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Abstract: Environmental microplastics are gaining interest due to their ubiquity and the threat
they pose to environmental and human health. Critical studies have revealed the abundance of
microplastics in nature, while others have tested the impacts of these small plastics on organismal
health in the laboratory. Yet, there is often a mismatch between these two areas of research, resulting
in major discrepancies and an inability to interpret certain findings. Here, we focus on several
main lines of inquiry. First, even though the majority of environmental microplastics are plastic
microfibers from textiles, laboratory studies still largely use spherical microbeads. There are also
inconsistencies between the measurements of microplastics in the environment as compared to
the concentrations that tend to be used in experimental studies. Likewise, the period of exposure
occurring in experimental studies and in the environment are vastly different. Lastly, although
experimental studies often focus on a particular subset of toxic chemicals present on microplastics,
textile microfibers carry other dyes and chemicals that are understudied. They also cause types of
physical damage not associated with microspheres. This review will analyze the literature pertaining
to these mismatches, focusing on aquatic organisms and model systems, and seek to inform a path
forward for this burgeoning area of research.
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1. Introduction

Ever since the discovery of microplastics (MPs) in the ocean, there have been large
numbers of laboratory studies on their effects. Many studies have been conducted on
aquatic organisms, many of which consume these pollutants, and some of which are eaten
by humans. Other experimental studies have been on mammalian surrogates (rats or mice)
or tissue cultures to provide evidence for potential impacts of these ubiquitous pollutants
on humans. For both types of studies, questions have arisen about the lack of realism.
For example, Burns and Boxall (2018) noted that the levels detected in the environment
are orders of magnitude lower than those used in studies of effects on biochemistry,
reproduction, growth, feeding, and inflammation in aquatic organisms [1]. Similarly,
Bucci et al. (2020) who performed a meta-analysis of the literature, concluded that there
was a mismatch between field studies and the laboratory studies, which tend to use different
plastic shapes (fibers being the most common in the field; spheres in the lab), virgin MPs in
the lab as compared to aged MPs with biofilm in the field, and different sizes of MPs [2].
Fibers have been found to be the most common MP type in aquatic ecosystems [3]. These
fibers come predominantly from washing of synthetic textiles, but also from cigarette
butts [4]. The degree of effect detected is a response to concentration, shape, particle
size, and polymer type. Comparing concentrations used in most lab exposures to the
concentrations and sizes of MPs in the environment, Bucci et al. (2020) noted that 17%
of the concentrations used in lab studies have been seen in the environment, and that
80% of the particle sizes used in experimental studies are below the sizes found in most
environmental sampling [2].
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Kogel et al. (2020) in a general review found that toxicity of plastic particles depends on
particle size, concentration, particle condition, exposure time, polymer type, and shape [5].
Other factors, relating to the experimental subject included species, sex, developmental
stage, and food availability. Effects that have been found in experimental studies were on
energy metabolism, feeding, growth, activity, metabolism, physiological stress, pathology,
immune system, intestinal damage, development, hormonal regulation, and cell death.
Photosynthetic disruption was reported in phytoplankton.

In this review, we examine effects of MPs on aquatic animals, and on mammalian
surrogates and cell cultures, representing risks to human health. We view these studies
in terms of what type of MP was chosen for experimentation: shape (e.g., spheres in
experiments, fibers in the environment) and size, concentrations used, length of time of
exposure, and coating (e.g., chemical additives, biofilms, “virgin”). Critically, in some cases
we show that the dearth of environmentally relevant data emphasizes what needs to be
done, rather than what we already know.

2. Shape (Spheres vs. Fibers)
2.1. Aquatic Effects

As Ward et al. (2019) point out, microspheres are available to be purchased with
uniform size and shape, with added fluorescence or dyes allowing them to be visualized in
tissues [6]. Therefore, they are useful for studies of ingestion and egestion in many species.
However useful they are, they are not representative of MPs in the environment, and are
therefore not realistic (Figure 1). Despite not being so easily obtained, other researchers
have found ways to study effects of microfibers, which are the predominant shape of MPs
in the water, air, and soil. They can be acquired from ropes, lint in dryers, textile samples,
microfilaments used to make synthetic textiles, and other methods.
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Microfiber (MF) uptake by Asian clams (Corbicula fluminea) varied by polymer type and
size. The uptake of fibers was greater in those exposed to greater concentrations than lower
concentrations, and clams were more likely to take up polyester fibers of smaller size [7].
Horn et al. (2019) used polypropylene rope as a source of microfibers, the concentrations
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of which were based on concentrations found in the beach from where the experimental
subjects, the mole crab, Emerita analoga, were collected [8]. Adult crabs exposed to these
microfibers had increased mortality and impaired embryo development. Larval midges,
Chironomus riparius, were exposed to PET MFs, and effects including survival, time till
emergence, growth, head capsule length, and general stress response, were examined
in 28-day sediment chronic toxicity tests [9]. They used artificial sediments spiked with
MFs at concentrations of 500, 5000, and 50,000 particles/kg sediment dry weight. The
lowest concentration was comparable to 500 particles/kg sediment dry weight in Lake
Ontario, Canada and 4900 particles/kg sediment dry weight as in the Rhine River. Larvae
ingested the microfibers which were later found in the adults. However, no significant
effects were seen on time until emergence, head capsule lengths, weight, or HSP 70 (stress
response) compared to control organisms. Alnajar et al. (2021) conducted a seven-day
exposure of the mussel Mytilus galloprovinciallis to MFs at 56–180 mg L−1 (far higher than
environmental levels) and observed a reduction in mean clearance rate, abnormality in
gills and digestive gland, and an increase in DNA damage [10]. They felt that these effects
were due to a combination of the fibrous material itself and chemicals mobilized from the
polymers into seawater or the digestive tract, the latter being consistent with an increase
in trace elements (e.g., zinc) in the exposure medium with increasing lint concentration.
Lobster (Homarus americanus) larvae were exposed to 0, 1, 10 and 25 MF mL−1 [11]. Only
the highest concentration decreased early larval survival, and the timing or rate of molting
was not altered. All larval and post-larval stages accumulated MFs under the carapace,
and ingestion increased with larval stage and with MF concentration; oxygen consumption
rates were reduced in later larval stages exposed to high concentrations.

Some studies have compared responses to and effects of fibers vs. spheres. Ward et al.
(2019) indicated that mussels reject most of the fibers and spheres they ingest, but a much smaller
percentage of spheres were rejected than polyester fibers (ca. 65–260 µm long × 16 µm wide) [6].
The amphipod Hyalella azteca had slower egestion of fibers than microspheres, but even-
tually both showed complete egestion [12]. MFs had greater toxicity than microbeads
however, possibly because of slower gut passage. In a 28-day feeding experiment, Blarer
and Burkhart-Holm (2016) studied effects of fibers and spheres on the feeding rate, as-
similation efficiency and change in wet weight of the amphipod Gammarus fossarum [13].
While both types were ingested and egested, only the fibers impaired the health of the
animals. Lower concentrations of MF had more severe effects on the amphipod G. fossarum
than higher concentrations of MP particles. Frydkjær et al. (2017) reported that elevated
concentrations of PE particles decreased the mobility of Daphnia magna, while irregular
shaped fragments (10–75 µm) had greater effects than beads (10–106 µm) [14]. D. magna
egested regular-shaped PE faster than irregular ones, indicating that “spiky” particles
are retained longer and have more severe effects. Polyethylene terephthalate granular
particles (p-PET, approximately 150 µm diam) and fibers (f -PET, approximately 3–5 mm L
and 20 µm diam) were compared for effects on development of zebrafish (Danio rerio)
embryos and their joint effects with cadmium [15]. Both types of MP accelerated blood
flow and heart rate and inhibited hatching. Both forms decreased the toxicity of Cd. The
detoxification effect of f -PET was greater than that of p-PET. Mendrik et al. (2021) found
that MP fibers, but not spheres, reduced photosynthesis of algal symbionts of Acropora sp.
corals, with a 41% decrease in photochemical efficiency after 12 days [16]. Grass shrimp
(Palaemonetes pugio) were exposed to either sediment, polyethylene spheres, polypropylene
fragments, tire fragments, polyester fibers, or clean-water for 96 h at a nominal concentra-
tion of 50,000 particles/L before a bacterial challenge with V. campbellii [17]. Mortality was
not observed in any of the exposures, and survival following the bacterial challenge was
similar among shrimp exposed to particle-free water, sediment, polypropylene fragments,
polyethylene spheres, tire fragments, and polyester fibers. The grass shrimp cleared most
of the ingested particles and all of the ventilated particles within 48 h.
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2.2. Human Effects

In humans, relevant MP shapes will depend on exposure source (i.e., air, water, food),
as well as how particles degrade over time in the environment and in the body. One of
the earliest signs of MPs in human tissues came in 1998, when plastic microfibers were
identified in biopsies of human lung tissue [18]. This study indicated two things: humans
are exposed to MPs from the environment, and these MPs become embedded in our tissue.
This study also importantly brought to our attention the relevance of plastic microfibers,
as compared to more commonly studied spherical MPs. A more recent study built upon
this work, showing that a combination of plastic particles and fibers were present in 13 of
20 human lung tissue samples examined [19].

Although inhaling airborne MPs is a major route of exposure, MPs also enter through
ingestion and can become embedded in other organs. In a screening of 11 human colon
samples, 96.1% of embedded particles were plastic filaments or fibers [20]. Furthermore, as
was widely publicized, MPs were recently identified in human placentas, with a total of
12 irregularly shaped MP fragments being found in 4 placenta samples [21].

Interestingly, in a characterization of excreted MPs in human stool samples, mostly
fragments and films were identified [22]. As few plastic microfibers were found in human
stool samples and fibers are a major class of environmental MPs, one can infer that plastic
microfibers that enter our bodies are becoming embedded in our tissues. This conclusion is
in line with the aforementioned data.

Through experimental studies, it is known that ingested MP spheres (5 µm) hamper
metabolism and gut microbial function. Furthermore, these spheres accumulate in the
gut [23]. Spherical MPs have also been used in new in vitro models and organoid cultures
of the human intestines. Similar to mammalian models, these systems show varied effects,
ranging from no significant cytotoxicity to high levels of cytotoxicity and a strong immune
response [24]. The advantage of these in vitro approaches is that they have the potential
to more closely resemble how humans might respond to MP exposure. However, the
lack of available evidence surrounding how both mammalian models and in vitro systems
respond to plastic microfibers as compared to spherical MPs leaves much to be desired.

A more recent studied began to explore this question, studying how MPs of varied
shape relates to cytotoxicity in human cell lines. They found that MPs with rigid, sharp, or
irregular edges appeared to be more harmful than those with smooth, round edges [25].
Future studies should find which shapes of MPs are most prevalent in various tissues, and
then test the impacts of MPs with those same shapes in mammalian models or in vitro
cultures for the corresponding cell types.

3. Size
3.1. Aquatic Effects

Particle size is a critical factor in uptake and egestion. For small organisms such as
plankton, particles larger than their mouth opening cannot be ingested. However, using
only particles small enough to be eaten is also unrealistic, because it maximizes organism
exposure [26]. One might expect that after ingestion, smaller particles would be better
able to penetrate through tissues and cause greater toxicity, but that is not always the case.
Roch et al. (2021) found that rainbow trout evacuated 50% of particles in 12 h for 42.7 µm
particles and 4 h for 1086 µm particles (which is less than the time for evacuating food) [27].
In contrast, the differences between sizes for evacuation by common carp were smaller: 7 h
for 42.7 µm particles and 4.6 h for 1086 µm particles. They concluded that it is likely that
large particles in rainbow trout must be actively transported out of the stomach, since they
had shorter evacuation times than food, while in carp, evacuation rates of all particle sizes
were in the same range as food, suggesting a passive process.

In Daphnia, accumulation of fragments was higher than that of beads, and inhibition
of feeding and growth depended on the size of MP fragments [28]. Survival of D. magna
exposed to small- and large-sized fragments (17 vs. 34 µm) was significantly lower than
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that of daphnids exposed to MP beads. Small fragments significantly reduced feeding, and
body retention time in the digestive system.

In the marine medaka (Oryzias melastigma), body weight, adipocyte size and liver
lipid contents were significantly increased in fish exposed to large (200 µm) PS-MPs,
while fish exposed to smaller (2 and 10 µm) MPs had liver injury, specifically fibrosis and
inflammation [29]. Since the larger particles did not enter the circulatory system, their
impacts on intestinal microbes were investigated. Gut microbial diversity and composition
were altered in fish exposed to PS-MPs, particularly the larger particles. However, when
goldfish (Carassius auratus) were exposed to two sizes (0.25 and 8 µm) of polystyrene MPs
at different environmentally relevant concentrations, enzyme changes and histological
lesions were more severe in those that were exposed to the smaller sized MPs [30].

Bour et al., 2018 exposed the benthic bivalves Ennucula tenuis and Abra nitida to
polyethylene MPs at 1, 10, and 25 mg/kg of sediment for four weeks [31]. Three sizes (4–6;
20–25 and 125–500 um) were used. No effects were seen on survival, condition index or
burrowing behavior. However, A. nitida showed a significant decrease of protein in those
exposed to the largest particles, at all concentrations. No changes were seen in protein,
carbohydrate or lipid in E. tenuis, but total energy decreased in a dose-related manner in
ones exposed to the largest size particles.

In a rare (and welcome) paper comparing effects of polyethylene terephthalate MFs
of different lengths (50 and 100 µm), mussels (Mytilus galloprovincialis) were exposed to
environmental (0.5 µg/L) and high (100 mg/L) MF concentrations for four days [32]. Short
MFs accumulated in the lower intestinal organs, but long MFs were only observed in the
upper intestinal organs. Both sized MFs affected necrosis, DNA damage, reactive oxygen
species, nitric oxide, and acetylcholinesterase. Fiber length-dependent effects occurred at
environmental concentrations for DNA damage (long MFs) and AChE activity (short MFs).

3.2. Human Effects

Due to the availability of various sized MP spheres, there is more known about how
particle size impacts mammalian models and human cells. In human lung tissue samples,
MP particles were found to be smaller than 5.5 µm, whereas plastic microfibers were found
to range from 8.12 to 16.8 µm [19]. In human colon samples, MPs were surprisingly larger,
with an average size of 1.1 mm and a range of 0.8 to 1.6 mm [20]. This is particularly
relevant because it suggests that different tissues might be exposed to sizes of MPs that
vary greatly. Perhaps those that are airborne and inhaled are generally smaller than those
ingested. These considerations should be incorporated into future studies.

Keeping this point in mind, human colon cell lines (Caco-2 cells) were exposed
to 0.1 µm and 5 µm MP spheres. Although both sizes disrupted mitochondrial mem-
brane potential, 5 µm particles displayed a stronger effect. However, both sizes inhibited
ATP-binding cassette transporter activity, but in this context, 0.1 µm MPs were more
disruptive [33].

The size-dependent impacts of MPs were found in another study in mice. Pregnant
mice were exposed to either 0.5 µm or 5.0 µm polystyrene MP. Their offspring were
examined for metabolic disorders, and it was found that those coming from mothers
exposed to 5.0 µm MPs had more severe metabolic defects, including altered metabolites
and hepatic gene expression [34]. Similarly, in a different study larger MPs (10 µm)
were shown to more strongly damage testis tissue architecture, and decrease viability
than smaller MPs (0.5 µm), although all three size were able to enter cells in vitro [35].
Interestingly, in a human vascular endothelial cell line (HUVECs), size-dependent impacts
of MPs were also observed. However, in this case, smaller MPs (0.5 µm) were shown to
have a greater impact on cell viability in an autophagy-dependent manner, as compared to
larger MPs (5.0 µm) [36].

Furthermore, a study where mice were fed with MPs found that smaller MPs (5 µm)
were more likely to translocate to the gut and kidney after ingestion. Larger MPs (20 µm)
accumulated in the liver [37].



Appl. Sci. 2021, 11, 8529 6 of 16

As these selected references show, there is a clear size dependent impact of MPs.
Yet, in a recent report, no effects were observed at any MP size tested—1 µm, 4 µm,
10 µm—despite all three having some level of cellular uptake [38]. The discrepancies
between these results, and between the sizes of MPs observed in various tissues compared
to those used in experimental studies requires further investigation. Furthermore, there are
a dearth of studies investigating how plastic microfibers of various sizes interact with cells
and tissues in mammalian models and human cells. This is critical, as it appears that fibers
are one of the more common classes of MP that become embedded in tissues.

4. Concentration
4.1. Aquatic Effects

MP concentrations in various marine environments ranges from approximately
1 mg/L–1 ng/L, generally <20 MPs/ m3 in water [39] but most lab exposures use far
higher concentrations. Lenz et al. (2016) state that experimental exposures are two to seven
orders-of-magnitude higher than concentrations in the environment [39]. Horton et al.
(2017) reviewed particle counts in marine and freshwater surface water and found them to
be extremely variable [40]. MP concentrations in marine surface waters are reported from
0.0005 particles L−1 to 16 particles L−1 with intermediate concentrations. Freshwater sur-
face samples have concentrations around the lower end of marine surface concentrations,
in general. According to Bucci et al. (2020) only 17% of concentrations used in laboratory
experiments have been found in nature, and 80% of particle sizes used in experiments fall
below the size range seen in the majority of environmental sampling [2]. In their review ar-
ticle, Thomas et al. (2021) found 14 papers that found exposure with no or minor effects [41].
Some of these used low concentrations, but some used high concentrations. In contrast
they found 81 papers that reported adverse effects, most of which used unrealistically high
concentrations (Figure 1).

However, current MP sampling is likely to underestimate concentrations in the wa-
ter [42]. Using different mesh sizes for collection results in greatly different counts. MPs
collected with a 100 µm net were 10-times greater than samples collected with a 500 µm
net. Covernton et al. (2019), comparing samples collected with a standard plankton net
(300 µm mesh) verses a bulk sample filtered through an 8 µm filter, found 8.5 times as
many in the filtered sample, including a much greater proportion of microfibers [43]. This
effect is important when comparing surface water samples, since differences in sampling
methods lead to a lack of comparability. Sediment concentrations tend to be higher than
in water in UK river sediments, which was also observed in coastal sediments in Slove-
nia [44,45]. High concentrations (thousands of particles kg−1 of dry sediment) were found
in river sediments in Germany, similar to the 2000–8000 particles kg−1 reported in coastal
sediments in Canada [46,47].

Experiments do not always use unreasonably high concentrations, and there are many
studies that find deleterious effects at ranges close to environmental concentrations. Lob-
ster (Homarus americanus) larvae were exposed to MFs at 0, 1, 10 and 25 MF mL−1 [11].
Only the highest MF concentration decreased early larval survival. MFs did not affect the
timing or rate of molting. Mussels (Mytilus edulis) were fed a diet of plankton with MF
concentrations up to 30 MF mL−1 and filtration rates were greatly reduced [48]. Horn et al.
(2020) used environmentally relevant concentrations of MFs (1 mm long 0.1 mm diameter)
to expose mole crabs, Emerita analoga [8]. The site from which crabs were collected had an
average of 15 pieces/100 mL of sand, water had 3–7 MF/L water. They found that crabs
ingested MFs and showed deleterious effects on survival, reproduction, and embryo devel-
opment. Mohsen et al. (2021) performed 60-day exposures of sea cucumbers, Apostichopus
japonicus to MFs [49]. Their food was mixed with MFs at 0.6 and 1.2 MFs g−1, based on
environmentally relevant concentrations. In the third treatment, MFs were mixed in the
diet at 10 MF g−1 to simulate the worst-case scenario. Exposures did not significantly affect
growth or fecal production rate. However, acid phosphatase and alkaline phosphatase
activity were altered, and total antioxidant capacity was reduced in juveniles and adults.
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Hermit crabs (Pagurus bernhardus) living in suboptimal shells were exposed to polyethylene
particles at 25 particles L−1 [50], which is lower than most exposure studies. After five days,
crabs showed impaired shell selection. They were less likely to contact or enter optimal
shells and took longer to contact and enter an optimal shell compared to controls. Thus,
MPs impair information-gathering and processing, which are essential survival behaviors.

There are also studies that find minimal or no effects from exposure to high concentra-
tions. Two amphipods, Echinogammarus marinus and Gammarus pulex, showed no impacts
after exposure to 100,000 MP/L and 4,000,000 MP/L [51,52]. Likewise, no effects were
seen in mussels Mytilus galloprovincialis exposed to 10 and 1000 MP mL−1, nor the oyster
Ostrea edulis exposed for 60 days to 80 µg L−1 [53,54]. The lugworm (Arenicola marina) was
exposed to up to 100 g of MP per liter of sediment; reduced feeding was the only effect
seen during the experiment [55].

Cunningham and Sigwart’s (2019) meta-analysis points to three issues that need
improvement in future work: use of extremely high dosages, incompatible units, and
the lack of good controls [56]. They found that 5% of laboratory exposures did not use
any control treatment at all, and 82% used “dramatically elevated” concentrations far
greater than environmental concentrations. Only 23 studies tested biological impacts from
experimental exposures at environmentally realistic levels. The studies they considered
to use “high” concentrations used a range of multiple orders of magnitude, to extreme
levels with no environmental relevance. They consider 100 MPs/L to be “high” compared
to environmental levels.

4.2. Human Effects

Although it is likely to have major impacts on human health, the concentration of
MPs used during experimental studies is not often considered, and is sometimes critiqued.
Evidence regarding the concentration of MPs in human tissues does exist in some cases,
albeit in a nascent form. In a screening of human colon samples, 28.1 (±15.4) particles/gram
of tissue were found [20]. Yet, as with size and shape, the concentration of MPs in human
tissue appears to vary in an organ-dependent manner. In human lung tissue, recent research
estimated 0.56 MP particles/gram of lung tissue (equaling about 470 particles in an average
set of lungs). The authors indicate that this suggests most particles inhaled are retained in
airways [19], an observation in line with previous characterizations.

Many experimental studies focusing on MPs in the context of human health either use
a single concentration of MPs or use a range that is not environmentally relevant. One recent
report studying human cells (HUVECs) used a range of MPs at 0–100 µg/mL [36]. Based
on previous findings, these authors argued that this would be a good estimate for the actual
concentration of MPs in human blood (~99.4 µg/mL). They suggest that the actual concen-
tration might be higher if there are low turnover rates. Indeed, the evidence mentioned here
indicates that only a fraction of MPs that enter our body are excreted—with some likely
remaining in the blood or getting embedded in other organs [37]. For 0.5 µm sized particles,
regardless of concentration cell viability decreases drastically at 72 h after of exposure. For
1 µm sized particles, at 72 h cell viability is impacted in a cell concentration-dependent
manner, with 100 µg/mL having the strongest effect. Regardless of concentration, 5 µm par-
ticles did not significantly alter cell viability [36]. Although the authors proposed that MPs
induce autophagy-dependent cell death and negatively interact with cell-surface receptors,
the reasoning for the differences observed between 0.5 µm and 1.0 µm remain unclear.

In another study using human lung epithelial cells (BEAS-2B), two concentrations
of polystyrene MPs were used. At low doses (10 µg/µL), cytotoxicity, an inflammatory
response, and barrier dysfunction were observed. High doses (1000 µg/µL) exacerbated the
same effects, but also reduced alpha1-antitrypsin levels, increasing the risk for COPD [57].

These results elicit a more thorough characterization of the concentrations of MPs
human cells are exposed to in different tissues. First it is necessary to recognize that
there will be concentrations that persist over prolonged periods (those MPs embedded in
tissues), and more transient concentrations (MPs that move through the body). These two
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categories might be regional or tissue-specific, depending on how MPs translocate and
are circulated in different organs. Once this improved understanding is reached, similar
concentrations should be used in experimental studies to properly model the prolonged
and transient scenarios.

5. Duration of Exposure
5.1. Aquatic Effects

The duration of exposure is an important factor that determines the magnitude of
effects that will be produced. However, the vast majority of exposure studies in the
laboratory are short-term (days) (Figure 1), which might act as a counterbalance to the
general use of excessively high concentrations. However, short-term exposures to high
concentrations are not equivalent to long-term chronic exposures to lower, more realistic
concentrations. The Horn et al. (2019) study of effects of MFs on reproduction in mole
crabs is a welcome exception [8]. Not only did they use MFs at environmental levels,
but they exposed the animals for 71 days, which is time for two reproductive cycles in
the species. A recent paper examined in situ effects of high concentrations (80 g m2) of
irregularly shaped mixed MPs on freshwater benthic communities, with an exposure of
100 days [58]. However, no effects on abundance, biomass, species richness, Shannon or
Simpson measures of community diversity were found.

5.2. Human Effects

Similar to the lack of studies described in aquatic systems for long-term exposure,
there are a dearth of studies describing how long-term exposure to MPs impacts human
cells or surrogates. With evidence that MPs can become embedded in tissue, studying the
long-term presence of MPs and their cytotoxic impacts over time are of high importance.

In addition, the length of exposure and the length of the experiment can also influence
how far MPs travel in the body, and their translocation within an organ or tissue. As we
have shown here that MPs do indeed become embedded in cells and tissues, it is necessary
to factor timing into an experiment in order to properly mimic the in vivo dynamics.

6. Leached Chemicals
6.1. Aquatic Effects

Plastics contain chemical additives such as phthalates and BPA (bisphenol a) that can
leach out and cause toxicity [59]. In addition, contaminants, such as PCBs (polychlorinated
biphenyls), metals, and pesticides, adsorb to plastic [60]. Many studies investigating the im-
pacts of MPs use fresh (“virgin”) plastic particles, but after weathering in the environment,
particles acquire attached chemicals and are potentially more toxic than virgin particles.
The use of pristine particles in many experimental studies could lead to an underestimation
of the toxicological impacts. MPs could be considered “vectors” for moving contaminants
into animals and up the food chain [61,62]. The leaching of plastic additives as well as
adsorbed chemicals makes MPs a “cocktail” of toxic contaminants [63].

Similar to other studies, most of the studies on chemical toxicity of MPs have used
microbeads, not MFs, while studies comparing the two have suggested that MFs are more
detrimental to organisms than microbeads (see earlier section), which could lead to further
underestimation of MP impacts. A study of MFs from cigarette butts emphasized the
concern about attached chemicals from tobacco as a source of ecotoxicity [4].

MFs are rarely studied for the toxicity of associated chemicals, even though dyes and
hundreds of other chemicals used in the manufacture of textiles (e.g., antimicrobials, fire
retardants, stain resistance chemicals) are toxic [64,65] (Figure 1).

A key question is how tightly bound the chemicals are to the plastic versus how
available they are to biota. The degree of availability depends on factors including the
polymer, the chemical, and the surrounding environment. After ingestion, additives may
leach and adsorbed chemicals may desorb [66–68]. Since ingestion is the most often studied
type of exposure, it is important to study what proportion of the plastic additives and
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attached contaminants can be “pulled off” in the digestive system of different animals
during the period of time that the MPs are going through the gut; this is likely to vary
with the chemical, the type of MP (as seen in [69]), and the complexity, length, and chem-
istry of the gut (some invertebrates have alkaline stomachs rather than acidic stomachs
similar to vertebrates). Bakir et al. (2014) investigated the potential for polyvinylchloride
and polyethylene MPs to sorb and desorb various organic chemicals including 14C-DDT,
14C-phenanthrene,14C-perfluorooctanoic acid and 14C-di-2-ethylhexyl phthalate [70]. Des-
orption was measured in seawater and under simulated gut conditions. Desorption was
faster with gut surfactant and increased more in conditions simulating warm blooded
organisms. Chua et al. (2014) exposed amphipods (Allorchestes compressa) to MPs spiked
with polybrominated diphenyl ethers (PBDEs) and found the amphipods assimilated the
PBDEs [71].

Studies have found evidence for transfer of contaminants from MPs into organisms.
Japanese medaka (Oryzias latipes) were fed diets for ten weeks with 500, 1000, or 2000µg/g
10µm fluorescent spherical polystyrene MPs during maturation from juveniles to repro-
ductive adults [72]. No changes in mortality, behavior, or growth were seen, and MPs were
egested after 3–4 days. Nevertheless, females had dose-dependent decreases in number
of eggs, and histological analysis showed changes in spleen and kidney. However, micro-
scopic examination, histologic sections, and scanning electron microscopy found no MPs in
any internal organs. Since MPs did not penetrate into tissues, toxic effects were attributed
to the leaching of chemicals from the particles. Hu et al. (2020) found abnormalities in
MF-exposed medaka (Oryzias latipes), including various pathologies in the gills [73]. They
acknowledged that changes they observed could have been caused by mechanical damage
or leached chemicals, or both. They mentioned that some textile dyes, namely benzoth-
iazoles (Avagyan et al., 2015), induced gill alterations in fish that resemble those they
observed from mf exposure [74]. Similarly, Rochman et al. (2014) exposed adult medaka
(Oryzias latipes) to polyethylene MPs and found changes in estrogen receptor-mediated
gene expression and histopathology of the testes, implying altered endocrine function [75].
These effects resemble those caused by the plastic additives di-(2-ethylhexyl)-phthalate
(DEHP) and its metabolite mono(2-ethylhexyl)-phthalate (MEHP) in the medaka [76].

MP studies on the lugworm, Arenicola marina included transfer of PCBs (polychlo-
rinated biphenyls) from polystyrene (PS) MPs [77]. Effects on survival, activity, and
bodyweight, and the transfer of PCBs were assessed. The concentration of MPs in the
spiked sediment was directly related to the uptake of MPs and to weight loss. Reduced
feeding was observed at a dose of 7.4% dry weight. There were statistically significant
effects on bioaccumulation and fitness, but the magnitude of effects was small. However,
in similar studies, polyethelene MPs (PE) did not act as a measurable vector of PCBs [77].
Browne et al. (2013) exposed lugworms (Arenicola marina) to sand with 5% PVC MP that
was spiked with the pollutants nonylphenol and phenanthrene and additive chemicals
triclosan and PBDE-47 [69]. The pollutants and the additives were found to be transferred
into gut tissues and to cause some biological effects. However, sand transferred greater
amounts of the pollutants to the worms than did MPs. Uptake of nonylphenol from MPs
or sand reduced the ability to remove pathogenic bacteria. Uptake of Triclosan from
PVC reduced the worms’ ability to burrow and engineer sediments and caused mortality
(both by >55%) while PVC alone made the lugworms more susceptible to oxidative stress.

In contrast, some studies have found that chemicals bind so tightly to MPs that the
overall bioavailability is reduced and that there is less transfer of toxic chemicals from
ingested plastics than from sediments, indicating that plastic is a less important source of
contaminants to animals [78–80]. Herring (Clupea harengus) larvae were tube-fed a dose of
up to 200 MP spheres spiked with 14C-labelled PCB-153 while control larvae were tube-fed
an isotonic solution without MPs [81]. Most larvae evacuated all or almost all MPs by 24 h
and tracer levels in exposed fish were not significantly different from control larvae. There
was no significant transfer observed of PCB from MPs into larvae which had gut-transit
times of <24 h. Koelmans et al. (2014) assessed the potential of leaching of nonylphenol
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(NP) and bisphenol A (BPA) in the digestive system of the lugworm, Arenicola marina and
cod, Gadus morhua [82]. They used a biodynamic model to estimate the relative contribution
of plastic ingestion to total exposure to chemicals in the ingested plastic. They concluded
that MP ingestion by the lugworm or cod is probably not a relevant exposure pathway for
either chemical for either animal.

Several studies have compared the toxicity of fresh (virgin) MPs with that of “weath-
ered” MPs that have been in the environment and have had time to adsorb contaminants
from the surrounding water, or with virgin MPs that have been spiked with chemicals.
Virgin MPs are assumed to have no attached toxicants, while weathered ones would be
expected to have accumulated them from the environment. Intertidal snails (Littorina
littorea) were exposed to leachates from both virgin and beached pellets [59]. While virgin
pellets impaired vigilance and antipredator behavior slightly, beached pellets severely
inhibited these behaviors. These results indicate that effects from MP leachates may have
serious consequences for animals that rely on chemosensory cues to escape predation. In
a study of early life stages, marine medaka Oryzias melastigma embryos and larvae were
exposed to suspended MPs spiked with benzo(a)pyrene (MP-BaP), perfluorooctanesulfonic
acid (MP-PFOS), or benzophenone-3 (MP-BP3) for 12 days [83]. The MPs agglomerated
on the surface of the egg chorion (outer membrane) but did not penetrate it. While em-
bryos exposed to virgin MPs showed no effects, those exposed to MPs with PFOS had
decreased survival and did not hatch. Larvae exposed to MPs spiked with BaP or with
BP3 showed developmental anomalies, reduced growth, and abnormal behavior. Thus,
compared to similar water concentrations, BaP and PFOS spiked on MPs appeared to be
more embryotoxic. These data suggest pollutant transfer by contact of MPs on the chorion
of fish embryos. An effect of particle size was also seen, with smaller particles having
more severe effects than larger ones. Bucci et al. (2021) exposed larval fathead minnows
to pre-consumer MPs and environmental MPs and found environmental MPs caused a
more drastic increase in length and weight and almost six times more deformities as the
pre-consumer MPs [84].

Effects of low-density polyethylene (LDPE) MPs (11–13µm), with and without ad-
sorbed contaminants (benzo[a]pyrene—BaP and perfluorooctane sulfonic acid—PFOS),
were studied on the clam, Scrobicularia plana [85]. Environmentally relevant concentrations
of contaminants were adsorbed onto MPs to evaluate their potential role as a vector for
toxic chemicals after ingestion. S. plana were exposed at 1 mg L−1 for fourteen days and
were sampled after three, seven, and fourteen days. BaP accumulation in tissues, enzymatic
biomarkers, genotoxicity in the gills, digestive gland, and hemolymph, and neurotoxic-
ity were evaluated. Results suggested that physical injury of gills by MPs could affect
the biomarkers. The digestive gland was less affected by physical damage from virgin
MPs than by MPs with adsorbed chemicals, indicating desorption and toxic effects on the
biomarkers measured.

A 21 day exposure of the fish Sparus aurata juveniles to virgin and weathered MPs
was performed [86]. Fish were analyzed for a suite of enzyme biomarkers and behavioral
changes, specifically social interactions and feeding behavior. Results indicated cellular
stress from virgin MPs, and greater stress from weathered MPs. Behavioral effects indicated
that fish exposed to either type of MPs were significantly bolder during social interactions
than controls.

The toxicity of leachates from beached MPs and virgin industrial MPs (PVC) to sea
urchin embryos (Paracentrotus lividus) was investigated [87]. The weathered beached MPs,
which contained polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls
(PCBs), produced severe, consistent, and specific developmental abnormalities in embryos
and larvae. However, embryos exposed to virgin MP leachates without additives or envi-
ronmental contaminants showed normal development, suggesting that the abnormalities
observed from beached MPs are the result of exposure to either adsorbed contaminants or
industrial additives.
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Unlike other types of MPs, MFs from textiles have unique dyes and chemicals such as
surface treatments, anti-microbials, brominated flame retardants that are used in the pro-
duction of textiles, and which have been shown to be highly toxic [64,65,88]. Furthermore,
chemical additives were detected in aqueous leachates of virgin and aged (photodegraded)
MFs [89]. These have been greatly understudied.

6.2. Human Effects

Although many of the leached chemicals described above have been studied in the
context of mammalian models, human cells, and human health, investigations of the
dynamics of MPs and these chemical as MPs enter the body are less well known. When
mice were fed MPs coated with phthalate esters (PAEs), this induced the accumulation of
PAEs in the gut. As compared to virgin MPs, this resulted in inflammation, and altered
intestinal gene expression [90]. Of all the PAEs tested, DEHP had the greatest adsorption
capacity to MPs, and showed the strongest impacts on animal health [90]. In a different
study, co-exposure to MPs and organophosphorus flame retardants worsened the impact
of these chemicals, indicating that MPs act as more than just a vector for entry into the
body [91]. These results aside, many more recent studies investigating how MPs impact
mammalian models and human cells have used fresh, “virgin” MPs. Similar to aquatic
organisms, this likely underestimates the effects observed after exposure to MPs.

MPs coated with chemical additives can degrade in the environment, or after entering
the body. A recent study found that the associated release of chemical additives is not
equivalent. By simulating the ingestion of MPs coated with bisphenols, researchers found
that intestinal fluids intensified their release from PVC MPs. Interestingly, bisphenols
released under intestinal conditions caused greater cytotoxicity to human MCF-7 cells as
compared to bisphenols released from MPs in water [92]. These studies indicate that not
only the type of chemical additive is important, but also the dynamics of the exposure.

6.3. The Role of Biofilms
6.3.1. Aquatic Effects

MPs in the aquatic environment, in addition to adsorbing chemicals from the water
also acquire a community of microbes on their surface, the biofilm. Biofilm may play a
crucial role in toxic chemical transport by MPs, and therefore, studies on MPs as a vector
for toxic contaminants in aquatic habitats should include investigations on biofilm [93].
This is of ecotoxicological concern as it has been shown that biofilm is the reason that some
animals are attracted to plastic as a source of food [94]. Microbes in the biofilm on marine
MPs produced dimethyl sulfoxide (DMS), which acts as an attractant odor that increases
ingestion of the plastic by plankton and attracts seabirds [94]. The biofilm itself has begun
to be studied. Zhang et al. (2021) exposed polypropylene, polyethylene, and polylactic
acid pellets, and glass particles for six weeks during different seasons in the Yellow Sea,
China [95]. The total amount of biofilm that formed varied among seasons and locations;
temperature of seawater was the most important factor. A diverse microbiome, primarily
diatoms and bacteria formed on the MP surfaces with no preference for any particular
polymer type.

The community of microbes on MPs (the “plastisphere”) is the subject of intense
study by microbiologists. A review of information about the plastisphere noted that
among the taxa found are the dinoflagellate Pfiesteria which may be toxic [96,97]. Among
the bacteria found are Vibrio, so it is possible that MPs could be vectors for pathogenic
microorganisms [98]. Since the biofilm can concentrate toxin-producing microbes and
disease microbes, it may be a vector for these hazards, as well as contaminants.

6.3.2. Human Health Effects

There are few relevant studies investigating the impacts of MP biofilms on humans.
This will be a particularly relevant and fruitful area of study in the future, especially
considering the epidemiological relevance of disease transmission.
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7. Discussion

Numerous studies in aquatic organisms, mammalian model systems, and human cell
lines have indicated that MPs pose a threat to biodiversity and human health. Historically,
studies have been conducted at high concentrations using spherical MPs, some of which we
have highlighted here. We have also indicated the need for studies that more closely mimic
environmental conditions, namely the use of plastic microfibers, correct sized particles, and
appropriate concentrations. In general, it appears that more studies in aquatic organisms
have started to account for these parameters and use MPs that better represent those
contaminating the environment.

Two other important considerations we have begun to explore here, in both aquatic
organisms and in humans, are route of entry and dynamics once inside the body. If studying
how MPs impact human lungs, it is necessary to have approximations for concentrations
of airborne MPs. It is also necessary to understand how many MPs actually reach the lung
tissue, and how long they stay there. It is possible, and likely, that a single tissue will not
be exposed uniformly to MPs, with some regions having transient exposure to high levels,
and other regions have long term exposure to lower levels. All of this must be considered
and can likely be modeled.

Indeed, disparities between effects observed when particle shape, size, and concen-
tration are varied leave much to be desired in the elucidation of how MPs might impact
human health. The studies we have described here have formed a strong foundation for
this field, and future inquiries will have increasing relevance to human health.
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