
Vol.: (0123456789)
1 3

https://doi.org/10.1007/s11270-023-06096-z

The Effects of Exposing Solea senegalensis to Microbeads 
with and Without Pesticides

M. Gemma Albendín · Isabel Alarcón · M. Dolores Coello · 
Rocío Rodríguez‑Barroso · Vanessa Aranda · José M. Quiroga · 
Juana M. Arellano

Received: 21 March 2022 / Accepted: 14 January 2023 
© The Author(s) 2023

Abstract Microplastics (MP) are contaminants 
able to cause adverse effects on organisms. MPs are 
capable to interact with other environmental contami-
nants, including pesticides, altering their toxicity. The 
objective of the study was to research the sublethal 
effects (enzymatic activity) of pesticides alone and 
in combination with MPs. Cholinesterase enzymes 
are used as biomarkers to determine and evaluate the 
effects produced in organisms after exposure to pol-
lutants. This study showed the acetylcholinesterase 
(AChE) enzymatic activity in the tissue of Solea sene-
galensis exposed to two environmental pollutants, the 
insecticide chlorpyrifos (CPF) and antibacterial tri-
closan (TCS) with and without microplastics (MPs). 
Solea senegalensis was chosen because it is a species 

in high demand because of its high economic value in 
southern Europe, as well as the use of this species in 
ecotoxicology and its increasing use as sentinel spe-
cies, which justify using it to assess biological effects 
of pollutants. Toxicity tests were performed in organ-
isms exposed to concentrations of between 5 and 
80 μg/L CPF and 0.1 and 0.4 mg/L TCS for 96 h. In 
addition, each test incorporated MPs that were added 
at different concentrations in order to evaluate their 
role as a possible enhancer of the effects caused by 
the previous pollutants. In the case of CPF, the head 
and muscle tissue cholinesterase activity was inhib-
ited from a concentration of 5 μg/L both without and 
with MPs, and the AChE enzymatic activity for the 
treatment with MPs was approximately half the activ-
ity for the treatment without MPs in the tissues stud-
ied. Besides, TCS inhibited the cholinesterase activ-
ity at a concentration of 0.3  mg/L in the muscle of 
S. senegalensis. In contrast, no significant differences 
were observed in the TCS + MP treatment compared 
to the controls. These results showed the importance 
of studies in assessing the anticholinesterase effects 
of pesticides combined with microplastics due to the 
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• Sole is exposed to different pesticide treatments.
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• Cholinesterase activity decreased significantly in the 
case of chlorpyrifos both without microplastics and the 
combined treatment with microplastics.

M. G. Albendín · I. Alarcón · V. Aranda · J. M. Arellano 
Toxicology Laboratory, International Campus 
of Excellence of the Sea (CEI MAR), Faculty of Marine 
and Environmental Sciences, University Institute 
of Marine Research (INMAR), University of Cádiz, Avda. 
República Saharaui S/N. Apdo, 40, 11510 Puerto Real, 
Cádiz, Spain

M. D. Coello (*) · R. Rodríguez-Barroso · J. M. Quiroga 
Environmental Technologies Department, International 
Campus of Excellence of the Sea (CEI MAR), Faculty 
of Marine and Environmental Sciences, University 
Institute of Marine Research (INMAR), University 
of Cádiz, Avda. República Saharaui S/N. Apdo, 40, 
11510 Puerto Real, Cádiz, Spain
e-mail: dolores.coello@uca.es

/ Published online: 14 February 2023

Water Air Soil Pollut (2023) 234:132

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-023-06096-z&domain=pdf


Water Air Soil Pollut (2023) 234:132

1 3
Vol:. (1234567890)

abundance of these contaminants in the marine envi-
ronment and the role of cholinesterase activity (bio-
marker) in the neurotransmission of key physiological 
processes.

Keywords Acetylcholinesterase · Microplastics · 
Chlorpyrifos · Triclosan · Sole

1 Introduction

Microplastics (MPs) are tiny particles less than 5 mm 
in diameter that are present in air, soil, seas, oceans, 
plants, and animals. Plastics originate from plastic 
products, textiles, industry, agriculture, and waste in 
general and belong to the primary source of pollution. 
The secondary source of MPs arises from the physi-
cal and mechanical degradation of larger plastics over 
time (Garrido et al., 2019; Hermabessiere et al., 2017; 
Xia et al., 2020).

Cosmetic products present a serious threat to the 
environment because they are being discharged into 
water bodies and partially blocked by sewage treat-
ment plants. Environmental associations have been 
fighting to ban MPs in PCCPs (pharmaceuticals and 
personal care products), and many countries have 
taken action and prohibited MPs or are in the pro-
cess of doing so. Some cosmetics companies have 
even voluntarily renounced the use of microbeads 
(solid primary microplastics < 5 mm in diameter that 
are added to cosmetic products for cleansing and/
or exfoliation of the skin). However, after the use 
of the microbeads, companies discharge them into 
the drain and they end up in wastewater treatment 
plants (WWTPs), from which they can escape into 
the seas and oceans. Once disposed, there is no effi-
cient method of recovery and the environmental con-
ditions do not allow for full biodegradation. Due to 
the possible effect of microbeads on the environment 
and human health and taking into account that alter-
natives have always been available at a similar cost, 
researchers have suggested banning microbeads in 
cosmetic products; nevertheless, the damage is done 
and they are still in the environment.

Microbeads, a type of MPs, are persistent and 
accumulate in the water and sediment column (Cole 
et  al., 2011) where their small size facilitates the 
interaction with a large number of organisms (Berg-
mann et  al., 2015) so that when their concentration 

increases, the bioavailability increases. MPs may 
induce toxic effects (Ferreira et  al., 2016; Oliveira 
et  al., 2013), as they may contain hazardous chemi-
cals that were added during the manufacturing pro-
cess to give them certain properties (chemical addi-
tives against heat, UV rays, corrosion, preservatives, 
etc.). For instance, MPs have been shown to influ-
ence the location, biotransformation, and/or toxicity 
of polybrominated diphenyl esters (PBDEs), a com-
pound widely used as a flame retardant in plastics and 
foams (Meeker et  al., 2009), in fish (Oliveira et  al., 
2013; Rochman et  al., 2015) and other organisms 
(Avio et al., 2015; Chua et al., 2014; Paul-Pont et al., 
2016).

In turn, MPs have the ability to interact with and 
retain environmental contaminants, such as heavy 
metals (mercury, chromium, cobalt, nickel, cop-
per, zinc, cadmium, and lead) (Barboza et al., 2018; 
Holmes et  al., 2012; Luís et  al., 2015), polycyclic 
aromatic hydrocarbons (PAHs) and polychlorinated 
biphenyls (PCBs) (Mato et al., 2001; Rochman et al., 
2015), pharmaceuticals and personal care products 
(Fonte et al., 2016; Wardrop et al., 2016), and hydro-
phobic organic pollutants (Guo et  al., 2012) such as 
the insecticide chlorpyrifos (CPF) and the antimicro-
bial triclosan (TCS). Therefore, many contaminants 
are introduced into organisms when they consume 
MPs, which can lead to an increase in the accumu-
lation of these substances in the food chain (Batel 
et al., 2016; Setälä et al., 2014; Teuten et al., 2009). 
MPs can be ingested by different organisms (Bes-
seling et  al., 2013; De Sá et  al., 2015; Fossi et  al., 
2012; Frias et  al., 2014; Goldstein & Goodwin, 
2013; Güven et al., 2017; Romeo et al., 2015; Rum-
mel et  al., 2016), including certain species that are 
part of the human diet (Battaglia et al., 2016; Neves 
et  al., 2015; Rochman et  al., 2015; Silva-Cavalcanti 
et al., 2017). Intake of MPs has been investigated in 
a large number of benthic organisms under controlled 
laboratory conditions (Cole et  al., 2011; Wright 
et  al., 2013). These studies demonstrate that earth-
worms (Arenicola marina), amphipods (Orchestia 
gammarellus), sea cucumbers (Holothuria sp.), sea 
urchins (Tripneustes gratilla), and mussels (Mytilus 
sp.), fish (Girella laevifrons), and flatfish (Soles sp.) 
are capable of feeding on MPs (Ahrendt et al., 2020; 
Avio et  al., 2015; Graham & Thompson, 2009; Pel-
lini et al., 2018; Thompson et al., 2004; Kaposi et al., 
2014; Wegner et al., 2012). However, many aspects of 
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MPs are still unknown, so some of the current chal-
lenges regarding this pollutant are to increase knowl-
edge about their origin, fate, and behaviour in water, 
including the effects of its fragmentation, bioaccumu-
lation, and impact on ecosystems and human health 
(Barboza & Giménez, 2015) and besides there is also 
little information on MP toxicity to fish in general and 
flatfish and sole in particular.

Pesticides are chemical products used in agricul-
ture to minimize crop pests and assure agricultural 
production. The use of pesticides has increased in 
recent decades due to intensive agriculture. These 
compounds are not selective and can cause a variety 
of toxic effects on non-target species, such as insects, 
birds, fish, mammals, and humans (Aktar et al., 2009; 
Côlović et  al., 2011; Costa et  al., 2008; Ramesh & 
Muniswamy, 2009). Their use carries a very signifi-
cant human and environmental cost. Pesticides pre-
sent in the soil, air, surface water, groundwater, and 
wastewater pose risks to the environment, living 
organisms, and human health (Masia et al. 2015). Due 
to their mechanism of action, exposure to pesticides 
such as CPF appears to increase the predisposition 
to neurodegenerative diseases such as Alzheimer’s 
and Parkinson’s (Gupta et al., 2017). The use of the 
pesticide CPF has been used for more than 30 years 
as a quick, easy, and economical solution to control 
weeds, insects, and pests in general. However, in June 
2020, the European Union banned the use of plant 
protection products that included CPF (European 
Commission, 2020). Nevertheless, the use of CPF 
outside the European Union has remained significant, 
which means that CPF continues to enter aquatic 
environments and, thus, spreads globally via ocean 
currents (Bonifacio et  al., 2017). This pesticide has 
been one of the most used insecticides for pest con-
trol in Spain, especially in citrus farms and vineyards. 
CPF is liposoluble, with a high octanol:water coeffi-
cient and a high vapour tension at ordinary tempera-
tures (Ferrer, 2003), so it is able to easily enter the 
environment or living beings as a result of the activi-
ties that take place in these areas. CPF is transferred 
from air or surface runoff into natural waters, where 
it accumulates in different organisms, especially fish, 
making them vulnerable to diverse effects. Deb & 
Das, (2013) reviewed the works on various effects of 
CPF in fish and they observed to this pesticide can 
adversely affect the non-target in fish. They reviewed 
cholinesterase inhibition, oxidative stress, disruption 

of the endocrine system, and behavioural, neuro-, and 
developmental toxicity were some of the probable 
manifestations of CPF toxicity in fish.

In the case of humans, ingestion, inhalation of 
aerosols, or contact with the skin and/or eyes are pro-
cesses that can take place both in the occupational 
and non-occupational environment (Gupta et  al., 
2017). Most of the available studies focus on expo-
sure to organophosphates through either accidental 
or voluntary ingestion by suicide. In these cases, the 
compound is rapidly absorbed, distributed through 
the bloodstream, and metabolized in the liver to 
finally be eliminated through the kidneys as metabo-
lites or as the original compound (Castrejón-Godínez 
et  al., 2014; Gupta et  al., 2017). On the other hand, 
while absorption by inhalation is considered a rapid 
process, the entry of CPF through the skin is slower 
compared to other organophosphates (Gupta et  al., 
2017); however, this process is facilitated by skin 
lesions and/or warm temperatures (Ferrer, 2003).

Human activities that generate disturbances in the 
biota do not necessarily have to be on a large scale 
like agriculture; they can also be simpler and more 
everyday actions that, as a whole, involve large 
impacts on the environment. This is the case of such 
common activities as health care or personal hygiene 
through the frequent use of PPCPs, many of which 
contain triclosan (TCS). This compound suffers 
from multiple controversies about its toxic effects, 
and although it is not banned in Spain, good industry 
practices in the last few years are to discard it. In fact, 
in 2016, the FDA, the US drug agency, banned its use 
in soaps. As mentioned above, many PPCPs often 
contain MPs (Lusher et  al., 2017). These MPs are 
usually of primary origin; that is they are industrially 
manufactured at a smaller size than previously estab-
lished and then added to personal care and hygiene 
products. They are used for a wide variety of pur-
poses, for example as an absorption phase for active 
ingredients, viscosity variation, and exfoliation. Some 
products contain both added plastic and ingredients 
such as the plastic in which they are packaged (Les-
lie, 2015). In these cases, the amount of added plas-
tic represents 10% of the weight of the product and 
several thousand microbeads per gram of the product 
(Lassen et al., 2015). Both TCS and MPs are released 
with the natural use of the products containing them, 
and by rinsing them, they are introduced into the sew-
age network and later reach the wastewater treatment 
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plants (which retain and eliminate them more or less 
efficiently) that discharge into rivers and seas. Some 
studies confirm that PPCPs are one of the main 
sources of primary MPs (Boucher & Friot, 2017). In 
the specific case of TCS and as pointed out by Singer 
et al., (2002), these systems offer a high general elim-
ination rate (79% in biological degradation and 15% 
in sorption on the mud), with only 6% remaining to 
be released into the environment. However, despite 
the small percentage, the discharge of effluents from 
sewage treatment plants and sludge deposits on land 
are the main route of entry of TCS into the natural 
environment (Ying et al., 2007). Agüera et al., (2003) 
quantified the concentrations of the compound pre-
sent in the wastewater from a treatment plant located 
in Almería (Spain) and revealed that this plant dis-
charged concentrations of 400 ng/L and 800 ng/L in 
April and May, respectively, and up to 22,100  ng/L 
and 19,600  ng/L in June and July, respectively, into 
the Mediterranean Sea. These environmental values, 
together with the chemical properties of TCS, suggest 
that this pollutant can be highly persistent and easily 
bioaccumulated (Dhillon et  al., 2015 in Maulvault 
et al., 2019), and many authors consider it to be toxic 
in aquatic organisms (Orvos et al., 2002; Perron et al., 
2012).

Like the debate on the use of CPF, the biological 
safety of TCS has been strongly questioned during 
the last 10 years because several in vitro and in vivo 
studies have shown that TCS can disrupt cellular and 
metabolic functions and possibly induce cancer. To 
date, the relationship between TCS use and cancer is 
still controversial; however, it cannot be ignored that 
TCS has negative effects under certain laboratory 
conditions (García et al., 2016). Despite the contradic-
tions, the majority of research concludes that TCS is 
an endocrine disruptor (Hedrick-Hopper et  al., 2015; 
Matozzo et  al., 2012; Wang & Tian, 2015), reduces 
growth (Gao et  al., 2015), and causes impairment of 
the immune system, metabolism, and detoxification 
mechanisms (Mi et  al., 2018; Regnault et  al., 2016). 
Some studies point to a relationship between the pres-
ence of TCS and neurotoxic effects such as enzymatic 
inhibition of esterases responsible for the transmission 
of the nerve impulse, especially acetylcholinesterase 
(AChE) (Kim et al., 2018; Maulvault et al., 2019; Solé 
et  al., 2012, 2015). On the contrary, other research 
denies the relationship between the antibacterial and 
the adverse effects of its consumption. Allmyr et  al., 

(2009) observed an increase in TCS in plasma after 
exposure to toothpaste containing TCS, but this did not 
correspond to significant changes in thyroid hormones. 
The study by Cullinan et  al., (2012) concluded that 
after 4 years of administration of toothpaste containing 
TCS, no effects on thyroid hormones were detected. 
Bhargava & Leonard, (1996) made a compilation of 
independent research concerning the toxicity of TCS, 
which clearly showed negative results for mutagenic-
ity, reproduction, and embryonic development. There-
fore, many authors concluded that the normal use of 
PPCPs containing TCS does not cause significant 
alterations (Allmyr et  al., 2009), which supports the 
decision of the European Parliament and the Council 
to set the level at 0.3% as safe (Cullinan et al., 2012) 
in toothpastes, bars of soap, liquid soaps, shower gels, 
deodorants, facial powders, corrective creams, and nail 
products when the intended use is to clean the finger-
nails and toes before applying artificial nail systems 
and at a maximum concentration of 0.2% in the case of 
mouthwashes (Regulation (EC) No 1223/2009).

Senegalese sole is a species of great interest in 
aquaculture due to rapid growth and larval devel-
opment. In the last few years, this species has been 
selected for toxicity tests of certain compounds that 
are present in the southern Mediterranean area, 
among them, monitoring studies of contaminants, in 
which tissues from the head and the muscle are cho-
sen for the neurotoxic determination of the compound 
using cholinesterase enzymes (ChE) as a biomarker 
(Solé et  al., 2012) after exposure to contaminants 
(Alves et al., 2015; Gomes et al., 2014; Oliveira et al., 
2009; Solé et  al., 2008, 2012; Solé & Sanchez-Her-
nandez, 2015; Albendín et al., 2021).

In view of the background, the general aim of the 
work was to study the possible adverse effects of 
MPs from commercial cream and their interaction 
with triclosan (biocide) and chlopryrifos (insecticide) 
on juveniles of Solea senegalensis, that is to deter-
mine the role of MPs from cosmetics as a possible 
enhancer of the effect produced by CPF and TCS.

2  Material and Methods

2.1  Chemicals

Acetylthiocholine iodide (AcSCh) (Sigma-Aldrich), 
5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) (Merck), 
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acetone (Sharlau), 5-chloro-2-(2,4-dichlorophenoxy)
phenol (triclosan (CAS 3380–34-5, Sigma-Aldrich), 
O,O-dietil O-3,5,6-tricloro-2-piridil fosforotionato 
(chlorpyrifos), (CAS 2921–88-2, Sigma-Aldrich), 
di-sodium hydrogen phosphate anhydrous (CAS 
7558–79-4, Merck), sodium dihydrogen phosphate 
monohydrate (CAS 10049–21-5, Merck), and super-
market facial moisturiser creams were used. Bovine 
serum albumin (BSA) and the Bio-Rad Protein Assay 
were supplied by Bio-Rad (Madrid, Spain).

2.2  Biological Material

Solea senegalensis (n = 184) had an average 
body mass of 3.39 ± 0.56  g and were supplied by 
Marine Culture Laboratory (registration number 
ES110280000312) at the Marine and Environmental 
Sciences Faculty (University of Cádiz). The experi-
mental protocols were in compliance with the current 
legislation concerning animal experimentation. This 
legislation includes Directive 2010/63/EU and Royal 
Decree 53/2013, both of which relate to the protec-
tion and correct treatment of animals used in animal 
experimentation.

2.3  Extraction and Characterisation of Microplastics

Commercial microbeads were extracted from a facial 
scrub according to the method published in Fendall 
and Sewell (2009). The facial scrub was a viscous liq-
uid purchased at a supermarket close to Cádiz SPAIN.

MPs were extracted using woven wire sieves of 
varying mesh sizes. The diameter of the MPs ranged 
from 100 to 500 µm.

Attenuated total reflection Fourier-transform 
infrared spectroscopy (ATR-FTIR) was employed to 
record the spectra of the polymer. ATR-FTIR spectra 
were measured on a PerkinElmer Spectrum 100™ 
FTIR. Samples were placed onto the ATR accessory, 
and a constant force was applied using an integrated 
torque press. Spectra were subjected to a library 
search routine of the SpectrumTM software using a 
library set that included the Spectrum of the polymer.

Then, ATR-FTIR spectra were scanned from 4000 
to 650  cm−1, averaging 16 scans per spectra at a res-
olution of 4   cm−1. The spectra were obtained with 
respect to the background and under the same meas-
urement conditions. Afterwards, the internal reflec-
tion element (IRE) was carefully cleaned with soft 

paper and a blank spectrum was recorded in order to 
verify the total elimination of the measured sample to 
avoid cross-contamination between samples.

2.4  Bioassay

The 96-h toxicity tests were conducted with con-
tinuous aeration and water renewal every 24  h at a 
temperature of 20–21  °C and a photoperiod of 12 h 
light/12 h dark exposure. The pH values in the tests 
varied between 7.49 and 7.63. The dissolved oxy-
gen was 75.4–98.3%, and the conductivity was 
48.20–49.37 mS/cm. There were no significant varia-
tions in the parameters of the aquariums. Only oxygen 
levels decreased because no external aeration system 
was used, but it was always above 75% saturation. As 
the minimum dissolved oxygen established by the 
OECD (2004) for the correct performance of toxicity 
tests was 60%, it was determined that these variations 
did not affect the organisms and, therefore, also the 
test results. S. senegalensis was treated in accordance 
with the ethical guidelines of the European Union 
Council (Council Directive 86/609/EEC).

The fish were acclimatised to laboratory condi-
tions prior to experimentation: the physico-chemical 
parameters were in line with those of the toxicity test 
and the fish were fed ad libitum until the day before 
the test.

S. senegalensis was exposed to nominal concen-
trations of TCS (0.1–0.4 mg/L) and three concentra-
tions of this compound mixed with MPs (triclosan: 
0.1, 0.2, and 0.3 mg/L; microplastic: 0.150 mg/L). In 
addition, S. senegalensis was exposed to five nominal 
concentrations of CPF (5, 10, 20, 40, and 80  μg/L) 
and three concentrations of this compound mixed 
with microplastics (chlorpyrifos: 5, 10, and 20 μg/L; 
microplastics: 0.150 mg/L), plus an untreated control 
and a solvent control (acetone < 0.01%). Eight fish 
for each concentration and control were used in each 
test series (four replicates for each treatment with 
two organisms). In these bioassays, no mortality of 
the organisms was observed for both compounds and 
their mixtures.

The MP concentration of 0.15  mg/L was chosen 
based on previous studies conducted with MPs of the 
same size (Ferreira et  al., 2016; Fonte et  al., 2016) 
because it is ecologically relevant according to the 
literature (Luís et  al., 2015). CPF and TCS concen-
trations were prepared from a standard stock solution 
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diluted in acetone. MP suspensions were prepared in 
Milli-Q water, placed in an ultrasonic bath for 20 min 
to achieve a homogeneous suspension, and kept in the 
dark at 2–4 °C to prevent microbial growth.

No food was supplied during exposure. Mortal-
ity was recorded every 24 h. After exposure, the fish 
were anesthetised with MS-222, sacrificed by decapi-
tation, and the head and muscle tissues were dissected 
and stored at − 80 °C until processing.

2.5  Sample Preparation and Enzymatic Assays

The samples of S. senegalensis were kept ice-cold 
during the analyses for the determination of the cho-
linesterase activity. Muscle (0.9 ± 0.13  g) and head 
(0.5 ± 0.162  g) samples were cold homogenised in 
0.1  M phosphate buffer (pH 7.4) at a rate of 1  mL 
phosphate buffer per 20  mg of S. senegalensis tis-
sue in an Ultra-Turrax at high speed. Subsequently, 
the homogenate was centrifuged at 10,000  rpm for 
30 min at 4 °C. The homogenate was filtered, and the 
supernatant was stored at − 80 °C until the analysis.

The ChE activity of S. senegalensis was obtained 
by applying the method of Ellman et al., (1961), mod-
ified for microplates as described by Albendín et al., 
(2021). A 96-well microplate was used in which 
45 μL of homogenised sample, 5 μL of iso-OMPA 
inhibitor, and 250 μL of a reaction mixture contain-
ing Ellman’s reagent (DTNB) were added. The reac-
tion mixture was prepared by adding 15 mL of 0.1 M 
phosphate buffer at pH 7.4, 0.5 mL of 10 mM dith-
iobisnitrobenzoic reagent (5,5′-dithiobis-(2-nitroben-
zoic acid) or DTNB), and 100 μL of acetylthiocho-
line iodide (ASCh) dissolved in ultra-pure Milli-Q 
water. The final well concentrations were as follows: 
substrate (ASCh) 1.07  mM and DTNB 0.27  mM. 
The sample and the iso-OMPA inhibitor were incu-
bated for 15 min, the reaction mixture was added, and 
immediately afterwards, the enzyme reaction rate was 
determined using a microplate reader (Bio-Rad, Mark 
Plus model) at 415  nm for 3  min every 30  s. Each 
sample and control was measured in triplicate. The 
percentages of the enzymatic activities including the 
concentration of the acetone control were calculated, 
considering the seawater control enzymatic activity 
as 100%.

The determination of protein concentration was 
carried out by the method of Bradford, (1976) 
adapted to microplates using bovine serum albumin 

(BSA) as the standard. In each well, 10 μL of sample 
or protein standard (0.625, 0.125, 0.25, and 0.5 mg/
mL BSA) and 200 μL of Bradford’s reagent were 
added at the rate of 1:4. After the addition of the rea-
gent, the mixture was left to react for 10 min at room 
temperature and then measured at 595 nm.

2.6  Statistical Analysis

Cholinesterase activity data was statistically ana-
lysed using the IBM SPSS Statistics for Windows 
Version 23 program. The assumptions of normality 
and homogeneity of variance of the data were tested 
using Shapiro–Wilk’s test and Levene’s test, respec-
tively. When the assumption of normality was not 
satisfied, the Kruskal–Wallis test was used to deter-
mine whether there was any significant difference, 
and the Tukey or Mann–Whitney U test was used 
to determine the significant difference between 
groups.

When the assumption of normality was followed, 
the analysis of variance (one-way ANOVA) was 
employed to assess the differences in the inhibi-
tion of AChE activity among the different chemical 
compounds followed by Dunnet’s post hoc compari-
son test.

3  Results and Discussion

A large number of MPs are emitted annually into the 
seas and oceans, causing harm to aquatic organisms 
because they are consumed by fish (Dai et al., 2018; 
Wang et  al., 2019). Therefore, MPs and other pol-
lutants adsorbed by MPs accumulate in the exposed 
fish. Furthermore, organic pollutants present in MPs 
can affect the innate immunity of fish (Greven et al., 
2016) and can even travel through the circulatory 
system of fish and damage organs such as the liver, 
causing adverse effects in aquatic organisms (Kar-
ami et  al., 2017; Oliveira et  al., 2013; Teuten et  al., 
2009). Likewise, there is evidence that chemical com-
pounds can be adsorbed on microplastics (Ivar do Sul 
& Costa, 2014) and distributed throughout the body, 
being able to reach organs such as the liver, brain, and 
muscles (Karami et  al., 2017; Oliveira et  al., 2013; 
Teuten et  al., 2009). Once there, they can inhibit 
enzymes such as cholinesterases, involved in nerve 
impulse transmission.
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Our study examined this hypothesis by evaluat-
ing the effects of different treatments (CPF, TCS, 
CPF-MP, and TCS-MP) on cholinesterase enzyme 
in S. senegalensis. The MPs used were derived from 
the commercial creams identified as polyethilen. 
Although the Spanish authorities, following European 
regulations, planned to ban cosmetics and detergents 
containing intentionally added MPs by 2021, these 
MPs could remain in the environment and produce 
adverse effects on ecosystems.

In this study, MPs in the facial cleanser showed a 
wide size range between 1 and 5 mm. The composi-
tion of commercial microbeads was basically polyeth-
ylene (Fig. 1), and these MPs were added to the sole. 
The results obtained with the CPF and CPF + MP and 
TCS and TCS + MP bioassays in the muscle and head 
of S. senegalensis are shown in Figs. 2 and 3. In these 
assays, no mortality of the specimens was observed 
with both compounds and their mixtures with MPs. 
No physical or behavioural change was registered in 
the organisms exposed to this compound and its mix-
ture with MPs.

The AChE activity decreased as the insecticide 
concentration increased in the muscle and head of S. 
senegalensis. For the concentration of CPF (80 μg/L) 
without MPs, the cholinesterase activity was only 
20% in the muscle of S. senegalensis. In addition, 
the AChE activity was also inhibited in the tests 
with CPF associated with MPs. Thus, MPs could 
exert a synergistic effect with the pesticide; for the 
same concentration, the AChE activity was reduced 

from 58.66 to 32.27% in concentrations of 10  μg/L 
CPF and 10  μg/L CPF + MP, respectively, and from 
27.61 to 15.2% in concentrations of 20 μg/L CPF to 
20 μg/L CPF + MP, respectively. Therefore, the activ-
ity obtained in the CPF + MP treatment was approxi-
mately half that of the single treatment.

Chlorpyrifos inhibited the AChE activity alone 
and combined with MPs in the muscle and head of S. 
senegalensis. These values coincided with the range 
of concentrations detected by other authors for indi-
viduals of the same species. According to Sánchez-
Nogué & Varó Solé, (2013), CPF inhibited the mus-
cle AChE activity in juvenile S. senegalensis and S. 
solea when concentrations were high (> 100  μM). 
Following the same concentration, Wheelock et  al., 
(2005) suggested that high doses of the insecticide 
(approximately 100  μg/L) resulted in 100% mortal-
ity of juvenile Oncorhynchus tshawytscha salmon 
due to a decrease in the cholinesterase activity of 
85% (brain) and 92% (muscle) compared to controls 
from a concentration of 7.3 μg/L CPF. For the species 
Oryzias latipes, exposure to sublethal concentrations 
of CPF caused a decrease in the AChE activity in the 
brain (Qiu et  al., 2017). There was also evidence of 
a significant reduction in the AChE activity in the 
brain, liver, and muscle in Hypophthalmichthys moli-
trix carp exposed to another insecticide, deltamethrin 
(Ullah et al., 2021).

The AChE activity in the head of S. senegalensis, 
compared to the control, was altered in fish exposed 
to CPF and CPF + MPs (Fig. 3). The results showed 

Fig. 1  Spectrum™ software-library polymer. PerkinElmer
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that there was inhibition activity in the head of S. sen-
egalensis in the presence of CPF. However, no signif-
icant differences between the same concentrations of 
chlorpyrifos and its mixture with MPs were observed.

In the muscle samples, the AChE activity 
decreased at TCS concentrations of 0.3 and 0.4 mg/L 
and showed values of 26.7% and 20.1%, respectively. 
Significant differences were observed with respect 
to the activity of the controls. The enzyme activ-
ity for TCS + MPs showed a tendency to decrease 
as the concentration of TCS increased in the muscle 
of S. senegalensis. However, the activity obtained at 
the maximum concentration of triclosan (0.3  mg/L 
TCS + 0.15  mg/L MPs) used in our test was higher 
than the activity values of the controls. Therefore, in 
view of these results and under these study conditions, 
the combination of TCS and MPs could not cause a 
significant variation in the AChE activity. The results 
obtained for TCS in this study can be compared with 
other authors, such as Matozzo et  al., (2012), who 
showed that the AChE activity present in the gills of 
the clam Ruditapes philippinarum decreased when 
individuals were exposed to TCS concentrations 
between 300 and 900 ng/L. Falfushynska et al., (2017) 
examined the possible effects of typical compounds 
added to PPCPs on Pelophylax ridibundus, with TCS 
showing the greatest inhibition of the AChE enzyme 
activity. In both studies, the concentrations of TCS 
were 106 times lower than the concentrations used in 
our project. However, exposure to TCS increased the 
cholinesterase activity in Danio rerio embryos when 
they were exposed to 50 and 100 μg/L TCS, accord-
ing to Falisse et al., (2017), and from 250 μg/L TCS, 
according to Oliveira et al., (2009). The latter authors 
researched on adults of the same species without 
obtaining significant changes in the enzyme activity.

The results obtained for the combined TCS + MPs 
assay showed no significant variations in the cholinester-
ase activity in the muscle or in the head of S. senegalen-
sis. In comparison, Karami et al., (2017) did not detect 
significant changes in the cholinesterase activity of D. 
rerio larvae after exposure to low-density polyethylene 
fragments, which could indicate that this compound did 
not interact with organisms under short exposure condi-
tions. Despite these results, the ability of MPs to depress 
acetylcholine activity has been described in juvenile goby 
fish Pomatoschistus microps (Oliveira et al., 2013) and 
in Mediterranean mussels, Mytilus galloprovincialis 
(Avio et al., 2015).

Nowadays, many studies show the effect of CPF 
and TCS on different organisms; however, there 
is limited information about the toxicity of both 
compounds individually or combined with MPs 
(ECCC, 2020; Albendín et  al., 2021; Guilhermino 
et  al., 2021). For many years, plastics seemed to 
be biochemically inert and not considered hazard-
ous to the ecosystem health (Roy et al., 2011; Teu-
ten et al., 2009), but there is a growing consensus 
among the scientific community and governments 
that a better understanding of the ecotoxicologi-
cal effects of MPs, especially when combined with 
other pollutants, is needed (ECCC, Health Canada, 
2020).

In our work, MPs combined with CPF exerted 
a synergistic effect with the pesticide. These 
results are in agreement with those obtained by 
other authors. Thus, revealed that CPF alone or 
combined with MPs induced a decrease in plasma 
AChE activity in common carp Cyprinus carpio. 
Similar results were observed in Prochilodus lin-
eatus exposed to λ-cyhalothrin (insecticide) (Vieira 
& dos Reis Martínez, 2018) and in Oreochromis 
niloticus exposed to MPs and roxithromycin (Ding 
et  al., 2018; Zhang et  al., 2019), suggesting that 
these contaminated particles may inhibit acetylcho-
linesterase activity (Avio et al., 2017).

Barboza et al., (2018) reported that the increase 
in inhibition caused by the presence of MPs 
could indicate the neurotoxic nature of this pol-
lutant. Furthermore, several authors suggested 
that MPs alone can decrease the cholinesterase 
activity (Avio et  al., 2015, Oliveira et  al., 2013), 
which would explain why cholinesterase activity of 
S. solea of the MP treatment alone is lower than 
the values obtained for the seawater and acetone 
control of the same assay. Oliveira et  al., (2013) 
showed that exposure to MPs (polyethylene) alone 
in a 96-h test, with concentrations of 18.4 μg/L and 
184 μg/L, reduced the acetylcholinesterase activity 
by 22% in samples of Pomatoschistus microps. Luís 
et  al., (2015) found similar results to the previous 
study, as exposure to MPs (polyethylene) reduced 
the cholinesterase activity by approximately 20% in 
a test carried out with juveniles of the same species 
also exposed for 96 h.

The significant changes in the cholinesta-
rase activity in S. senegalensis after exposure to 
CPF alone and in combination with MPs provide 
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evidence that enzyme inhibition can be used as an 
effective monitoring tool to detect CPF and CPF-
MP toxicity in fish. Although this study used aquatic 
organisms under laboratory conditions, it may not 
adequately reflect the toxicity of the CPF-MP com-
bination in the natural environment. Therefore, the 
toxic effects of pollutants combined with MPs should 
be further evaluated to better illustrate the mechanism 
of toxicity, particularly at the environmental dose of 
CPF-MP in fish. In addition, longer exposure would 
help to better understand the risks associated with 
individual CPFs and TCS or combined with MPs.

Low concentrations of MPs and other pollutants 
have been reported even in the most remote areas 
of the earth (Cabrera et  al., 2022; Chu et  al., 2019; 
Waller et al., 2017). The novelty of this study shows 
that even at ecologically relevant concentrations of 
MPs and low concentrations of CPF individually and 
in combination with MPs, they can generate adverse 
effects on fish. In realistic environmental scenarios, 
MPs of different sizes and shapes may be retained 
in the water column for some time, adsorbing vari-
ous classes of pollutants before they are taken up by 
organisms. Therefore, further studies are required to 
assess the dose-dependent biological impacts of MP 
alone and when combined with other pollutants, as 
MP acts as a vector that could enhance the effect of 
other pollutants.

4  Conclusion

The results of the inhibition of the AChE activity 
by CPF and TCS exposure in S. senegalensis indi-
cated significant toxicity of both compounds. The 
association of the insecticide with the MPs resulted 
in an increase in toxicity in the case of CPF; how-
ever, the combination MPs + TCS did not show any 
variation in the toxicity of the antibacterial. There-
fore, the presence of MPs seems to affect the toxic-
ity of the antibacterial of the muscle, AChE inhibi-
tion was observed upon exposure to 0.3 mg/L of TCS 
alone but was not observed upon exposure to TCS 
(0.3 mg/L) + MPs.
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