
Citation: Nałęcz-Jawecki, G.;

Giebułtowicz, J.; Chojnacka, J.; Pajchel,

Ł.; Drobniewska, A. The Sorption of

Antidepressant Pharmaceuticals on

Virgin and Aged Microplastics Is

Lower than Bioconcentration in

Protozoa. Water 2024, 16, 2514.

https://doi.org/10.3390/w16172514

Academic Editor: Jesus

Gonzalez-Lopez

Received: 8 August 2024

Revised: 29 August 2024

Accepted: 3 September 2024

Published: 5 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

The Sorption of Antidepressant Pharmaceuticals on Virgin and
Aged Microplastics Is Lower than Bioconcentration in Protozoa
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Abstract: The simultaneous occurrence of various pollutants in the aquatic environment raises
questions about their mutual interactions. There is a gap in research on the sorption of polar
substances on microplastics. This study aimed to assess the adsorption of the antidepressants
sertraline, fluoxetine and duloxetine on microplastic polystyrene, polyethylene terephthalate and
polyvinyl chloride, each in two versions: virgin and aged. To assess the affinity of the tested drugs
for plastic and planktonic organisms, the experiment was conducted in microplastic suspensions
and in a mixture of microplastics with the protozoan Spirostomum ambiguum. The Fourier transform
infrared technique assessed the identity of microplastics and changes during ageing. No significant
differences were found between the sorption of the tested drugs on virgin and aged microplastics.
The sorption of sertraline onto microplastics was 1.5–3 times lower in the presence of the protozoa
than in samples with microplastics alone. Moreover, its concentration in the protozoan cells was
10–30 times higher than in the microplastics. Considering that the amount of plankton in freshwaters
is much greater than that of microplastics, it should be concluded that microplastics have a negligible
share in the transport of antidepressants in surface waters.

Keywords: sertraline; duloxetine; fluoxetine; Spirostomum ambiguum; carbonyl index; Fourier transform
infrared; pharmaceuticals in the environment

1. Introduction

The development of synthetic drugs is one of the key achievements of civilisation.
Drugs are widely used all over the world, and the annual consumption of the most popular
ones reaches tens of thousands of tons [1]. After consumption, the unmetabolised and
metabolised drugs are discharged to the aquatic environment via sewage water. Studies
conducted since the beginning of the 21st century indicate the presence of numerous
pharmaceuticals in rivers around the world [2,3]. Their presence in the environment can
have a negative impact on various organisms, from bacteria to fish [4].

Depression affects a large part of societies around the world. This complication has
become more severe during the COVID-19 pandemic, resulting in a significant increase in
the use of antidepressant pharmaceuticals. Monoamine reuptake inhibitors have become a
breakthrough in the treatment of depression and are currently one of the most frequently
used groups of drugs in the U.S. and EU [1]. Sertraline (SER, (1S,4S)-4-(3,4-Dichlorophenyl)-
N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine) and fluoxetine (FLX, N-methyl-3-phenyl-
3-[4-(trifluoromethyl)phenoxy]propan-1-amine) are serotonin reuptake inhibitors (SSRIs),
while duloxetine (DLX, (+)-(S)-N-Methyl-3-(naphthalen-1-yloxy)-3-(thiophen-2-yl)propan-
1-amine) is a serotonin-norepinephrine reuptake inhibitor (SNRI) (Figure 1). In 2021, SER,
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FLX and DLX were the 11th, 25th and 27th best-selling prescription drugs, respectively,
accounting for one-third of all antidepressants in the U.S. [5]. The concentration of an-
tidepressants in wastewater ranges from several ng to even one µg per litre [6–9]. At the
time of the greatest popularity of Prozac, “The Happy Pill”, FLX was detected in most U.S.
rivers [7]. Several studies have shown that FLX and SER affected aquatic organisms at
concentrations as low as 14 and 0.47 µg L−1, respectively [7,10]. Our recent studies indicate
that SER and DLX significantly influence the food intake of protozoan Spirostomum am-
biguum [11]. Antidepressant pharmaceuticals bioconcentrate in aquatic organisms [9,12,13]
and can also be transferred in the aquatic food chain [6]. FLX adsorbs to a significant extent
on suspended particles in wastewater treatment plants [14]. SER had one of the highest
adsorption rates on sewage sludge among the 21 drugs tested [15].
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Figure 1. Antidepressant pharmaceuticals and polymers used in the study.

The ability to absorb toxic substances is one of the most important challenges related
to pollution of the aquatic environment by microplastics [16–18]. The absorption may
increase the bioavailability of adsorbed xenobiotics and/or facilitate their transport in
the aquatic environment [19]. The sorption of nonpolar compounds onto microplastics
has been documented by many researchers [16,17]. The most frequently studied nonpo-
lar compounds have been benzene derivatives, polycyclic aromatic hydrocarbons and
polychlorinated biphenyls [16]. However, research on the sorption of polar compounds,
including pharmaceuticals, has been conducted less commonly [16,20–22].

The adsorption process of organic substances onto microparticles is related to the
physicochemical properties of the sorbate and sorbent as well as the properties of the
medium. Concerning the sorbate properties, sorption is mainly associated with the po-
larity and charge of the molecule [23]. Considering the sorbent, the size of the surface
depending on the particle diameter and the number of micropores is also vital. In a natural
aquatic environment, in addition to pH and salinity, the presence of suspensions, including
microplankton, should also be considered [18,20,24].

In natural waters, microplastics undergo ageing processes. UV irradiation, free radicals
and dissolved oxygen may degrade polymer chains, which leads to the formation of
microcracks and oxidation of the polymer surface functional groups [23,25–27]. As a result,
functional groups, e.g., peroxide, carbonyl and carboxyl, are formed, which decreases the
hydrophobicity of the polymer and, therefore, the ability to adsorb nonpolar substances.
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Hüffer et al. [23] observed a more than ten times lower naphthalene sorption on aged PS
than on virgin PS. On the other hand, the adsorption of polar and/or ionised compounds
increases [28].

In this study, sorption experiments of three antidepressant pharmaceuticals onto three
types of microplastics, polystyrene (PS), polyethylene terephthalate (PET) and polyvinyl
chloride (PVC), each in two versions, virgin and aged, were performed. The aging of
microplastics by UV irradiation and hydrogen peroxide oxidation led to a change in the
surface chemistry of particles, measured by Fourier transform infrared spectroscopy. As the
antidepressants analysed in this study SER, FLX and DLX have pKa > 9.5; they exist mainly
in the cation form in freshwaters (pH between 6 and 8.5). Therefore, we hypothesised
that their adsorption onto more polar surfaces of aged plastics would be greater than on
nonpolar virgin ones.

To assess the affinity of the tested drugs for plastic and planktonic organisms, the
experiment was conducted in microplastic suspensions and a mixture of microplastics with
the protozoan S. ambiguum. The concentration of SER, FLX and DLX was 2–3 orders of
magnitude higher than the measured environmental concentration to ensure an appropriate
balance between the equipment capabilities and real, environmental conditions.

2. Materials and Methods
2.1. Reagents

High purity grade (>90%) standard reagents of SER, DLX, FLX, deuterated sertraline
hydrochloride, duloxetine hydrochloride and fluoxetine hydrochloride were obtained from
TRC (Toronto, ON, Canada). The standard stock solutions were prepared in 50% methanol
at concentrations of 1 mg mL−1 and stored at −20 ◦C. Working solutions were prepared
just before the tests by diluting the stock solution with the culture medium. An internal
standard working solution (500 ng mL−1) was prepared by diluting of the deuterated
compounds stock solution with acetonitrile. The solvents, namely HPLC–MS grade acetoni-
trile (LiChrosolv) and formic acid 98%, were provided by Merck (Darmstadt, Germany).
Ultrapure water was obtained from a Millipore water purification system (Milli-Q water).
Three types of virgin microplastics (vMPs), polystyrene (PS), polyethylene terephthalate
(PET) and polyvinyl chloride (PVC), were prepared by grinding in liquid nitrogen using a
cryomill, type 6770, SPEX (Metuchen, NJ, USA), according to Chojnacka et al. [11].

2.2. Aging of Microplastics

An amount of 100 mg of MPs was placed in a 40 mL glass Petri dish, and 10 mL of
30% hydrogen peroxide was added. The dish was covered with a quartz lid and placed in
a SunTest CPS+ sunlight simulator (Klimatest, Warsaw, Poland) for two hours. Aged MPs
(aMPs) were rinsed with deionised water and dried at 40 ◦C.

2.3. Accumulation Tests

The experiments were carried out in 150 mL glass beakers filled with 100 mL of
sample. An inorganic medium (Tyrode’s solution) was used as the diluent, with the pH
adjusted to 7.4 [29]. The accumulation experiments were performed for antidepressant
pharmaceuticals, each at two concentrations, 10 µg L−1 (low level, LL) and 100 µg L−1 (high
level, HL). We added 100 protozoan cells and/or 10 mg of microplastics to each beaker,
and the beakers were incubated for 6 days (144 h) at 25 ◦C in darkness. The arrangement of
the tested samples is presented in Table 1.
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Table 1. Abbreviations used in the accumulation test with microplastics and the protozoan S. ambiguum.

Sample The Concentration of Antidepressants in:

S. ambiguum (SA) Microplastic

Low level (10 µg L−1)
Virgin microplastic (vMP)

- L–vMP

Low level (10 µg L−1)
Virgin microplastic and protozoa

L–SA>vMP L–vMP>SA

Low level (10 µg L−1)
Aged microplastic (aMP)

- L–aMP

Low level (10 µg L−1)
Aged microplastic and protozoa

L–SA>aMP L–aMP>SA

Low level (10 µg L−1)
Protozoa

SA -

High level (100 µg L−1)
Virgin microplastic (vMP)

- H–vMP

High level (100 µg L−1)
Virgin microplastic and protozoa

H–SA>vMP H–vMP>SA

High level (100 µg L−1)
Aged microplastic (aMP)

- H–aMP

High level (100 µg L−1)
Aged microplastic and protozoa

H–SA>aMP H–aMP>SA

High level (100 µg L−1)
Protozoa

SA -

The accumulation test with SER was performed on all kinds of MPs: PET, PS and PVC.
Meanwhile, the accumulation tests with DLX and FLX were only performed with PS. These
tests were performed in triplicate.

2.4. Determination of Antidepressant Concentrations in MPs and S. ambiguum with LC-MS

To determine antidepressant concentrations in S. ambiguum, all protozoan cells were
sampled from each test beaker at the end of incubation and placed into a 1.5 mL Eppendorf
tube. The volume of protozoans and the remaining medium was 50 µL. To determine
the antidepressants’ concentration sorbed on the MPs, the MPs were separated from
the medium by filtering the sample with 2 µm nylon membrane filters and transferred
into 1.5 mL Eppendorf tubes. Then, 100 µL of acetonitrile with an internal standard (IS,
50 ng mL−1 deuterated standard in acetonitrile) was added to the tubes. The samples were
vortexed for 10 min, placed in a freezer (at −20 ◦C) for 10 min and then centrifuged (5 min
at 10,000× g). The supernatant (80–100 µL) was transferred to the autosampler vial. No
cleanup procedure was used. The concentration of pharmaceuticals in organisms was
calculated using the measured concentration of the pharmaceutical in the extract and the
volume of S. ambiguum. The average volume of 100 cells of S. ambiguum was 0.50 µL [13].

Quantitative analyses were performed using Agilent 1260 Infinity (Agilent Technolo-
gies, Santa Clara, CA, USA), equipped with a degasser, a thermostated autosampler and
a binary pump and connected in series to a QTRAP®4000 (AB SCIEX, Framingham, MA,
USA) equipped with a turbo ion spray source operated in the positive mode according to
method described and validated previously [13].

2.5. Assessment of Physicochemical Properties of Virgin and Aged MPs

To analyse the physicochemical properties of virgin and aged MPs, mid-infrared
spectroscopy (FT-IR) was performed using two techniques: (1) Attenuated total reflectance
(ATR) technique using an IRAffinity-1 (Shimadzu, Kyoto, Japan) spectrometer working at
the mid-infrared range with a Quest diamond crystal attachment (Specac Ltd., London,
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UK). The conditions were as follows: 50 repetitions and a resolution of 2 cm−1. The spectra
were recorded from 400 to 3600 cm−1 in triplicate repetitions. (2) Potassium bromide pellet
(KBr) technique using a Spectrum 1000 (Perkin Elmer, Cleveland, OH, USA) spectrometer
working at the mid-infrared range. The conditions were as follows: 50 repetitions and
resolution of 2 cm−1. The obtained samples were mixed with KBr in a weight ratio of 1:100
and pressed into pellets under a pressure of 9 tons. The spectra were recorded from 400 to
3600 cm−1 in triplicate repetitions.

FT-IR spectra obtained by both methods were processed using the GRAMS/AI 8.0
software (Thermo Scientific, Burlington, ON, USA, 2006). The processing included base-
line correction, measurement of surface area under the band in the ranges from 1650 to
1850 cm−1 and 1420 to 1500 cm−1 and smoothing the lines only to present graphs. Combin-
ing these two research techniques in mid-infrared spectroscopy allows for the analysis of
the surface and interior of the analysed samples. The ATR technique allows for the sample
surface analysis adjacent to the diamond crystal, while the KBr pellets technique shows
the entire volume of the MPs sample. Research shows that the penetration depth of ATR
allows for examination no deeper than 2 µm [30].

The carbonyl index (CI) was used to examine the ageing of plastics, showing the
increase in the band from carbonyl stretching (C=O), which is responsible for the oxidation
process. CI was measured by dividing the area of the carbonyl stretching band (C=0) in the
range from 1650 to 1850 cm−1 by the reference band (CH2) from 1420 to 1500 cm−1 as in
the Equation (1) [30,31]:

CI =
Area under bend 1650 − 1850 cm−1

Area under bend 1420 − 1500 cm−1 (1)

2.6. Statistical Analysis

Statistical analysis was conducted using Analysis ToolPak in Microsoft Excel 365. To
compare the relationship between the results, a paired Student’s t-test was used. For all
tests, the significance threshold was set at p < 0.05.

3. Results
3.1. Physicochemical Properties of Virgin and Aged Microplastics

The physicochemical studies carried out using mid-infrared spectroscopy using the
ATR and KBr pellet techniques are shown in Figure 2. These spectra confirm that the
environmentally derived plastics that were ground are indeed PET, PS and PVC.

For the PET sample analysed by both techniques, the spectra have the strongest C=O
stretching band at about 1712 cm−1 and two strong C–O stretching bands at 1241 cm−1 and
1094 cm−1. At 720 cm−1, an aromatic C–H out-of-plane beading was observed [30,32].

In the spectra obtained for PS, we see the bends 3024 cm−1, 2847 cm−1, 1601 cm−1,
1492 cm−1, 1451 cm−1, 1027 cm−1, 694 cm−1 and 537 cm−1, respectively, originating from
aromatic C–H stretching, C–H stretching, aromatic ring stretching, aromatic ring stretching,
C–H2 bending, aromatic C–H bending, aromatic C–H out-of-plane bending and aromatic
ring out-of-plane bending [30].

For the PVC sample, characteristic bends described in the literature were also observed
at 1427 cm−1, 1331 cm−1, 1255 cm−1, 1099 cm−1, 966 cm−1 and 616 cm−1, respectively,
originating from C–H2 bending, C–H bending, C–H bending, C–C stretching, C–H2 rocking
and C–Cl stretching [30,33], respectively.
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Figure 2. Attenuated total reflectance Fourier transform infrared (ATR FT-IR) and potassium bromide
pellet (KBr) spectra of virgin and aged MPs. The presented spectra on the left for the ATR technique
and on the right for the KBr technique confirm the acquisition from the PET, PS and PVC environment,
confirmed by the characteristic bands visible in the spectra. The carbonyl functional group band
range used to calculate the carbonyl index (1650–1850 cm−1) has been highlighted.

Mid-infrared spectroscopy studies using two techniques also allow for the observation
of the formation of the carbonyl group during ageing [25,26,32]. The region of carbonyl
group occurrence is highlighted in the spectra presented in Figure 2.

Following earlier reports, the presented spectra show a slight increase in the C=O
stretching band at about 1712 cm−1 in the marked region. This change is most visible
for the ATR-vPET and ATR-aPET pairs and for the vPVC and aPVC samples tested with
both techniques. Previously, the increase in this band was observed under the influence of
different ageing techniques for plastics such as PET, PS and PVC [30–33].

For PS samples, we can also observe a very small band originating from the C=O
group at 1725 cm−1, previously reported for photo-oxidised PS [34].
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Figure 3 shows the carbonyl index, which presents the actual change in the carbonyl
band relative to the reference band. An increase in CI calculated from the spectra obtained
using the ATR and KBr techniques is visible for all MPs. In comparing ATR and KBr
techniques, the increase in CI was higher for ATR, which may be because this method only
analyses surfaces up to 2 µm. A significant difference between the aged and virgin samples
(p < 0.05) was observed for the PET samples tested by both techniques and for the PVC
sample tested by the KBr technique. These results confirm previous observations made for
the presented FT-IR spectrum in the highlighted range and are consistent with the changes
described in the literature following ageing [30–33]. The greater significant difference for
the KBr technique is due to its much greater repeatability.
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Figure 3. Carbonyl index (CI) of virgin and aged MPs obtained by ATR and KBr pellet FT-IR
techniques for (a) PET, (b) PS and (c) PVC. The CI was calculated using Equation (1). †—Significant
difference between the aged and virgin samples (p < 0.05).

3.2. Sorption and Bioaccumulation of Sertraline

SER was incubated with three microplastics: virgin vPET, vPS, vPVC and their aged
counterparts aPET, aPS and aPVC in the presence and absence of the protozoan S. ambiguum.
Tyrode’s medium was used in the experiment to simulate river-like conditions, with a pH
range of 6.5–8.0, low hardness and salinity. It contains the minimal amount of inorganic
ions necessary for the proper functioning of protozoa [29] and was not buffered. The
pH remained stable at 7.4 throughout the experiment. After six days of incubation, the
concentration of SER adsorbed on MPs and in protozoan cells was determined. The results
are shown in Figure 4.
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Figure 4. The concentration of SER sorbed on virgin and aged MPs and in the protozoan S. ambiguum.
(a,d) PET, high (100 µg L−1) and low (10 µg L−1) levels of SER; (b,e) PS, high (100 µg L−1) and low
(10 µg L−1) levels of SER; (c,f) PVC, high (100 µg L−1) and low (10 µg L−1) levels of SER. Descriptions
according to Table 1. †—Significant difference between the aged and virgin samples (p < 0.05);
‡—significant difference between this sample and its corresponding PET sample (p < 0.05).

Because the tests were carried out on low concentrations of drugs, their concentrations
in water were not determined. Therefore, sorption coefficients on microplastics and bio-
concentration factors in protozoa were not calculated. The SER adsorbed on microplastic
particles was 200–900 times greater than its initial solution concentration. No significant
differences were observed between sorption on virgin and aged microplastics. The amount
of SER sorbed onto microplastics was 1.5–3 times lower in samples containing both mi-
croplastics and protozoa than in samples with only microplastics. The only exception
was aPET.
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The protozoa accumulated SER to a much greater extent than microplastics did. The
nominal bioconcentration factor (the ratio of the concentration of a compound in organisms
to the initial/nominal concentration in water) exceeded 2000 in all cases. Thus, according
to a European Union regulation, Registration, Evaluation, Authorisation and Restriction
of Chemicals (REACH), SER is considered bioaccumulative [35]. In each sample tested,
the concentration of SER was 10 to even 30 times higher in the protozoa than in the
MP suspension.

3.3. Sorption and Bioaccumulation of Fluoxetine and Duloxetine

In the case of DLX and FLX, the sorption analyses were performed only with PS due
to the similar sorption of SER onto all three tested microplastics. Both vPS and aPS absorb
FLX and DLX much less than SER. Their concentrations in PS samples are 3–5 and 4–9 times
lower than in the case of SER, respectively (Figure 5, Tables S2 and S3). Similarly to SER in
the case of FLX, no significant differences in sorption on virgin and aged microplastics were
found for both drug concentration levels. However, in the higher level of DLX, the drug
sorption on aged microplastics was twice as high, both in the case of aPS suspension and
aPS with protozoa. In the latter case, the bioaccumulation of DLX in protozoa was two times
lower than for vPS, which may indicate competition between sorption on microplastics
and bioaccumulation in protozoa.
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Figure 5. The concentration of DLX and FLX sorbed on virgin (v-DLX, v-FLX)) and aged (a-DLX,
a-FLX) microplastic (PS), microplastic incubated with protozoa (PS > SA), in protozoa S. ambiguum
(SA) and in protozoa incubated with microplastic (SA > PS). (a) High level of pharmaceuticals,
100 µg L−1; (b) low level of pharmaceuticals, 10 µg L−1. †—Significantly different compared with
the virgin PS samples (p < 0.05).

4. Discussion
4.1. Physicochemical Properties of Virgin and Aged Microplastics

Plastics are considered to be very durable materials in the environment. Their de-
composition may take up to several hundred years. Environmental factors, including
UV radiation, free radicals and oxidising compounds, may cause the ageing of materials.
Ageing processes include physical degradation of the material, e.g., the formation of mi-
crocracks, and chemical changes in the polymers, e.g., molecular weight reduction and
modification in surface functional groups [36]. In the accelerated ageing process caused
by H2O2 and UV radiation, oxygen radicals are formed, which oxidise functional groups
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to peroxides [23]. The photooxidation processes are faster than other degradation pro-
cesses and may be prevented by some additives of the plastics [36]. Oxidation of polymer
functional groups may lead to the formation of peroxides and aldehyde and carboxyl
groups [25,26,28]. In the research, the oxidation of the tested microplastics was confirmed
using the FTIR technique. A higher increase in carbonyl index was received in the ATR
method, indicating the formation of the C=O bonds on the surface of the materials. Less
pronounced changes in the carbonyl index were obtained for the KBr method, which
implies smaller changes in the chemical structure inside the material. Combining these
two research methods allows for a more comprehensive analysis of the photooxidation
process. ATR spectra similar to ours were obtained after PS ageing using H2O2 and UV
irradiation [23].

The oxidation of polymer functional groups may increase the surface’s hydrophilicity,
influencing the sorption behaviour of polar and/or ionised xenobiotics.

4.2. Sorption and Bioaccumulation of Pharmaceuticals

The sorption of only a few pharmaceuticals on microplastics has been studied so
far [21,22,37,38]. The sorption of pharmaceuticals was studied on microplastics, which
are environmental pollutants [37,38], and polymers fabricated to remove micropollutants
from the environment [1]. The adsorption of an analyte on a sorbent depends on many
factors, including their hydrophobic properties and charges, as well as surface quality,
microcracks, etc. Analyte/Sorbent interactions largely depend on the degree of ionisation
of the compound and the charge on the sorbent surface. Also, the medium’s pH and pH of
zero point (pHpzc), corresponding to the pH at which the negative and positive charges on
the sorbent’s surface are equal, are essential factors in determining adsorption [39]. The
pHpzc is a crucial parameter and has been extensively used to study metal adsorption
on nanoparticles. At pH > pHpzc, the sorbent surface is negatively charged, enhancing
electrostatic attraction between cations and the sorbent [39,40]. However, the pHpzc pa-
rameter has not yet been considered in studies of pharmaceutical sorption on microplastics.
This is likely due to the low charge density on the surface of unmodified polymers, which
complicates the analysis of pHpzc values. In contrast, this parameter should be taken into
account for aged polymers with a significant number of carboxyl groups. The analysis
of polar substance sorption on polyethylene indicates a strong dependence of sorption
efficiency on the medium’s pH and the compound’s acidity [41]. Triclosan was adsorbed
at 70% at pH = 4; at pH = 10, where it was mostly present in its ionic form, no adsorption
occurred [41]. Analysing the dependence of sorption on water pH is crucial when searching
for sorbents to remove the maximum number of micropollutants from water [39]. However,
this is of lesser importance in analysing environmental samples as the pH of most European
rivers ranges from 7.0 to 8.5 [42]. Therefore, in this study, we conducted the research at only
one pH value: 7.4. A number of studies also indicate the important contribution of other
interactions, including hydrogen binding, van der Waals forces, and π–π and ion–dipole
interactions [1,43]. In the present work, the mechanism of the adsorption of antidepressants
to polymers was not investigated. However, all types of interactions can occur due to the
presence of ionic, hydrophobic and aromatic rings in drug molecules (Figure 1) [1].

In this study, we found that the antidepressants SER, FLX and DLX sorbed onto the
microplastics, and the sorption of SER was stronger than in the case of the other two drugs.
The adsorption of SER on polyethylene (PE) was also the highest among the drugs tested by
Razanajatovo et al. [38], and at an initial concentration of SER in the solution of 60 µg L−1,
the maximum sorbed concentration was 88.8 µg g−1. Our studies obtained a similar
sorbed concentration at an initial SER concentration of 100 µg L−1. This result indicates a
similar sorption capacity of PET, PS and PVC compared with PE. As these polymers differ
significantly in their chemical structure, the results suggest the lack of specific molecular
interactions between SER and polymers. Razanajatovo et al. [38] explained these results
by strong electrostatic interactions between positively charged drug molecules and the
negatively charged PE surface. They showed a relationship between the pKa values of drugs
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(the charge of molecules at neutral pH) and their affinity to microplastics. Moura et al. [31]
demonstrated the high potential of virgin and aged microplastics for drug adsorption in
aqueous environments. Of the five drugs tested, FLX showed the greatest ability to adsorb
onto microplastics which, according to the authors, is due to its higher hydrophobicity and
positive molecule charge at pH = 7. Zwitterions have the strongest nonpolar interaction
at their isoelectric points [20]. The tested antidepressants have a pKa > 9.5. Therefore,
they always occur as positive ions in natural waters with a pH ranging between 6 and
8.5. Most microplastic surfaces have a net negative charge at the neutral pH of water [24].
Therefore, the positively charged molecules interact with microplastic surfaces through
electrostatic attraction [20]. Microplastics with ionisable groups, e.g., PVC, should interact
with cations more strongly than nonpolar polymers, e.g., PS, because they can induce
dipole–dipole interactions. On the other hand, polymers made of aromatic monomers,
e.g., PS and PET, can attract aromatic compounds due to π–π interactions [20]. In the
current study, we found no differences between the adsorption of SER onto different
microplastics: PET, PS and PVC. Similar sorption capacity onto both PS and PVC was
received for antibiotic ciprofloxacin [37]. On the other hand, different sorption onto four
microplastics was determined for the macrolide antibiotic tylosin [44]. In the latter case, in
addition to electrostatic interactions, surface complexation and hydrophobic interactions
could be responsible for the interaction of tylosin with microplastics.

Several authors have observed an increase in adsorption capacity due to the ageing
of microplastics [20,31,37]. In this work, the artificial ageing of materials using H2O2 and
UV irradiation was used to investigate the effect of ageing on the sorption properties of
microplastics. The ageing process resulted in the formation of carbonyl groups on the sur-
face of the microparticles, which was confirmed by the APR-FTIR technique. Microplastic
ageing did not increase drug sorption. The only exception was the HL–DLX–PS sample,
where twice as much drug was adsorbed onto aged PS. FLX sorption on virgin and aged
microplastics depends on the type of polymer [31]. They observed higher FLX sorption on
aged PS and PE compared with virgin polymers, while no differences were noted for PVC,
polyamide and polypropylene. In studies of ciprofloxacin sorption on PS, a significant
difference was observed in the sorption behaviour of this zwitterionic antibiotic, depending
on the pH [37]. At pH = 5, sorption was substantially higher on virgin PS compared with
aged PS, while at pH = 9, the trend was reversed [37]. However, at a neutral pH of 7, the
differences in sorption between aged and virgin plastics were much smaller. In the case of
PVC, such variations were not observed. According to Liu et al. [37], the primary mecha-
nisms of ciprofloxacin adsorption on PS and PVC are electrostatic interactions and, for aged
microplastics, hydrogen bonding. On the other hand, UV-induced surface functionalisation
decreased sorption coefficients for aged PS and 21 substances, including nonpolar and
polar aliphatics, as well as nonpolar and polar aromatics [23].

Most natural surface waters, in addition to dissolved substances, contain suspensions
of organic material and phyto- and zooplankton. According to Baker and Kasprzyk-
Hordern [14], more than 50% of FLX in wastewater is associated with suspended parti-
cles. FLX adsorbs to a significant extent on suspended particles in wastewater treatment
plants [10]. SER had one of the highest adsorption rates on sewage sludge among the
21 drugs tested, and the adsorption process occurred very quickly. After 5 h, the SER
concentration in the aqueous phase dropped to only several percent of the initial level [15].
SER, its metabolite norsertraline and norfluoxetine showed the highest bioaccumulation
rate in fish tissues out of 22 pharmaceuticals observed in the Niagara River [6]. Similar
results were presented by Grabicova et al. [45], who detected high concentrations of SER in
brown trout tissue in effluent polluted rivers, and the bioaccumulation factor was as high
as 4400 and 2400 in the kidney and liver, respectively. An equally high bioconcentration
factor was obtained in a field for benthic invertebrates [46]. High bioconcentration factors
of SER and FLX were also obtained in laboratory experiments on the invertebrate Asellus
aquaticus and fish Pungitius pungitius [16].
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4.3. Ecological Consequences

The presence of a mixture of xenobiotics in the aquatic environment raises questions
about their mutual interactions. One of the most important problems related to envi-
ronmental pollution with microplastics is their sorption behaviour towards substances
dissolved in water. However, most researchers analysing this problem use pure suspen-
sions of microplastics without paying attention to the surface waters’ natural biotic and
abiotic components.

In our current research, we obtained several to several dozen times higher concentra-
tions of the tested antidepressants in the cells of the protozoan S. ambiguum compared with
plastic microparticles. Additionally, sorption onto microplastics was lower in the presence
of protozoa than in samples with microplastics alone. This means that the affinity of these
drugs for microplastics is lower than for natural, organic matter. Therefore, to obtain real
results for the xenobiotic sorption on microplastic suspensions, comparative studies should
be performed concerning sorption on natural suspensions and/or organisms.

The concentration of microplastics, even in the most polluted surface waters, ranges
from a few to several hundred particles per litre [47]. However, plankton density in
European waters is several orders of magnitude higher [48,49]. It should, therefore, be
concluded that both virgin and aged microplastics have a negligible share in the transport
of antidepressants in surface waters.

5. Conclusions

Antidepressants were adsorbed equally onto virgin and aged microplastics, with
sertraline being the most strongly adsorbed.

To assess the affinity of the tested pharmaceuticals for plastic and planktonic or-
ganisms, the experiment was conducted in microplastic suspensions and in a mixture of
microplastics with the protozoan S. ambiguum. The sorption of sertraline onto microplastics
was 1.5–3 lower in the presence of the protozoa than in samples with the microplastics
alone. Moreover, its concentration in the protozoan cells was 10–30 times higher than the
concentration sorbed onto the microplastics.

Considering that the amount of plankton in freshwaters is much greater than that
of microplastics, it should be concluded that microplastics have a negligible share in the
transport of antidepressants in surface waters.
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