirms the absence of interfering compounds in the method and the
achievement of the same identification and quantification limits both
using solutions of TNP in ultrapure water (LOD and LOQ) and solutions
of a blank river water sample (MDL and MQL). The recovery R was
calculated as Cexp/Cref, being Ceyp the concentration of TNP determined
after the UHPLC-MS/MS analysis and Cyes the concentration of a TNP
spiked solution. TNP solutions were prepared at 0.6, 2.0 and 800 ng L ™!
to explore the linearity range, considering the SPE pre-concentration
factor of 250x. They were added to a blank river sample, which was
submitted to the SPE procedure, replicating the analysis three times. The
calculated R values for the three spiked concentration levels were (95.6

¢ 100 — 100, a comparison between the slope of external calibra-
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+ 1.9)%, (106.8 + 3.3)%, and (105.0 + 5.3)%, and they were repro-

ducible and independent of the TNP concentration in the explored
concentration range, being not significantly different (as shown by a t-
test at a 95% confidence level). Thus, the average recovery percentage (R
%) was (102.5 + 3.5)%. By following this SPE procedure, it is possible to
quantify the TNP in water down to a concentration of 400 pg L.

3.3. Photodegradation experiments

To assess the degradation of TNP in ultrapure water, each solution
withdrawn at different times, (according to the information reported in
section 2.4) was analyzed with the developed UHPLC-MS/MS method.
Then, the chromatographic peak area of TNP was calculated from the
XIC at each degradation time for the m/z 437.1306. The results of the
irradiation of TNP standard solution up to 106 h showed that TNP
photodegradation kinetics was of the pseudo-first-order (Fig. S4). To-
wards 72 h of irradiation (t9), the chromatographic peak of TNP at 4.65
min drastically decreased and after 106 h of irradiation (tj4), it
decreased up to 99% of the initial intensity (to), that is, before exposition
in the solarbox. The first-order constant (k) of TNP in ultrapure water is
0.0575 =+ 0.0096 h™! and the half-life time (t1/2) is 12.0 + 2.4 h. Af-
terward, the same degradation experiments were carried out spiking a
blank river water sample with a TNP solution at 0.8 pg L-!. The with-
drawn aliquot after irradiation was subjected to SPE pre-concentration
procedure and submitted to UHPLC-MS/MS analysis. The resulting ki-
netics is very similar to that obtained in ultrapure water, taking into
account the possible influence of the matrix on the degradation (k =
0.065 + 0.014, t;,» = 10.6 + 2.6 h).

In addition, no evidence of hydrolysis reactions was found for the
control sample kept in the dark at room temperature during the irradi-
ation experiments, since neither the formation of hydrolytic products
nor the decrease of the TNP peak area was observed. The chromato-
graphic profile of the control solution is identical to that depicted in
Fig. S3 for the TNP standard solution no subjected to irradiation (tp),
which was frozen until further analysis.

3.4. Identification of TPs

For the identification of potential TPs, a project was made in MS-Dial
software including all the MS/MS data from t; to tj4, using tp as a
reference for peak alignment. The tolerance parameters imposed for the
alignment were 0.1 min for the retention time and 0.015 Da for the m/z.
The ratio of the sample peak area to that of the reference (tp) must be
greater than 10 times to be considered a TP of the TNP. A chromato-
graphic peak list was then created including all the possible m/z can-
didates. By following this procedure, among all the large MS/MS
datasets, eight TPs were found. Fig. 1 shows the XIC for each identified
TP in ultrapure water. Signals have been min-max scaled for visual
purposes, so they can be easily compared. As can be seen, all peaks are
well resolved with respect to the TNP chromatographic peak, except for
TP4 at 4.61 min. Nevertheless, as the acquisition mode of the MS and
MS/MS spectra was data-independent, a proper characterization of the
related precursor ion for TP4 was efficiently made. TP5, TP6 and TP7
have almost similar m/z values but at different retention times.

Following the same procedure described in subsection 3.3, the trends
of signal area versus degradation time were plotted, as shown in Fig. 2.
As can be seen, they all follow a logical increase-decrease pattern
through time, with a sharp increase in the first 10 h, followed by an
approximately sharp decline until close to disappearance within 106 h,
except for TP1 and TP3, whose area values and therefore the concen-
trations in solution are still high after 106 h. This behavior could be
attributed to the fact that they are sub-products of other TPs.

For the characterization of the chemical structures of the unknown
TPs, by using MS-finder software, we based on the molecular formula
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Fig. 2. Evolution profile of TNP and the eight most abundant TPs.

within the average MS accuracy of around 2 ppm, the relative abun-
dance of the isotopic cluster within a tolerance of 10%, the number of
rings and double bonds (RDBs) and the use of the high-accurate and
high-resolution MS/MS acquired spectra, which average mass tolerance
for each product ion was within 10.4 ppm. Thus, the interpretation of
the precursor molecular structure has been particularly made based on
the MS/MS fragmentation. All the related information is summarized in
Table 1.

All the characterized TPs have not been previously identified in the
literature, thus all the chemical structures of TPs have been completely
hypothesized based on the HR-MS/MS of the current study. All MS/MS
spectra from TP1 to TP8 are reported in the Supplementary Material
with the identification of the most abundant m/z signals.

First of all, it can be seen that the TNP molecule breaks into two parts
by splitting the aliphatic chain part (giving rise to TP1) and the tricyclic
structure part to form TP2. Therefore, TP1 could be attributed to the
amino-carboxylic acid chain of TNP, after the cleavage between the

amino group and the carbon in « of the cycloheptane ring (Fig. S5). As
seen in Fig. 3 and considering the information extracted from the evo-
lution plots in Fig. 2, we proposed this TP as a likely byproduct of other
TPs, in particular TP4, TP6, TP7 and TP8.

On the contrary, TP2 formed by the loss of the TP1 from TNP: it is
both an in-source fragmentation, as previously seen with the same
chromatographic peak as TNP (RT = 4.65 min), and a TP whose chro-
matographic peak is not present in either the control or t; sample (RT =
4.20 min). The MS/MS spectrum for the precursor ion at m/z 292.0203
(RT = 4.20 min) is shown in Fig. S6.

TP3 is the product of ketone formation on the a-carbon with respect
to the aliphatic amine, which also forms a double bond with the ring. It
is also possible to form the ketone in the p- or even y-carbon. However,
we considered these possibilities as less likely to occur, since the
chemical structure proposed for the product ion of TP3 at m/z 240.1233
(Fig. S7) consists of the cleavage of the N-S bond, followed by the loss of
SO, and Cl with radical formation, reinforcing the fact of ketone
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Fig. 3. Proposed mechanism of reactions involved in the photodegradation of TNP.

formation in the a-carbon. Considering this product ion, the only pos-
sibility for p-formation is also the methyl group loss of the amine in the
ring, which is more unlikely. Similar considerations can be made for the
product ion at m/z 133.0146 (Fig. S7). As for TP1, we propose this TP as
a byproduct of TP4, TP6, TP7 and TP8.

We proposed TP4 as an imine, which can be further degraded to form
TP1. This hypothesis can be confirmed by the proposed structures of the
TP4 product ion signals at m/z 339.1407, m/z 308.0331 and in partic-
ular at m/z 307.0293 (Fig. S8).

TP5, TP6 and TP7 have almost the same m/z (421.075, 421.0988,
421.0986, respectively), with a maximum mass error of 3.1 ppm be-
tween TP5 and TP6. They are three structural isomers, whose MS/MS
spectra are very similar to each other (Fig. S9, S10 and S11) and their
retention times (as can be seen in Fig. 1) are relatively close.

Their chemical structures were proposed on the basis of the inter-
pretation of MS/MS spectra. In particular, the signals at m/z 206.1906
(Fig. S10) and m/z 275.9886 (Fig. S11), related to the product ions of
TP6 and TP7 respectively, can only be assigned to the brute formula
C14Ho4N with an acceptable accuracy value (—1.33 ppm) and
C13H7CINO,S (1.98 ppm), respectively. The chemical structure pro-
posed for the m/z 206.1906 includes the amino aliphatic chain with the
loss of the carboxylic group: being six the total number of carbons in the
chain, it is not possible for TP5, whose aliphatic chain was proposed
with 5 carbon atoms. Additional TPs with even a smaller number of
carbons in the chains have not been identified in the photodegradation
of TNP, such as that with 5 carbon atoms in the chain, reported in the
literature as one of the main metabolites of TNP found in urine (Hor-
lachuk et al., 2019).

Moreover, the proposed structures for TP6 and TP7 are the only ones
which have lost the methyl linked to the nitrogen atom of the diben-
zothiazepine core. In TP6, is the aliphatic amine the one with a double
bond, whereas in TP7, is the cyclic amine the one with a double bond.

Finally, TP8 is the hydroxylation of the benzene close to the cyclic
amine. Unfortunately, as can be seen in Fig. S12, there is not enough
information to confirm the hydroxylation position.

The UHPLC-MS/MS analyses carried out on the irradiated blank river
water sample, previously spiked with TNP at 10.0 mg L™}, showed the
presence of the same TPs as those formed during the irradiation of TNP
ultrapure water solution.

3.5. River water samples analysis

The developed and validated method was successfully applied to the
analysis of the four river water samples from Nervién River (Bilbao,
Spain), after the pre-concentration step to identify and quantify the
possible presence of TNP and any TPs. Despite the increasing use and
abuse of TNP (El Zahran et al., 2018), the consoling fact is that neither
TNP nor any TPs were found in the four analyzed samples. The expla-
nation could be that, contrary to what is reported in the literature and
limited to the analyzed water samples from the Nervién River, the use
and abuse of TNP in this area is not very frequent. Furthermore, it must
be considered that TNP is metabolized in the human body, being the
unchanged molecule contribution in urine less than 3%, after 24 h of a
single dose administration (Horlachuk et al., 2019). However, a more
extensive sampling campaign of rivers from different Countries where
the use of this drug is still present should be done in order to make as-
sumptions on the real consumption or the presence of unchanged TNP or
any TPs in rivers. Nevertheless, the retrospective analysis of
UHPLC-MS/MS data highlighted the presence of 1409 unknown peaks
(signal-to-noise ratio higher than 100) among which it was been possible
to identify three molecules of interest present in the analyzed river water
samples which match the library NIST used (Table S2).

The first identified molecule with a satisfactory similarity percentage
with respect to the NIST spectral library was 11-hydroxy-A9-THC, the
main metabolite of A9-tetrahydrocannabinol (A9-THC), which was
found in all four samples, but mainly in the sample collected in the city
center (sample 4), where consumption of cannabinoids is expected to be
high.

The second identified molecule was 4-methyl-7-(diethylamino)
coumarin and it was mainly found in the river mouth and the out-
skirts samples (samples 1 and 3, respectively). Coumarin and its deri-
vates constitute a major class of fluorescent organic dyes.

The third identified molecule was tetrabutylammonium, which was
mainly found in the river mouth and the industrial area samples (sam-
ples 1 and 2, respectively). Tetrabutylammonium is usually presented in
the form of diverse salts, and its use is very widespread as a synthesis
reagent, therefore often associated with the disposal of wastewater from
industrial areas.
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3.6. Toxicity assessment of TNP and TPs

Environmental influence and the toxicity of TNP and its TPs were
evaluated in silico, by means of quantitative structure-activity relation-
ships (QSARs) and read-across models implemented in the free available
internet resources Toxicity Estimation Software Tool (T.E.S.T) (Toxicity
Estimation Software Tool) and VEGA (VEGA QSAR) software.

On the one hand, using the Simplified Molecular Input Line Entry
System (SMILES) notation as input, T.E.S.T. software was used to predict
the acute aquatic toxicity on fish (LC50-96 h), Daphnia magna (LC50-48
h), Tetrahymena pyriformis (IGC50-48 h) and the acute oral toxicity on
rat (LD50) following the consensus method and relaxing the fragment
constraint in all cases. On the other hand, mutagenicity (consensus
method), developmental toxicity, bioaccumulation, ready biodegrad-
ability and persistence in water, soil and sediments were predicted by
VEGA software, also using the SMILES notation. Predicted values are
reported in Table S3.

An exploratory analysis of the data was performed by means of
principal component analysis (PCA), whose scores and loadings plots for
the first two principal components (PCs) are shown in (Fig. S13). The
projection of the in silico predictions in the orthogonal space leads to
76% of the total data variance explained in the first two PCs.

PC1 explains the difference between TP1 (negative scores), charac-
terized by low toxicity values and readily biodegradable, and the rest of
the TPs and TNP (positive scores), for which persistence in the sediments
and bioaccumulation are the most characteristic variables. PC2 mainly
highlights the differences in terms of persistence in water and soil
(negative loadings) versus the persistence in sediments (positive load-
ings). Indeed, TP2 which has negative scores in PC2 has the highest soil
persistence predicted value, whereas TP6 (positive score values in PC2)
shows the lowest persistence in water. At least, most TPs exhibit the
same mutagenicity (except for TP4) and developmental toxicity as TNP,
which are the two variables with loadings close to zero in both PCs.

According to the Globally Harmonized System (GHS) of classification
and labelling of chemicals (United Nations), TNP and its TPs, are pre-
dicted as moderately toxic for aquatic environments and classified into
the Category Acute 1 (96 h LCsq < 1 mg L™!) except for TP1, classified as
Category Acute 3 (10 mg L™ < 96 h LCsg <100 mg L™1). Considering the
toxicity in rats by oral ingestion, most of the samples are labelled as
Category 4 (300 mg kg™! < LDsy <2000 mg kg™') except for TP2,
classified as Category 5 (2000 mg kg~ ! < LDsy <5000 mg kg™ 1). In
addition, most of TPs were predicted as interfering potential for the
normal development of humans or animals, especially true for TP1
prediction with good reliability. According to REACH regulation EC No
1907/2006, most of them have a low potential of bioaccumulation (log
BFC <3.3), with the only exception being TP4, therefore labelled as
poorly persistent in aquatic and terrestrial environments.

4. Conclusion

The irradiation experiments by direct photolysis through simulated
sunlight carried out in this study proved to be a powerful methodology
for the assessment of TNP TPs in ultrapure and surface water. The
degradation kinetics of TNP in both matrices are very similar, as well as
the identified TPs, although other influencing parameters on the kinetic
of photodegradation such as pH, total dissolved organic matter or major
inorganic ions will have to be taken into account in further irradiation
experiment studies. Nevertheless, the methodology presented was solid
enough to elucidate eight TPs not previously found in the literature,
following the high-resolution MS/MS data analysis approach. The pro-
posed degradation mechanism for TNP, which is based on the elucida-
tion of the TPs discussed in the text, evidences that two of the TPs (TP1
and TP3) are degraded both from TNP and the other TPs, which can be
an important clue for future studies of TNP occurrence in natural waters.
In general, TPs were of comparable toxicity to TNP, with a few excep-
tions due to TP1 (less toxic), TP2 much more persistent in soil, TP6 not
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very persistent in water, and TP4 which was positive in the Ames
mutagenicity test. Among the four water samples analyzed in this study
(Nervién River), no TNP or any of the TPs were found. However, addi-
tional analyses should be conducted in the future by increasing the
number of samples and sampling points to obtain a better perspective of
the fate of TNP in natural waters where consumption is still present and
legal nowadays.
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