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Abstract

There are concerns that microplastics act as a vector of pharmaceuticals in the aquatic environment. Most studies have
focussed on pharmaceutical adsorption and have not investigated desorption in the various matrices that microplastics enter.
Therefore we studied the desorption of the antidepressant drug fluoxetine from polyethylene terephthalate (PET) microplastics
in river water, sea water, and simulated gastric and intestinal fluids. We found that most desorption occurred rapidly, within
a few hours of exposure. Fluoxetine desorption fitted well to the Freundlich isotherm with 7* values ranging from 0.97 to
0.99. Desorption decreased in the following order: gastric fluid at 20 °C and 37 °C; sea water at 20 °C; intestinal fluid at
20 °C and 37 °C; then river water at 20 °C. The little difference in desorption in gastrointestinal fluids at 20 °C and 37 °C
suggests a similar exposure risk to cold- and warm-blooded organisms following PET microplastic ingestion. Total desorp-
tion following sequential incubation 2 h in gastric fluid then 4 h in intestinal fluid to mimic gastrointestinal digestion was
37% at 20 °C and 41% at 37 °C. Interestingly, higher desorption of 18-23% occurred in sea water compared to river water,
of 4-11%. Under a worst-case scenario, more than 44 mg kg~ body weight d~! or more than 52 mg kg~! body weight d~!
of PET microplastics from river water or sea water, respectively, need to be consumed to exceed the mammalian acceptable
daily intake for fluoxetine. Further studies are needed on microplastic ingestion and the bioavailability of adsorbed pharma-

ceuticals to a range of exposed aquatic organisms.
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Introduction

Microplastics are plastic pieces smaller than 5 mm in all
dimensions (Schmid et al. 2021; Dhaka et al. 2022). They
pose a largely unknown risk to human and environmental
health. There are concerns that microplastics act as a vector
of other pollutants with known health effects such as persis-
tent organic pollutants and heavy metals (Borges-Ramirez
et al. 2021). A common pathway for microplastics to enter
the environment is via wastewater discharges. Common
microplastic polymer types found in wastewater include pol-
yamide, polyethylene, and polyethylene terephthalate (PET)
(Sun et al. 2019). In wastewater, these microplastics are pre-
sent with a diverse range of pharmaceuticals that can adsorb
to their surface (McDougall et al. 2021). Pharmaceuticals,
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by their very nature, can induce effects to exposed organisms
once in the environment (Wang et al. 2021).

Previous research found low desorption of pharmaceuti-
cals from polyamide and polyethylene microplastics in river
water suggesting adsorbed pharmaceuticals can be trans-
ported for considerable distances (McDougall et al. 2021;
Wagstaff et al. 2021). On the other hand, > 50% desorption
of amitriptyline, amoxicillin, chlortetracycline, fluoxetine,
propranolol, and tetracycline has been reported in simulated
gastric fluids (Lin et al. 2020; Fan et al. 2021a; McDougall
et al. 2021; Wagstaff et al. 2021). Liu et al (2020) found
desorption of amlodipine and atorvastatin from polystyrene
microplastics consisted of a fast desorption phase followed
by a slow phase. This suggests pharmaceuticals adsorbed to
microplastics pose a threat to exposed organisms. However,
there is a paucity of information on desorption behaviour of
pharmaceuticals in the variety of environments they enter
(e.g., river water, sea water, gastric and intestinal fluids),
particularly for some polymer types (e.g., PET). Desorp-
tion of pharmaceuticals can be evaluated by modelling
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desorption data to different isotherms (e.g., linear, Freun-
dlich and Langmuir) (Song et al. 2021). These describe the
relationship of adsorbate between the liquid phase and that
adsorbed to the surface of the adsorbent.

The more hydrophobic cationic pharmaceuticals have
been identified as contaminants of concern as they read-
ily adsorb to microplastics in wastewater, and subsequently,
desorb under low pH gastric conditions (McDougall et al.
2021). The antidepressant fluoxetine fits these criteria
(Table S1) and alters the behaviour of various cold- and
warm-blooded organisms including fish and birds (Whit-
lock et al. 2018; Hong et al. 2021). Therefore, it is essential
to further understand the role microplastics can play in the
exposure of organisms to potent pharmaceuticals such as
fluoxetine. The objectives of the study were to, (i) investigate
desorption kinetics of fluoxetine from PET microplastics in
river water and sea water at 20 °C and simulated gastric and
intestinal fluids at 20 °C and 37 °C, (ii) establish desorp-
tion isotherms of fluoxetine in different matrices, and (iii)
determine total fluoxetine desorption under simulated gas-
trointestinal digestion conditions of cold- and warm-blooded
organisms.

Materials and methods
Materials

Standards of fluoxetine hydrochloride and carbamazepine
(as internal standard) were purchased from Sigma Aldrich
(Gillingham, UK). Sodium azide, sodium chloride (NaCl),
sodium taurocholate (98%), bovine serum albumin (> 98%),
and pepsin A (>500 U mg~!) were also obtained from
Sigma Aldrich. High-performance liquid chromatography
(HPLC) grade methanol, ammonium formate and formic
acid, and GF/F glass fibre filter papers, 4 mm PVDF 0.45 pm
syringe filters, and hydrochloric acid (HCI) were purchased
from Fisher Scientific (Loughborough, UK). Ultrapure water
was 18.2 MQ cm™! quality. PET microplastics (maximum
size 300 um) were purchased from Goodfellow Cambridge
Limited (Huntingdon, UK; Table S2). Municipal wastewater
(25 L, pH 7.6) was collected from a septic tank in North-
East Scotland during July 2021 and frozen at —20 °C. The
wastewater did not contain detectable levels of fluoxetine or
carbamazepine. Non-tidal river water (2.5 L, pH 7.6) and
sea water (2.5 L, 32.2 practical salinity units, pH 7.7) were
collected and frozen at — 20 °C.

Adsorption experiments
Adsorption experiments were conducted in wastewater.

Wastewater was defrosted, filtered through GF/F filters,
and treated with sodium azide (0.2 g L) to limit microbial
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activity. PET microplastics (2.5 g L™!) in 20 mL waste-
water were prepared in 50 mL borosilicate flasks. These
were mixed at 220 rpm using a MaxQ 4000 orbital shaker
(Thermo Scientific, Loughborough, UK) and kept in the dark
by wrapping flasks in aluminium foil. A fluoxetine concen-
tration of 15 mg L™! was used to establish uptake kinetics.
Samples were collected at 0.1, 0.2, 0.3, 0.5, 1, 2, 3,4, 5,
6, 24, and 48 h. The uptake kinetics were fitted using the
pseudo-second-order model (Eq. 1):

Lo )+ <l>t (1)
a \k(¢2) 9e

where ¢,” and ¢, are the adsorbed fluoxetine concentrations
(mg kg™!) at any time and under equilibrium, 7 (hours) is
the mixing time and & (kg mg~! h™!) is the equilibrium rate
constant.

Fluoxetine concentrations of 1, 2.5, 5, 10, and 15 mg L!
were used to determine adsorption isotherms. Samples were
mixed for 24 h before collection. The linear (Eq. 2), Freun-
dlich (Eq. 3) and Langmuir isotherms (Eq. 4) were used to
model the data:

q, = K,C, )

g, = KC" 3)
a _ QmaxKLCe

= TrK.C, @

C, (mg L™ is the liquid phase concentration of fluoxetine,
K, (L kg_l) is the distribution coefficient between the micro-
plastic and wastewater, K [(mg kg~")(mg L™")'""] and n are
the Freundlich constants. Q,,,. (mg kg™") is the estimated
maximum adsorption capacity and K, (L mg™') is the Lang-
muir constant.

Desorption experiments

To determine desorption kinetics, adsorption was initially
performed at a fluoxetine concentration in wastewater of
15 mg L™! (as described in the section “Adsorption experi-
ments”). Following 24 h of mixing, PET microplastics were
collected and transferred into 20 mL of desorption solution.
The different desorption solutions investigated were filtered
river water at 20 °C (pH 7.6), filtered sea water at 20 °C (pH
7.7), gastric fluids at 20 °C and 37 °C (pH 2.0), and intes-
tinal fluids at 20 °C and 37 °C (pH 7.0). Gastric and intes-
tinal fluids were prepared as described in Liu et al. (2020).
Gastric fluid comprised 3.2 g L™! pepsin A in 100 mM
NaCl and adjusted to pH 2 using HCI. Intestinal fluid com-
prised 5 g L™! bovine serum albumin and 10 mM sodium
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taurocholate in 100 mM NaCl. Samples were collected at
0.1,0.2,0.3,0.7, 1, 2, 4, 6, 24, and 48 h. Desorption kinet-
ics were determined using Eq. 1 (¢, and g,” were replaced
with ¢,% and g,%, respectively, which represents the desorbed
fluoxetine concentration from the microplastics, mg kg~!,
and the desorbed concentration at time t).

Desorption isotherms were prepared by first undertaking
adsorption of fluoxetine at 1, 2.5, 5, 10, and 15 mg L~ 'in
wastewater (as described in the section “Adsorption experi-
ments”). Microplastics were collected and transferred to dif-
ferent desorption solutions (river water at 20 °C, sea water at
20 °C, and gastric and intestinal fluids at 20 °C and 37 °C),
then collected after 24 h mixing. Linear, Freundlich and
Langmuir isotherms (Eqs. 2—4) were used to model the data.
Sequential incubation of microplastics (previously adsorbed
with fluoxetine in wastewater at 15 mg L") for 2 h in gastric
fluids then 4 h in intestinal fluids was undertaken to mimic
gastrointestinal digestion at 20 °C and 37 °C (Wang et al.
2011).

Analysis methods

All experiments were prepared in triplicate. Flasks were also
prepared without microplastic to ensure no losses of fluox-
etine to glassware surfaces. Upon collection, samples were
passed through 0.45 um PVDF filters (Wagstaff et al. 2021)
and spiked with 1 mg L™! of carbamazepine as internal
standard and analysed within 24 h. Fluoxetine quantitation
was performed using an Agilent 1260 Infinity Series HPLC
and a 6420 triple quadrupole mass spectrometer in positive
ionisation mode. A 100 2.1 mm Kinetex 5 um C18 column
(Phenomenex, Cheshire, UK) was used with a mobile phase
gradient elution at 0.35 mL min~! of 10 mM ammonium
formate and 0.1% formic acid in water and methanol (see
Table S3 for details). The column temperature was 40 °C
and the injection volume was 2 pL. The MRM transitions
monitored were 309.8 >44.0 m/z and 309.8 > 147.7 m/z for
fluoxetine and 236.8 > 193.9 m/z for carbamazepine. The
quantitation limit of the method was 0.01 mg L™!. Zeta
potential measurements of the PET microplastics in differ-
ent matrices were made using a Zetasizer Nano ZS (Malvern
Panalytical, Malvern, UK).

Results and discussion

Fluoxetine adsorption to polyethylene
terephthalate microplastics in wastewater

Initially, the adsorption of fluoxetine to polyethylene tereph-
thalate (PET) microplastics in wastewater was investigated.
It was established that adsorption equilibrium was reached
within a few hours (Figure S1). This is significant as it is

within the typical wastewater retention time of sewer sys-
tems (Petrie et al. 2019). The data fitted the pseudo-sec-
ond-order kinetic model with a coefficient of determination
(?) of 0.999 and a k value of 0.003 kg mg~' h™!. The cal-
culated ¢, value was 1817 mg kg~' which compared well
to the experimental g, value (Figure S1). All subsequent
samples used to establish adsorption isotherms as well as
those microplastics utilised in desorption studies were col-
lected after 24 h mixing to ensure equilibrium conditions
were established. The Freundlich isotherm was most suited
to model the adsorption data with an 7* value of 0.989 and
a K value of 548 (mg kg_l) (mg L~H"" (Table S1; Figure
S4). This suggests a multilayer adsorption of fluoxetine to
the microplastics surface (Fan et al. 2021b). Fluoxetine is
present as the cationic species in the wastewater (pH 7.6)
and electrostatic interactions with the negatively charged
microplastic surface as well as hydrophobic interactions
are considered important for adsorption (Wagstaff et al.
2021). The observations made on fluoxetine adsorption to
PET microplastics agree with previous studies on fluoxetine
adsorption to polyethylene and polyamide microplastics in
wastewater (McDougall et al. 2021; Wagstaff et al. 2021),
as well as other drugs to various microplastic polymer types
in water (Razanajatovo et al. 2018; Puckowski et al. 2021).

Desorption kinetics and isotherms in different
matrices

Desorption kinetics were investigated in different matrices
at an average adsorbed fluoxetine concentration to PET
microplastics of 1795 + 127 mg kg™'. Desorption occurred
rapidly in all matrices studied and equilibrium appeared to
be reached within a few hours (Fig. 1). Previous research
has found a rapid desorption phase of pharmaceuticals
from microplastics in gastric fluids, intestinal fluids and sea
water which is completed in two hours (Liu et al. 2020).
Rapid desorption is significant considering that retention
within gastric or intestinal fluids of exposed organisms
may only be a few hours. Fluoxetine desorption fitted the
pseudo-second order kinetic model with 72 values in the
range 0.994-1.00 (Table 1). Desorption k values ranged
from 7.82x 10~ kg mg~! h™! in gastric fluid at 20 °C to
3.14x 1072 kg mg~! h™! in gastric fluid at 37 °C. Both the
calculated and experimental desorbed fluoxetine concentra-
tions were compared well (Fig. 1, Table 1). The calculated
qed ranged from 163 mg kg~! in river water at 20 °C to
566 mg kg~ in gastric fluid at 37 °C.

The desorption data was modelled using the Linear (1
ranged from 0.813 to 0.997), Freundlich (r2 ranged from
0.977 to 0.999), and Langmuir isotherms (° ranged from
0.956 to 0.999) (Table 1, Fig. 2). The K values derived
from the Freundlich isotherms ranged from 905 to 2.37 x 10
(mg kg™") (mg L™H"" and followed: gastric fluid at
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20 °C = gastric fluid at 37 °C < sea water at 20 °C < intesti-
nal fluid at 37 °C = intestinal fluid at 20 °C <river water at
20 °C (Table 1). Previous research found increased desorp-
tion of fluoxetine from polyethylene microplastics in gastric
fluids compared to intestinal fluids and river water (McDou-
gall et al. 2021). Interestingly, desorption in sea water was
greater than both river water and intestinal fluids. The zeta
potential of the PET microplastics in sea water, river water
and intestinal fluids was —2.3 mV, —19.3 mV and — 8.8 mV,
respectively (Table S2). The low zeta potential in sea water
is attributed to the high concentration of Na* ions which
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time (hours)

can have a charge shielding effect on the microplastic sur-
face. This suggests electrostatic interactions are important
for fluoxetine adsorption. The zeta potential in sea water
is similar to polyethylene microplastics in the same matrix
(= 1.8 mV) (Tziourrou et al. 2020).

Fluoxetine desorption in river water varied from 4 to
11% across the adsorbed concentration range studied.
This indicates the potential for considerable transport
of fluoxetine adsorbed to PET microplastics in rivers.
The increased desorption in sea water (18-23%) sug-
gests a lower risk posed by fluoxetine adsorbed to PET
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Table 1 Kinetics and isotherm data for desorption of fluoxetine from polyethylene terephthalate (PET) microplastics
Model Type Parameter Desorption matrix
River water at Sea water at Gastric fluid at ~ Gastric fluid at  Intestinal Intestinal
20 °C 20 °C 20 °C 37°C fluid at fluid at
20 °C 37°C
Kinetics Pseudo-second ¢, (mgkg™) 163 410 557 566 383 497
order
k(kgmg™'h™) 1.28x1072 1.35%1072 7.82x107 3.14x 1072 9.80x107° 8.65x107
I 0.997 1.00 1.00 0.999 0.999 0.994
Isotherm Linear K, (Lkg™h 2.50%10° 1.25x 103 900 1.02x 103 143x10°  1.52x10°
I 0.813 0.985 0.992 0.959 0.902 0.997
Freundlich Kp[(mgkg™) 237x10° 1.35x 103 905 1.06x 103 1.64x10°  1.53x10°
(mg L™H"]
N 1.92 1.26 1.00 1.08 2.03 1.06
P 0.977 0.999 0.998 0.991 0.995 0.999
Langmuir Gax (Mg kg™ 2.29%x 10 4.07x10° 21.8x10° 9.15x 103 2.06x10°  1.59x10*
K, (Lmg™") 4.84 0.491 4.33%x107 0.131 2.96 0.106
I 0.956 0.999 0.991 0.962 0.979 0.998

microplastics compared to rivers (with zero salinity).
Consideration must also be given for the potential of
increasing desorption as microplastics disperse in the
environment, assuming they are transported (diluted) into
waters with reduced dissolved fluoxetine concentrations.
Liu et al. (2019) found bisphenol-A desorbed from vari-
ous microplastics in three consecutive desorption ‘cycles’
where the microplastics were introduced into a fresh
matrix (ultrapure water and sea water) with no dissolved
analyte present. However, increased organism exposure to
‘free’ fluoxetine in this case also needs to be considered.

Interestingly, there was little difference in desorp-
tion of fluoxetine in gastrointestinal fluids at 20 °C and
37 °C (Table 1). This suggests there is a similar exposure
risk of fluoxetine desorption from PET microplastics at
warm-blooded over cold-blooded temperatures. Previ-
ous desorption studies of fluoxetine from polyethylene
microplastics in gastric and intestinal fluids showed little
difference between 20 and 37 °C (McDougall et al. 2021).
On the other hand, increased desorption of fluoxetine was
observed from polyamide microplastics in gastric fluids at
37 °C over 20 °C (Wagstaff et al. 2021). However, in both
these studies, only one adsorbed fluoxetine concentration
was investigated. Greater desorption of fluoxetine from
PET microplastics in gastric fluids over the other matrices
studied can be attributed to the low pH conditions reduc-
ing the surface charge of the microplastic and the electro-
static interaction with the protonated fluoxetine (Wagstaff
et al. 2021), as well as the solubilisation of fluoxetine by
pepsin (Liu et al. 2020).

Environmental significance

PET microplastics with adsorbed fluoxetine
(1722 + 120 mg kg~!) were exposed to gastric fluids for 2 h
then intestinal fluids for 4 h to mimic typical retention within
the gastrointestinal tract (Wang et al. 2011). The total des-
orption between cold- and warm-blooded temperatures was
similar (37 +3% versus 41 +2%) (Fig. 3). At 20 °C, 30%
desorption occurred in gastric fluid and 7% in intestinal
fluid. While at 37 °C the desorption was 31% (gastric fluid)
and 10% (intestinal fluid). However, the difference in total
desorption at the two different temperatures was insignifi-
cant (p-value >0.05). The findings observed are similar to
those from the desorption isotherm (following 24 h mixing)
as the desorption process was rapid (Fig. 1). Amlodipine,
a cationic drug with similar hydrophobicity to fluoxetine,
exhibited desorption in the range 27-39% from polysty-
rene microplastics under similar experimental conditions
(Liu et al. 2020). However, statistically higher desorption
occurred at warm-blooded temperature (37 °C) compared
to cold-blooded temperature (18 °C).

To determine the quantity of PET microplastics that need
to be ingested (MPpy) to exceed the fluoxetine acceptable
daily intake (ADI) Eq. (5) was used:

ADI
MPing = (MP X(lOO—Des)) )
Flu 100
ADI is acceptable daily intake of fluoxetine

(9.7x107* mg kg™! body weight d™!) obtained from Bruce
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et al (2010) and was derived from mammalian studies.
This is the exposure level not likely to be associated with
adverse health effects due to chronic exposure. MPp,, is
the fluoxetine concentration adsorbed on PET microplas-
tics (23.5 mg kg™!). This was determined using Eq. (3)
and the highest reported fluoxetine concentration in waste-
water (1.3x 107 mg L™! Bean et al. 2017) to represent a
worst-case scenario. Des is the average desorption value in
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river water (7%) or sea water (20%). The quantity of PET
microplastics that would need to be consumed to pose a risk
are > 44 and > 52 mg kg~! body weight d~! for fresh water
and marine water organisms, respectively. It should be made
clear that such calculations have considerable limitations
and uncertainties but do give an indication of the micro-
plastic quantities that need to be consumed to pose a poten-
tial problem with respect to adsorbed fluoxetine. It is also



Environmental Chemistry Letters (2022) 20:975-982

981

= Gastric fluid

3 Intestinal fluid

50
Q
X
= 40- +
s +
~N—
=5 T ==
S 1
]
=
o 20
£
-
2
g 10
=
=
0 T T
20 37
Temperature (°C)

Fig.3 Desorption of fluoxetine (%) from polyethylene terephthalate
(PET) microplastics under gastrointestinal conditions comprising 2 h
exposure time in gastric fluids followed by 4 h exposure in intestinal
fluids. Desorption in intestinal fluids represents the desorption per-
centage of the original adsorbed fluoxetine concentration

important to consider that this is only one exposure route
and organisms can also be exposed to dissolved fluoxetine in
water and from fluoxetine within the tissues of prey species.

Conclusion

The desorption of fluoxetine from PET microplastics
occurred rapidly in the different matrices studied. Most
fluoxetine desorption occurred within a few hours. Desorp-
tion data fitted well to the Freundlich isotherm with 7 values
in the range 0.977-0.999. Greater desorption occurred in the
low pH gastric fluids. The K}, values followed: gastric fluid
at 20 °C = gastric fluid at 37 °C < sea water at 20 °C < intes-
tinal fluid at 37 °C = intestinal fluid at 20 °C < river water
at 20 °C. Interestingly, there was little difference in desorp-
tion between cold- and warm-blooded temperatures. Under
a worst-case  scenario, > 44 (river water) or > 52 mg kg~!
body weight d~! (sea water) of PET microplastics would
need to be consumed to exceed the ADI for fluoxetine.
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The supplementary material contains one figure and four tables which show adsorption kinetics and
isotherms, fluoxetine, and PET microplastic properties and the mobile phase gradient.
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Figure S1. Adsorbed fluoxetine concentrations to polyethylene terephthalate microplastics in
wastewater during 48 hours showing fitting to the pseudo-second order model (a), and isotherm data
fitted to the Linear, Freundlich and Langmuir models (b)

Table 1. Properties of fluoxetine at pH 7.6

Therapeutic Molecular mass pK, Log Dow” Ionisation Charge®
group (g mol™) (%)"
Antidepressant ~ 309.33 9.80 1.85 >99 +
“Log Dow = Log Kow- Log(1+10%%“PH) calculated using Log Kow values obtained from Pubchem
(2021)

*Values taken from ChemAxon (2021)
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Table S2. Polyethylene terephthalate microplastic properties
Monomer Crystallinity Density Zeta potential (mV)  SEM image®
(%)* (g em™)

>40 1.3-1.4 -18.5 (wastewater)
0 o
§—©% -19.3 (river water)
o !
n

-2.3 (sea water)

-2.8 (gastric fluid)
-8.8 (intestinal fluid)

As detailed by the manufacturer °1,000 x magnification
Key: SEM, scanning electron microscopy

Table S3. Mobile phase gradient conditions

Time 10 mM ammonium formate and 0.1 % 10 mM ammonium formate and 0.1 %
(minutes)  formic acid in water (%) formic acid in methanol (%)

0.0 90 10

0.5 90 10

10.0 20 80

12.0 20 80

12.1 90 10

17.0 90 10

Table S4. Adsorption isotherm data for fluoxetine with polyethylene terephthalate microplastics in
wastewater

Isotherm Parameter Fluoxetine

Linear Ka 122 L kg™
r 0.950

Freundlich Kr 548 [(mg kg)(mg L)/
n 2.11
P 0.989

Langmuir Gmax 2.12 x 10° mg kg!
KL 0.316 L mg’!
r 0.963
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