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Abstract: Microplastic (MP) contamination is considered a growing problem in terms of its production
and observed impacts on aquatic organisms. In this study, we investigated the adverse effects
that could occur from pure polyethylene (PE) MPs and PE contaminated with phenanthrene (Phe)
and chlorpyrifos (CPF) in D. magna and podocopid ostracods. The organisms were exposed to
different sizes (1-5, 27-32, 45-53, and 212-250 um) and concentrations of MPs (0, 16, 160, 1600,
16,000 particles/mL) using a static and dynamic model of exposition. The results indicate that both
daphnia and ostracods can ingest MPs, and the effect observed in most cases is directly proportional
to the concentration of MPs. Exposure to pure MP did not affect the organisms. However, at 21 days,
they induced a significant decrease (p < 0.05) in neonatal daphnia compared to the control. MP + CPF
negatively affected the crustaceans when concentration, and exposure time were increased and
when the size of the MPs was decreased. Neonatal daphnia were the most sensitive compared to
juveniles and adults. MP + Phe caused mortality when increasing the concentration of MPs and
in D. magna juveniles with increasing size, while in ostracods, mortality increased with decreasing
particle size. The effect of the MPs in crustaceans would depend on the concentration, exposure time,
size of the organisms, and size of the MPs. It is also shown that the toxicity of PE increases when
these particles are associated with a contaminant, which would indicate its role as a transporter of
organic contaminants.
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1. Introduction

Plastic is a versatile product which is widely used in all types of consumer and
industrial applications, as it works well as a thermal and electrical insulator along with
being resistant to acids, alkalis, and dissolvents. Because of these properties and its low cost,
its consumption has skyrocketed worldwide, leading to massive production growth over
the last 50 years, particularly in recent decades [1], creating a persistent global pollution
problem with particular repercussions in aquatic environments. It is estimated that over
8 million tons of plastic enter the oceans annually [2], and plastic is now found in all
main oceanic gyres [3], the polar oceans [4], and deep-water sediments [5]. Plastic is even
considered a main component of existing marine garbage since between 60% and 80% of this
trash is plastic. In some ocean areas, this can reach as high as 95% of garbage [6]. Among
the plastic components present in the various environmental compartments, polyethylene
(PE) is the dominant polymer, followed by polypropylene (PP) and polystyrene (PS) [7-9].

Plastic is known to deteriorate and fragment in the environment [10,11], breaking
down into microplastic (<5 mm) and nanoplastic (<1 pm) [12], with the smallest parti-
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cles being the most prevalent in the ocean surface [13,14]. In the aquatic environment,
microplastic pollution (MP) is considered a growing problem since the proportion of MP
rises with its worldwide production and use [15]. The presence of MP has currently been
shown on terrestrial ecosystems [16] but also in aquatic environments including water,
sediment, and aquatic organisms [12,17,18] Findings revealed the appearance of MP in
lakes [19], rivers [20], estuaries [21], and oceans [22], along coastlines, and even in deepwa-
ter sediments [3]. MP has been reported at concentrations of up to 100,000 particles /m?3
in water [23]. Microplastics have also been described in lakes and rivers of Europe, North
America, South America, Africa, and Asia [24,25].

MP can be divided into primary and secondary microplastics. Primary microplastics
are produced and discharged into the environment at the micro-scale size (as with pearls
used in cosmetics). Secondary microplastics arise from decomposition of larger plastic
fragments due to UV radiation and physical abrasion. In the water, this degradation is
slowed due to lower temperatures and limited UV radiation penetration, making plastic
wastes persist and accumulate [13].

MP impacts on aquatic organisms’ health have been researched across various species.
The effects can be (I) physical (due to the particles’ shape and size) and (II) chemical (due to
the presence of additives and/or absorbed chemical pollutants). The physical effects of MP
are mainly internal abrasions, intestinal blockage, and reduced animal feeding and energy
assimilation, leading to reduced energy and fertility. The particles’ size is another important
factor for aquatic animals” health. Particles over 150 um are generally not absorbed and only
produce local inflammation. However, smaller particles can induce systemic exposure and
even penetrate organs [26]. MP can also be directly ingested through trophic transference
when predators consume prey contaminated with MP [27]. Acute and chronic studies
indicated that microplastics and nanoplastics can cause adverse effects, such as decreased
survival, immobility, abnormal behavior, feeding activity alterations, reduced survival,
reproductive alterations, and abnormal development in the new generation. MP exposure
can also induce histopathological alterations and oxidative stress and can even alter lipid
metabolism [28].

The ecological impact of MP has been studied in aquatic ecosystems, indicating
adverse effects from these particles among various species, including the zebra fish Danio
rerio [29], Scrobicularia plana molluscs [30], Carcinus maenas crabs [31], and Mytilus edulis
mussels [31] as well as in the crustacean Daphnia magna [12]. Immobility occurred in the
latter species as particle concentrations rose [25]. There is also evidence that MP can be an
important vector for transporting organic pollutants (OP) to organisms. The hydrophobic
nature of plastic makes microplastic surfaces absorb hydrophobic organic pollutants (HOP)
present in aqueous solutions. Due to their small size, aquatic organisms at the bottom of
the food chain can ingest MP, so their pollution transfer effects could be more significant
than larger plastic wastes [32]. In this sense, it has been shown that polyethylene (PE)
presents a greater capacity than other plastic types for absorbing pollutants present in the
environment [33].

Persistent organic pollutants (POP), including polycyclic aromatic hydrocarbons (PAH)
and organochlorine pesticides (OCP), among others, are stable lipophilic chemicals which
adhere to and concentrate on the hydrophobic surface of plastics in concentrations similar
to those recorded in the environment [34]. PAHs are compounds generated during wood
distillation, gas works, oil refineries, runoff from asphalt pavements, car emissions, oil
spills, and incomplete combustion of fossil fuels and organic matter [35], which occur in the
environment as complex mixtures of different chemical substances, generally comprised
of 2 to 10 aromatic rings [36]. These substances are considered toxic for organisms, with
mutagenic, teratogenic, and carcinogenic effects [37]. One model compound for PAH is
phenanthrene (Phe), classified by the US Environmental Protection Agency (EPA) as a
priority pollutant, contributing to over 49% of all PAHs in the environment. It is considered
one of the main atmospheric hydrocarbon pollutants [38]. The toxicity and lethality of
HAPs have been determined among some species of aquatic organisms, such as the mi-
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croalgae Chlorella vulgaris [39], the amphipod Gammarus roeseli [40], D. rerio [41], the African
sharptooth catfish Clarias gariepinus [42], and others [43].

One of the most commonly used OCPs is chlorpyrifos (CPF) [44], an organophosphate
non-systemic insecticide leading to an inhibition of the enzyme cholinesterase [44]. This
insecticide is currently in wide use for a variety of crops and is often detected in surface
waters worldwide. In fact, various studies indicate CPF pollution in various countries’
waters, with levels of up to 17,000 ng/L [45]. In Chile, it is one of the most common
pesticides [46]. Acute and chronic CPF toxicity among freshwater invertebrates is well
documented, with evidence that environmental CPF concentrations have embryo-toxic
effects in Daphnia magna [44].

Studies suggest that filter organisms, such as crustaceans, are the most likely to ingest
suspended MP. Among these, D. magna (order Cladocera), has been widely used as a model
organism in various toxicity bioassays to evaluate water pollutants. D. magna is an ideal
indicator species. It has a wide geographical distribution, plays a key role within the
zooplankton community, can be easily lab-raised, reproduces via parthenogenesis, has a
short life cycle with high production of offspring, is sensitive to water quality changes, and
has a transparent exoskeleton which allows for direct observation. They are also prey for
many larger invertebrates and thus play a unique and crucial role in the aquatic food chain.
They represent a possible trophic transference path for MP [47,48].

Benthic crustaceans of the ostracod class, and particularly from the order Podocopida,
have been identified as an ideal organism for environmental studies, as they are highly
sensitive to physical-chemical changes, and they are abundant, small (0.2 to 5 mm), and
easy to gather and maintain, allowing for low-cost analysis. Their sensitivity to environ-
mental variables is useful for estimating ecological alterations in bodies of water and their
environmental impacts. They are also used for paleo-environmental reconstructions [49].
For example, they have been used to observe changes in diversity and abundance due
to heavy metal contamination in the water [50]. However, evidence about the impact of
microplastics on this organism is still scarce.

The objective of this study was to evaluate the effects which could arise from exposure
to PE particles of various sizes (1-5, 27-32, 45-53, and 212-250 pum), both pure particles and
those contaminated with phenanthrene (Phe) and chlorpyrifos (CPF), using D. magna and
ostracods of the Podocopida subclass as model organisms.

2. Materials and Methods
2.1. Selection of Particle Sizes and Preparation of Microplastics (MP)

The microspheres of PE were acquired from Cospheric (Innovations in Microtechnol-
ogy, Santa Barbara, CA, USA). MP size was selected based on the size of the particles which
the chosen crustaceans could ingest (range of 1-70 um) [51]. Particles above this range were
used to evaluate the effects induced by the contact of MP with the organisms. The MP sizes
used correspond to: ME with green fluorescence, 1-5 pum and a density of 1.3 g/cm3; ME
with orange fluorescence, 27-32 pm and a density of 1.00 g/ cm?; ME with red fluorescence,
45-53 um and a density of 1.09 g/cm?; and ME with orange fluorescence, 212-250 um and
a density of 1.00 g/cm?.

2.2. Preparation of Pure Microplastics

A stock microplastic solution was prepared for each particle size, with the addition of
Tween 20 [52] (0.1% v/v Winkler, CAS: 9005-64-5) to ensure free MP dispersion. We used
an MP stock of 1-5 um = 5 mg/L (15.520 p/mL); an MP stock of 27-32 um = 50 mg/L
(3720 p/mL); an MP stock of 45-53 um = 200 mg/L (3240 p/mL); and an MP stock of
212-250 um = 35.000 mg/L (5424 p/mL).

These MP stocks underwent centrifuging for 20 s to homogenize the suspension. The
number of particles for each MP stock was verified using a Neubauer chamber. After this,
the desired MP concentrations of 16, 160, 1600, and 16,000 particles/mL were prepared in
the test medium for each size selected in a final volume of 50 mL. These concentrations
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were selected based on concentrations of MP found in the aquatic environment which
were previously reported, as indicated in Table 1. The high particle number was selected
based on the highest environmental concentration found (100,000 particles/m3, Amsterdam
Canals) [23] and multiplied by a factor of 10 since MP presence in aquatic environments
is rising due to plastic production increasing exponentially every year. Furthermore,
Law et al. (2014) indicated that both the median and mean amount of MP in the surface
layer of the North Pacific Gyre increased by around a factor of 10 from 1972-1985 and
2002-2012 [53].

Table 1. MP type and concentration in aquatic environments.

MP Type Size Place Location Average MP Concentration References
(N/T) 80 um Swedish waters Sweden 1502400 MP/m? [54]
NE North Atlantic and SW
Fibers _ 2-3mm and Water at 300 and 3500 m Indian Ocean in the 28-800 MP/L 55]
diameter < 0.1 mm depth -
Mediterranean Sea
Alkyd polymers and poli 0.75 pm-5 mm =~ Goeje Island South Korea 195 MP/L [56]
(acrilate/styrene)
NI NII Ocean surface layer Various sites 0 to 8700 MP/m® ~ [8]
NE Pacific, British 3
NI 63 um-5 mm Columbin coast Canada 8 and 9180 MP/m [22]
8975% fibers NI Ocean Northeastern Pacific 279 MP/m3 [22]
NI 0.5-5 mm ~ Yangtze Estuary China 4137 MP/m? [21]
. Between Vienna (Austria) 3
NI 0.5-20 mm Danube River and Bratislava (Slovakia) 0.055 MP/m [57]
NI 0.3-5 mm Rhone River Switzerland 0.29 MP/m° [58]
1.94 MP/m? upstream
59NI 033-2mm Northern shore cana Chicago, Tllinois, USA treatment plant. [59]
17.93 MP/m? downstream.
Mostly fibers Mostly <300 um Amsterdam Canals Netherlands 100,000 MP/m? [23]
Fiber fragments and others, : 3
mostly PE and PP NI Ross Sea Antarctica 0.0032-1.18 MP/m: [60]
. Southeastern coast of . 3
Fibers NI South Africa South Africa 257.9-1215 MP/m [61]
PP, acrylates/polyurethane/ o Southern area of the 3
varnish and polyamide 86% <100 um Water surface North Sea 0.1-245.4 MP/m: [62]
PET and acrylic Fibers 0.4-8.3 mm Deep sea water North Atlantic Ocean, 70.8 MP/m® [63]
Scotland
NI 0.3-5 mm Lake Geneva Switzerland 0.048 MP/m? [64]
Plastic film and fibers <5 mm North Pacific North Pacific 0.33 MP/m? [65]
Lakes Geneva,
NI 0.3-5mm C‘;\’/}Staﬁce' Neuchitel, Switzerland 0.091 MP/m? 58]
aggiore, Zurich,
and Brienz
- Lakes Superior, Huron Great Lakes of 2
NI 0.355 to 5 mm ~ and Erie North America 0.043 MP/m’ [66]
Fragments, pellets/foams, . Downstream from Detroit, 2
facial cleanser micropearls <lmm Lake Erie Cleveland, and Erie, USA 0.463 MP/m [66]
NI 0.355 to 5 mm ~ Lake Hovsgol Mongolia 0.001-0.044 MP/m? [67]
NI NI Rapa Nui shoreline Chile 805 MP/m? [68]

Notes: PET (polyethylene terephthalate), PE (polyethylene), PP (polypropylene), ~ (Rroughly), NI (not indicated).

2.3. MP Behavior Tests in an Aqueous Solution

A preliminary experiment was conducted to determine the most appropriate agitation
method for evaluating microplastic toxicity for D. magna. To evaluate the behavior of MP
in an aqueous solution, three tests were conducted with Tween 20 surfactant 0.1% v /v,
0.05% v/v, and without surfactant as well, using the Twist Shaker TW3 (FINEPCR, Gunpo-
si, Korea), VWR Shaker model 3500 (Avantor, Radnor, PA, USA), and Scilogex MS-M-510
(Scilogex, Rocky Hill, CT, USA) (dynamic methodology) units for 48 h.
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2.4. Preparation of Contaminated Microplastics

The stock solution of phenanthrene (Phe) (0.04 mg/mL) (Merck CAS: 85-01-8,
purity > 95%, Boston, MA, USA) was prepared using 95% ethanol (Winkler CAS: 64-17-5,
Cologno Monzese, MI, USA) as a dissolvent [69] in a 1:1 proportion. For chlorpyrifos
(CPF), given its moderate hydrophilic nature (log Kow = 3.31-5.27) [70], the stock solution
(0.04 mg/mL) was prepared in 95% acetone (Merck, CAS: 67-64-1) in a 1:1 proportion.

To avoid any loss of these organic compounds, MPs were exposed to contaminants in
amber glass bottles covered with tinfoil following the protocol established by Cornier et al.,
2019 [71]. The 50 mL bottles with MP + Phe and MP + CPF were filled up to their maximum
capacity to avoid any volatilization of the chemical compound and shaken for 48 h (Scilogex
MS-M-510) at room temperature (20 £ 1 °C). The contaminated particles were then washed
with MilliQQ water and filtered using a polycarbonate filter membrane (PCTE). Particles
were recovered carefully directly from the filter membrane and stored as stock in a 50 mL
amber glass container. The number of particles for each stock of MP + Phe and MP + CPF
was verified using a Neubauer chamber. After this, desired MP concentrations of 16, 160,
1600, and 16,000 particles/mL were prepared in the test medium for each MP size in a final
volume of 50 mL.

2.5. Organism Obtaining

Daphnia magna in newborn (0.7-1.4 mm), juvenile (1.4-2.0 mm), and adult sizes
(>2.0 mm) [72] and adult Podocopida ostracods (1-2 mm) were obtained from an iso-
lated stock provided by the Toxicology Laboratory from the Health Sciences Faculty at
Universidad Arturo Prat. These organisms were raised under controlled laboratory con-
ditions: temperature 20 =+ 2 °C, hardness CaCO3 5° dKH, and total hardness 28° dGH,
NH4* <0.2 mg/L, NH3 < 0.1 mg/L, NO, 0.1 mg/L, NO3;~ 2mg/L, POy 1 mg/L, pH7.2,
O, dissolved >82%, photoperiod od 12 h-12 h.

2.6. Bioassays

The organisms’ exposures were carried out under controlled physico-chemical param-
eters similar to those indicated in point 2.5 for their cultivation and maintenance. Feeding
for both crustaceans was performed with a concentrated mixture of Rhodomonas minuta,
Cryptomonas sp. and Spirulina sp. The bioassays were performed based on a standardized
protocol (ISO 6341:2012 [73], OECD directive 202 [74], and OECD directive 211 [75]) fol-
lowing two models: (1) static bioassay: a system wherein the studied solution and the
organisms were placed into a recipient or chamber and left there for the duration of the
study without renewing the test solution [73]; (2) dynamic or rotating bioassays: a system
in which the studied solution and the organisms were placed into a recipient or chamber,
followed by them being constantly shaken for the duration of the experiment using a
TWIST SHAKER TW3 (FINEPCR), velocity 3.5, without renewing the test solution.

The bioassays performed were of a static type for all MP sizes, although for MP
particles of 1-5 and 27-32 um, we also included a dynamic or rotatory bioassay.

2.7. Acute Toxicity Bioassays

To expose the organisms to pure MP, we used newborn, juvenile, and adult D. magna
specimens, and exposure for newborns was only to MPs at the 1-5 and 27-32 pum size
because newborns cannot ingest bigger particles. To evaluate the toxicity of MP + Phe, we
used juvenile and adult D. magna for all particle sizes. For exposure to MP + CPF, we used
microspheres of the 1-5, 27-32, and 45-53 um sizes among juvenile and adult D. magna.
To carry out the bioassays with podocopid ostracods, exposure to pure MP and MP + Phe
was of a static type for all sizes since this is a benthic animal. Experiments using MP + CPF
were conducted using microspheres of the 1-5, 27-32, and 45-53 um sizes. The daphnia
(n = 10) were placed into precipitated cups containing 50 mL of filtered conditioned water
and MP (pure and contaminated MP + Phe and MP + CPF) at various concentrations of 0,
16, 160, 1600, and 16,000 particles/mL. Each treatment was performed in triplicate. Each
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precipitated cup was covered with aluminum foil to avoid contamination from outside and
to reduce evaporation. The bioassays lasted 48 h. The responses (immobility, mortality)
were recorded after 24 and 48 h. The presence of MP within the organism was observed
using a stereomicroscope (MOTIC, ST-36, EQUILAB, Louisville, KY, USA). The daphnia
were considered immobilized when they could no longer swim after 15 s of soft agitation,
according to US EPA guidelines (United States Environmental Protection Agency, 1987).
To evaluate microplastics” distribution in the water column and within the organisms, we
used UV light from an SFA-BLFS-RB System. This was also used for acute exposure for
podocopid ostracods.

2.8. Chronic Toxicity Bioassay

This bioassay was conducted using D. magna. One newborn was placed into a precipi-
tated cup containing each of the treatments prepared with conditioned filtered water at
a final volume of 50 mL. The treatments include pure MP, MP + Phe, and MP+ CPF at a
low concentration of MP (160 particles/mL), a high concentration (1600 particles/mL), and
a control (0 particles). Tests were performed in triplicate, and each precipitated cup was
covered with aluminum foil. The bioassays lasted 21 days, with the subjects being fed with
microalgae between 1 x 10° and 5 x 10° cel/mL. Chronic exposure effects were examined
in the basic life history parameters of D. magna (growth, total number of descendants,
and mortality). MP presence was also observed within the organism via a stereomicro-
scope (MOTIC, ST-36, EQUILAB). To evaluate microplastics” distribution within the water
column, we used UV light from an SFA-BLFS-RB System. Exposure for MP + CPF was
performed with particles at 1-5, 27-32, and 45-53 pm.

2.9. Statistical Analysis

Data were analyzed using the SPSS/PC + (15.0) statistical packet. The significant dif-
ferences between the control individuals and the organisms exposed to various treatments
were determined using a one-way ANOVA, followed by a Pearson multiple correlation
analysis comparison. The significance level was set at 0.05. EC50 values (with 95% confi-
dence intervals) were estimated using an interpolation method with the ICPin software
(https:/ /www.epa.gov/chemical-research/toxicity-estimation-software-tool-test, accessed
on 30 June 2023) provided by USEPA [76] via a Probit analysis [77] and verified with the
AAT Bioquest LC50 Calculator program.

3. Results and Discussion
3.1. MP Particles’ Behavior in an Aqueous Solution

Our observations about the behavior of PE particles in aqueous solutions showed that,
for all sizes, these tend to remain on the surface and form aggregates. It is thus essential
to use Tween 20 (0.1% v/v) for particles between 45-53 and 212-250 um, although its use
is optional for the smaller sizes tested in this study. However, following the action of
the surfactant, the MP was deposited into the bottom of the recipient, which is why we
studied a dynamic model to observe whether these particles managed to be in suspension.
For the evaluation of the dynamic model, we ruled out the use of the magnetic Scilogex
MS-M-510 agitator, as it negatively impacted the survival of the test daphnia, but it was
the most efficient at maintaining the particles in suspension in the body of water. The
VWR Shaker model 3500 agitator also negatively impacted the organisms, since in order
for the microspheres to remain in suspension in the aqueous solution, velocity had to be
high enough that it harmed the water fleas. We ultimately used the Twist Shaker TW3
agitator (FINEPCR), which did not affect the behavior of D. magna. We observed that it was
able to maintain the MPs in suspension for the 1-5 and 27-32 um sizes. However, these
sizes were able to remain in suspension for the static model. For the 212-250 and 45-53 pm
sizes, it was not for the particles to remain in the center. The static modality was thus the
most appropriate for all PE particles. No acute or chronic bioassays were performed with
MP + CPF particle sizes of 212-250 pm, since during the filtration process after 48 h of
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contamination with pesticide, we observed that the particles’ size and integrity were altered.
Static bioassays presented sedimentations of 45-53 and 212-250 pm particles, while MPs of
1-5 and 27-32 pum sizes were relatively stable in the medium. This sedimentation decreased
MP concentration in the medium. However, observation during our study indicated that
both organisms ingested the particles in the bottom of the beakers.

3.2. Plastic Particle Ingestion among Test Organisms

We observed that after acute exposure, D. magna and ostracod test organisms presented
plastic particles both inside their bodies and stuck to their outer surface (Figure 1). Thoracic
appendices and antennae, including microstructures for movement or to filter food particles,
also had plastic particles adhering from the 1-5, 27-32, and 45-53 pum size ranges. Particles
from the 1-5 um (Figure la,d), 27-32 um (Figure 1b,e), and 45-53 um (Figure 1c,f) size
ranges were ingested by both daphnia and ostracods, and this intake was observed during
all treatments regardless of concentration, while the larger particles (212-250 um) were not
ingested by these organisms. The greatest MP density was mainly observed to accumulate
in the digestive tract, with 1-5 pum microspheres being the most abundant both within the
intestinal tract and adhering to daphnia’s antennae (see Figure 1a). A mass of accumulated
plastic particles was observed throughout the intestinal tracts of daphnia and ostracods
since plastic cannot be digested or decomposed (Figure 1). For D. magna, MP accumulation
was observed directly under the microscope both with and without UV lights, while the
Ostracods were observed under the microscope using UV light. The latter case was because
these organisms’ characteristic carapace impedes digestive tract observations without
this light.

Figure 1. MP particle ingestion in D. magna; (a) 1-5 um, (b) 27-32 pm, (c) 45-53 um. MP particle
ingestion in podocopid ostracods; (d) 1-5 um, (e) 27-32 um, (f) 45-53 um.

Selected organisms are filter-feeding, and the ingestion of MP particles could affect
their wellbeing since it is assumed that these creatures cannot separate or distinguish
microspheres from food particles, leading to MP particles being ingested along with the
food present. This action could block their digestive tracts, and thus negatively affect their
nutrition, since a digestive tract saturated with particles could lead to a false sensation
of fullness and lead to starvation, as they could not obtain their nutritional requirements
for survival. Results similar to our own indicate that after 48, 72, and 96 h, particles of
1 um were present within the intestines of D. magna exposed to various MP concentrations
(12.5-400 mg/L) [25]. On the other hand, particles” adherence to daphnia thoracic appen-
dices and antennae could influence normal antenna movements, negatively impacting their
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swimming and feeding behavior (Figure 1a). Similar to our findings, another study showed
that MP, apart from being ingested by water fleas, also became stuck in their antennae [78].

3.3. Acute Toxicity from Pure MP in D. magna and Podocopid Ostracods

Microplastics can also cause physiological damage to organisms, including abnormal
metabolism and energy budget changes [79], resulting in altered behavior [80] and sur-
vival [72]. This was reflected in our results, since we observed that during experiments with
juvenile water fleas, there was a mortality rate of 53.3% after 48 h following exposure to
MPs of 1-5 um at a concentration of 16,000 particles/mL, which was a significant mortality
compared to the control (p < 0.05). It should be noted that mortality induced by the smaller
particles of 1-5 um (Figure 2a) was significantly dependent on the concentration (p < 0.05;
r =0.7). A study similar to our own reported an immobilization of daphnia exposed for
72 t0 200 mg/L of 1 pm PE MPs [25]. However, in the present study, at the end of the
acute tests performed with newborn D. magna and adult specimens, despite the visual
confirmation of ingesting MPs of 1-5, 27-32, and 45-53 um present in the digestive tract,
these did not cause the organisms to die (Figure 3a—c). The same thing occurred with
juvenile daphnia exposed to MPs of 27-32 and 45-53 um (Figure 2b,c). According to our
results, newborns could be less sensitive to MP particles, possibly due to a lower MP intake
rate given that their size impedes any attempt to do so. Meanwhile, adults could be more
resistant to particle exposure than juvenile daphnia, considering their size. All the tested
organisms exposed to 212-250 pm MPs were not affected since these particles could not be
ingested by the organisms. However, there was also no mortality due to contact with these
particles in this species (Figures 2d and 3d). Similar to our results, a study with D. magna
showed that adults (9 days old) were less sensitive to polystyrene (PS) MP particles of
6 um compared to juveniles [78]. Our results align with those reported in another study,
indicating no observations of mortality in D. magna after 48 h of exposure to 100 pm PE
pearls (400 mg/L) [25] and textile fibers (up to 1400 pm long, 100 mg/L) [81]. By contrast,
other studies indicate adverse effects such as reduced body size and severe reproductive
alterations for water fleas exposed to 0.07 um PS MPs (100 mg/L) [82], while a different
study indicated that 0.1 pm PS particles (1 mg/L) decreased feeding rates for D. magna [83].

Bioassays with podocopid ostracods indicated mortality among these organisms after
48 h of exposure to all MP sizes, although this mortality was no higher than 40% in any
of the treatments compared to the control (Figure 4a—d). This mortality was significantly
different from the control (p < 0.05) for treatment with particles of 212-250 um at 48 h. This
treatment presented a weak positive correlation regarding the concentration (r = 0.3). These
results align with studies performed on various freshwater invertebrate species, showing
that high MP concentrations caused no observable harmful effects following short-term
exposure [79,84]. However, other studies have shown that MP can induce adverse effects in
other lower invertebrates, such as decreased growth in the amphipod Hyalella azteca after
10 days’ exposure to polypropylene fibers (PP) (20-75 um), due to lower food intake or
interference in food processing [85]; MP from a PS of 20 pm impeded copepods’ feeding and
produced sustained reductions in carbon biomass intake, giving rise to energy deficiencies
and subsequent lower growth [86].

Regarding the dynamic bioassay studied in D. magna, although it was performed to
make the MP particles remain in suspension within the aqueous solution and thus simulate
an environment similar to that from an aquatic environment, no significant differences
were observed in comparison with the static model. The results indicated that there was
no mortality during the experiment (Figure 5a,b) despite the presence of MP in these
organisms’ digestive tracts.
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Figure 2. Mortality percentages among juvenile D. magna exposed for 24 and 48 h to 0 (control), 16, 160, 1600, and 16,000 particles/mL of pure and contaminated
MPs with phenanthrene (MP + Phe) and chlorpyrifos (MP + CPF) for sizes (a) 1-5 um, (b) 27-32 um, (c) 45-53 um, (d) 212-250 pm. Asterisks (*) indicate significant

differences compared to control (p < 0.05).
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Figure 3. Mortality percentages in adult D. magna exposed for 24 and 48 h to 0 (control), 16, 160, 1600, and 16,000 particles/mL of pure and contaminated MP with
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compared to control (p < 0.05).
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Figure 4. Mortality percentage among adult podocopid ostracods exposed for 24 and 48 h-to 0 (control), 16, 160, 1600, and 16,000 particles/mL of pure and
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Water 2023, 15, 2915 12 of 22

a) EMP pure24h ®MPpure48h @mMMP+Phe24h b] B MP pure 24 h B MP pure 48 h
120 - OMP+Phe 48h  @MP+CPF24h BMP+CPF48h 120 4 mMP+Phe 24 h O MP+Phe 48 h
100 A e * 100 | * * ¥
> R
£ g0 - R £ 80 -
8 b =
S 60 - \ S 60 A
= & =
40 B .
S \ s 0
20 - : \ 20 -
0 I BN R 0 I
0 0 0 0 0 0 160 1600 16000

Number of particles/mL (1-5 um) Number of particles/mL (27-32 um)

Figure 5. Mortality percentages among juvenile D. magna exposed for 24 and 48 h to 0 (control), 16, 160, 1600, and 16,000 particles/mL of pure and contaminated
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In any case, it must be noted that although MPs do not directly produce acute toxicity,
MP intake can cause a series of sub-lethal effects [87]. For example, it has been suggested
that MP intake can decrease feeding activity in various aquatic species, resulting in long-
term physiological, behavioral, and aptitude alterations in these organisms due to energy
budget and overall metabolic alterations [80,86,88]. Another study analyzed 0.1 um PS
spheres exposed to larval states of the crustaceans Amphibalanus and Artemia franciscana,
with MP exposure taking place in concentrations from 0.001 to 10 mg/L during 24 and
48 h. Similar to our own results, their outcomes indicated that MP particles accumulated
in these crustaceans without affecting their survival. However, their swimming activity
was affected since it fell following exposure to high MP concentrations (>1 mg/L) after
48 h [89]. It should be noted that the exposure concentrations used in the present study are
similar to those reported in the environment at large, and that the risk from microplastics in
and of themselves is small. It should also be considered that it is likely that environmental
concentrations of plastics and microplastics will rise in the future due to annual increases
in plastic production and the inability of plastics to decay. For this study, we thus also
considered using concentrations higher than those reported in the aquatic environment to
simulate increased future MP.

3.4. Acute Toxicity from Polluted MP in D. magna and Podocopid Ostracods

In this study, we approached the effects which could arise from the union of microplas-
tics, and co-pollutants (Phe and CPF) absorbed into aquatic organisms via evaluation of the
biological effects. The results evaluated in adult D. magna exposed to MP + Phe showed
acute toxicity at 48 h—with greater mortality in organisms exposed to 212-250 pym MP
particles, although these results were not above 30% (Figure 3d)—independently of the
chemical union capacity (log Kow 4.57) [90]. However, juveniles presented higher mortality
among water fleas exposed to 45-53 and 212-250 um sizes at the highest concentration
(16,000 particles/mL), with 100% mortality occurring after 24 h among organisms exposed
to 212-250 um MP (Figure 2d) and 46.7% at 24 h and 63.3% at 48 h in organisms exposed
to 45-53 um MP (Figure 2c). No mortality was observed during the dynamic bioassay
(Figure 5a,b).

During the exposure to MP + Phe in podocopid ostracods, we observed that at the end
of the bioassay, the organisms exposed to 1-5 um MP (LC50 (48 h) = 6048 particles) pre-
sented a mortality rate of 33.3% at 48 h with the high concentration (16,000 particles/mL),
which was significantly different from the control (p < 0.05) (Figure 5a). We also observed
that for the same particle size, there was a positive correlation between particle concen-
tration and mortality at 24 h (p < 0.05; r = 0.6) and 48 h (p < 0.05 r = 0.6), while organisms
exposed to 27-32 um MP presented 36.7% mortality at a concentration of 1600 particles/mL,
which was significantly different from the control (p < 0.05) (Figure 4b).

With the 45-53 and 212-250 pm particles contaminated with Phe, we observed signif-
icant differences (p < 0.05) compared to the control in the highest concentration tested
(16,000 particles/mL), which was the most toxic concentration for juvenile D. magna
(Figure 2¢,d). We observed that for 45-53 pm particles, there was a positive correlation
between particle concentrations and mortality at 24 h (p < 0.055; r =0.7) and at 48 h (p < 0.05;
r = 0.6). This toxicity could be because with 45-53 and 212-250 um MDP, the surface area is
greater. In other words, there is a greater absorption capacity for the hydrophobic organic
pollutant. More pollutants could be transported to the organisms, revealing the pollutants
bioavailability. It is possible that high mortality did not occur in podocopid ostracods
upon exposure to MPs + Phe particles in comparison with pure MPs and that only the
high concentration presented mortality, as with exposure among D. magna, since toxic
Phe effects (mutagenic, teratogenic, and carcinogenic) could be expressed and observed
when the organisms are chronically exposed to MPs + Phe. However, more studies are
needed to understand the effects of pure and contaminated MP particles upon exposure to
various organismes.
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A D. magna study which evaluated the effects of nanoplastics (NPs) and MP on Phe
toxicity indicated that—unlike MP particles, for which no physical damage was observed
as they could be easily excreted via the intestine—the 50 nm NP and Phe had joint additive
toxicity since they easily accumulated in the digestive tract and increased Phe bioaccu-
mulation. Phe on the surface of NP can be spread into cells along with NP, which can
result in direct Phe contact with the D. magna membrane. This therefore strongly increases
chronic Phe toxicity, although 10 um MP did not show an effect on Phe bioaccumulation
and its residues within water fleas” bodies. The differences can be attributed to greater Phe
adsorption in 50 nm NP than in 10 um MP [48]. Another D. magna study showed that
irregular PE MP (10 and 75 pm) preincubated with Phe was more toxic for the organism
than MP alone. However, the inhibitory effect of MP + Phe was not more toxic than the
same concentration of Phe without MP. Water fleas” exposure to Phe indicates an EC50 of
0.47 mg/L. By contrast, D. magna exposure to irregular MPs + Phe (0.05 g/L) resulted in an
EC50 of 0.14 mg/L [91].

The present study showed a notable mortality level among D. magna and ostracods
exposed to MP + CPF in all the analyzed treatments. This was significantly dependent on
particle concentration (p < 0.05). We observed that in experiments with daphnia juveniles,
100% mortality occurred when they were exposed to 1-5 pm MP at a concentration of
16,000 particles/mL, which was significantly different from the control (p < 0.05) (Figure 2a)
(LC50 (24h) = 1468 particles). This response positively correlated with particle concentration
(p <0.05; r = 0.7) and the 27-32 um size (LC50 (48 h) = 1788 particles). 100% mortality
appears in 1600 and 16,000 particle/mL concentrations (Figure 2b), with these responses
being significantly different from the control (p < 0.05). This response is directly related
to the particle concentration (p < 0.05; r = 0.7). The results in the treatments evaluated
with adult D. magna indicated 95% mortality after 48 h following exposure to 1-5 um MP
(LC50 (48 h) = 3681 particles). This result correlated positively with particle concentration
(r=0.4). We also noted 100% mortality after 48 h following exposure to 27-32 um and
45-53 pm MP in the highest concentration analyzed, which was significantly different from
the control and directly correlated with particle concentrations (p < 0.05;r = 0.7 and r = 0.8
respectively) (Figure 3a—c). For all bioassays performed with MP + CPF, we observed
mortality after 24 h, rising above 50% after 48 h, even at very low concentrations. This
was directly proportional to particle concentrations in the study (Figures 2a—c and 3a—c).
However, during the bioassay with juvenile water fleas, we observed no mortality in
the 16 and 160 particle/mL concentrations (Figure 2c), which could be due to juveniles
having less exposure to MP and presenting lower contact with them since they had lower
concentrations and larger particle size.

With juvenile D. magna exposed to MP + CPF of 1-5 um and 27-32 um using the
dynamic methodology, the results indicated that as with the static bioassays, mortality
above 50% occurred after 24 h, even at low concentrations. However, mortality was over
90% after 48 h and 100% in the 1600 and 16,000 particles/mL concentrations (Figure 5a,b),
which was significantly different from the control (p < 0.05). Both sizes presented a direct
dependency between mortality and particle concentration (p < 0.05; r = 0.6).

Results from the podocopid ostracods exposed to MP + CPF indicated greater sensitiv-
ity compared to D. magna, as mortality was over 95% following 24 h and 100% after 48 h of
exposure at all concentrations for 27-32 um particles. This was significantly different from
the control (p < 0.05) even at the lowest concentration tested (Figure 4b). This high mortality
was also observed during exposure to 1-5 um MP. However, despite the increased mortal-
ity observed after increasing the concentration, this relation was rather weaker (p < 0.05;
r = 0.3) (Figure 4a). With 45-53 um MP, we observed 100% mortality after 48 h with the
highest tested concentration, which was significantly different from the control (p < 0.05)
(Figure 4c). It was also observed that the mortality produced by MPs + CPF of 45-53 um
was perfectly correlated with the particle concentration (r = 1). We should also mention
that apart from the high mortality induced by CPF pesticide, we observed overstimulation
of the nervous system, producing continuous repetitive movements similar to tremors, due
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to the constant release of nerve impulses. The effects observed after MP + CPF promotion
at all sizes were thus more toxic than pure MP. This reveals that microplastic particles do
act as HOP vectors, negatively affecting survival and reproduction as well as impacting the
development of crustaceans’ descendants.

Our results indicate that PE MP particles can transport CPF in aquatic organisms
since CPF (log Kow = 4.96, log Kd = 5.94) [92] was rapidly adsorbed onto the surface of
MP used in this experiment along with presenting a relatively swift desorption rate [93],
explaining the high toxicity of MP + CPE All these results demonstrated crustaceans” high
sensitivity to organophosphate insecticide, presenting very low LC50 values. This may be
due to the action mechanism of this class of chemical products, which inhibits cholesterase
enzymes [94,95], giving rise to toxic effects related with biological aptitude, which can
influence the density of some crustacean and bivalve populations and potentially impact
aquatic food chains along with an ecological impact on the larger aquatic ecosystem. Along
these lines, a study wherein Acartia tonsa copepods were exposed to PE MP of 2 to 10 pm
with CPF indicated that this compound was 4-25 times more toxic when combined with
MP (MP + CPF) than alone [92]. Another study evaluated the acute toxicity of PE MP
(2 to 6 um) on the microalgae Isochrysis galbana, finding that MP reduced CPF toxicity
because CPF adsorption in MP surfaces modulated CPF toxicity on growth. Once CPF was
adsorbed onto MP surfaces, it became less bioavailable for algae cells [96]. These findings
indicate that it is not simple to obtain a clear answer and that bioaccumulation and MP and
co-pollutants’ toxicity may depend on the species being studied, the plastic type, and the
pollutant type, particularly its hydrophobic properties.

3.5. Chronic Toxicity of Pure MP in D. magna

Chronic toxicity lab tests using newborn D. magna exposed to two realistic concen-
trations of pure PE MP (160 and 1600 particles/mL) of 1-5, 27-32, 45-53, and 212-250 pm
showed differences between 14 days of exposure compared to the control group regard-
ing their first offspring and the number of young. The number of newborns produced
within the 14 days of the experiment for all sizes showed a growth trend in the number of
neonates compared with the control organisms, indicating a stimulation of reproduction
(Figure 6a—d). Neonates rose significantly with the treatment of pure MP of 212-250 um
(p < 0.05) compared to the control group. For this response, we saw a correlation which
was inversely proportional to the particle concentration (r = —0.6) (Figure 6d). However,
at the end of the bioassay (21 days), there was a decrease in the number of offspring from
all treatments by comparison with the control group, although this drop was not signif-
icant. This is because after 14 days, various events occurred including neonate deaths
(Figure 6a—d), parental death in some treatments, and a consequent drop in the number of
young. One study in which adult D. magna were exposed to high PS MP concentrations
of 6 um showed a stimulation response with higher reproductive rates than the control
group. However, there was no mortality in any concentration during the reproduction test
time (21 days) [78]. MP accumulation within organisms’ intestines may cause blockage,
which could reduce the ingestible amount of food particles and even affect food absorption
or assimilation [97]. This dimension of long-term feeding activity leads to deteriorated
physiological and physical status among organisms since it affects the energy budget and,
therefore, the entire metabolism [71,73]. When food availability is low, it can also reduce
body length and newborns’ size [78], as energy storage in lipid form is limited [98]. A
study with D. magna using PS MP of 1-5 um, after 21 days’ exposure, saw total biomass
per cup reduced in all treatments, with a 21% drop in the highest exposure concentration
(105 particles/mL) compared to the control [72]. In another experiment, water fleas’ feeding
rates fell by 21% in the presence of 0.1 pm particles, which could affect the energy budget,
but no reproductive effect was found despite the high body loads of particles at the end of
21 days’ exposure [83].
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Figure 6. Number of neonates produced by D. magna exposed as newborns to 0 (control), 160, and 1600 particles/mL of pure and contaminated MPs with
phenanthrene (MP + Phe) and chlorpyrifos (MP + CPF) for 14 and 21 days (D) for sizes (a) 1-5 um, (b) 27-32 um, (c) 45-53 um, (d) 212-250 um. Asterisks (*) indicate
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3.6. Chronic Toxicity of Contaminated MP in D. magna

During chronic bioassays with D. magna exposed to MP + Phe (160 and 1600 parti-
cles/mL), all MP sizes presented a notable decrease in reproduction compared with control
groups (Figure 6a—d). For the results of these organisms exposed to 1-5 um particles,
we observed that the first generation of descendants decreased significantly at 14 days
(p < 0.05) compared to the control for both concentrations in D. magna exposed to MP + Phe.
We also saw a significant drop (p < 0.05) in the number of young at 21 days among daphnia
exposed to 1600 particles/mL. This response is inversely proportional to the concentration
at days 14 and 21 (p < 0.05; r = —0.8). Neonates exposed to 27-32 um presented a decreased
overall newborn population number compared to the control, with this response being
inversely proportional to particle concentration (p < 0.05; r = —0.9). After exposing neonates
to 45-53 um MP + Phe, no survivors were observed at the end of the bioassay in any of
the concentrations tested (160 and 1600 particles/mL), with this response being inversely
proportional to particle concentration (p < 0.05; r = —0.8) (Figure 6c). Similarly, in newborns
exposed to 212-250 um MP + Phe, we saw a significant decrease (p < 0.05) after 14 days in
the highest concentration studied, while at 21 days, this concentration killed 100% of the
organisms (Figure 6d). This is inversely proportional to the particle concentration at 14 and
21 days (p < 0.05; r = —0.6 and r = —0.7, respectively).

For daphnia exposed to 1-5 um MP + CPF, we observed 100% mortality among the
organisms at 14 days (Figure 6a), which is significantly different from the control group
(p < 0.05) and inversely proportional to particle concentration (p < 0.05; r = —0.6). Amounts
of 27-32 um MP significantly reduce (p < 0.05) the number of descendants among daphnia
exposed to MP + Phe at 1600 particles/mL. Similarly, to observations with smaller particles,
daphnia exposed to 45-53 pm MP + CPF presented 100% mortality after 14 days of the
experiment (Figure 6b,c), which was a significantly different response from the control
(p < 0.05). We also observed an inverse correlation regarding MP concentration (p < 0.05;
r=—0.9).

The present study showed that MP exposure levels could influence the combined
effects of MP and Phe in the D. magna life cycle since high MP levels and larger particle
sizes increase bioavailability and possible Phe bioaccumulation among water fleas, thus
affecting reproduction. Supporting our results, a study on long-term exposure to low Phe
concentrations showed that this negatively affected adult fish reproduction and impacted
their descendants’ development [67]. However, it is important for long-term studies to go
beyond the standard 21-day time frame since the effects observed may be time-dependent.
Short-term experiments must therefore go over possible effects, which are expected to be
highly environmentally relevant since MPs continually enter the environment and can
continually absorb additives.

During chronic exposure of D. magna to MP + CPF particles (160 and 1600 parti-
cles/mL), for the 1-5 and 27-32 pum sizes, no reproduction was observed since neonates
did not survive beyond 24 hours” exposure to the tested concentrations (Figure 6a,b). For
the 45-53 um MP, descendants were only observed for the 160 particles/mL concentration,
which was lower than the control (Figure 6c). This may be due to low concentrations
and larger particle sizes, leading to lower MP exposure among neonates. These results
indicate that newborns are more sensitive to MP contaminated with CPF compared to
other D. magna life cycle phases. This pesticide could also affect the Cladocera population.
Reproduction is an essential response, since it affects entire populations. Our results are
similar to laboratory studies demonstrating negative effects from CPF on Daphnia pulex
reproduction during prolonged exposure at a concentration of 0.005 ng/L [99]. Another
D. magna study indicated fewer descendants with exposure concentrations at or above
0.09 png/L of CPF, and at concentrations of 0.01 and 0.03 ug/L, descendants showed more
abnormalities [44].
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4. Conclusions

The results obtained highlight the impact of MP on the aquatic environment, which
can be related to physical effects from ingestion. This study shows that the selected MP
(1-5, 27-32, 45-53 pm), apart from being ingested by water fleas and podocopid ostracods,
end up trapped in their appendages. We also proved that the pure MPs tested (27-32,
45-53, and 212-250 pm) are non-toxic for these organisms despite being ingested. However,
small particles of 1-5 pm induced toxic effects in the studied organisms. This would
affirm that the particle size matters and that these particles” environmental concentration
could negatively affect these crustaceans without ruling out negative impacts on other
aquatic species.

We highlighted the threat which MPs pose as vectors for COH, including Phe and
CPF, since this study showed that MP toxicity increased after exposure to Phe and CPF.
Dependent effects were observed to arise from MP concentrations, particle size, and ex-
posure time, thereby revealing the biodisponibility of Phe and CPF during the bioassays
and highlighting the high toxicity arising from the union of MP + CPF, which negatively
affected the survival, reproduction, and the development of descendants among the studied
crustaceans. We should mention the likelihood that MP in the aquatic environment coexists
with a wide variety of organic and inorganic pollutants. Therefore, the present study
adds new evidence about the effects of MP particles from PE combined with hydrophobic
organic pollutants, although there is still a need for studies evaluating the effects of var-
ious MP types in combination with different organic pollutants. Finally, this study is an
important contribution for future studies evaluating the adverse effects produced by MPs,
demonstrating that these emerging contaminants are effectively ingested by the crustaceans
chosen for this study and can transfer organic pollutants associated with them, resulting in
adverse effects for the organisms. It should also be considered that these particles might be
transferred to organisms at higher levels and create negative impacts on the food chain.
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