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Abstract

The environmental impacts of plastic pollution have recently attracted universal
attention, especially in the aquatic environment. However, research has mostly been
focused on marine ecosystems, even though freshwater ecosystems are equally if
not more polluted by plastics. In addition, the mechanism and extent to which plastic
pollution affects aquatic biota and the rates of transfer to organisms through food
webs eventually reaching humans are poorly understood, especially considering
leaching hazardous chemicals. Several studies have demonstrated extreme toxicity in
freshwater organisms such Daphnia. When such keystone species are affected by
ambient pollution, entire food webs are destabilized and biodiversity is threatened.
The unremitting increase in plastic contaminants in freshwater environments would
cause impairments in ecosystem functions and structure, leading to various kinds of
negative ecological consequences. As various studies have reported the effects on
daphnids, a consolidation of this literature is critical to discuss the limitations and
knowledge gaps and to evaluate the risk posed to the aquatic environment. This
review was undertaken due to the evident need to evaluate this threat. The aims
were to provide a meaningful overview of the literature relevant to the potential
impact of plastic pollution and associated contaminants on freshwater daphnids as
primary consumers. A critical evaluation of research gaps and perspectives is con-
ducted to provide a comprehensive risk assessment of microplastic as a hazard to
aquatic environments. We outlined the challenges and limitations to microplastic
research in hampering better-focused investigations that could support the develop-

ment of new plastic materials and/or establishment of new regulations.
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1 | INTRODUCTION

The initial studies regarding the possible ecotoxicological impact of
microplastics (MPs) on freshwater organisms were performed in the
latter half of the 2000s.! There has been growing societal and scien-
tific concern about the effects of plastic particles on marine and fresh-
water organisms, and currently, this area is one of the most intensely
researched environmental topics.2® For decades, plastic pollution has
been part of the freshwater environment, and it is expected to expand
exponentially in the coming years.* MPs have been discovered in iso-
lated and protected areas and found in all freshwater ecosystems.’
MP exposure has a variety of negative consequences on freshwater
biota, from primary consumers such as members of the genus Daphnia
(daphnids) to top predators and even humans.%¢-8

Plastics were developed over 200 years ago—thus, before the
twentieth century—by using natural compounds such as tree-sap
latex, insect secretion shellac, celluloids, and rubber.” Scientific and
technological advancements regarding new synthetic substances have
greatly increased the production of plastics, making them an impor-
tant commodity in the near term.!° Plastics are versatile polymers
with multiple applications and have become essential in human lives.
Indeed, between 1950 and 2015, an estimated 8.3 billion tons of plas-
tic were manufactured.***? The demand for plastics continues to
increase due to their inherit versatility and resistant properties; for
example, plastics can be strong, lightweight, and corrosion and heat
resistant. With the global population expected to increase to 9.7 bil-
lion by 2050 and the likely increase in affluence in developing nations,
the demand for plastics will undeniably rise as well. In 2019, the
annual universal manufacturing of plastics reached 370 million tons.®
The one-time-use approach towards plastic items—together with the
current levels of production, improper disposal, poor waste manage-
ment, and low recovery rate—leads to hazardous plastic waste being
thrown out into the environment, thus contributing to the great risks
posed to ecosystems.l“’16

Apart from the intentional production of MPs for use in personal
care products, plastic, under environmental stimuli and natural condi-
tions, such as physical abrasion and ultraviolet lights, degrades to
smaller fragments, namely MP and, eventually, nanoplastic
(NP) particles.” Plastic degradation occurs via the following mecha-
nisms; photo-oxidation due to ultraviolet (UV) light exposure, thermal
degradation due to heat, hydrolysis of ester bonds, and microbial deg-
radation.’®? During the manufacturing process, some toxic residual
monomers remain unpolymerized within the plastics. As the plastics
decompose, the residual monomers are released into the environ-
ment.?° Phthalates, benzene, bisphenol A and phenol, among other
toxicants, have been documented to be released by ester bond hydro-
lysis.?* Of particular concern are MPs and NPs identified in almost all
ecosystems across the world.?>%% Zhang et al.>* noted that MP pollu-
tion is widespread in marine, freshwater, terrestrial, and increasingly
atmospheric environments. With a diverse network of source-path-
way-sink linkages, these habitats are interconnected, a factor that
could impact the flow and retention of MPs in environmental

matrices.2*

The size definitions of MPs and NPs differ among publications;
however, the most commonly used definition for MPs is 1-5 mm,
while NPs are often defined as <20 nm or those between 1 and
100 nm (the latter according to strict nanomaterials definitions).?®
Due to their small size, MP and NP particles are progressively ingested
by organisms at a variety of trophic levels and developmental stages,
particularly at the lower end of the food chain; therefore, they are
transferred to top consumers through feeding.24?” Various additives,
such as primary polymers as well as a few other chemicals, are used in
plastic products to improve the properties and persistence of plas-
tics.2® These additives consist of inorganic materials such as silica and
carbon, which contribute to flexibility and stability.*>2° The list of
chemical additives and their potential leachates is presented in
Table 1.223° polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyethylene terephthalate (PET), polyvinyl chloride (PVC), and poly-
amide (PA) are the most prevalent polymers.3* PE and PP float in
water due to their low density, while higher density polymers, such as
PS, PVC, PA, and PET, are deposited via inclination through the water
column. Consequently, MP contaminants are found in every layer of
aquatic ecosystems.32

Until now, ecotoxicological research on MPs has primarily used
marine animals (77%) rather than freshwater organisms (23%).?2 Many
studies addressing the ecotoxicity of plastic pollution have focused on
marine environments (Figure 1). However, recent studies have
revealed that freshwater ecosystems are also subject to plastic
pollution.3373° These plastics impact freshwater species and the eco-
system as well as food meant for human consumption, posing a
potential food safety risk. The abundant distribution of MPs and NPs
in freshwater results in a wide spectrum of aquatic biota being
exposed to them, typically through ingestion, which has lasting effects
throughout the food cycle, even without direct exposure.® In addi-
tion to the risk of negative consequences from plastic ingestion, toxic
reactions and responses could result from other contaminants
released from plastics.®” Anthropogenic sources are continuously and
unprecedentedly accumulating plastic pollutants in every aquatic envi-
ronment and cause ecological processes and structures to be dis-
rupted both directly and indirectly. Aquatic ecosystems are
interconnected with the terrestrial environment; consequently,
changes in one system impact the other.>®

Studies have indicated that plastic particle uptake is a common
phenomenon among marine zooplankton of different taxa.?®3? For
example, fluorescent carboxylated polystyrene MPs (polymethyl
methacrylate) of 20 nm-1 mm were detected in the gut of freshwater
zooplanktons.*#! The ingestion of plastic particles, especially MPs
and NPs, has the potential to impair the behavior and metabolism of
aquatic fauna and induce oxidative stress, tissue damage, and
death.*274* Assessing the impact of plastic pollution in aquatic ecosys-
tems is quite challenging. Despite the ubiquity of freshwater plastic
pollution and associated chemicals, few studies have investigated the
toxicological effects of macroplastics (>5 mm) or MPs in freshwater
ecosystems.3* Freshwater daphnids have been used as a study species
for plastic pollution in various ecotoxicological investigations.*>~#®

Daphnids, especially Daphnia magna, are a typical and standard
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TABLE 1 The types of plastics and common chemical additives in use and their potential leachates.
Additive type Example substance
Plasticizers Short, medium, and long chain chlorinate paraffins. Phthalates: Bis

Flame retardants

(2-ethylhexyl)phthalate (DEHP), dibutylphthalate (DBP),
dipehnylphthalate (DPP). Adipates: diheptyl adipate (DHA), heptyl
adipate (HAD), heptyl octyl adipate (HOA).

Brominated flame retardants; polybrominated diphenylethers
(PBDEs),decabromodiphenylethane. Phosphorous flame retardants;

Mostly used in PVC and cellulose based polymers
where they can make up to 75% wt/wt of the
final product.

Brominated compounds can reach 25% wt/wt of
the final polymer.

tris(2-chloroethyl)phosphate (TCEP), tris(2-chlorisopropyl)

phosphate (TCPP).
Stabilizers, Bisphenol A (BPA), cadmium and lead compounds nonylphenols,
ultraviolet octylphenols butylated hydroxytoluene
stabilizers,

antioxidants

Slip agents Fatty acid amides fatty acid esters zinc stearate

Biocides

Organotins, arsenic compounds triclosan

Inorganic pigments

Cadmium, chromium and lead compounds, zinc oxide, iron oxide

Up to 3% wt/wt; phenolics generally added at lower
amounts.

Added at up to 3% wt/wt depending on the
polymer type

Added primarily to soft PVC and polyurethane
foams

Non-fluorescing substances show lower migration

titanium dioxide lead carbonate aluminium and copper powders rates.

Organic pigments Cobalt(ll) diacetate

Fillers Calcium carbonate, zinc oxide barium sulphate glass microspheres

nanomaterials clays

Abbreviations: PVC, polyvinylchloride; wt/wt, weight to weight.

. Marine 57%

. Freshwater 35%

@ Atmosphere 3% Soil 5%

FIGURE 1 Distribution of publications related to microplastics in
the Web of Science database in different ecological systems
(retrieved in 2021).

ecotoxicity model and show high sensitivity to toxicants.*’ They are
filter feeders located on the lower end of the food chain, and they are
essential components of freshwater food webs as well as food
sources for many aquatic organisms.50 Daphnia, commonly known as
the water flea (Crustacea; Branchiopoda), are planktonic filter-feeder
crustaceans that belong to Phyllopoda.>* Daphnia belongs to the Cla-
docera family of branchiopods, whose bodies are encased in an uncal-
cified shell known as the carapace.’®>? Cladocera range in size from

0.5 to 5.0mm in length; however, members from one genus,

Insoluble, low migration tendencies.

Can make up to 50% wt/wt of the polymers

Leptodora, reach up to 18 mm in length.>>>* Males have larger anten-
nules, a modified post-abdomen and first legs with a clasping hook,
allowing them to be distinguished from females.>® The genus Daphnia
contains more than 100 species of freshwater plankton that can be
found all over the world.>®>> The species can be found in a wide
range of freshwater habitats, from small ephemeral pools to large
lakes and seasonally flooded depressions, except for extreme habitats
such as hot springs, summer droughts or severe winters. Extreme
environmental conditions alter the daphnid life cycle.>2 In lakes and
ponds, they are the dominant zooplankton and an important element
of the food chain. Daphnids are the most common food of planktivor-
ous fish in many lakes, although this dominance may vary from time
to time.”® The ecology of daphnids has been investigated in terms of
their role as a primary consumer in aquatic food chains, toxicity, phe-
notypic plasticity and behavior and the evolution of sexual and asex-
ual reproduction.>? Because daphnids are filter-feeders, they collect
food with the help of a filtration apparatus comprising the phyllopods,
which have flattened leaf-like appendages that generate a stream of
water.’® Even bacteria can be captured with the feeding apparatus.
Green algae are reported to be the best food source for daphnids.>%>2

Pollution of the aquatic environment by plastic particles and its
possible consequences has recently been identified as a major global
concern that impacts ecosystem functioning. MPs have a wide spec-
trum of physicochemical features and are widely distributed in aquatic
habitats. They disperse diversely in different area of the aquatic envi-
ronment, and thus, a wide range of aquatic species are potentially sus-
ceptible to these contaminants.2>® The plastic pollution is most acute

in marine environments, but it is now recognized that the problem
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also applies to freshwater environments. There are numerous knowl-
edge gaps, not least in terms of fundamental knowledge about their
distribution and existence in freshwater environments and the rele-
vance and extent of their impacts on members of Daphnia. Freshwa-
ter daphnids provide critical pathways for MP pollution, and although
current studies have revealed the susceptibility of freshwater biota to
translocation, ingestion, and trophic transfer, specific challenges con-
cerning methodological standardization remain largely unresolved.>”
The published reviews on the impacts of MPs on freshwater ecosys-
tems have mostly emphasized the source fate, occurrence, and abun-
dance of MP particles, instrumental detection and analytical methods,
and studies with little importance on its effects on freshwater
biota.’®7% Although ecotoxicological studies have been concerned
about the environmental impact of MPs, relatively limited knowledge
exists about assessment of freshwater organisms. Thus far, most stud-
ies have been conducted on fish, and more studies about the effects
of MPs on other groups of organisms, especially freshwater inverte-
brates, are needed. Furthermore, there are considerable differences
between the forms of MP most typically detected in the environment,
those reported in field investigations and those used in laboratory
experiments, and some of the reported results are contradictory. Nev-
ertheless, toxic effects strongly depend on MP type, size and shape.
There is a need for a baseline understanding of current data concern-
ing the topic. Therefore, this review aims (1) to discuss and summarize
the existing research trends and results in freshwater environments in
the context of plastic pollution, focusing on the role of D. magna as an
ecotoxicological model and (2) to highlight the impact of plastic pollu-
tion exposure on freshwater daphnids. It also provides remarks on
some consistencies and inconsistencies among studies with respect to
different ecologically relevant endpoints of daphnids, such as food
uptake, growth, development, reproductive performance, mortality
and survival associated with MP polymer shape, type, and size. The
majority of available data that have been published in the last several
years are highlighted. Finally, perspectives and research gaps are
examined, future research priorities, promising areas, and major issues

to be addressed are presented.

2 | METHODOLOGY

21 | Findings

This paper reviews a variety of studies on plastic pollution in freshwa-
ter ecosystems and the impact on freshwater daphnids. It should be
noted that this review provides a cross-sample of research in this area.
A widespread literature review was conducted by using the ISI Web
of Science Core Collection (http://apps.webofknowledge.com), Sco-
pus (https://www.scopus.com),  ScienceDirect (https://www.
sciencedirect.com), Wiley Online Library (http://onlinelibrary.wiley.
com), SpringerLink (http://link.springer.com), ACS Publications (http://
pubs.acs.org), Taylor & Francis Online (http://www.tandfonline.com),
and RSC Publishing (http://pubs.rsc.org) databases for studies up to

February 2022. Only peer-reviewed literature was included. The

SAMADI ET AL.
(A) Number of Literature* Daphnia Freshwater Plastic Ecology
pollution
Directly relevant (N = 203) v v v v
Indirectly relevant (N = 53) v v
*Examination of titles and abstract to detect relevancy
Data extracted and analyzed for review under topics Discussion under topics
Plastic pollution effect on daphnids - Plastic pollution in marine and soil ecosystem

Ecotoxicological effects of microplastic on daphniids - Global treads and regulation of plastic pollution

- Ecology of freshwater regarding daphnids

B
(B) —~ = = Micro/Nano plastics pollution on freshwater
— Effects of plastic pollution on Daphnids
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FIGURE 2 A table displaying the methodology for the systematic
review of plastic pollution and its impact on freshwater daphnids (A);
The gray broken line represents the cumulative number of papers
published on micro/nanoplastic pollution and Daphnia magna, and the
black line denotes all papers published on the effects of plastic on
freshwater daphnids. The lines represent the sum of all articles when
the last literature review on each topic was completed (B)

COITS

keywords for article searches were “microplastics”, “plastic waste” in
combination  with  “organisms/biota/freshwater/Daphnia/crusta-
ceans”, “ingestion/uptake/transfer”, “toxicological/effect/impacts”.
Articles with the keywords “plastic pollution” and “freshwater Daph-
nia/crustaceans” were divided into four categories from the database,
including “freshwater biology”, “environmental sciences”, “ecotoxicol-
ogy”, and “environmental studies”. Additional studies that were not
found in the initial literature search but were deemed relevant by the
authors were also added. The 254 publications found were then indi-
vidually reviewed, and duplications and irrelevant publications were
removed. Each paper's abstract and title were evaluated to determine
whether it was appropriate for the review. The papers were further
divided into categories according to the issues investigated, and

finally, the notable study areas were discussed.

2.2 | Results

In total, 205 publications were selected and summarized based on the
criteria environmental compartments, biological groups of examined
organisms, and ecotoxicological effects of MPs on freshwater daph-

nids. Figure 2A presents a flow diagram defining this method. In terms
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FIGURE 3 Ecotoxicological effects of microplastics on daphnids (from 2009 to 2021). The total number of studies is shown above each bar.

(A) Studies were defined according to the years and ecotoxicological effects; (B) Plastic pollution and the freshwater environment.
Ecotoxicological effects of microplastics on freshwater daphnids. The total number of studies is presented by a number within each colored
section of a bar. The types of microplastics and ecotoxicological effects were used to categorize the studies. PE, polyethylene; PET, polyethylene

terephthalate; PS, polystyrene; PVC, polyvinyl chloride

of polymers, the following list was used to categorize MP materials
reported in the literature: PS, PE, PP, polyester, PVC, and polyether.
The PE family includes both low- and high-density PE. The selected
plastic types include the principal groups of plastic particles reported
in plastic Europe 2019.12 The effects of MPs on the freshwater envi-
ronment and biota, especially daphnids, have been an emerging topic
in research for a long time, especially in the last decade with the rapid
growth in the number of publications (Figure 2B).

This increasing trend has been especially notable between 2015
and 2021. In 2015, the number of publications on the effect of MPs
and NPs on daphnids doubled, and there has been a large increase
since that year. Of the 205 articles identified in our first literature
search, 171 were classified as related to plastic pollution in freshwater
or the effect of MPs on daphnids and were thus included in our sys-
tematic review. The ecotoxicological effects enumerated included
food uptake, immobilization, development, mortality, reproductive
impairment, mortality and survival, physical effects, behavioral effects
and oxidative stress. From 205 articles, only 79 were relevant to the
effects of plastic pollution on daphnids.

Of all relevant references (n = 205) included in our publication,
only 26 are reviews, mostly related to marine pollution; two focus on
the effects of MPs on human health; and three are related to the
occurrence, sources, and detection of MPs or NPs. Only one of the
eight scientific reports and only two of the 26 reviews concern the
effect of MPs on freshwater. MP-specific studies on freshwater daph-
nids have been classified into seven main categories - (1) mortality
and survival, (2) development-growth rate and body size, (3) immobil-
ity, (4) reproduction, (5) heartbeat and swimming behavior, (6) food
uptake and (7) toxicity - and different ecotoxicological effects of
diverse MP types have been documented. Many studies have focused

on the ecotoxicological effects of MPs on reproduction, growth rate,

and mortality (Figure 3A,B). In the following sections, the type of
experiment and duration or size of MPs and concentrations are
reported for each study.

Figure 3A represents the number of publications by ecotoxicolog-
ical effects on daphnids for each year. Most of the papers from 2009
to 2015 evaluated how MPs produce toxicity and alter the growth
rate and feeding of daphnids. In 2016, there was a nearly 10-fold
increase in publications, and six out of the seven of these topics men-
tioned above were covered in these papers. There was a further
increase in 2019, and since 2019, the most frequently studied topics
have been the effects of MPs on daphnid mortality and survival and
the reproduction rate.

Many researchers have investigated the impacts of MPs and NPs
in marine environments.®*"¢” However, little information exists on
this problem in freshwater ecosystems.”¢1¢® Plastic materials and
their accumulation in freshwater environments are a source of con-
cern due to rising global consumption and natural resilience to the
degradation of plastics. The past 10 years have seen a marked
increase in studies identifying the presence of MPs in various fresh-
water environments, including rivers, lakes, ponds, and reservoirs.*¢?
However, the particle concentrations reported in freshwater investi-
gations are inconsistent, especially because researchers have used dif-
ferent units and sampling methods for quantification.®? Plastic
pollution in freshwater environments has been reported to be the
source of numerous hazardous and ecologically harmful effects.”®”*
Diverse pollutant types released in a watershed primarily end up in
reservoirs or downstream of a river because they are naturally located
at lower elevations, namely terrains and valleys.”? MPs are abundantly
spread in freshwater streams and sediments, and their presence and
effect on the local environment have gotten more attention during

the last few years.6%7374

95US01 SUOWIWOD 9A1E81D 3|qeot[dde 8y} Ag peusenob afe S9ole YO 9SO S9N Joj A%eigi8UlUQ AS]IM UO (SUONIPUD-PUE-SWRI/LIOO" A8 | 1M Aleld 1 [oul [UO//:SANL) SUORIPUOD PuUe WS | 8U18eS *[2Z0z/0T/LT] uo AleiqiTauliuo ABim ‘DuseH JO AIseAlun Ag £2952 X0)/Z00T OT/I0p/W00" A8 | Aelq 1 puljuo//:sdny Wouy pepeojumod ‘TT ‘ZZ0¢ ‘822.22ST



2620 | Wl LEY ENVIRONMENTAL

SAMADI T AL.

TOXICOLOGY

e

e el

Molecular level

- Feed activi
Microplastic Oxidative
Vector for pollutants damage Growth
& Microorganism
Size  Gene
Shape expression Reproductio

Mortality &
Survival

FIGURE 4 A summary of the reported impacts of microplastics
on aquatic biota

Plastic hazardous waste is well known to constitute a direct
threat to freshwater ecosystems, and numerous species have been
identified as very susceptible to damage caused by plastics and plastic
debris.”®7>=77 Adding to the direct effects, plastic particles in freshwa-
ter have been shown to contain relatively high levels of different
organic pollutants. Poisonous chemicals, such as nonylphenol (NP),
polychlorinated biphenyls (PCBs), organic pesticides such as polycyclic
aromatic  hydrocarbons (PAHSs), dichlorodiphenyltrichloroethane
(DDT), polybrominated diphenyl ethers (PBDEs), and bisphenol A
(BPA) have been found consistently bound to plastic debris.”®”? The
presence of these chemicals further increases the risks associated
with biota ingesting plastic debris, and many of these chemicals can
be biomagnified to a great extent and could pose a direct risk to
human health.”8° These toxic agents have been linked to a variety of
issues, such as developmental impairment and growth
abnormalities.f28® Because researchers have recently begun to
emphasize the importance of MP pollution in freshwater systems,
even in drinking water, research about this issue has been deemed
mandatory.®* Furthermore, researchers have called for the incorpora-
tion of strategies and plans to decrease the effect of MPs in freshwa-
ter environments near urban areas.®> Moreover, the role of the
freshwater system as the main source of MPs to the marine environ-
ment should not be neglected.8¢ Investigation and research on water-
sheds and freshwater ecosystems could provide crucial knowledge to
those who aim to devise methods that could solve MP pollution in
freshwater.®” Some authors have attempted to assess the presence of
synthetic polymers in freshwater ecosystems.888? Currently, plastic
pollution has been reported in the freshwater of some countries in

.8 The findings have revealed alarming

different areas of the plane
quantities of MPs in these ecosystems. Therefore, there is a growing

need for new studies on the adverse effects of their presence. A

summary of selected studies determining microplastic concentrations
in freshwater sampling studies are presented in the supplementary
table (Table S1).

In mid-2014, the first research on MP consumption in freshwater
animals was published.* Most alarmingly, the latest study on this topic
demonstrated MP levels of up to 0.14 MPs per mg tissue in 50% of
invertebrate samples collected from a riverine valley in South Wales.”®
With their large specific surface area and good adsorption, MPs are
important carriers of chemicals and microorganisms, and they may

pose a significant threat to the aquatic biota and ecosystem (Figure 4).

3 | DAPHNIA MAGNA AS
ECOTOXICOLOGICAL MODEL AND
BIOINDICATOR

Daphnia (Crustacea; Branchiopoda) are planktonic filter-feeder crusta-
ceans with flattened leaf-like legs that belong to the Phyllopoda fam-
ily.>? Daphnia belongs to the Cladocera family of branchiopods,
whose bodies are encased in an uncalcified shell known as the cara-
pace.’* Males are distinguished from females by their smaller size,
larger antennules, modified post-abdomen, and first legs, which are
armed with a hook used in clasping. The genus Daphnia includes more
than 100 identified species of freshwater plankton organisms found
around the world.”* The life cycle of Daphnia during the growth sea-
son is characterized by its asexual mode of reproduction which is
known cyclical parthenogens. A female produces a clutch of partheno-

t.92 Under favorable condi-

genetic (amictic) eggs after every adult mol
tions, they reproduce by amictic parthenogenesis, producing
genetically identical offspring that build up a population consisting of
only females. This can be continued for several generations, resulting
in an exponential growth of clonal lineages.”®> When unfavorable con-
ditions arise (e.g., overcrowding, presence of predators, food shortage,
change in day-length or temperature), the animals switch to sexual
reproduction. Males are produced parthenogenetically, and females
switch to the production of sexual eggs. A single female may first pro-
duce diploid amictic eggs and subsequently produce two meiotic hap-

loid eggs that need to be fertilized.”*

The dynamics of food uptake in
Daphnia follow a functional response type 1. Below a certain food
concentration (the incipient limiting level), the food uptake from the
water (feeding rate) is proportional to the food concentration, and the
filtering rate (amount of water filtered per unit time) is maximal.”*
MPs have a large surface area and can gather large amounts of

hydrophobic organic contaminants (HOCs).*®

MP ingestion has been
found in a variety of freshwater daphnids, causing a variety of physical
consequences, thereby introducing MPs into the aquatic food
web. 4759 D_magna is a filter feeder that forages non-selectively on
particles with diameters ranging from <1 pm to around 70 um and is a
major zooplankton species that may consume MPs in the aquatic
environment.”” However, MP ingestion by freshwater invertebrates is
poorly understood.”® Exposed species with different feeding strate-
gies to 1, 10, and 90 um fluorescently labeled polystyrene spheres (3-

3000 particles mI~Y). They investigated how exposure to natural
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particles and developmental stages modulate MP ingestion. D. magna
did not ingest MPs with a diameter of 90 um, whereas the other
freshwater invertebrates preferred MPs >1 um in diameter. Size pref-
erence in D. magna was determined by life stage, with larger individ-
uals consuming more and larger MPs.”® The apparent gut residence
period and gut clearance were longer for irregularly shaped MPs, and
acute inhibitory effects were more pronounced as compared to regu-
larly shaped MPs.#* As a result, MP morphology should be considered
while conducting studies with filter feeders and MPs because the
majority of MPs found in the environment are likely to be irregularly
shaped.

Daphnids are able to ingest both irregularly and regularly shaped
PE MPs, but egestion of regularly shaped MPs occurs more quickly.*
The size range of particles collected is determined by the filter combs
on their thoracopod exopodites.”” Consumption of MP particles that
fill the intestine might impede the digestive processes, and even when
there is enough food, the animal's fitness and energy resources are
affected by the subsequent uptake of nutrients.”” It should also be
noted that the combination of (1) the MP morphology as well as the
surface features of polymers such as shape and size and (2) an organ-
ism's physiology could have a significant impact on MP particle uptake
and residence.'® Despite the limited likelihood of chemicals leaching
out into the gut lumen of freshwater organisms exposed to MPs, very
few studies have discriminated between the impacts of the plastic
and the additives that are added into the same synthetic polymer.
Thus, risk assessment studies are required.

D. magna is well-established as an important species in certain
freshwater environments.!®? This freshwater crustacean is used
extensively to monitor pollution environments all around the world
and plays a key part in the establishment of regulatory standards by
government bodies.'°* Daphnids are unable to differentiate between
particle characteristics such as size and quality, which suggests a lack
of selection during feeding and, as a result, likely MP intake. Accumu-
lating MP due to unselective feeding is particularly important because
the species is a primary food source for fish. Moreover, carboxylated
PS MPs around 20 and 1000 nm can pass through the intestinal epi-
thelium of daphnids.** The bioaccumulation of these PS NPs has been
linked to negative impacts on daphnid growth, mortality, and repro-
duction and, therefore, may have lasting effects throughout the food
chain.

Some of the many desirable properties of daphnids are a short
reproduction time (approximately 1 week at 20°C, making it possible
to monitor ontogeny response), a small body size, ease of culture in a
simple environment, and susceptibility to a wide range of toxic sub-
stances.’®? Food uptake patterns in D. magna follow a type 1 func-
tional response. This means that the food intake from the water is
proportional to the food concentration below a particular level, and
the filtration rate is maximum because the filtering rate decreases as
the food concentration in the water increases, and the feeding level
remains constant above this point.>® Moreover, when exposed to low
levels of food, D. magna can reduce its feeding rate as a result of the
decrease in food and potentially reduced survival, growth, and repro-

duction dynamics.*°® Any unwanted food, which might be indigestible

TOXICOLOGY

or toxic, could lead to deficiencies in crucial nutrients, possibly causing
a decrease in growth or death. However, research has shown that
D. magna can limit the filtering rate by narrowing their valves in the
presence of toxic cyanobacteria, which are larger blue-green algae, to
reduce the movement of thoracic appendages and exclude large
particles.1%4

D. magna has been the most studied freshwater invertebrate in
laboratory experiments and has been used as an ecotoxicological
model to evaluate the chronic and acute toxic effects of MPs at differ-
ent concentrations and sizes.>**1%> Due to favorable properties and
their role in the ecosystem, some daphnid species, such as D. magna,
Daphnia cucullata, Daphnia longispina, and Daphnia pulex, have been
used extensively in ecotoxicological studies for plastic pollution and
chemical substances. This is because they are easy to culture in the
laboratory, have high phenotypic adaptability and clonal reproduction,
and demonstrate rich testing output and short generation time with

52106 1t is well established that testing in

several life-history traits.
D. magna is relatively inexpensive, rapid, sensitive, and, compared with
other methods, requires small sample volumes (e.g.,, mesocosm
tests).1°> Indeed, daphnids are crucial to the balance of aquatic eco-
systems, and a reduction in their a or § diversity would seriously dis-
rupt these ecosystems. Hence, daphnids are a desirable freshwater
aquatic bioindicator species - and they have been the most widely
used species for ecotoxicological laboratory studies to examine
chronic and acute toxic effects of MPs of different concentrations

and sizes. These studies are discussed in the following sections.

4 | SOURCE, DISTRIBUTION AND
TRANSFER OF MICROPLASTICS IN
FRESHWATER DAPHNIDS

The distribution of MPs in the environment occurs via various trans-
port media: sewage sludge, industrial and municipal wastewater,
urban runoff, and dust. Accordingly, MPs can be found in almost all
environmental components such as freshwater, seawater, soils, sedi-
ments, and the atmosphere >®¢284107.108 Maior sources of MPs are
textiles made of synthetic materials (34%), tire abrasions (29%), city
dust (24%), marine coatings (4%), road signs/dust (7%), microbeads
(2%), and plastic pellets.*®” Specifically, the most common source of
MPs for dahpnids in the freshwater environment is from daily supplies
such as bottles and bags.” The abundance, distribution, and occur-
rence of MPs in the environment are affected by various factors: the
type of environment; characteristics such as the type, shape, density,
and size of MPs; climatic zones (such as wind or waves); industrializa-
tion; urbanization (proportional to the concentrations of MPs); waste
management; general development; and the living standards of the
society taken into account.®?

MPs are resistant to deterioration and do not break down in
water, so they stay in the environment for a long time. MPs have
great bioaccumulation potential.2% There are two sources of MPs in
the environment, namely primary and secondary. Primary sources

include intentionally produced MPs for some products: textiles
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(washing synthetic garments that provide ~35% of primary MPs), cos-
metics (for example, microbeads in facial brushes [~2%] as MPs inten-
tionally added in personal care products)) and electronic
equipment.t1°-112 | addition, tire abrasions during driving (28%), city
dust (24%), road construction (7%), marine pavement (3.7%), and plas-
tic pellets (0.3%) are important sources of primary MPs. Most of these
enter the environment via wastewater produced throughout their
usage or production processes. Secondary MPs are produced by the
effects of various processes such as biological (bacteria, fungi, and
algae), physical (weather, temperature, and mechanical forces), chemi-
cal degradation by oxidation, and finally, photo degradation (UV light).
The secondary sources include the breakdown of larger plastic objects
such as bottles, plastic bags, or fishing nets that are released into the
environment; degradation is caused by chemical oxidation, physical
corrosion, UV radiation, and probably biodegradation.}*3>-11¢ Other
degradation processes alter the physicochemical properties of the
polymer, rendering it brittle, and then mechanical degradation, most
important for plastic in the aquatic environment, breaks them down
into smaller pieces: MPs are 1-mm.''7'*® In other circumstances,
these MPs are reported to degrade further to yield NPs.'*” The
source of MPs and their relative abundance varies by region, depend-
ing on the capability and effectiveness of waste management. Primary
MPs are more problematic, and the majority of these plastics come
from land-based sources that have access to marine environments
through rivers and other ways.120:121

Agriculture is one of the most important points of entry for MPs
in the environment.'?2 The main sources are sewage sludge applica-
tions, soil conditioners, fertilizers/compost, and vinyl coatings. Low-
density PE films, which are widely used to protect agricultural prod-
ucts, suppress weeds, increase temperatures, and retain irrigation
water in the soil, can reach soil or water resources by breaking into
small pieces through irrigation channels. Organic fertilizers used in
agriculture and horticulture around the world tend to be a neglected
source of MPs, and fertilizers pre-treated by composting and fermen-
tation are also included in this category.123 However, significant
amounts of MPs come from various industries (through wastewater or
disposal of plastic residues) and households (from washing linen fibers,
personal care products use). MPs can be carried by the wind, washed
from land to surface waters during precipitation if released into the
environment (especially rainwater runoff), and transported in freshwa-
ter and seawater.>®84124125 |ndystrial and domestic wastewaters are
also one of the main sources of MPs containing synthetic fibers
(e.g., polyester, PES).1%8

MPs have become a matter of concern in the ocean and the
aquatic environment in general.}?® They primarily enter the aquatic
environment as microbeads (<1 mm) from cleaning agents, cosmetics,
and broken pieces of plastic. These have resulted from either the
washing process or represent degraded plastic trash and debris.??”
Wastewater treatment plants are reported to be the source of mas-
sive and widely scattered volumes of MPs in freshwater - denoted by
an increased concentration of MPs downstream, adding to the contri-
bution of MPs from other sources as well as from wastewater treat-

ment plants.*?® Humans uptake MPs primarily through food and

beverages, such as fish, mollusks, sea salt, beer, sugar, and even tap
and bottled water.1277131

MPs are dispersed in both seawater and freshwater.8* MPs have
been found in deep-sea sediment environments with depths ranging
from 1100 to 5000 m.**2 They have also been discovered in the dee-
pest parts of the seawater.®® Freshwater has a similar amount and
distribution of MPs as seawater.2'* MPs from various sources enter
waterways, often end up in freshwater, and eventually reach seas and
oceans; however, this process relies on the proximity of the source to
seawater or freshwater. As a result, MPs have been found all over the
world in aquatic ecosystems. PE, PP, and PS have been the most com-
monly identified materials, with the majority of them being <5 mm in
size. Hence, MPs are ubiquitous in water bodies, where marine organ-
isms can easily ingest and transmit them, putting food security and
safety at risk.12?

MPs are known to influence approximately 700 species of aquatic
organisms, and they can be found at various trophic levels. MP accu-
mulation in species at low trophic levels has a food web-linking
effect.*®* The physical and chemical properties of microplastics facili-
tate the sorption of contaminants to the particle surface, serving as a
vector of contaminants to organisms following ingestion. Bioaccumu-
lation factors for higher trophic organisms and impacts on wider
marine food webs remain unknown.'** Much of the concern sur-
rounding microplastics is due to the chemical additives and sorbed
contaminants having the capacity to desorb into an organism. Chemi-
cals including phthalates, bisphenol A, flame retardants, PCBs, pesti-
cides, fertilizers, and heavy metals are known endocrine disruptors,
carcinogens, and mutagens.>®> The leaching of additives from plastic
combined with the sorption of chemicals to plastic renders microplas-
tics a cocktail of toxic contaminants. The biomagnification of organic
pollutants from lower trophic levels to higher trophic levels has been
demonstrated as has the capacity of microplastics to act as a vector of
these contaminants to aquatic biota.?! Microplastics are hydrophobic
particles that behave like DDT and PCBs, acting as chemical inhibitors
within living organisms and bioaccumulate within the food web.*3¢
Microplastics can absorb a wide range of pollutants and are able to
leach out chemicals such as phthalate and BPA which can enter the
tissues of aquatic species and pose a threat to humans.?®” As aquatic
species prey on MPs, they migrate through the food web.?” MPs are
transferred tropically in vertebrates as well as crustaceans and plank-
ton. Aquatic invertebrates frequently consume MPs that are the size
of several planktons, which tend to be transferred to vertebrates at
the upper end of the food chain. Some researchers, however, believe
that organisms can quickly and effectively eliminate MPs, and hence
the high MP level would be unlikely to have a major impact on organ-
isms. %8 Setila et al.?” discovered that nutrient movement happened
after 3 h of contact between macroplankton and medium-sized plank-
ton ingesting polystyrene MPs. Another study demonstrated that
although the number of MPs transferred from daphnids to the fathead
minnow (Pimephales promelas) was small, trophic transfer occurred
between these two species.*®’

How long MPs stay and how they accumulate in biota are crucial

factors that influence trophic transmission. The shape and size of MPs
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are also significant factors.'° Individual differences in aquatic organ-
isms may also influence residency time. The longer the residence time

in biota, the easier the transfer of MPs along trophic levels.*#*

5 | ECOTOXICOLOGICAL EFFECTS OF
MICROPLASTICS ON DAPHNIDS

5.1 | Physical toxicity

Daphnia magna is a keystone species in freshwater habitats and the
most commonly used freshwater aquatic indicator species for ecotoxi-
cological studies.’®* D. magna has been subjected to a variety of MPs
in numerous studies.**?7:142143 MPs had various ecotoxicological
effects, including decreased reproductive and survival rates to no
effect at all, depending on the MP exposure rate and concentration.®
However, many researchers have found that exposure to high levels
of MPs increases mortality and decreases growth rate. A study,
biomass,

expressed the levels as total exposure  to

10° microplastics mlI~? resulted in a 21% reduction in total biomass

compared to control.8?

Another study investigated three 21-day labo-
ratory bioassays with model MPs (1-5 pm diameter). In each bioassay,
one control (no MPs) and three MP concentrations (0.04, 0.09,
0.19 mg/L) were tested. In all the bioassays, MPs caused parental and
juvenile mortality, and reduced the somatic growth, reproduction, and
population growth rate.1** As mentioned in Section 2, there has been
a marked increase in studies that have evaluated the ecotoxicological
effects of MPs (Figure 3A). Freshwater crustaceans are vulnerable to
the adverse effects of different types of plastics in their environ-
ment.”? Besides, longitudinal analyses have shown that D. magna
needed several generations to recover from the adverse effects.1*>
Plastic ingestion by nine Crustacea species has been discussed: two in
natural and semi-natural habitats and the others under controlled con-
ditions.}#¢ Several studies have reported the adverse effects of MPs
on D. magna as lethal, non-lethal, or both.”? Of the 21 studies, 5 (24%)
have emphasized the lethal effects on daphnids, 12 (57%) the suble-
thal effects, and 4 (19%) both lethal and sublethal effects. These stud-
ies are summarized in (Table S2).

MPs' ecotoxicological effects on reproduction, growth rate, and
death have been explored by many studies (Figure 3B). They found
that the effects are more related to food availability rather than MP
toxicity.'*” Nevertheless, researchers have determined that of the
sizes and types of MPs, atypical shapes are more toxic to D. magna
than spheres, which could clog the gut system, and smaller MPs
increase immobilization, induce the stress response, and decrease the
growth rate of D. pulex.*¢?7:14® |ikewise, according to several studies,
the toxicological damage to a daphnid depends on the particle con-
centration, duration of exposure, shape, chemical composition, and
size, with stronger effects for smaller particles.??*2 Besides, some
studies have found that MP uptake by daphnids is time and
concentration-dependent.*® For example, researchers have evaluated
the consequences of PS on cladocerans under laboratory conditions.

The effects ranged from decreased survival to changes in the ability

TOXICOLOGY

to reproduce. The mere presence of certain types of plastics in the
environment could have sublethal to lethal consequences.}*¢14° The
use of fluorescently labeled MP beads in animals is a standard meth-
odology. This approach allows researchers to follow their accumula-
tion easily by using fluorescence microscopy. To date, researchers
have explored various types of plastics and various sizes using mostly
D. magna as well as other invertebrates.*® The list of freshwater daph-
nids that have been exposed to various microplastics is presented in
Table 2.

To provide a thorough explanation of the presence of MPs in
organisms, MP digestion and egestion quantities must be established.
There are many laboratory studies on invertebrate species; few stud-
ies, however, have examined whether MP ingestion impacts egestion
rates, especially at concentrations present in the environment.”-150:152
Despite the fact that multiple studies suggest that MP egestion is sub-
stantial, they have been reports of MPs moving out of the digestive
tract and into other body tissues. For example, in D. magna, 1 pm MPs
could translocate across the gut epithelial barrier.** When daphnids
were 1 week old, they were given 2 pm and 100 nm fluorescently
labeled PS beads (1 mg I~%) for 24 h; egestion in a clean environment
was then examined 24 h later.'°> During both phases, the fluores-
cence intensity in homogenized tissues was measured to detect parti-
cle loads in the body. Egestion and ingestion rates were evaluated in
the presence and absence of food. Both particle sizes were easily
swallowed, although the mass of the ingested 2 pm particles was five
times higher than for 100 nm particles. Complete egestion did not
occur within 24 h; however, larger quantities of the 2 pm particles
were frequently ingested. Particulate loads in the animal body
strongly decreased in the presence of food. In the presence of
100 nm particles, the feeding rates were reduced by 21%, but after
21 days of exposure, no effect on reproduction was detected despite
the high body load of the particles. It is difficult to draw clear conclu-
sions due to the variety of methodologies that have been used to
examine the vulnerability of freshwater organisms to MP ingestion
and the effects derived from this ingestion.'>?>1>% Therefore, labora-
tory studies should focus on assessing intake and egestion rates dur-
ing extended periods of exposure.r®* Algal biofilm growth on MPs
over time should also be considered; this parameter could impact the
ingestion rate of an aquatic organism and makes tests more ecologi-
cally relevant.*>®

MP uptake is expected to have a variety of effects on an organ-
ism based on its form, size, concentrations, exposure time, and feed-
ing method.®? Ingestion is also affected by the size, shape, type, and
concentration of MPs.*¢1% D magna has been found to ingest long
PET fibers (<1400 pm).2°41%3 MP accumulation would decrease the
rate of intake at higher MPs concentrations. The MP shape is particu-
larly relevant to residence time. Fibers 1-5 mm long, for example,
have been found to collect in the guts of crustaceans.'®* However,
some studies did not report the MP burden in the context of concen-
trations or abundances.1°7:16>1%¢ MP concentrations reported in field
investigations and those employed in experimental studies differ sig-
nificantly. The utilization of a broad range of environmentally realistic

concentrations as well as higher concentrations could provide
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g information on dose-dependent effects and ingestion.2>® The sur-
g g face characteristics of MPs, together with an organism's physiology,
§ “ 3 i may substantially affect the uptake and residence of MP particles.*°
- é It should also be acknowledged that as soon as a plastic is released
g r_gi into the ecosystem, biomolecules interact with them, resulting in
g § - g 2 E ecocorona formation on surfaces. This phenomenon changes the
g § g_ g g § plastic properties and affects the ingestion rates among biota.2¢”-1¢®
g L % g E ) A total of 63 studies reporting ecotoxicological effects of MPs
.é -GEJ ?%D ° g 5 2 on freshwater D. magna were identified (Figure 3A). Frydkjer et al.*®
g % g é % % 8 E é reported that high concentrations of PE particles reduced the move-
é g S 2 g & & Tgv § ment of D. magna, whereas irregularly shaped fragments (10-75 pm)
E. -;:';: affected D. magna more intensely than regularly shaped beads (10-
% § 106 pm). They discovered that D. magna quickly ingested both irreg-
g «% ularly and regularly shaped PE MP particles, but egestion of regularly
t;“ § shaped MP was faster than egestion of irregularly shaped
§ g MP. Additional studies are needed to determine the long-term impli-
. é g ;2 Eg cations of various irregular MP morphologies. Rehse et al.”” showed
‘§ g é % ﬁ —g that limnic D. magna was immobilized by digestion of 1 pm PE parti-
E % § g é _% cles as the concentration and exposure time increased, but 100 pm
GEJ_ 3 particles were not ingested due to the large size and did not lead to
Ug g physical effects.
% . é‘ é é’ g Canniff and Hoang®®® reported that D. magna survival and
I_% g § N g *Z reproduction were unaffected by exposure to PE microbeads from
§ g 63 to 75 pm despite causing intestinal blockage and promoting the
‘{"v & growth of the alga Raphidocelis subcapitata during the 21-day exper-
@ H‘,—E g ig iment. In this study, the trout chow (YCT) and algae were co-cul-
-% L::‘ﬂ %_&% tured. D. magna fed on green algae because its primary feeding
‘5 g e ‘ﬂg strategy is to filter suspended particles to extract nutrients such as
S T & = green algae. Their results revealed that MPs could serve as sub-
:!; :E:J 5 g g strates for algal growth. According to the findings, when particle
ﬁ 2 p g 8_ concentration and exposure time increased, the number of ingested
o § beads also increased. Algae have been observed to grow and form
é Qz._ biofilms on plastic substrates. Scherer et al.”?® proposed that MPs
g g é with algae considerably reduced MP intake by D. magna. This finding
§ -r-‘: -c-‘: :_2 *,-C_'% is similar to a previous conclusion drawn by Ayukai et al.,**? that is,
s a @ i _acca in their study, Acartia clausi showed preferential feeding when
‘*:g _; exposed to MP spheres and algae.
% Z‘. According to Frydkjer et al.,*> microbeads were swallowed by
-§ £ 5 § g D. magna, resulting in body concentrations of 30-50 MPs per organ-
% 5 : % -g ism. These body concentrations are higher than those discovered by
% % Canniff and Hoang (0.44-15.06 MPs per organism).2®® Frydkjer
g ;«C; et al.*® used a broader range of particle sizes (10-106 pm) and expo-
é ;QC; sure concentrations (10-5000 mg I7%), which explained the differ-
“;;'“ 3 ence in ingestion. The difference in the concentrations and the
8 5 methods used makes it difficult to draw conclusions. Hence, unifor-
] E':} mity of MP properties, such as the reported particle size, will
5 @ g5 . .
L g é > improve study comparisons.
'% % 4 4 L i‘; Rehse et al.”” reported size-dependent changes in the inhibitory
g g E effects of MPs. After short-term exposure, smaller PE particles are
~ . . g %‘. more toxic to D. magna than larger ones. The authors demonstrated
w § §° §o § g that absorption of 1 pm particles increased immobilization in a dose-
2 § § § % § and time-dependent manner with a half-maximal effective concen-
= <2 tration (ECso) of 57.43 mgl~! after 96 h. However, the daphnids
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were unable to ingest 100 pm particles, and no effect was observed.
All experiments were conducted in sterile conditions. Similar results
were obtained by exposing D. magna to PS.*°” The researchers found
that 50 nm PS NPs substantially increased the bioaccumulation of the
plastic additive phenanthrene in D. magna and both enhanced the
toxic effects, while 10 pum PS MPs did not show significant effects.
Phenanthrene was used as a model compound; it has significant muta-
genic and carcinogenic toxicity to organisms.2”® In a similar study,
when MPs of 50 nm and 10 pm were combined with phenanthrene
and exposed to D. magna, the smaller MPs absorbed more hydropho-
bic contaminants.'®” Therefore, nanometer-sized particles should
receive more attention, including considering their interactions with
hydrophobic contaminants in the environment. The effects of NPs on
the food web in freshwater organisms, as well as their chronic toxicity,

should be a study priority.

5.2 | Chemical and cellular toxicity

Few studies have investigated the effect of MPs combined with envi-
ronmental stressors or other chemicals. The bioavailable sizes could
be corrected by determining the upper and lower particle size limits.>?
Therefore, the size and other morphologies of MPs should be consid-
ered because they affect MP bioavailability. Furthermore, while the
absorption of MPs might occur quickly, full gut depuration can often
take more than 24 h.t7%172 | aboratory investigations should there-
fore seek to quantify egestion and ingestion rates over prolonged
exposure times.'>* Zhang et al.}”® reported that the co-exposure of
PS MPs (1 and 10 pm) and the antibiotic roxithromycin (ROX) led to
acute toxicity, significant biological reactions, and oxidative stress in
D. magna. Co-exposure to PS and ROX amplified the activity of super-
oxide dismutase (SOD) in daphnids more than when treated with ROX
alone. The results may be attributed to ROX being adsorbed to PS, a
phenomenon that might lead to greater accumulation of ROX in
D. magna than when ROX is present alone. Similarly, Qu et al.*”#
found that the SOD activity induced by co-exposure of MPs and ven-
lafaxine was three times higher than that induced by venlafaxine
alone. Felten et al.”> focused on the combined effects of the insecti-
cide deltamethrin and PE particles (1-4 m) on D. magna for 21 days.
They discovered that the unfavorable impacts on survival, fertility,
and brood quantity were synergic. Lin et al.1”® first reported that the
bioaccumulation of polyaromatic hydrocarbon (PAHs) mixtures mainly
related to the dermal uptake of D. magna, while mixtures of NPs
(100 nm) increased the mass transfer of PAHs to lipids in the gut. Kim

et al.t””

suggested that the immobilization of D. magna subjected to
nickel and PS particles (194 nm) was lower than those subjected to
nickel and PS-COOH MPs (182.7 nm). According to their study, PS
MPs had a minor antagonistic effect on nickel-mediated toxicity, and
PS-COOH had a minor synergic effect when combined with nickel.
Their research revealed a combination of toxic effects, most likely due
to the unique features of MP surface functional groups and related

| 178

contaminants. Kalcikova et a reported that biofouling (aging)

behavior supported Ag adsorption onto PE microbeads from cosmetic

TOXICOLOGY

products and affected its subsequent leaching. Subsequently, aged
microbeads with absorbed Ag significantly increased the combined
toxicity to aquatic organisms, reduced growth rates and root length of
duckweed Lemna minor, and completely inhibited daphnid motility.
Biofouling could be a major factor influencing MP characteristics,
pollutant adsorption and release into the environment, and toxicity.
Smaller MPs appear to affect D. magna by adhering to the inner and
outer cuticle layer of the carapace, lowering filtering activity,
compromising gut integrity, and entering tissues and cells.*”? Also,
MP's biofouling affect the molting of daphnids*®. The life cycle of
D. magna is distinguished, and ecotoxic acute tests are conducted at
the offspring phase. Therefore, molting is a vital aspect of daphnids

because it is closely related to their growth. Castro et al.1”?

show sig-
nificant differences between the number of molts according to the
MP's exposure time.®° The combined mechanism of toxicity, interac-
tion of MPs with co-existing pollutants in freshwater biota, and
biofouling-related toxicity remains unclear. Hence, future studies
should focus on these areas to address this gap.

In addition to ingestion, MPs also affect D. magna egestion. This
process is critical for organisms; insufficient egestion, or even com-
plete absence, results in reduced food intake and, consequently, star-
vation.*¢*81 A large portion of D. magna (83%) fed regularly shaped
MPs emptied their gut during the initial depuration, while none of the
organisms fed with irregularly shaped MPs were able to clear their
guts within 90 min.*>1¢3 This is a major concern because irregularly
shaped MPs are widespread in aquatic ecosystems.*> Small MPs could
pass through the intestinal epithelium of D. magna and accumulate in
lipid storage droplets.** Although the majority of findings have contra-
dicted this assertion.* Some studies with D. galeata exposed to MPs
have revealed the transfer of particles from the external body to the
internal organs, ovaries, brood chamber, caudal appendices, and tho-
racic appendices, as well as storage in lipid droplets.1*¢ It should also
be noted that time allows for biofilm growth, which could affect the
ingestion rates of aquatic biota and requires more ecologically appro-
priate tests.?>> A positive linear association has been discovered in
several investigations between the amount of MPs swallowed and the
amount present in the surrounding medium.3*? This link could be
measured by means of trophic transfer factors, which could be used
to compare MPs, species, and exposure conditions.’”*®2 |n addition,
ingestion and egestion rates of MPs by other aquatic invertebrates
with similar autecology should be investigated to gain a complete
picture.

Jaikumar et al.*>® compared the influence of MPs at a lower tem-
perature and revealed that exposure to a high temperature and MPs
had a negative effect on the survival rate. They also claimed that by
raising the temperature, primary MPs had a more toxic effect on Cer-
iodaphnia dubia than secondary MPs. The authors exposed D. pulex,
D. magna, and C. dubia to MPs at different temperatures and discov-
ered that sensitivity to various MPs seems to vary from species to
species, while the acute sensitivity of daphnids suddenly increases
with the temperature.}>® Kokalj et al.*®% simulated real environmental
conditions to evaluate whether pre-feeding daphnids with algae has

any effect and found that pre-feeding did not affect MP uptake on
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FIGURE 5 The ecotoxicological range of microplastic

concentrations in Daphnia magna®*®

daphnid growth and there was no increase in mortality in pre-fed
daphnids.

PS is the most common type of MP consumed in the species of
Crustacea (Figure 5). Small PS particles have a negative impact on
daphnid reproduction and body size: 67.7% of malformed offspring
were observed.”>1%%184 D magna took up PS beads ranging in size
from 50 nm to 15 pm, and Ma et al.’>” found a high correlation
between particle size and toxicological effects and interactions with
hydrophobic contaminants in the environment. Significant toxicity
and physical damage to D. magna were observed for 50 nm PS parti-
cles, with an EC5o of 15.13 + 3.34 mg ™.

Given the environmental occurrence of small plastic particles, the
lack of studies examining nanoscale particles represents a discontinu-
ity with their environmental relevance and risk. Apart from plastic
morphology and type, there have been studies related to the physico-
chemical characterization of MPs. PE stands out as the second most
common MP species studied in daphnids (Figure 5). Researchers have
investigated the ecotoxicological effects of PE on daphnids. For PE,
PS and PVC, the most frequently examined topics for each type of
MP have been: 21% of studies with PE have examined immobility;
28% of studies with PS have examined mortality and survival, fol-
lowed by toxicity (25%); and 50% of the studies with PVC on the
reproduction rate.

6 | DISCUSSION

Microplastic research in the aquatic environment has evolved over
the last decade, with remarkable growth in the number of publica-
tions.'®> The number of laboratory and field studies on MPs describ-
ing their interactions and impacts on freshwater species, particularly
daphnids, has increased dramatically. However, there is a gap in eco-
toxicological knowledge on the behavior of MPs in freshwater biota
(Figure 6). This review has presented the current state of knowledge

on the impact of MPs on freshwater daphnids. The available data and

research gaps have been noted, and the need for proper risk assess-
ments has been emphasized. The majority of the studies conducted
on freshwater invertebrates have been conducted in laboratory condi-
tions, answering questions related to depuration, uptake, digestion,
and ecotoxicological effects of MPs. However, there is still a lack of
sufficient knowledge about MPs in freshwater, including their fast
monitoring and health effects on biota. Many researchers have com-
mented on the lack of ecotoxicological data on the behavior of MPs in
freshwater species.?”18 Some researchers have raised concerns
over the quality of some of the research, and modest efforts have
been made to put the results from diverse research on the effects of
MPs on aquatic biota into a risk context - but this endeavor is hin-
dered by the inconsistent study conditions.1>218¢ The majority of MP
pollution ecotoxicity investigations in the literature have focused on
apical endpoints such as decreased growth, mortality, body size, feed-
ing, immobilization, and reproduction failure. To the best of our
knowledge, the study by Trestrail et al.'®” is the first to provide
insights into toxicity mechanisms. The authors investigated the reac-
tions to phenol-formaldehyde (PF) MPs produced by two types of PF
foams, and they compared the biological effects to those of MP leach-
ates derived from foam MPs that had been freshly crushed
(50 mg MP ml™Y) after shaking for 24 h at 25°C. After 24-h exposure,
the MPs were acutely toxic to D. magna, with a median lethal concen-
tration (LCso) ranging from 15 to 27 mg ml~ 1. Hence, to better under-
stand the toxicity mechanisms, it is advisable to conduct additional
research at the cellular and molecular levels.

In most laboratory-based studies, parameters differ extensively
across studies, including the properties of the media, the level of agi-
tation, the solid-to-liquid ratio, time and temperature. Some reviews
have highlighted that consideration should be given to performing
studies at environmentally relevant plastic concentrations.?¢? For
example, Li et al.*®® used 1000-5000 cm? |-, equivalent to 100-
500 g 1™ plastics, for their toxicity test. Lithner et al.'®? used a liquid-
to-solid ratio of 10:1 (equivalent to 100 g I7%) and 4:1 (equivalent to
250 g 1Y) for leaching plastic. Bejgarn et al.*?° used a liquid-to-solid
ratio of 10 (equivalent to 100 g |~%) to prepare plastic leachate for
their toxicity test.

Some plastic particles have the potential to adversely affect this
organism when exposed at very high concentrations (e.g., ECso of
8.6 x 107 particles Ifl).143 Moreover, environmental MPs exist as a
mixture, and this should be reflected in ecotoxicological studies - for
example, testing fragments, beads, and fibers at the same time in the
proper concentrations and proportions would be useful. There are
also inconsistencies in the reporting of particle concentrations within
field studies and those applied in experimental studies, as well as the
units employed. Concentrations from field records are described as
the number of particles per surface area or volume, but in most cases,
laboratory results are stated as mass per volume, which makes a com-
parison of concentrations problematic. Particle concentrations in labo-
ratory experiments vary from high (108 particles I=%) to ecologically
relevant (such as 400 particles I-1).5” However, some researchers
focusing on identifying effect-based thresholds and have already

addressed the incompatibility in the wunits and employed
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FIGURE 6 Significant gaps in invertebrate related microplastic studies

concentrations relative to environmentally actual values.?>%171:192

Given the environmental prevalence of small plastic particles, the lack
of studies examining particles <100 pm represents a discontinuity
with environmental relevance and risk.

Apart from plastic morphology and type, few studies have been
related to the physicochemical characterization of MPs. According to
estimates, > 90% of the aquatic plastic waste had been in the environ-
ment for more than 2 years, and the majority of plastic debris within
the environment is highly weathered.'?® Most studies evaluating MP
pollution in freshwater daphnids have used new plastic products. Only
a few studies have reported using plastics that had been weathered
before experiments. In many instances, the extent and method of
weathering have been poorly described or are insufficient to simulate
actual weathering.2471%¢ Hence, laboratory studies considering plas-
tic degradation due to weathering and a long period of time are essen-
tial to understand the broader risks of MP pollution on freshwater
biota. Environmental conditions of freshwater systems fluctuate
extensively, seasonally, or daily.*?”

Turbulence is another important factor that has mostly been
neglected in studies. There is strong evidence that turbulence
increases the leaching of additives of polymers and thus impacts
aquatic biota. There is only one study in which the researchers

assessed the impact of turbulence. Suhrhoff et al.*”®

suggested that a
comparably high proportion of BPA is leached into the water when
subjected to turbulence. They indicate that the leached PVC additives
were between 20 and 79 times stronger under turbulent conditions.
Hence, this factor should be considered in future experiments. This is

primarily evident in ponds, streams and lakes where low water

TOXICOLOGY

. Inconsistency between the conditions used in laboratory experiments and environmental samples

&
|- 2. Interaction of microplastics with other pollutants in the aquatic environment
o
2]
8 3. Synergic effect of chronic exposure at different levels
S
nm-‘ 4. Evaluate of MPs in combination with other pollutants and environmental stressors
E 5. Studies on the additives and their potential leachates released by plastic items
= a
S o, ‘ |
- [+~ 6. Effects of MPs and NPs on different types of freshwater invertebrates
= &)
2 7. Hazard and risk assessment studies of the MPs and their leachates
2] . . S
~= 8. Reinforcement of microplastic ingestion research
«<
Bt
= 9. Study technologies and methods for controlling microplastics pollution
)
~)
s 10. Lack of OMICS studies
=
!

11. Studies on the effects of microplastics on aquatic primary producers and influencing factors

renewal rates and frequent physicochemical variations might affect
additive leaching from weathered plastics.

Thaysen et al.?? performed one of the few studies providing evi-
dence on physicochemical variations of MPs. They evaluated the
chemical composition and toxicity of expanded polystyrene (EPS).
They observed a reduction in reproductive output and 40% mortality
in D. dubia. Studies on the negative impacts of plastic leachate on
freshwater biota have recently been reported, reflecting the growing
global concern about plastic pollution in the aquatic environment.
Leachate from plastics has previously been shown to cause acute poi-
soning in D. magna. In these experiments, treatments were frequently
indicated as a percent dilution of generated leachates. However, the
concentration of plastic particles tested for leaching varied greatly
between investigations, ranging from 5 gl (200:1 liquid-to-solid
ratio)?°° to 250 g 171 (4:1 liquid-to-solid ratio).?°>2°? As a result, com-
paring data from different tests, polymers, and species was difficult.

Researchers have evaluated the leaching of plastics over 24-48 h
according to the United States Environmental Protection Agency and
European Union standard guidelines.?°? While the majority of studies
have used long-term leaching experiments (3-28 days), one study
examined exposure of C. dubia to EPS leachates for 30 min at a rela-
tively high temperature.r?? In addition, just one study looked into the
impact of pH variations.2%® As a result, it is evident that a set of stan-
dardized rules for experimental preparation is required. This might be
used to imitate realistic environmental conditions while meeting stan-
dard requirements for ecotoxicity testing. To provide a useful risk
assessment, ecotoxicological investigations require consistent treat-

ments. Additional studies are necessary in this regard to elucidate the
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extent of the influence of physicochemical variations and leachate
toxicity on freshwater organisms.

Despite the fact that PE is the most abundant polymer in environ-
mental samples, PS has been the most popular test material in pub-
lished studies.'®>* MPs found in the environment are primarily
distinguished by morphological characteristics such as shape, color,
and size.?°* Different size classifications have been employed, but
there are inconsistencies in reporting particle size ranges across fresh-
water organisms, as well as a general lack of consistency in categoriz-
ing macroplastics, MPS, and NPs. Nearly all MP investigations have
used particle sizes that are smaller than those that can be reliably
identified in the environment (<131 pm), and they have mostly
focused on spherical particles, with fragments or only a small number
of fibers being tested.1>*2°5 MPs of smaller sizes had particle per liter
counts orders of magnitude greater than the MPs of larger sizes
tested.**2%62%7 |n such instances, determining whether smaller parti-
cles are more hazardous than larger ones are unlikely. Reporting in
particles per liter is preferred because it is directly equivalent to envi-
ronmental occurrence records.

Despite the prevalence of fibers and fragments in environmental
samples, a recent review on the subject identified a concern.*®® The
majority of the experiments have employed spherical particles
received directly from the manufacturer, while only a few studies
have tested the impact of exposure to weathered fragments and
fibers.1432%% Compared with microbeads, plastic fragments with sharp
edges have a harmful impact on freshwater biota.?°’ They increase
the possibility of physical damaging the gastro-intestinal wall. It is
worth noting that plastic particles in freshwater environments have
different shapes and are often found in the form of fragments, fibers,
foams, and films. To better understand the potential adverse impacts
of MP and NP, studies must take into account different shapes and
different realistic exposure times on different freshwater model
organisms.

Several studies have investigated a variety of particle sizes, but
the exposure has always been based on mass per liter. Furthermore,
experimental exposure doses were often at least two orders of mag-
nitude higher than those seen in the environment. In terms of envi-
ronmental relevance, the ecotoxicity evaluation methods used in
much of this research have been questioned.'®® There are numerous
limitations in the experimental designs, including the lack of environ-
mental relevance related to the exposure time; the lack of details
regarding the shape, size, and concentration of the tested MPs; and
the lack of detailed MP characterization such as density, size distri-
bution and evaluation of compounds and chemicals potentially
already adsorbed to MPs before exposure to daphnids.>? Moreover,
when looking at the morphology of plastic particles and the polymer
types utilized in experimental investigations, there is an apparent
discrepancy between what has been found in field studies and what
has been employed in the experiments. The most common morpho-
logical types employed in experimental research have been spheres
and beads, followed by fragments and fibers. However, field studies
examining MP burden in freshwater species have revealed that

fibers are the most common particle type ingested (ranging from

46.6% to 100%).219-212 Besides, some researchers suggest that
films, fibers, and fragments could be more harmful than
beads.?*3-2%5 Explanations for the use of spherical beads in most
experimental studies are diverse, though the fact that they are more
widely available compared with other morphological types may be a

1.1*3 indicated, because the

principal factor. As Ogonowski et a
effects caused by MPs could be attributed to plastic morphology, it
is recommended that future experimental studies include polymer
shapes found in higher concentrations in the environment to allow
for greater ecological relevance.

Most investigations using high concentrations of commercially
available spherical plastic particles and short exposure durations have
revealed significant toxicity. However, irregularly shaped MPs are pre-
dominant in the environment. Nonetheless, little is known concerning
the multigenerational effects of irregularly shaped MPs on D. magna.
Thus far, only one study has investigated the impact of irregularly
shaped PS MPs (<63 mm) and kaolin as a natural reference particle on
the survival, reproduction, and growth rate of D. magna over four gen-
erations under food-limited conditions. The authors suggested that
exposure to high MPs concentrations reduced daphnid survival, repro-
duction, and growth, resulting in extinction within one to four genera-
tions.2'® Notably, kaolin exposure at identical amounts had no
adverse effects. Thus, more studies with more realistic exposure sce-
narios are needed in this regard.

In terms of MP ingestion in freshwater organisms, fragments are
thought to be more likely to induce internal abrasion. However, there
is limited experimental evidence to confirm this hypothesis. So far,
only one study has reported a fragment ECso, namely
8.6 x 107 particles 1" for D. magna.’*® To clarify the existence of
MPs in organisms, the intake of MPs must be examined with egestion
rates.!>* When calculating MP ingestion and egestion rates in fresh-
water daphnids, test conditions must be taken into account because,
in addition to the life stage of the test species and feeding mode, the
presence of food or the type of food could influence the results.*>2
There are plenty of laboratory-based MP exposure experiments on
invertebrate species; however, few studies have assessed whether
MP consumption impacts egestion rates, especially at levels equiva-
lent to those present in the environment”®1°%217_Even though multi-
ple studies suggest that MP egestion is significant, there have been a
few reports of particles translocating from the digestive tract to other
body tissues. Specifically, Rosenkranz et al.** showed in D. magna that
1 um spheres translocated across the gut epithelial barrier. There are
also limited studies in terms of combined contamination of MPs and
other pollutants such as aromatic hydrocarbons, polybrominated
diphenyl ethers, and polychlorinated biphenyls on freshwater daph-
nids. There are only two studies thus far that have reported co-
exposure of D. magna to MPs and ROX. According to the studies, the
effect of combined toxicity was principally dependent on the experi-
mental method.*”1”% Ma et al.>” exposed D. magna to 50 nm and
10 pm combined with phenanthrene, which is a model polycyclic aro-
matic hydrocarbon known to have mutagenic and carcinogenic
impacts on aquatic organisms; they found greater adsorption of this

hydrophobic contaminant on smaller particles. Additional studies are
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required to untangle the interactions between MPs and environmen-
tal contaminants.

Taken together, this review has demonstrated that the morphol-
ogy, size, concentration, ingestion rate, and egestion rate of MPs have
not been standardized to investigate the effects in freshwater biota.
Given the technical difficulties and challenges in MP research, it is
particularly vital that future studies develop standardized techniques
by performing high-quality studies that examine more environmen-
tally realistic effects to allow comparability of data. Recent omics
studies have discovered that pathways associated with stress-related
defense, energy metabolism, and cytoskeletal dynamics are changed
in response to MPs, resulting in ingestion/ feeding and reproduction
disruption.?*® For additives, omics data revealed that multiple biologi-
cal processes such as oxidative/detoxification stress, energy homeo-
stasis, lipid mechanism, skeletal development, and signal transduction
are affected, which may result in reproductive toxicity, developmental
abnormalities, neurotoxicity and hepatotoxicity in aquatic inverte-
brates. Additionally, future omics studies are necessary to evaluate
the proteomic response of chemical additives and their potential
leachates and address the knowledge gap at different biological levels
(i.e., mechanism, transcription, protein, organism) and expand the
understanding of the underlying molecular mechanisms of plastic
additives toxicity and establish the linkage to adverse outcomes at the
organism/population level.

7 | CONCLUSIONS

To the best of our knowledge, this is the first comprehensive review
highlighting the studies of the possible ecotoxicological impacts of
plastic particles on freshwater daphnids. The review, discuss and sum-
marize the existing research trends and results in freshwater environ-
ments in the context of plastic pollution, focusing on the role of
D. magna as an ecotoxicological model and highlights the impact of
plastic pollution exposure on freshwater daphnids. In addition to
reviewing the literature, we have outlined some scientific gaps in this
field. The ubiquitous distribution of microplastics in global waters
makes a vast range of aquatic biota susceptible to microplastics expo-
sure. Both field and laboratory studies have demonstrated the adverse
effects of microplastics on aquatic biota. However, there is an incon-
sistency between the conditions used in laboratory experiments and
the MP characteristics that have been found in environmental sam-
ples. In most cases, researchers have only evaluated one type of plas-
tic particle with limited comparisons with another MP type. How
mixtures of different material types and size groups interact with
freshwater biota remains unknown. Moreover, there is incompatibility
in environmentally relevant concentrations in microplastics exposure
studies. Besides, the synergic effect of prolonged and chronic expo-
sure at different levels of biological communities has not been investi-
gated. Hence, plastic characterization is critical to better understand
the impact of plastic pollution on aquatic biota. Moreover, research
on the ecotoxicological effects on freshwater daphnids has been at

the individual level, and more studies are needed to examine the
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tissue, cell, and gene levels, including population dynamics, to eluci-
date the mechanisms of toxicity fully.

More studies are needed to evaluate MPs in combination with
other pollutants and environmental stressors, as well as the combined
effects of plastics with heavy metals and their impact on freshwater
organisms. Information on the additives and their respective leachates
released by plastic items is also critical to relate the overall effect to
specific compounds in the mixtures and integrate/compare data. In
many toxicity investigations, model organisms are subjected to leach-
ates whose composition is unknown or only partially known. Informa-
tion on additives used for the production of a given plastic article are
generally not accessible. Plastics contain a wide array of known sub-
stances, but also a number of non-intentionally added substances that
represent compounds not yet completely identified. Nevertheless,
they are important when evaluating strategies for recycling or substi-
tution for safer items. It is essential to assess the chemical composi-
tion of plastics items as well as their potential leachates; however,
methodologies for plastic preparation greatly differ. Consequently,
results from different laboratories cannot be compared. Toxicological
evidence indicates that the exposure to mixtures of chemicals leached
from plastics induced adverse effects. Overall, numerous gaps hinder
a comprehensive hazard and risk assessment of the MPs and their
leachates.

Moreover, there have been only a few papers on the effects of
NPs on daphnids, mainly on the growth and reproduction of daph-
nids. Hence, additional ecotoxicology investigations are necessary.
Thus far, the majority of microplastics toxicity studies are mainly
focused on the possible harmful effects of ingested microplastics
(including the associated toxicants) to aquatic fauna, especially on
fish. However, knowledge about impacts of MPs and NPs exposure
on other types of species, particularly aquatic primary producers,
which represent a significant trophic level in the food chain, is much
less known.

The form and types of MP most typically found in the environ-
ment or reported in field investigations differ significantly from those
employed in laboratory experiments. Daphnids are the most studied
organism group in the laboratory, and there have been comparatively
few studies of other groups of organisms. This limitation is a major
shortcoming in compiling standardized data considering plastic pollu-

tion in the aquatic environment.

8 | PERSPECTIVES AND
RECOMMENDATIONS FOR FUTURE STUDIES

Based on the evidence presented in this review paper, it is clear that
there is a fundamental gap in our knowledge of the ecotoxicology of
microplastics in freshwater ecosystems. Hence, future researches
should focus on the standardization and implementation of non-target
methods for the chemical screening of plastic leachates, and to iden-
tify all components and eventual relationships with the effects
observed in aquatic biota. Studies exploring the mechanism of action

and ecotoxicological effects of environmentally relevant MP
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concentrations on freshwater organism health are needed. Despite
some acute toxicity studies indicating negative effects on freshwater
zooplankton, nothing is known about the long-term biological and
ecological implications of NPs. Therefore, there is a need for further
studies in this regard.

To understand how the potential future environmental problem
of plastic particles may affect freshwater biota, supplementary
investigations and long-term studies that employ environmental
conditions should be performed. This endeavor would provide more
detailed information for the potential adverse effects of MPs and
NPs and could forecast future scenarios in the aquatic environment.
Future studies should also examine lower plastic particle concentra-
tions in the presence of dissolved organic matter, natural particles,
and environmental microorganisms. Moreover, plastic weathering
processes should be evaluated to quantify the release of plastic par-
ticles and to assess their toxic effects under more natural condi-
tions. Future studies on daphnids in freshwater are needed, in
which MPs are kept similar in terms of weathering status, type, size,
and shape (by standardizing with the same groupings in different
studies), as well as the exposure time. In other words, new studies
are needed in which all these parameters are standardized. When
there are more studies matched according to the experimental envi-
ronment; MP type, size and shape, and weathering status, there
would be a greater chance of supporting the findings with a meta-
analysis. Collecting metadata on ecotoxicological effects in the
future would help fill gaps. Studies of chemical dynamics within the
gut of organisms are also needed in order to better understand the
processes that govern bioaccumulation of plasticizers and co-
transported chemicals.

A more comprehensive assessment of the toxicity and environ-
mental concerns of plastic particles on aquatic biota necessitates a
broader methodological approach that considers emissions into the air
as well as potential consequences other than acute toxicity. Thus, set-
ting standard measures and procedures is crucial. Education, aware-
ness, and communication involving industries, consumers,
governments, and non-governmental organizations should be com-
menced to allow for cooperative action and informed choices to
reduce and control MP pollution in the freshwater environment. The
plastic pollution problem is a complicated issue and will require orga-
nized actions, such as correct disposal, strict legislation, recycling
strategies, regular evaluation, replacement of synthetic polymers with

alternative materials, and ecological restoration.
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