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A B S T R A C T

Microplastics (MPs) have been recognized as an environmental threat due to their persistence, ubiquity, and
toxicity potential. Due to their small size, MPs are endowed with a large specific surface area, having the ability to
sorb and accumulate other contaminants that co-exist with them in the aquatic environment as it is the case of
pharmaceuticals. In this way, MPs can act as vectors, facilitating the contact of pharmaceuticals with aquatic
organisms. Once ingested, MPs may desorb pharmaceuticals, increasing their bioavailability, which could pro-
mote their bioaccumulation and biomagnification through the food web as well as modulate their toxic effects.
Microplastics may differently impact the toxicity of pharmaceuticals by potentiating (synergism) or decreasing
(antagonism) it. This review aims at highlighting the role of MPs as vectors of pharmaceuticals to aquatic or-
ganisms and how the interaction of these emerging contaminants may influence the bioaccumulation and toxicity
of pharmaceuticals on biota. Examples of different scenarios resulting from the exposure of aquatic life to MPs and
pharmaceuticals are presented. Future studies should cover a broader range of polymer types and environmental
realistic concentrations to better understand the impact of MPs on the bioaccumulation and toxicity of
pharmaceuticals.
1. Introduction

Nowadays there is a growing concern about the presence of plastic
fragments in the environment, especially those with a particle size
smaller than 5 mm, the so-called microplastics (MPs). Microplastics can
enter the environment by their direct release into the water via waste-
water treatment plants (WWTPs) effluents or can be formed during the
degradation of plastic debris due to physical, chemical or biological
factors [1]. Plastic breakdown can go further and reach the nanoscale
size, originating plastic particles less than 100 nm size named nano-
plastics (NPs). Currently, MPs are ubiquitously detected in the environ-
ment [2–5], posing a threat for aquatic organisms, either directly due to
their entanglement or ingestion, or indirectly since they have the ability
to sorb a wide variety of environmental contaminants. Microplastics can
vary in size, color, shape, and chemical composition. Some of the poly-
mers most commonly found in the environment are polyethylene (PE),
polystyrene (PS), polyvinylchloride (PVC), polypropylene (PP) or poly-
amide (PA) [6].
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Due to their small size, MPs and NPs have unique characteristics that
may contribute to their toxicity and impact on aquatic organisms, e.g.: i)
MPs can move fast and far in the environment; ii) they have the ability to
sorb contaminants in their large surface area and/or leach plastic
monomers and additives of their composition (e.g. styrene, bisphenol A,
flame retardants, etc.), acting as vectors or carriers of contaminants to
organisms; iii) they can bioaccumulate in organisms, easily entering the
food web and reaching higher trophic levels and, in last instance, the
human beings; iv) once uptaken, they can migrate through tissues or
organs [7]. Among these characteristics, the ability of MPs to sorb and
accumulate other contaminants that coexist with them in the environ-
ment is one of the most concerning ones. This is the case of pharma-
ceuticals, another group of emerging environmental contaminants that is
worldwide distributed [8]. Since pharmaceuticals are designed to have a
specific mode of action, even at low concentrations, their presence in the
environment may negatively impact aquatic organisms [9]. By adsorbing
pharmaceuticals, MPs may act as carriers of these contaminants, facili-
tating their contact with aquatic organisms and promoting their bio-
accumulation and biomagnification through the food chain.
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List of abbreviations

ACh acetylcholine
AChE acetylcholinesterase
ALT alanine transaminase
AMI amitriptyline
AST aspartate aminotransferase
ATP adenosine triphosphate
BFCOD 7-benzyloxy-4-trifluoromethyl-ccoumarin-O-

dibenzyloxylase
CAT catalase
CbE carboxylesterase
CEF cefalexin
ChE cholinesterase
CYP1A1 cytochrome P450 protein family 1 subfamily A member 1
CYP1A2 cytochrome P450 protein family 1 subfamily A member 2
CYP2U1 cytochrome P450 protein family 2 subfamily U member 1
DOXY doxycycline
EC50 half maximal effective concentration
EROD 7-ethoxyresorufin O-deethylase
FLO florfenicol
GABA γ-aminobutyric acid
GPx glutathione peroxidase
GR glutathione reductase
GST glutathione S-transferase
IBU ibuprofen

IC50 50% growth rate inhibition
IDH isocitrate dehydrogenase
LD10 estimated lethal dose for 10% of the population
LD25 estimated lethal dose for 25% of the population
LD50 estimated lethal dose for 50% of the population
log Kow octanol-water partition coefficient
MPs microplastics
MRP2 multi-drug resistance related protein 2
NPs nanoplastics
NSAIDs non-steroidal anti-inflammatory drugs
OTC oxytetracycline
PA polyamide
PE polyethylene
pHpzc pH point of zero charge
PK pyruvate kinase
PP polypropylene
PRO procainamide
PS polystyrene
PVC polyvinylchloride
ROS reactive oxygen species
ROX roxithromycin
SOD superoxide dismutase
SRT sertraline
WWTP wastewater treatment plant
UGT UDP-glucuronosyltransferase
VLF venlafaxine

Table 1
– Examples of concentrations of microplastics in surface water around the world.

Location Microplastics concentration Reference

Europe
Ebro River (Spain) 3.5 � 1.4 particles/m3 [5]
Elbe River (Germany) 5.57 � 4.43 particles/m3 [19]
Stockholm Archipelago,
Baltic Sea (Sweden)

0.9–7.73 items/m3 [20]

Northeast Atlantic Ocean 2.46 � 2.43 particles/m3 [21]
Asia
Three Georges Reservoir (China) 4703 � 2816 particles/m3 [22]
Dongting Lake (China) 900-2800 particles/m3 [23]
Hong Lake (China) 1250-4650 particles/m3 [23]
Northwestern Pacific Ocean 640-42,000 items/km2 [24]
America
Patagonia lakes (Argentina) 0.3–1.9 particles/m3 [25]
Laurentian Great Lakes (USA) 0-466,305 particles/km2 [26]
Guanabara Bay (Brazil) 1.40–21.3 particles/m3 [27]
Africa
Coastline of South Africa 413 � 77.53–1200 � 133.2

particles/m3
[28]

Ox-Bow Lake (Nigeria) 201-8369 particles/m3 [29]
Oceania
Goulburn River (Australia) 0.11–0.65 particles/L [30]
Greater Melbourne Area (Australia) 0.17–0.72 particles/L [30]
Polar areas
Marine Polar waters (Artic) 1-3 items/m3 [31]
Artic Ocean 0–7.5 particles/m3 [32]
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Microplastics may also modulate the ecotoxicological effects of phar-
maceuticals. In this way, this review will discuss the role of MPs as
vectors of pharmaceuticals to aquatic organisms and how the interaction
of these two groups of emerging contaminants may influence on the
bioaccumulation and toxicity of pharmaceuticals on biota.

A survey of the available literature was conducted using Scopus and
Web of Science databases. The search was done by looking the following
keywords, in any title, abstract or keywords: Microplastics AND Phar-
maceuticals AND Bioaccumulation OR Toxicity OR Ecotoxicity OR
Adsorption. Additionally, references and citations of relevant publica-
tions were also screened manually to gather further information. Liter-
ature available until September 2020 was reviewed, but only
publications in English were considered. A total of 64 candidate publi-
cations were identified. The abstracts of all candidates were read, and it
were retained all the publications that filled the following criteria: i) the
study included at least one microplastic and one pharmaceutical; ii) the
study examined at least one toxic effect (e.g., growth, reproduction,
enzymatic activity, behavior, etc.) and/or the bioaccumulation of the
pharmaceutical due to the co-exposure to microplastics and pharma-
ceuticals; iii) the study was an experiment; iv) the study included a
control (without contaminants) and a treatment only with pharmaceu-
tical; and v) the study focused on aquatic organisms. After applying these
inclusion criteria, a total of 16 publications were included in this review
to identify relevant data on microplastics as vectors of pharmaceuticals
and their impact on the bioaccumulation and toxicity of pharmaceuticals
on aquatic organisms.

2. Microplastics as vectors of pharmaceuticals

Microplastics can be detected almost everywhere around the world,
including in the remote polar areas, as it has been reviewed by different
authors [2,7,10–12]. Some examples of concentrations of MPs detected
around the world are shown in Table 1. The levels of microplastics pre-
sent a wide variety, ranging from <1 particle/m3 to a few thousands of
particles/m3. Therefore, it is not surprising that MPs have also been
found in aquatic organisms from different trophic levels, feeding
2

strategies and habitats [13,14]. Since MPs have shown the capability to
sorb different kinds of organic contaminants, including pharmaceuticals
[15–18], they can act as vectors of those contaminants, promoting their
bioaccumulation and biomagnification through the food chain, when
ingested by organisms.

The main source of pharmaceuticals into surface waters is their direct
discharge in WWTP effluents. After consumption, pharmaceuticals are
excreted in urine and feces as parent compounds or metabolites, which
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are conducted to the sewage system. However, WWTPs are not designed
to complete remove them and pharmaceuticals are discharged into sur-
face waters in WWTP effluents. Hospital effluents are also an important
source of pharmaceuticals, contributing to the increase of the load of
pharmaceuticals into wastewaters. Finally, the use of WWTP sludge as
fertilizer in agricultural fields can also contribute to the entrance of
pharmaceuticals to the environment, either by direct disposal on the
agricultural fields or by their run-off due to heavy rain, potentially
contaminating the surrounding surface and ground waters [9].
Anti-inflammatories/analgesics, antibiotics, psychiatric drugs, lipid
lowering agents, or β-blockers are among the families of pharmaceuticals
most detected in the environment around the world [33–35]. For
instance, Patel et al. [33] reviewed the occurrence of pharmaceuticals in
surface waters, showing that the highest concentrations were reported
for anti-inflammatories (e.g., ibuprofen – up to 17,600 ng/L; diclofenac –
up to 10,200 ng/L; naproxen – up to 59,300 ng/L), followed by analgesics
such acetaminophen (up to 584 ng/L), and antibiotics (e.g., clari-
thromycin – up to 616 ng/L; sulfadimethoxine – up to 344 ng/L; eryth-
romycin – up to 292 ng/L; levofloxacin – up to 213 ng/L).

Antibiotics [16,17,36], non-steroidal anti-inflammatory drugs
(NSAIDs) [15], psychiatric drugs [17] or cardiovascular drugs [17] are
examples of pharmaceuticals that can sorb to MPs surface. The adsorp-
tion of pharmaceuticals on MPs will depend on different factors related
with both the properties of MPs and pharmaceuticals (Fig. 1). The
sorption capacity of MPs is influenced by their physicochemical prop-
erties. Some of the most relevant are: i) type of polymer, with PE showing
a greater sorption affinity to pharmaceuticals such as NSAIDs [15]; ii)
MPs surface charge, which is influenced by the presence of functional
groups in the MPs structure and can affect the adsorption of polar com-
pounds like pharmaceuticals. For instance, antibiotics like sulfamethox-
azole, ciprofloxacin, amoxicillin or tetracycline had a higher affinity for
PA-MPs, probably due to the presence of a group amide in its structure
[16,36]; iii) specific surface area, which is inversely proportional to the
particle size, this is, smaller MPs have a higher specific surface area,
providing more adsorption sites and thus increasing their sorption ca-
pacity [37]. A decrease in the particle size led to an increase in the
amount of NSAIDs sorbed to MPs as reported by Elizalde-Vel�azquez et al.
[15]. Another factor to be considered is the aging or weathering of MPs,
which affect their sorption capacity by inducing changes in the particle
size and surface. Normally, aged MPs show an increased surface area due
to cracking and fragmentation of the particles; changes in the polarity
and surface properties due to an increase in oxygen functional groups;
and the possibility to form biofilms in the surface of MPs that may
potentiate the adsorption capacity of MPs by reducing their hydropho-
bicity [15,38]. Since the changes in the surface of MPs induced during
the weathering process increase their hydrophilicity, it is expected that
pharmaceuticals may have a higher sorption capacity to aged MPs as it
was shown for ciprofloxacin on aged PS and PVC [38] and oxytetracy-
cline on aged PS [39].

The properties of pharmaceuticals related with the hydrophobicity of
the compounds, such as octanol-water partition coefficient (log Kow) and
pKa, also have a crucial role on the sorption affinity of pharmaceuticals
on MPs [15,17]. Razanajatovo et al. [17] showed that pharmaceuticals
Fig. 1. – Main factors related with the interac
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with high log Kow had a stronger affinity to MPs due to their higher
hydrophobicity. Pharmaceuticals’ pKa can also affect the binding
mechanisms between MPs and pharmaceuticals, especially in what
concern to electrostatic interactions. They are important on the sorption
process and are closely related with pharmaceuticals’ pKa, pH point of
zero charge (pHpzc) of MPs and pH of the medium [17]. Depending on the
pH of the medium, pharmaceuticals may have different speciation that
will influence on their sorption on MPs. This is also important on the
desorption of pharmaceuticals under physiological conditions once
ingested by organisms.

After ingestion of contaminated MPs, it is expected that pharmaceu-
ticals may be desorbed under gastrointestinal conditions, though the
mechanisms involved are still poorly understood. It is reported in liter-
ature that the desorption rate of pharmaceuticals under gastrointestinal
conditions is higher than that in seawater [40]. Bioaccessibility of
pharmaceuticals associated with MPs depends on their solubility; on the
competition of gastrointestinal components (e.g., pepsin, bile salts) for
MPs adsorption sites; and on the physiological conditions (pH and tem-
perature) of the organism involved [17,40]. For instance, the desorption
of atorvastatin and amlodipine from PS-MPs showed a different behavior,
being the former higher under intestinal conditions, due to an increase in
medium pH, while the later increased in gastric fluid. This might be
justified by i) differences in the protonization and deprotonization of
both pharmaceuticals at different pH, which will affect their solubility
and, consequently, their desorption behavior; and ii) the contribution of
gastrointestinal components in the solubilization of pharmaceuticals.
Bile salts have a greater contribution in the solubilization of atorvastatin,
while pepsin showed higher solubilizing ability for amlodipine [40]. The
temperature of the organism may also play a role as it was shown by Liu
et al. [40]. Overall, up to 50.7% of atorvastatin and 38.5% of amlodipine
were transferred from PS-MPs to the simulated digestive fluids of
warm-blooded organisms (37 �C), while in the cold-blooded ones (18 �C)
the bioaccessibility was slight lower, reaching up to 41.0% and 32.8% for
atorvastatin and amlodipine, respectively [40]. On the other hand, only
8% of propranolol and 4% of sertraline were desorbed from PE-MPs
under gastrointestinal conditions [17]. Aging/weathering processes
also showed to influence the desorption of pharmaceuticals fromMPs, by
decreasing their bioaccessible fraction in digestive fluids, possibly due to
a stronger interaction between pharmaceuticals and aged MPs [40].

3. Impact of the interaction of microplastics and
pharmaceuticals on aquatic organisms

The physicochemical properties of MPs are not only determinant in
their sorption capacity, they also play an important role in their
bioavailability and toxicity. Properties that affect MPs morphology and
mobility, such size, color, density and shape, could influence on the
bioavailability of contaminants to organisms by changing MPs environ-
mental distribution, and by the possible misleading of MPs with natural
substances, which would influence their uptake by organisms with
different feeding strategies and prey capture habits [1,41]. It is known
that toxic effects of MPs on aquatic organisms are size-dependent [1].
Larger particles are more prone to exert a physical damage, such as
tion of microplastics and pharmaceuticals.



Table 2
– Examples of the influence of microplastics on the bioaccumulation of pharmaceuticals in aquatic organisms.

Organism Pharmaceutical Microplastic Microplastic properties Exposure conditions Bioaccumulation data Reference

Pharmaceutical alone In the presence of MPs

Microalgae
Chlorella pyrenoidosa Ibuprofen (IBU) Polystyrene NPs 600 nm IBU conc ¼ 0.5 mg/L

PS-NPs conc. ¼ 1 mg/L
Exposure time ¼ 42 days

1.1–3.3 mg/kg
(day 3–3.3. mg/kg;
end experiment
– 1.1 mg/kg)

0.8–2.8 mg/kg
(day 3–2.8 mg/kg;
end experiment – 0.8 mg/kg)

[45]

Bivalves
Corbicula
fluminea

Florfenicol (FLO) MPs (polymer
not indicated)

1–5 μm
Microspheres
1.3 g/cm3

FLO conc ¼ 1.8 and 7.1 mg/L
MPs conc ¼ 0.2 and 0.7 mg/L
Exposure time ¼ 96 h

FLO ¼ 1.8 mg/L
0.5 � 0.3 μg/g w.w.

FLO (1.8 mg/L) þ MPs (0.2 mg/L)
0.8 � 0.4 μg/g w.w.
FLO (1.8 mg/L) þ MPs (0.7 mg/L)
0.9 � 0.5 μg/g w.w.

[46]

FLO ¼ 7.1 mg/L
1.6 � 0.3 μg/g w.w.

FLO (7.1 mg/L) þ MPs (0.2 mg/L)
1.8 � 0.5 μg/g w.w.
FLO (7.1 mg/L) þ MPs (0.7 mg/L)
2.1 � 1.4 μg/g w.w.

Tegillarca
granulosa

Oxytetracycline
(OTC)

Polystyrene MPs 500 nm
Sphere
1.05
� 0.01 g/cm3

OTC conc ¼ 270 ng/L
PS-MPs conc ¼ 0.26 mg/L
Exposure time ¼ 4 weeks

60.30 � 1.99 μg/kg 69.09 � 1.38 μg/kg [47]

Florfenicol (FLO) FLO conc ¼ 42 ng/L
PS-MPs conc ¼ 0.26 mg/L
Exposure time ¼ 4 weeks

22.22 � 0.17 μg/kg 28.18 � 0.54 μg/kg

Fish
Oreochromis
niloticus

Roxithromycin
(ROX)

Polystyrene MPs 0.1 μm
Microspheres

ROX conc ¼ 50 μg/L
PS-MPs conc ¼ 1, 10 or 100 μg/L
Exposure time ¼ 14 days

Gut: 8539.7 � 481.9 μg/kg
Gills: 635.2 � 15.4 μg/kg
Brain: 1127.2 � 60.1 μg/kg
Liver: 3211.3 � 214.6 μg/kg

1 μg/L PS-MPs:
Gut: 10,276.2 � 1770.0 μg/kg
Gills: 571.2 � 37.5 μg/kg
Brain: 1785.2 � 107.9 μg/kg
Liver: 3609.9 � 147.7 μg/kg
10 μg/L PS-MPs:
Gut: 24,719.9 � 2588.8 μg/kg
Gills: 1301.5 � 99.3 μg/kg
Brain: 2444.9 � 203.5 μg/kg
Liver: 3848.4 � 156.7 μg/kg
100 μg/L PS-MPs:
Gut: 39,672.9 � 6311.4 μg/kg
Gills: 1767.9 � 277.8 μg/kg
Brain: 2907.5 � 225.0 μg/kg
Liver: 4307.1 � 186.5 μg/kg

[48]

Misgurnus
anguillicaudatus

Venlafaxine (VLF) PVC-MPs <10 μm
Microspheres

VLF conc ¼ 500 μg/L
PVC-MPs conc ¼ 50 mg/L
Exposure time ¼ 40 days

Liver: 15 ng/g Liver: 27 ng/g [49]
O-desmethylvenlafaxine Liver: 18 ng/g Liver: 149 ng/g
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internal abrasions (e.g., damage of the intestinal epithelium) [42], tissues
abnormalities (e.g., fat vacuoles, single-cell necrosis, hepatocyte ade-
nomas, liver inflammation, among others) and low ingestion behavior,
while smaller particles (low μm and NPs) enhance the internal effects of
the organisms, potentiating disturbances at cellular and molecular levels,
such metabolism, antioxidant defense, immune system, or neurotrans-
mitters dysfunction [1]. Particle size also influences the translocation
ability of MPs inside an organism. Smaller MPs can easily be translocated
from the digestive tract to other tissues and organs [41]. On the other
hand, MPs shape may influence the egestion rate and clearance of or-
ganisms, with irregular MPs tending to be retained for longer periods
inside the organisms, which may be reflected in high bioavailability and
toxicity of sorbed contaminants for organisms [41]. All in all, the inter-
action of pharmaceuticals and MPs may affect their absorption, distri-
bution, metabolism and excretion by aquatic organisms, which may
result in unpredictable ecological consequences [41].

After the ingestion of MPs, there are three possible scenarios
regarding the impact of MPs on the bioaccumulation and/or toxicity of
pharmaceuticals on organisms: i) ingested MPs adsorb pharmaceuticals
already bioaccumulated in the aquatic organisms, acting as a sink of
contaminants and decreasing their body burden; ii) aquatic organisms
ingest contaminated MPs, which act as a vector, increasing the
bioavailability of pharmaceuticals to the organism and, thus, promoting
their bioaccumulation and toxicity; iii) ingested contaminated MPs do
not have impact on the bioaccumulation and/or toxicity of pharmaceu-
ticals, because the equilibrium between MPs, pharmaceuticals and
aquatic organisms is reached before the ingestion. Also, the fraction of
pharmaceuticals accumulated from ingested MPs can be negligible
compared with other possible exposure routes (e.g., inhalation, dermal
contact, etc.) [43,44]. In summary, although the interaction of MPs and
pharmaceuticals is not clearly understood, several external and internal
factors can influence the sorption/desorption processes of pharmaceuti-
cals on MPs, influencing their bioaccumulation and toxicity.

3.1. Effects on the bioaccumulation

Currently there is a limited knowledge on the impact of MPs on the
bioaccumulation of pharmaceuticals. Few studies have dealt with the
topic and the results do not provide sound conclusions on the role of MPs
in the bioaccumulation of pharmaceuticals in aquatic organisms. Some
examples of studies that evaluated the impact of MPs on the bio-
accumulation of pharmaceuticals are presented in Table 2.

Different species have shown the potential to bioaccumulate phar-
maceuticals, though the number of studies that evaluated the impact of
MPs on the bioaccumulation of those contaminants is much scarcer.
Microplastics might promote the bioaccumulation of pharmaceuticals in
aquatic organisms like fish [48,49] and bivalves [46,47]. In the presence
of PS-MPs, there was an enhancement on the bioaccumulation of the
antibiotic roxithromycin in various tissues of the fish Oreochromis niloti-
cus, following the same trend (gut>liver>brain>gills) of the exposure to
roxithromycin alone [48]. The bioaccumulation of roxithromycin in fish
tissues increased with the increase of PS-MPs exposure concentration
(Table 2). A similar behavior was also found in the bioaccumulation of
antibiotics in bivalves. There was an increase in the bioaccumulation of
oxytetracycline and florfenicol in blood clams in the presence of PS-MPs
[47] and of florfenicol in Corbicula fluminea, which was slightly higher for
the highest concentration of MPs tested (0.7 mg/L) [46]. The bio-
accumulation of the antidepressant venlafaxine and its metabolite
O-desmethylvenlafaxine in the loach (Misgurnus anguillicaudatus) liver
also increased in the presence of PVC-MPs. The maximum concentrations
of venlafaxine and O-desmethylvenlafaxine were up to 15 ng/g and 18
ng/g, respectively, increasing up to 27 ng/g (venlafaxine) and 149 ng/g
(O-desmethylvenlafaxine) in the presence of PVC-MPs [49]. These find-
ings suggest the capability of MPs to adsorb pharmaceuticals and transfer
them to fish after ingestion, promoting their bioaccumulation.

However, the opposite behavior might be noticed as well.
5

Microplastics might contribute for the decrease of the bioaccumulation of
pharmaceuticals in aquatic organisms. For instance, the bioaccumulation
of ibuprofen in the microalgae Chlorella pyrenoidosa (1.1–3.3 mg/kg)
decreased in the presence of PS-NPs (0.8–2.8 mg/kg). This could be
attributed either to the adsorption of ibuprofen present in the algae
medium on PS-NPs, reducing its bioavailability, or to the promotion of
the degradation of ibuprofen in C. pyrenoidosa, in the presence of NPs,
possibly due to an enhancement of the metabolic enzymatic activity of
the microalgae, reducing its bioaccumulation [45].

As previously mentioned, MPs may also interfere with the metabo-
lization of pharmaceuticals by aquatic organisms. Besides the impact of
PS-NPs in the degradation of ibuprofen in the microalgae C. pyrenoidosa
[45], there are other examples of the interference of MPs in the metab-
olization of pharmaceuticals. The metabolism of roxithromycin by
O. niloticuswas significantly inhibited in the presence of PS-MPs, favoring
its bioaccumulation [48]. The co-exposure to sertraline and PS-MPs also
significantly reduced the in vivo concentration of the cytochrome P450
isoenzyme CYP1A1 in the clam Tegillarca granosa, which is a key enzyme
involved in the metabolism of toxicants, hampering detoxification and
the elimination of sertraline from clam body [50]. The detoxification
process of T. granosawas also disrupted in the presence of florfenicol and
PS-MPs, showing a significant downregulation of five detoxification
genes (GST, UGT, MRP2, CYP1A2 and CYP2U1) [27]. Carbamazepine
induced the expression of genes associated with biotransformation and
detoxification processes in mussels (Mytilus galloprovincialis) gills, though
in the presence of PS-NPs the expression of those genes was reduced,
suggesting a decrease in the biotransformation capacity of the mussels
[51].

3.2. Effects on the toxicity

In general, the exposure of aquatic organisms to MPs or pharmaceu-
ticals can lead to several adverse effects, namely early mortality, growth
and development inhibition, inflammatory responses, oxidative damage,
low feeding activity, reducing energy, metabolic disorders, immunity
and neurotransmission dysfunction, behavioral response, among others
[1,9]. However, when a co-exposure scenario is considered, the inter-
action of both contaminants may lead to additive, synergistic or antag-
onistic effects. A good approach to evaluate the interaction of MPs and
pharmaceuticals is to test single and combined exposure scenarios and
compare the observed toxic effects. Several examples of the impact of
MPs on the toxicity of pharmaceuticals in different aquatic species are
shown in Table 3. Psychiatric drugs [49–52] and antibiotics [48,53,54]
are among the most studied pharmaceuticals, corresponding each ther-
apeutic group to 33% of the studies, while PS is the most popular polymer
in ecotoxicological studies (Table 3). Fish [48,49,52], bivalves [46,50,
51] and microalgae [45,53] were predominantly used as test organisms,
and most of the studies focused on acute toxicity. Another possibility for
the evaluation of toxicity is the use of fish cell lines as biological models
[55]. However, fish cell lines may show pharmaceutical specific sensi-
tivity due to their inherent biological activity, since some pharmaceuti-
cals have cellular proliferative actions [55].

Microplastics might differently influence the toxicity of pharmaceu-
ticals in aquatic species. This will depend on the combination
pharmaceutical-MPs considered as well as on the different sensitivities of
the affected organisms. Overall, three scenarios might happen:

1) Microplastics might decrease the toxicity of pharmaceuticals, as it
was reported for the inhibitory effect of ibuprofen on the growth rate of
the freshwater microalgae C. pyrenoidosa (96 h-IC50 ¼ 48.5 mg/L), which
was alleviated in the presence of PS-NPs (96 h-IC50 ¼ 67.9 mg/L) [45]. A
co-exposure scenario also led to a reduction in the oxidative stress, given
that the total antioxidant capacity of C. pyrenoidosa significantly
increased in the presence of PS-NPs comparatively to ibuprofen alone
[45]. The presence of PS-MPs also mitigated the neurotoxicity and the
oxidative damage of roxithromycin in the fish O. niloticus after 14d
exposure [48], or the lipid peroxidation of roxithromycin in Daphnia



Table 3
Examples of the influence of microplastics on the toxicity of pharmaceuticals in aquatic organisms (↑ - significant increase comparatively to control; ↑↑ - significant increase comparatively to exposure to pharmaceutical
alone; x – no statistically significant effect comparatively to control; ↓ - significant decrease comparatively to control; ↓↓ - significant decrease comparatively to exposure to pharmaceutical alone).

Organism Pharmaceutical Microplastic Microplastic
properties

Exposure conditions Toxicological endpoint Toxicological data Reference

Pharmaceutical
alone

In the presence of MPs

Microalgae
Chlorella
pyrenoidosa

Ibuprofen (IBU) Polystyrene NPs 600 nm IBU conc ¼ 5–100 mg/L
PS-NPs conc. ¼ 1 mg/L
Exposure time ¼ 42 days

Growth inhibition IC50 ¼ 64.1 mg/L IC50 ¼ >100 mg/L [45]

IBU conc ¼ 5, 50 or 100 mg/L
PS-NPs conc. ¼ 1 mg/L
Exposure time ¼ 42 days

Chlorophyll fluorescence ↓ ↓
Total antioxidant capacity X ↑↑ (50 and 100 mg/L þ MPs)

Tetraselmis chuii Procainamide (PRO) MPs (polymer
not indicated)

1–5 μm
Microspheres
1.3 g/cm3

PRO conc ¼ 4–256 mg/L
MPs conc ¼ 1.5 mg/L
Exposure time ¼ 96 h

Specific growth rate EC50 ¼ 104 mg/L EC50 ¼ 125 mg/L [53]
Chlorophyll conc EC50 ¼ 143 mg/L EC50 ¼ 31 mg/L

Doxycycline (DOXY) DOXY conc ¼ 4–128 mg/L
MPs conc ¼ 1.5 mg/L
Exposure time ¼ 96 h

Specific growth rate EC50 ¼ 22 mg/L EC50 ¼ 11 mg/L
Chlorophyll conc EC50 ¼ 14 mg/L EC50 ¼ 7 mg/L

Crustacean
Daphnia magna Roxithromycin (ROX) Polystyrene MPs 1 and 10 μm ROX conc ¼ 0.01 mg/L

PS-MPs conc ¼ 0.1 mg/L
Exposure time ¼ 48 h

SOD activity ↑ ↑ [56]
CAT activity ↑ ↑
GPx activity ↓ ↓↓ (1 μm PS-MPs)

↓ (10 μm PS-MPs)
Lipid peroxidation ↑ x
GST activity ↑ ↑ (1 μm PS-MPs) x (10 μm PS-

MPs)
Bivalves
Tegillarca granosa Sertraline (SRT) Polystyrene MPs 500 nm and 30 μm

Microbeads
SRT conc ¼ 100 ng/L
PS-MPs conc ¼ 0.29 mg/L
Exposure time ¼ 14 days

Total count of haemocytes ↓ ↓ (30 μm PS-MPs)
↓↓ (500 nm PS-MPs)

[50]

Generation of ROS ↑ ↑↑
Lipid peroxidation x ↑↑
Apoptosis status of
haemocytes

↑ ↑↑

ATP content x ↓↓ (500 nm PS-MPs)
PK activity in haemocytes ↓ ↓↓
Plasma cortisol levels ↑ ↑ (30 μm PS-MPs)

↑↑ (500 nm PS-MPs)
in vivo CYP1A1 concentration ↑ ↓↓
Immuno-modulatory
neurotransmitters (ACh and
GABA)

ACh: ↑
GABA: ↑

ACh: ↑ (30 μm PS-MPs)
ACh: ↑↑ (500 nm PS-MPs)
GABA: ↑ (30 μm PS-MPs)
GABA: ↑↑ (500 nm PS-MPs)

Corbicula fluminea Florfenicol (FLO) MPs (polymer
not indicated)

1–5 μm
Microspheres
1.3 g/cm3

FLO conc ¼ 1.8 and 7.1 mg/L
MPs conc ¼ 0.2 and 0.7 mg/L
Exposure time ¼ 96 h

Feeding x ↓ (all mixture treatments)
↓↓ (FLO 7.1 mg/L þ MPs 0.7
mg/L)

[46]

ChE activity ↓ ↓ (all mixture treatments)
↓↓ (FLO 7.1 mg/L þ MPs 0.7
mg/L)

IDH activity (foot) x ↓ (mixtures with 0.2 mg/L
MPs)
↓↓ (mixtures with 0.7 mg/L
MPs)

Lipid peroxidation (foot) x ↑ ((FLO 1.8 mg/L þ MPs 0.2
mg/L)

GST (gills) x ↑ (all mixture treatments,
except FLO 7.1 mg/L þ MPs

(continued on next page)
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Table 3 (continued )

Organism Pharmaceutical Microplastic Microplastic
properties

Exposure conditions Toxicological endpoint Toxicological data Reference

Pharmaceutical
alone

In the presence of MPs

0.7 mg/L)
↑↑ (mixtures with 0.2 mg/L
MPs)

GST (digestive gland) x ↑ (FLO 1.8 mg/L þ MPs 0.7
mg/L and FLO 7.1 mg/L þ
MPs 0.2 mg/L)
↑↑ (FLO 1.8 mg/L þ MPs 0.7
mg/L)

GR (digestive gland) x ↑↑ (FLO 1.8 mg/L þ MPs 0.7
mg/L)

Fish
Salmo trutta f. fario
(early life stages)

Amitriptyline (AMI) Polystyrene MPs 50 μm
Irregularly
shaped particles

AMI conc ¼ 300 μg/L
PS-MPs conc¼ 105 particles/L
and 106 particles/L
Exposure time ¼ 60 days

SOD activity x x [52]
Lipid peroxidation x x
Neurotoxicity (AChE, CbE-
pnpa and CbE-pnpv activity)

AChE: ↑
CbE-pnpa: ↓
CbE-pnpv: ↓

AChE: ↑
CbE-pnpa: ↓
CbE-pnpv: ↓

Oreochromis
niloticus

Roxithromycin (ROX) Polystyrene MPs 0.1 μm
Microspheres

ROX conc ¼ 50 μg/L
PS-MPs conc ¼ 1, 10 or 100
μg/L
Exposure time ¼ 14 days

Ache activity (brain) ↓ ↑↑ (10 and 100 μg/L MPs) [48]
EROD (liver) ↑ ↓↓ (1 and 10 μg/L MPs)

↑↑ (100 μg/L MPs)
BFCOD (liver) x ↓↓
SOD activity x ↑↑
Lipid peroxidation ↑ ↓↓

Misgurnus
anguillicaudatus

Venlafaxine (VLF) PVC-MPs <10 μm PhAC conc ¼ 10, 100 or 500
μg/L
PVC-MPs conc ¼ 50 mg/L
Exposure time ¼ 96 h

SOD activity ↑ (500 μg/L) ↑ (100 and 500 μg/L) [49]
Lipid peroxidation ↑ (500 μg/L) ↑ (100 and 500 μg/L)

O-desmethylvenlafaxine
(DVLF)

SOD activity ↑ (500 μg/L) ↑ (100 and 500 μg/L)
Lipid peroxidation ↑ (500 μg/L) ↑ (100 μg/L)

Pomatoschistus
microps

Cefalexin (CEF) Polyethylene MPs 1–5 μm
Microspheres
1.2 g/cm3

CEF conc ¼ 1.3–10 mg/L
PE-MPs conc ¼ 0.184 mg/L)
Exposure time ¼ 96 h

Predatory performance EC50 ¼ 3.8 mg/L EC50 ¼ 5.2 mg/L [54]
AChE activity ↓ (1.3 and 5 mg/L) ↑↑ (10 mg/LþMPs)
Lipid peroxidation ↓ (5 mg/L) ↑↑ (10 mg/LþMPs)

ROS – Reactive oxygen species; ATP – Adenosine triphosphate; PK – Pyruvate kinase; ACh – Acetylcholine; GABA – γ-aminobutyric acid; SOD – Superoxide dismutase; AChE – acetylcholinesterase; CbE – Carboxylesterase;
CAT – Catalase; GPx – Glutathione peroxidase; GST – Glutathione S-transferase; AST – Aspartate aminotransferase; ALT – Alanine transaminase; ChE – Cholinesterases; IDH – Isocitrate dehydrogenase; GR – Glutathione
reductase; LD50 – estimated lethal dose for 50% of the population; LD25 – estimated lethal dose for 25% of the population;; LD10 – estimated lethal dose for 10% of the population; IC50 – 50% growth rate inhibition; EROD – 7-
ethoxyresorufin O-deethylase; BFCOD – 7-benzyloxy-4-trifluoromethyl-ccoumarin-O-dibenzyloxylase.
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magna after 48 h exposure [56]. In this line, the toxicity of the antibiotic
cefalexin in the predatory performance of the fish Pomatoschistus microps
(96 h-EC50 ¼ 3.8 mg/L) was also reduced in the presence of PE-MPs (96
h-EC50 ¼ 5.2 mg/L) [54].

2) Microplastics might potentiate the toxicity of pharmaceuticals.
This is the case of the inhibition of the feeding activity of the bivalve
C. fluminea by the antibiotic florfenicol that was more pronounced in the
presence of MPs. While florfenicol alone caused a feeding inhibition of
17–23%, a co-exposure with MPs significantly increased this effect
(57–83%) [46]. Additive effects between florfenicol and MPs were also
observed in the neurotoxicity caused by this antibiotic in C. fluminea
[46]. Either venlafaxine or its metabolite O-desmethylvenlafaxine
increased the levels of the enzyme superoxide dismutase (SOD) in loach
liver, which were approximately 3 times higher in the presence of
PVC-MPs [49]. An increase in the lipid peroxidation induced by these
compounds in loach liver was also observed in the presence of PVC-MPs
[49]. The co-exposure of D. magna to roxithromycin and PS-MPs also
induced an increment in SOD activity [56]. The inhibition of the growth
rate of the marine microalgae Tetraselmis chuii induced by doxycycline
(96 h-EC50 ¼ 22 mg/L) was also potentiated by MPs (96 h-EC50 ¼ 11
mg/L), as well as the decrease in its chlorophyll concentration. In this
case, besides doxycycline (96 h-EC50 ¼ 14 mg/L), also procainamide (96
h-EC50 ¼ 143 mg/L) provoked a lower chlorophyll content in the pres-
ence of MPs (96 h-EC50 ¼ 7 mg/L and 31 mg/L for doxycycline and
procainamide, respectively) [53].

3) Microplastics might not have impact on the toxicity of pharma-
ceuticals. The exposure of brown trout (Salmo trutta f. fario) to the anti-
depressant amitriptyline caused a significant effect on the fish
development (fish were smaller and weight less), affected fish swimming
behavior, elevated acetylcholinesterase activity and inhibited the activity
of carboxylesterases, though any of these adverse effects was changed by
the presence of PS-MPs [52]. Almeida et al. [55] also showed that PS-NPs
were not able to alter the high toxicity of fluoxetine in two marine fish
cell lines.

The characteristics of MPs such size and concentration can also be
determinant in the modulation of pharmaceuticals toxicity. Shi et al. [50]
showed an evident size dependent interaction of PS-MPs with sertraline.
While 30 μm PS-MPs did not affect the immunotoxicity of sertraline in
the clam T. granosa, 500 nm PS-MPs showed a synergistic effect [50]. Due
to their smaller size, nanoscale MPs have a larger specific surface area,
which could adsorb more sertraline; may easily pass through biological
barriers, facilitating the internalization of sertraline in the aquatic or-
ganisms; and would be more time retained in the clams, having more
time to desorb sertraline and, thus leading to an exacerbated toxicity
through the Trojan horse effect [50]. Zhang et al. [56] also showed that
the glutathione S-transferase (GST) activity of D. magna was significantly
increased due to the co-exposure to roxithromycin and 1 μm PS-MPs,
while no effect was seen when PS-MPs size was increased to 10 μm.
Concerning the concentration of MPs, 10 and 100 μg/L of PS-MPs had a
more pronounced effect in the decrease of neurotoxicity of roxithromycin
in O. niloticus than 1 μg/L [48], probably to the adsorption of the anti-
biotic on PS-MPs, lowering its bioavailability. On the other hand, the
concentration of PS-MPs (105 or 106 particles/L) had no effect on the
toxicity of amitriptyline in brown trout [52].

4. Concluding remarks and future perspectives

In the last 5 years, the knowledge about the sorption of pharmaceu-
ticals on MPs and the impact of MPs on the bioaccumulation and toxicity
of pharmaceuticals in aquatic organisms has broadened. However, this is
a complex topic, distinct results have been generated and there are still
knowledge gaps to fill. One of the biggest limitations is the scarce number
of polymers tested, since most of the ecotoxicological studies used PS.
Further studies should cover different sizes and polymer types of MPs.
Laboratory experiments should be made under realistic conditions in
what concerns to environmental concentrations of contaminants, using
8

aged MPs and long-term exposure to evaluate chronic effects. Since
aquatic organisms present different sensitivities to contaminants, or-
ganisms covering different trophic levels should be considered as an
attempt to evaluate the ecological impact of the interaction of MPs and
pharmaceuticals. Additionally, these will also allow assessing the po-
tential of biomagnification of pharmaceuticals in the presence of MPs.
Finally, more attention should be paid to themetabolization/degradation
of pharmaceuticals by aquatic organisms and how the presence of MPs
might interfere with these processes, since they could change the tox-
icodynamics of pharmaceuticals and their toxicity to organisms.
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