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Abstract: Gamma radiation was applied to degradation selected antidepressants in ultrapure water
and surface water. Additionally, the influence of typical radical scavengers like carbonate, nitrate and
humic acid was determined. The cytotoxicity towards liver cells HepG2 and colon cells Caco2 were
measured during the radiation process. It was found that radiation technology, specifically ionizing
radiation, can achieve satisfactory degradation efficiency with both SER and CIT. It was shown that
the process of decomposition of the tested antidepressants with the highest efficiency occurs in the
reaction with the hydroxyl radical.

Keywords: antidepressants; sertraline; citalopram; gamma radiation; cytotoxicity monitoring; water
and wastewater

1. Introduction

Recently, more and more attention has been paid to the so-called micropollutants
occurring in water and sewage, and it is mainly about increasing awareness of the negative
impact of these compounds and their degradation products on the natural environment
and, consequently, on animal and human health. Micropollutants are compounds that
occur at relatively low levels in water, sewage, soil and sewage sludge. They can reach
the environment by being transported and distributed via different routes. The physico-
chemical properties of these compounds (e.g., water solubility, vapor pressure and polarity)
determine their behavior in the environment. The group of micropollutants include pesti-
cides, endocrine disruptors, personal care products, detergents, microplastics and of course
pharmaceuticals. Pharmaceuticals as well as their residues constitute a special group of
pollutants, mainly because they are excreted outside the body in approx. 95% of their
unchanged form, from where they end up in sewage treatment plants [1]. A group of
pharmaceuticals whose increase in consumption has particularly increased in recent years
are drugs used to treat depressive disorders, which is due especially to the increasing
lifestyle in highly developed countries [2] and, for example, the need for isolation caused
by the COVID-19 pandemic [3]. It is estimated that globally about 350 million people
suffer from depressive disorders, which is an essential cause of handicaps and suicides [4].
Among the antidepressants (ADs) of the so-called new generation due to this mechanism
of action, can be separated into the following groups of compounds: selective serotonin
reuptake inhibitors (SSRI), serotonin-norepinephrine reuptake inhibitors (SNRI), serotonin
modulators and stimulators (SMS), serotonin antagonists and reuptake inhibitors (SARI),
norepinephrine reuptake inhibitors (NRI), norepinephrine-dopamine reuptake inhibitors
(NDRI), tricyclic antidepressants (TCA), tetracycline antidepressants (TeCA), monoamine
oxidase inhibitors (MAOI) and receptor antagonists (NMDA), interacting directly with
neuroreceptors [5].

For this study two drugs from SSRI group were selected, which were among the most
commonly prescribed antidepressants, sertraline SER and citalopram CIT [6,7] Scheme 1.
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Scheme 1. SER and CIT chemical structure.

The widespread, constantly growing consumption of these type of drugs increases the
level of their concentrations, as well as their degradation products in the natural environ-
ment. The occurrence of sertraline and citalopram in both wastewater and surface water
has been reported several times in the range of ng/L [8-12]. The maximum concentration
of citalopram 8000 ng/L was found in surface water near pharmaceutical production in
India [13], for sertraline the highest concentration 1 ug/L were reported for two WWTP
effluents discharging into the east-branch of the Niagara River located in the USA [14]. It
was also shown that citalopram and sertraline adsorb into sediment where they remain
stable [8]. Other studies have found sertraline in fish samples taken from the wild in the
USA, which is indicative of potential bioaccumulation, while it was not reported whether
and how, the sertraline level of 4.3 ng/g detected in the brain affects the nervous system of
fish [15]. The determination of drug residues in environmental matrices at very low levels is
possible due to the continuous development of new, more sensitive and accurate analytical
methods and techniques [16-18]. Numerous methods for the analytical determination
of biological and environmental matrices involve sample clean-up and preconcentration
steps, using primarily solid-phase extraction (SPE) with different sorbents, and then re-
versed phase HPLC with tandem mass spectrometry detection (LC/MS/MS) [18-22]. The
regular identification of pharmaceuticals, including sertraline and citalopram in the envi-
ronment in surface water or wastewater, indicates that conventional wastewater treatment
plants based mainly on activated sludge action are not effective against this type of pol-
lution [23,24]. Pharmaceuticals are anthropogenic pollutants with very complex chemical
structures that are very often resistant to biodegradation [25]. It was shown that at 25 °C,
the total decomposition of sertraline in a simulated wastewater treatment plant, was about
27% after 72 h and for initial concentration of 2 ng/L, for citalopram under the same
conditions it was 13.5% [22]. It is interesting to note that for sertraline the contribution of
biodegradation, adsorption and hydrolysis was 17.3; 9.8 and 1.6%, respectively, and for
citalopram these values were 13.5; 6.7 and 1.9%, respectively. Pharmaceuticals used by
humans, among them ADs, are always found in the environment in a mixture of other
more or less toxic contaminants, so always the effects that pharmaceutical residues can
cause in the environment should be looked at through the context of all the components
present in water or wastewater [26]. The risks associated with chronic single drug exposure
are considerable; however, multi-component mixtures of active substances and related
residues can activate many biological molecules in the body. A mixture of pharmaceuticals
in the body may cause effects: synergistic (the effect of the mixture is greater than the
sum of its components), additive (the effect of the mixture is the sum of the effects of
individual pharmaceuticals) or antagonistic (the mixture has an effect lower than the effect
of a single compound, e.g., enzyme induction). For this reason, multi-component mixtures,
e.g., wastewater or surface water, must be tested for overall environmental/living organism
effects, and the effects may vary even for small changes in mixture composition [27]. One
recent study indicates that the presence of microplastics increased sertraline’s immuno-
toxicity to marine organisms. Plastic nanoparticles alone or in combination with other
micropollutants, in this case sertraline, may have a more toxic effect on marine organisms
than large plastic macroparticles [28]. Increasing public awareness of the threat posed by



Processes 2022, 10, 63

3 0f20

this type of micropollution forces the institutions responsible for monitoring water quality
to introduce new, more detailed and restrictive legal regulations on the quality of water
resources. One such document is The EU Water Framework Directive WFD 2000/60/EC,
which obliges all member states to ensure the well-being of national waters. All these
activities consequently lead to the search for new more efficient and effective methods of
monitoring and removing micropollutants, including pharmaceuticals, from water and
wastewater. One of the intensively developed directions in recent years are the so-called
Advanced Oxidation/Reduction Processes, whose common feature is the generation of
reactive individuals of oxidizing and reducing character directly in the in situ reaction
environment. Radiation technologies based on gamma radiation and an electron beam
from the accelerator are also classified as AOP processes. To the best of our knowledge,
no studies have yet been carried out on the application of radiation technologies for the
degradation of sertraline and citalopram residues in water and wastewater. Decomposition
of these compounds were examined by other advanced oxidation processes (See Table 1).
For instance, degradation of citalopram during water treatment was investigated using
ozone, ClO,, UV radiation and the Fenton process, with optimal results obtained for pho-
tolytic decomposition [29]. Decomposition of sertraline utilized a photocatalytic process
with TiO; [30], by solar photo-Fenton oxidation [31], and also by reacting with zero-valent
iron in the presence of HyO, [32]. This paper presents results obtained for the application
of gamma radiation for degradation in real solutions of selected antidepressants sertraline
and citalopram. An attempt has also been made to identify the degradation products and
to evaluate the cytotoxicity.

Table 1. Degradation sertraline and citalopram in different AOP processes.

Conditions of

Treated

Initial

Yield of

Compound Type of AOP/R Treatment Media Concentration Decomposition Ref.
254 nm Ultrapure Water . 60‘20 at 30 mip
Citalopram Photochemical 254 nm + }?é)z mmol/L 2.1b[rjigli?§;i§:€\;:trer gg Ll'g 11:71 190(;)0/‘/)0;t§? ::1111;1 [33]
22 3. Surface Water 90% at 60 min
Sodium hypochlorite
Citalopram Chlorination solution Raw water 0.5mgL™! 100% at 30 min [34]
P Photochemical 5 mg/L free chlorine Raw water 05mgL~! 100% at 175 min g
254 nm
Citalopram 186ng L} 34%
Sertraline Ozonation 5mgL~! ozone Primary-treated effluent 14ngL! 100% [35]
Citalopram 9mg L' ozone Primary-treated effluent 148 ng L ™! 62% -
Sertraline 94ngL™! 100%
pH5.5 T1/2>60h
pH7.0 T12=11.6h
. . H 12.0 Surface water 10 pg L1 Ty =5.78h
Sertraline Photochemical PI; Hb55 Surface water 1 mggL’l Ti 72> 60h [36]
pH7.0 T12,=289h
pH 12.0 Ti2=116h
Photo-Fenton Dark Fenton + 40% of the
Sertraline idati stoichiometric H,O, dose Distilled water 50 mg L! TOC 90% reduction [31]
oxidation 1 po+
and 5mgL~" Fe
400 mg L~ -
Ciatlopram Ozonation Polychromatic light (an DISSEZ%Z?S;E? 7 100 pg L1 85% at 20 min (max) 129]
UV radiation enhanced emission between H7 100 pg L1 100% at 15 min
250 and 190 nm) p
Ti/2 =3456.74 h
Milli Q 10 mg L~! Ti2 =693.15h
Natural sunlight Solar irradiation (outdor) Lake water 10 mg L~! Ty, =462.10h
Simulated solar Xenon lamp 1500 W WWTP 10 mg L T2 =61.89h
Citalopram irradiati 295-400 nm Milli Q 10mgL? Ti12=25.77h [37]
irradiation TiO Lake wat 10mg L~ Ty =2342h
Photocatalytic 2 1 axe water mg 1 1/2 S
400 mg L WWTP 10mg L 100% at 30 min
Milli Q 20 mg L~ 90% TOC reduction
at5h
Sertraline solirﬁ?;?itizctlion Xe“"%g;ﬁé%g‘ﬁr}foo w Milli Q 1mgL! 60% at 65 min [38]
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2. Materials and Methods
2.1. Materials

All chemicals’ reagents used in this study were of high purity analytical grade: sertra-
line SER hydrochloride and citalopram hydrobromide CIT were supplied by Sigma-Aldrich
and formic acid by Baker. All the solution were prepared using ultrapure water obtained
from Milli-Q equipment (Millipore). In the cytotoxicity measurements, the cell lines were
human hepatic cell line HepG2 and colon cell line Caco2 purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA) and maintained according to the
ATCC protocol. Briefly speaking, HepGH2 and Caco?2 cells were cultured in an EMEM
medium supplemented with 10% fetal calf serum (Gibco), and HepG2 cells were incubated
in 5% CO; atmosphere.

2.2. Irradiation Procedure

Irradiation studies were performed using ®*Co source Gamma Chamber 5000 with an
absorbed dose rate of 2.15 kGy h™". The irradiation chamber was equipped with a rotation
system to ensure employing a uniform absorbed dose throughout the irradiation volume.
The 5 mL ultrapure (Milli-Q) water and river water samples used for the irradiation were
spiked with 1 mg L~! and 10 mg L~! for SER and 1 mg L~! CIT, respectively, prior to
the irradiation with the absorbed dose magnitude up to 500 Gy. Closed conical glass
flasks containing 10 mL were used for the irradiation samples at an initial concentration of
10 mg L~! and 1 mg L1, which were saturated before the irradiation with Ar or N;O. The
dosimetry was carried out with Fricke dosimeter and the experiments were performed at
room temperature (25 £ 2 °C). In each case, irradiation was performed in triplicate. During
irradiation at the gamma source, rotation of the cage containing the sample was applied,
which averaged the absorbed dose. Based on the results, the measurement uncertainty was
estimated to be 6%.

2.3. Analytical Methods

The SER and CIT concentration monitoring and identification of degradation products
were carried out with the use of LC/MS analysis, employing the HPLC chromatograph
Agilent Infinity 1290 with a mass spectrometer Agilent 6530 Q-TOF using electrospray
ionization (ESI). The mass spectra in the m/zrange between 100 and 1700 were recorded for
each analyzed sample. The chromatographic separation was carried out using an Agilent
Bonus RP column (2.1 x 50 mm, 1.8 um). The HPLC separations were carried out using
gradient elution with the following eluents A: 0.1% formic acid in water and B: 0.1% formic
acid in ACN, and the flow rate was 0.4 mL/min. The gradient program was as follows:
0-1.5 min: A-95% and B-5%, 7.7-10 min concentration; B increased from 5 to 60%, 12-13 min
concentration B 95%, 15 min: A concentration 95%. The MS conditions were as follows:
dual AJS ESI with positive ion polarity, the flow-rate of drying gas was 8 L min~!, sheath
gas temperature of 200 °C, the flow-rate of sheath gas 11 L min~!, fragmentor voltage of
110 V, and skimmer voltage of 65 V. Determination of ionic products of degradation of SER
and CIT (chloride, fluoride, nitrate and nitrite) were carried out using 4.5 mm of Nay,COs
and 0.8 mm of NaHCOj as eluents, with sample volume 50 pL and flow-rate 1 mL/min,
and use of conductivity detection.

2.4. Cytotoxicity Monitoring

The impact of SER and CIT prior to the y-irradiation and after the irradiation in
aerated aqueous solutions of 10 and 1.0 mg L~! concentrations at the metabolic activity of
HepG2 and Caco2 cells was measured by MTS tetrazolium assay. Briefly speaking, both cell
lines were seeded in 96-well microplates ((TPP Techno Plastic Products AG, Trasadingen,
Switzerland) at the density of 1 x 10* cells per well in 100 uL of a culture medium. At least
three independent experiments in six replicate wells were conducted. Twenty-four hours
after cell seeding, the cells were treated for 24, 48 and 72 h with an increasing concentration
of the SER and CIT, respectively. After the above-mentioned treatment, 20 puL CellTiter



Processes 2022, 10, 63

50f 20

96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) was
added to each well and the cells were incubated for 3 h. The assessment of metabolic
activity was described as relative colorimetric changes measured at 490 nm in a plate reader
spectrophotometer called Infinite M200 (Tecan, Grodig, Austria).

3. Results
3.1. Radiolytic Degradation

Radiation technologies used in environmental protection, and in the removal of pollu-
tants from water and wastewater, are based on the in situ generation of reactive individuals
capable of oxidizing or reducing pollutants. These individuals are produced in the water
radiolysis process both under the influence of gamma radiation and electron beam, in
accordance with Equation (1).

HyO — *OH (2.7) + ¢, (2.6) + H* (0.55) + H, (045) + H20, (0.71) + Hs0T (1)

The efficiency of the irradiation process is evaluated by calculating the chemical
yield of the radiation (G-value, uM J-1), which determines the number of individuals of
a given type formed or decomposed because of 100 eV absorption and is represented by
Equation (2).

_6.023 x 102C
~ D x6.24x10

As compared to other AOPs, a unique feature of the process is simultaneous generation
of both strongly oxidizing (*OH) and strongly reducing (eaq~ and *H) various structure
and different redox potentials species which can react with organic pollutants of various
structures and different redox potentials. Radiolytic degradation of both sertraline and
citalopram was carried out in aqueous solutions at concentrations of 1 mg/L with radiation
doses ranging from 0 to 500 Gy. It appears that both pharmaceuticals can be effectively
removed from aerated solutions at relatively low doses as shown in (Figure 1B,C). At an
initial concentration of 1 mg/L, almost complete degradation of sertraline and citalopram
was achieved after a dose of 100 Gy. Furthermore, sertraline was almost completely
degraded after a dose of 200 Gy when the initial concentration was increased 10-fold to
10 mg/L (Figure 1A). To decompose the same amount of CIT, the dose 400 Gy is needed.
For the applied gamma radiation source with a dose rate of 2.15 kGy. it is less than 11 min.
This suggests that ionizing radiation is an effective method of degrading sertraline and
citalopram compared to traditional biochemical or other AOP methods. Three different
redox systems were performed to confirm which active radical of all the major radicals
generated during water radiolysis played a leading role in the degradation of sertraline
and citalopram: The solutions were saturated with N,O, aerated and saturated with Ar (to
remove air before irradiation) and irradiated in the presence of tert-butanol addition. The
commonly used way of ensuring the predominance of *OH radicals in irradiated solutions
is their saturation with N> O, which is a result of the following reaction (2).

€ag+ N2O+ H0 — Ny +OH™ +°*OH k=9.1x10° M 's™! )

This causes the conversion of e, into additional amount of *OH radicals. On the
other hand, the predominance of e5q ™~ in irradiated solutions is ensured by their deaeration
and addition of a sufficient amount of tert-butanol (0.5 m in this case). This results in the
scavenging of *OH radicals according to this reaction (3):

*OH + (CH3)3COH — H,0 + *CHy(CH3),COH k =6 x 10°M 157! ©)

When the irradiation is carried out in the aerated solutions, there are two predom-
inantly reactive radicals, namely *OH and superoxide radical anion O,*~, which are
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Figure 1. Efficiency of removing ADs from aqueous solution using gamma radiation under different
conditions: (A) 10 mg/L sertraline, (B) 1 mg/L sertraline and (C) 10 m/L citalopram, (D) 1 mg/L
citalopram. Conditions of irradiation: (A ) solution saturated with argon in the presence of t-butanol
at pH 7-solvated electrons predominate, (e) solution saturated with N,O *OH radicals predominate,
(m,e) aerated neutral solution with reactive species *OH, and O,°*~ /HO,".

Figure 1B,D, indicate that the highest degradation efficiency of both 1 mg/L SER and
1 mg/L CIT was obtained in the system dominated by hydroxyl radicals, followed by the
aerated system, whereas the degradation efficiency was lowest in the system containing
tert-butanol under e,q~ dominant conditions. From this it can be concluded that the
degradation reaction under ionizing radiation of both sertraline and citalopram is indeed a
strong oxidative reaction. The obtained data on the formation of the main ionic degradation
products also indicate that the highest efficiency of the degradation process of SER and CIT
was obtained under oxidative conditions Figures 2 and 3. For 1 mg/L SER, after absorbing
a dose of 20 Gy, more than 90% degradation efficiency was observed and at the same time
80% Cl removal efficiency was achieved from the molecule. Similarly, for 1 mg/L CIT,
90% degradation efficiency at a dose of 100 Gy suits to almost 90% defluorization. The
obtained results clearly indicate the potential application of radiation technologies for the
removal of SER and CIT residues. It is important to add that delivery of necessary doses
of ionizing radiation to the system takes place in a very short time. For the cobalt source
available for the experiments performed, greater than 90% removal efficiency for both SER
and CIT at a concentration of 1 mg/L was achieved in approximately 3 min. While in the
degradation of 1 mg/L SER using UV light, 50% degradation efficiency was obtained after
58 h (t1,» = 58 h) [38]. For an aqueous solution of CIT with a concentration 10 times lower
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ie., 100 ug/L, the application of UV light achieves practically complete degradation after
about 20 min, whereas when ozone is applied even after 90 min more than 20% of the initial
amount of citalopram still remains in the solution [29].

Efficiency of degradation/formation %

0 20 a0 60 80 100
Absorbed dose, kGy

Figure 2. Efficiency of sertraline degradation and ionic products formation in aqueous solution
saturated before irradiation with NpO-*OH radicals predominate: (e)-sertraline 1 mg/L degradation,
(m)-C1~ formation, (A)-NO;3~ formation, (¢)-NO, ™ formation.

yiled of decomposition/formation, %

[+] 20 a0 G0 80 100
Absorbed dose, Gy
Figure 3. Efficiency of citalopram degradation and ionic products formation in aqueous solution
saturated before irradiation with N, O-*OH radicals predominate: (e)-citalopram 1 mg/L degradation,
(m)-F formation, (A)-NO3~ formation, (¢)-NO,~ formation.

3.2. Determination of Chemical Radiation Yield

The irradiation yield can be described by the chemical yield of radiation (G-value),
which is defined as the concentration of degraded or produced individuals upon absorption
of 100 eV of radiation energy:

ARNy4

- et 6
6.24 x 10 x D ©)

where, AR is the amount of degraded SER/CIT (mol/L), NA corresponds to Avogadro’s
constant of 6.02 x 103 (molecules mol/L), D is the absorbed dose (kGy), and 6.02 x 10 is
the conversion factor from kGy to 100 eV/L. G values are given in umol ]!, whereby,

1 molecules x /(100 eV) ™' = 0.10364 umol ]~

The G values of the aqueous solution of SER and CIT irradiated under the conditions,
where one selected product of water radiolysis dominate, are shown in Figure 4A,B. Ac-
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G-values

cording to the obtained values of the degradation efficiencies of both pharmaceuticals, the
highest G values were also obtained for conditions where *OH radicals dominate during
irradiation for both SER and CIT solutions. The G values in both cases and for each process
condition decreased with an increasingly absorbed dose, which is in agreement with other
studies on radiolytic degradation of other contaminants [39]. The reason for the decrease
in G can be attributed to the increasing number of intermediates as the absorbed dose
increases, and the intermediates may compete for reactive individuals with the degraded
compound. In fact, for both pharmaceuticals, rapid decomposition was observed at rel-
atively low absorbed doses under oxidizing conditions accompanied by relatively little
interference of the intermediates formed at the beginning. The preference of oxidative
conditions for the decomposition of sertraline and citalopram is also indicated by the
significantly larger G values for these conditions compared to conditions in which the
solvated electron dominates.

G-values

20

40

__a
-

60 80 100 A\_A
n FE— "}

0 r v h

0 20 40 60 80 100

Absorbed dose, Gy Absorbed dose, Gy

(A)

(B)

Figure 4. The G-values (radiation chemical yields) calculated at different radiation doses for decom-
position of sertraline (A) and citalopram (B) at initial concentration 1 mg/L in different irradiation
condition: (e) solution before irradiation saturated with N,O, (m) solution before irradiation aerated,
(A) solution before irradiation saturated with Ar and in the presence of tert-butanol.

3.3. Effect of CO3>~, NO3~ and HA

Degradation of organic micropollutants, including psychotropic drugs, in fact con-
cerns solutions of natural waters or wastewater. Therefore, an important addition to the
ongoing research is to determine the effect of so-called free radical scavengers-substances,
naturally occurring in the environment, that compete for reactive individuals with pollu-
tants undergoing degradation, which are mainly anions and humic substances. Generally,
in most cases these compounds negatively affect the degradation process [40], although
positive or neutral effects on the radiation process have also been reported [41,42]. In the
present work, the effect of the presence of CO52~, NO3~, and humic substances on the
degradation efficiency of SER and CIT in aqueous solutions with an initial concentration
of 1 mg/L was determined. The concentration of added anions and humic substances
for both SER and CIT was at 10 mg/L. As shown in Figure 5A,B, the presence of natural
free radical scavengers has little effect on the degradation efficiency of SER (Figure 5A),
but a much greater effect was observed for CIT (Figure 5B). In the presence of humic
substances, the degradation efficiency of sertraline in aqueous gamma-treated solution
was practically unaffected. A slight approximate 10% reduction in degradation efficiency
was observed in the presence of the addition of 10 mg/L carbonate and 10 mg/L nitrate
in the lower dose range. However, for a dose of 100 Gy allowing for 100% degradation of
1 mg/L SER in ultrapure (Milli-Q) water, also in the presence of nitrates and carbonates,
complete degradation of SER was obtained. In the case of CIT in the presence of 10 mg/L
nitrates, the degradation efficiency is the same as in ultrapure (Milli-Q) water. A significant
reduction in the degradation efficiency was observed in the presence of humic substances
and carbonates; for the absorbed dose of 50 Gy, the degradation efficiency was 70% in
the presence of carbonates and 50% in the presence of humic substances, respectively. It
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was interesting to note that for a dose of 150 Gy. this efficiency increased to 100% in the
presence of humic substances. while for the system containing carbonates it was over 80%
even after a maximum dose of 200 Gy. A greater impact on the efficiency of the process
in the case of the used scavengers (HA, nitrate and carbonate 10 mg/L) was observed for
CIT. Most likely this is because there are significant differences in the magnitude of the rate
constants SER and CIT with the hydroxyl radical and the electron. In the case of CIT, the
values of these constants must be lower, and therefore the scavengers win the competition
for hydroxyl radicals and we observe the inhibition of the CIT decomposition process. To
confirm this hypothesis, in the next stage it is planned to determine the rate constants with
the main products of water radiolysis using impulse radiolysis for both SER and CIT.

0.8

0% 0.6

Q j=]
(5] o
) by
0.4 0.4
0.2
0.2
0
o 50 100 150 200
Absorbed Dose, Gy 0 50 100 150 200
Absorbed dose, Gy

Figure 5. The yield of decomposition selected pharmaceuticals in the presence of hydroxyl radicals
scavengers (A) (m) sertraline 1 mg/L in ultrapure (Milli-Q) water, (o) sertraline 1 mg/L in the presence
of 10 mg/L CO32~, (A) sertraline 1 mg/L in the presence of 10 mg/L NO3~, (¢) sertraline 1 mg/L
in the presence of 10 mg HA; (B) (m) citalopram 1 mg/L in ultrapure (Milli-Q) water, (o) citalopram 1
mg/L in the presence of 10 mg/L CO32~, (A) citalopram 1 mg/L in the presence of 10 mg/L NO;~,
(#) citalopram mg/L in the presence of 10 mg HA.

Nevertheless, gamma radiation seems to be much more effective than UV radiation,
after applying a dose of 200 Gy. However, in each case we obtained more than 90% decay
efficiency. It is important to add that to achieve a dose of 200 Gy under the conditions
available for the experiment, about 5 min was sufficient. For the AOP process using UV
light under optimal conditions in the presence of 10 mg/L humic substances, the t; , of
decomposition of 1 mg/L SER decreased from 58 h to 7 h [38].

3.4. SER and CIT Degradation in Surface Water

Experiments on the effect of selected free radical scavengers have shown that in some
situations their presence can affect the efficiency of the radiolytic degradation process
carried out. Different water matrices, sometimes highly loaded, can cause SER and CIT
degradation results to differ from those obtained for ultrapure water. The real situation in
wastewater and natural water treatment is not simply the same as in clean water but is the
result of a combination of various complex factors. The presence of unknown free radical
scavengers reacting with target pollutants is a factor influencing the efficiency of radiolytic
degradation [43]. The effect of three different natural matrices compared to solutions in
ultrapure (Milli-Q) water on the radiolytic degradation efficiency of both SER and CIT
drugs in aerated solutions was studied. Figure 6A,B shows the effect of natural matrices
for both tested pharmaceuticals. These differences are significant in degradation efficiency
and also different for SER and CIT for the same matrices. For example, to achieve an 80%
degradation efficiency of 1 mg/L SER in ultrapure (Milli-Q) water requires only a dose
of 10 Gy. For effluent from Czajka WWTPD, even after a dose of 200 Gy, the degradation
efficiency of 1 mg/L SER was less than 30%. The effluent is theoretically after the treatment
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process and can be discharged to surface water into the river. Much better results were
obtained for river matrices, where for water from the Vistula River for a dose of 200 Gy
the sertraline degradation efficiency was over 80% and for water from the Rokitnica River
about 60% (Figure 6A). As mentioned earlier, completely different results were obtained for
1 mg/L CIT in the same water matrices. In the effluent from Czajka WWTP, the degradation
of the CIT occurred at a higher efficiency than in water, where about 80% efficiency was
achieved after a dose of 10 Gy, while in ultrapure (Milli-Q) water it was 40 Gy. For the river
matrices of both the Vistula and Rokitnica, similar results were obtained as for 1 mg/L SER,
this was about 80% degradation efficiency for the Vistula river after absorbing a dose of
200 Gy and about 50% for the Rokitnica river. These examples clearly show the importance
of a preliminary study of the irradiation conditions for a particular matrix type and a given
target pollutant.

100
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Yield of decoposition, %
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Absorbed dose, Gy 0 20 a0 60 80 100 120 140 160 180 200

Absorbed dose, Gy
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Figure 6. Decomposition of 1 mg/L solution of SER (A) and CIT (B) in different water matrices
using gamma irradiation in aerated solution: (¢) effluent from Czajka Wastewater Treatment Works
WWTP Watrsaw), (®) Vistula river from Warsaw, (A) Rokitnica river from Czubin, (e) ultrapure
(Milli-Q) water.

Comparing the results obtained for the decomposition of SER and CIT in natural ma-
trices under gamma irradiation and other AOP processes (Table 1), it should be emphasized
that the advantage of using radiation technology is the time of the process. Even when
using a source such as in the carried out experiments, obtaining a dose of 200 Gy is less than
5 min. In technological applications where radiation generated by an Electron Accelerator
is used, this time is significantly reduced, with split seconds allowed to deliver doses of
this order to the system. It should also be added that the radiation process does not require
the addition of other chemicals supporting the decomposition process, such as Cl or TiO,,
which additionally increase the costs of the process.

3.5. Cytotoxicity Monitoring

Literature data show that antidepressants, even at low concentrations of micrograms
per liter or even nanograms per liter, can cause some undesirable effects on the aquatic
environment. Pharmaceuticals of this type modify the regulation of neurotransmitters such
as serotonin, norepinephrine, and dopamine and interfere with homeostasis in the central
and peripheral nervous systems in both vertebrates and invertebrates. It has been shown
that SSRI drugs can affect the reproduction of Ceriodaphnia dubia as demonstrated by
reducing the number of neonates after exposure to 9 mg/L SER [44], a similar toxicity of
SER has been shown for Daphnia magna [45]. SER as a new generation antidepressant is
widely considered to be safe for human use; however, liver toxicity has been documented
in preclinical studies [46]. With in vivo studies, rabbits treated orally with sertraline also
showed significant morphometric and histological changes in the liver, such as hepatocyte
necrosis and hydropathic degeneration [47]. Much literature data is available which
indicates that certain antidepressants have growth inhibitory effects on many cancer cell
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lines. It was shown that for HepG2 liver cells, there was a concentration-dependent
decrease in cell viability under the influence of sertraline, as measured by the MTS assay.
At a concentration of 7.5 uM sertraline, cell viability was reduced to approximately 83%
compared to the DMSO control. Moreover, HepG2 viability detected by MTS decreased
to about 23% when cells were treated with 15 pM sertraline, indicating that there was
significant inhibition of growth and cell damage [48]. In the case of MCF-7 breast cancer
cells, a much stronger effect was observed for sertraline, where the IC50 was approx. 16 uM,
respectively, than for citalopram [49]. CIT was found to be as poorly toxic to primary
cultures of abalone (Haliotis tuberulata) hemocytes exposed to the pharmaceutical for 48 h,
with IC50 determined to be at the level mg/L [50]. On the other hand, it has been confirmed
that for higher concentrations of CIT (10 mg/kg) there is a risk of hepatotoxicity, which
is expressed by the occurrence of hepatic cell necrosis, asymmetry of hepatic nuclei and
displacement of hepatic cord cells (hepatocytes) [51]. In the present study, cytotoxicity of
SER and CIT pharmaceuticals was determined towards two selected commercially available
liver HepG2 and colon Caco2 cell lines. The results obtained for SER towards HepG2 and
Caco2 over a wide range of concentrations from 0 to 30 pM are shown in Figure 7A,C.
For both HepG2 and Caco2, an approximately 20% decrease in cell survival after a 24 h
incubation period is observed for an initial SER concentration of 6.25 pM. This agrees
with data obtained previously for HepG2 cells treated with SER [48]. It was found that
for SER concentrations above 12.5 uM, which corresponds to 3.8 mg/L for both HepG2
after a 48-h incubation period and Caco?2 after a 24-h incubation period, an acute cytotoxic
effect is observed, and cell survival is below 20% compared to the control solution. As
expected from previous literature reports where the concentration of CIT causing liver
cell death was determined to be 500 uM [52], CIT was significantly less toxic than SER
for selected cell lines. Our results obtained in the concentration range from 0 to 400 uM
are presented in Figure 8A,B. In the case of CIT, HepG2 cells were more sensitive to the
pharmaceutical, for which 50% survival was observed for a concentration of 75 pM after a
48 h incubation period. While for Caco2 such an effect could be observed for a concentration
of 100 uM only after a 72 h incubation time. Considering the concentration levels (usually
ng/L) at which both pharmaceuticals are identified in natural waters and wastewater,
it can be assumed that these are safe levels for selected cell lines. To demonstrate the
high efficiency of using radiation technologies, in this case gamma radiation to remove
residues of selected ADs, the HepG2 and Caco2 lines were exposed to the irradiated
SER solution at a higher initial concentration. Aqueous solutions of SER with an initial
concentration of 10 mg/L (equivalent to 32.65 uM-SER), were irradiated in a cobalt gamma
source in a dose range up to 300 Gy. As indicated previously (Figure 1A), complete
degradation of 10 mg/L SER was achieved after a dose of 200 Gy was delivered to the
system. The toxicity monitoring performed for such a high concentration of SER, showing
that more than 90% survival for Caco2 cells and almost 100% for HepG2 cells was achieved
already after a dose of 20 Gy (Figure 7B,D). The results obtained are very promising.
They demonstrate that even for such high concentrations of SER, or possibly the greater
synergistic effects observed in the presence of other contaminants such as the previously
mentioned microplastic [28], reduced cytotoxicity can be expected after degradation using
relatively low doses of ionizing radiation.

3.6. Preliminary Identification of Degradation Product

Our previously described experiments on the decomposition of SER and CIT under the
conditions of dominance of one selected product of water radiolysis showed that the decom-
position of both SER and CIT occurs with the highest efficiency in the presence of hydroxyl
radicals. Considering the complicated chemical structure of SER and CIT as well as the high
reactivity of hydroxyl radicals, many potential sites of attack of the hydroxyl radical on
the molecule of the selected pharmaceutical have been postulated [53]. It has been shown
that the products formed in the photocatalytic degradation of SER include its hydroxyl
derivatives monoxydroxysertraline (m/z 322.0768), dihydroxysertraline m/338.0715 and
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trihydroxysertraline m/z 354.0661 [36,38]. We also confirmed the formation of trihydoxy-
sertraline, dihydroxysertraline and monohydroxysertraline during gamma irradiation of
SER aqueous solutions (Figure 9). Other identified products of radiolytic degradation of
SER are summarized in Table 2, which include dehalogenation products and compounds

with lower molar masses.
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Figure 7. Cytotoxicity monitoring (A) sertraline against HepG2 (B) sertraline 10 mg/L after gamma
irradiation towards HepG2 (C) sertraline towards Caco2 (D) sertraline 10 mg/L towards gamma

irradiation towards Caco2.
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Figure 8. Cytotoxicity monitoring (A) citalopram against HepG2 (B) citalopram towards Caco2.
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Table 2. Cont.
No. m/z Chemical Structure Degradation Process Refrences Ga{nn.m
Radiation
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12. 354.0661 HO P Photocatalytic process [38] +
e
HO ] |
/,/ = el
Ho i Cl |

In the case of CIT biodegradation, the main reactions that the pharmaceutical under-
goes during degradation are mainly oxidative reactions such as hydroxylation, oxidation,
N-oxidation and N-demethylation, as well as nitrile hydrolysis and amide hydrolysis [56].
The literature data also demonstrate that in the photocatalytic process, hydroxylation also
involves the furan ring and the alkyl chain as indicated by the formation of the dihydroxyl
product CyoHoyO3N3F (m/z 357.1618) [36]. In the degradation of CIT in AOP processes
based on the use of Ozone, C1O2, UV and oxidative Fenton, the authors have shown the
formation of degradation products that [29]: (1) (C19Hy9N,OF m/z 311.1560. It suggests the
loss of a methyl group by the CIT molecule, (2) (CooH3N202 m/z = 323.1393) replacement
of the F atom by an oxygen and hydrogen atom (3) (CooHyN2OF m/z = 341.1658 an addi-
tional oxygen atom is attached to the molecule (4) m/z 339.1506 transformation products,
and based on its ms/ms spectra, they postulated formation butyrolactone derivatives. In
our preliminary studies the formation of these products was also found in Figure 10 and
Table 3. Based on the products identified, the authors assumed that hydroxylation occurred
on the benzene ring along with the detachment of the fluorine atom, as already described
for the photocatalytic degradation of similar structures [38]. Most of the initially identified
radiolytic degradation products of SER and CIT are fully compatible with the products
obtained in the photocatalytic process, some of them were also identified in biodegradation
processes. Based on this, we made the initial assumption that the decay mechanism of both
SER and CIT under gamma irradiation follows a similar path.
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Figure 10. Formation of selected radiolytic degradation product of citalopram.
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Table 3. Cont.

No. m/z Chemical Structure Degradation Process References Gamma
UV, Cl, H,O
Photocatalytic degradation [34]
6. 339.1512 Photodegradation in the [37] +
presence of WEOM (Water [54]
Extractable Organic Matter)
uv
Photocatalytic degradation [34]
7. 341.1669 Photodegradation in the [37] +
presence of WEOM (Water [54]
Extractable Organic Matter)
Cl
Photocatalytic degradation [34]
8. 355.1457 Photodegradation in the [37] +
presence of WEOM (Water [54]
Extractable Organic Matter
9. 357.1618 Photocatalytic degradation [37] +

4. Conclusions

For the first time, gamma radiation was used to the degradation of selected psy-
chotropic drugs SER and CIT from natural waters. The obtained results were satisfactory,
and for relatively low doses of ionizing radiation (max. 500 Gy), practically complete
degradation was obtained both in pure aqueous solutions and surface waters. It was shown
that the free radical scavengers commonly found in water, i.e., carbonyls, nitrates, and
humic acid in concentrations ten times higher than those of the drugs studied, have little
effect on the degradation efficiency. An attempt was also made to identify the products
formed in the degradation of sertraline and citalopram, which allowed for a preliminary
assumption that the degradation of these drugs to a large extent proceeds in a mode similar
to the photocatalytic process. Cytotoxicity monitoring showed that even for high drug con-
centrations, in the case of SER 10 mg/L, a complete reduction of toxicity was observed after
a dose of 20 Gy was delivered to the system. A very important thing to mention about the
degradation process using radiation technologies is the time. As shown in the information
presented, using gamma radiation takes only a few minutes to achieve satisfactory results
in the purification of water from AD’s residues. It is worth mentioning that this time can
be significantly reduced after the application of an electron beam. In comparison with the
data in Table 1 for other AOP processes, this will be a considerable argument in favor of
radiation technologies.
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