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Abstract: The aim of this study was to investigate the ecotoxicity of polyvinylidene difluoride (PVDF)
and polylactic acid (PLA) microplastics (MPs) in two marine zooplankton: the crustacean Artemia
franciscana and the cnidarian Aurelia sp. (common jellyfish). To achieve this goal, (i) MP uptake,
(ii) immobility, and (iii) behavior (swimming speed, pulsation mode) of crustacean larval stages and
jellyfish ephyrae exposed to MPs concentrations (1, 10, 100 mg/L) were assessed for 24 h. Using
traditional and novel techniques, i.e., epifluorescence microscopy and 3D holotomography (HT),
PVDF and PLA MPs were found in the digestive systems of the crustaceans and in the gelatinous
tissue of jellyfish. Immobility was not affected in either organism, while a significant behavioral
alteration in terms of pulsation mode was found in jellyfish after exposure to both PVDF and PLA
MPs. Moreover, PLA MPs exposure in jellyfish induced a toxic effect (EC50: 77.43 mg/L) on the
behavioral response. This study provides new insights into PLA and PVDF toxicity with the potential
for a large impact on the marine ecosystem, since jellyfish play a key role in the marine food chain.
However, further investigations incorporating additional species belonging to other trophic levels are
paramount to better understand and clarify the impact of such polymers at micro scale in the marine
environment. These findings suggest that although PVDF and PLA have been recently proposed as
innovative and, in the case of PLA, biodegradable polymers, their effects on marine biota should not
be underestimated.

Keywords: behavior; cnidarians; crustacean; ecotoxicology; emerging contaminants; marine biota;
novel detection method

1. Introduction

Plastics are considered wonder products of the last century, and while their use has
been essential to global development, they now represent a serious exotoxicity challenge.
They pervade aquatic habitats because of their constantly increasing use, low cost, low
weight, and high durability [1]. The annual global production of plastic has increased
from 1.5 million tons in the 1950s to 360 million tons in 2018, and is projected to reach
2000 million tons by 2050 [2]. In addition, the ongoing COVID-19 pandemic has further
increased the consumption of single-use plastics for medical purposes, including vast
quantities of disposable face masks and viral tests, creating a new challenge for the scientific
community [3]. The result is an ever-increasing amount of plastics and their production
waste flowing from cities, ports, and industrial centers into the oceans [4–6].

Toxics 2022, 10, 479. https://doi.org/10.3390/toxics10080479 https://www.mdpi.com/journal/toxics

https://doi.org/10.3390/toxics10080479
https://doi.org/10.3390/toxics10080479
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://orcid.org/0000-0002-6667-9242
https://doi.org/10.3390/toxics10080479
https://www.mdpi.com/journal/toxics
https://www.mdpi.com/article/10.3390/toxics10080479?type=check_update&version=2


Toxics 2022, 10, 479 2 of 15

Once in the environment, plastics of all sizes can be degraded into microplastics (MPs,
5 mm–0.001 mm) by biological, chemical, and physical factors [7]. In the aquatic environ-
ment, the action of UV light, salinity, wave action, and temperature change may promote
plastic degradation into MPs [8]. One of the main consequences of their near-ubiquitous
distribution in the marine environment is the unknown risk they pose to environmental
health [9]. MPs have been reported in species throughout the aquatic food chain (i.e.,
crustaceans, mollusks, cnidarians, echinoderms, fish, and mammals), where they induce
sub-lethal responses on fertilization, hatching, predatory ability, and swimming behav-
ior [10–15]. Zooplankton species of marine vertebrates and invertebrates are no exception,
and represent the base of the marine food chain. Many feed on phytoplankton and pass
their energy upwards through the food web [16]. They mainly feed in surface waters,
where MPs abundance is high, thus increasing the chances of encounter and ingestion [17].
Among zooplankton, MPs have been found ingested by crustaceans (e.g., copepods, bar-
nacles, brine shrimps) [10,18–20] and jellyfish [21,22]. This ingestion is responsible for a
reduction in fecundity, algal prey consumption, egg size and hatching success [23], and
behavioral and enzyme activity alterations in crustaceans [24,25]. Conversely, MPs inges-
tion in jellyfish has only recently been investigated and proved responsible for altering
physiology and overall fitness [21,26–28]. Jellyfish play a fundamental role in the ocean
ecosystem, particularly in the trophic organization of the marine food webs. In fact, they
directly prey on planktonic organisms, such as fish larvae and eggs, and compete with
larvae and juvenile fish by feeding on their crustacean food source [29]. In turn, they are
one of the main food sources for sea turtles, fish, and sea birds [30]. Moreover, jellyfish are
becoming increasingly present in human diets to address overexploited traditional fisheries
and could represent a direct vector for human ingestion of pollutants [31].

To begin to understand the full scope of this potential health hazard, this study
investigates the uptake and the possible ecotoxicological effects of polyvinylidene difluoride
(PVDF) and polylactic acid (PLA) MPs in two zooplankton species, the crustacean Artemia
franciscana, also known as the brine shrimp (Kellogg, 1906), and the cnidarian Aurelia sp., or
common jellyfish. These species represent two key organisms of the marine trophic chain
and are prey and predator, respectively [32].

PVDF and PLA have been proposed as innovative and, in the case of PLA, biodegrad-
able polymers [33,34]. In this regard, PVDF has been recently employed for face mask
filtration due to its improved textile and biological properties [33]. PLA is considered
an eco-friendly alternative to traditional plastics, is biocompatible with humans, and is
employed in drug delivery and other biomedical applications [35].

The production of both materials has increased significantly in the last decades. The
global production volume of PLA was around 190,000 tons in 2019 [36], while the global
PVDF market was valued at USD 956 million in 2017, and it is expected to expand from
2018 to 2025 at an annual growth rate of 7.2% [37]. Both polymers can be used for several
purposes, such as biomedical applications in drug delivery systems [25,38] or for producing
a large variety of kitchen appliances, such as disposable tableware and cutleries [39].

PLA has attracted increasing attention because it is considered an eco-friendly alterna-
tive to traditional plastics, and is commonly obtained from renewable resources with low
production costs [40]. For instance, it has become the most widely used filament polymer
for 3D printing technologies [41], and has begun to replace environmentally detrimental
polymers in monofilament fishing lines and netting for vegetation prevention [40]. Its
degradation into innocuous lactic acid (within six months to two years) makes it ideal
for medical implants that gradually transfer the load to the bones as the interested body
area heals [42]. PLA is defined as the “polymer of the 21st century” by Balla et al. [43],
and due to its superior mechanical and multifunctional properties that allow its use in
various applications (i.e., biomedicine, additive technologies, packaging, fibers, automotive
to agriculture [44–47]), it is a serious candidate to replace fossil-fuel-derived polymers. On
the other hand, PVDF is a semicrystalline polymer that, thanks to its chemical resistance,
mechanical strength, flexibility, and thermal stability, has been extensively employed in
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membrane technologies, such as water treatment [48]. Due to its smooth morphology
and uniform pore structure, it also has found recent applications in manufacturing of
nanofibrous filters for COVID-19 face masks [49].

Both PLA and PVDF can easily enter the aquatic environment and degrade into
MPs, resulting in their recent study to monitor effects on marine biota. Studies have
been conducted on microalgae [50], mollusks, and fish [51,52]; however, data on marine
zooplankton are still scarce [53]. To fill this gap, the present study investigates the uptake
and ecotoxicological effects of PLA and PVDF in zooplankton, particularly on brine shrimp
and jellyfish. Internalization of MPs was investigated in brine shrimp nauplii and jellyfish
ephyrae by both traditional and novel techniques, namely, epifluorescence microscopy and
Tomocube’s holotomography (HT). The latter is an emerging system, recently applied in
biology, consisting of a laser interferometric technique providing the 3D distribution of
refractive indices (RI) characteristic of fixed and live cells as well as tissues [54]. It is a
promising tool to obtain label-free 4D imaging, able to show details about the mechanisms
and dynamics of cells, tissues, and subcellular organelles. Unlike conventional methods,
such as phase contrast and differential interference contrast microscopy, HT does not need
preparation steps, such as fixation, transfection, and staining, for environmental monitoring
and in situ diagnostics [54,55]. As shown in Figure 1, the laser beam is split into two paths,
the sample beam and the reference, that, when combined, generate a 2D hologram, recorded
by a digital image sensor. The light through the sample will scatter differently based on
the characteristic refractive indices of the various components. Exploiting a digital micro-
mirror device, the light beam is rotated at various angles around the sample, and multiple
2D holograms are captured and then reconstructed into a 3D RI tomogram [56].

Figure 1. Representation of a Tomocube’s holotomography functioning.

Despite its speed and ease of use, HT is still not common in ecotoxicology and envi-
ronmental science. A preliminary work by Costa et al. [27] is one of the few examples to
have used this technique to verify MP uptake in jellyfish ephyrae.

The scope of this study was to assess the ecotoxicity of PVDF and PLA MPs in
A. franciscana and Aurelia sp. To achieve this goal, (i) MP uptake, (ii) immobility, and
(iii) behavioral (swimming speed, pulsation mode) responses of brine shrimp larval stages
and jellyfish ephyrae were assessed after exposure to PVDF and PLA MPs. The most
sensitive stages of brine shrimp and jellyfish life-cycle towards traditional and emerging
compounds [27,30,57–60], namely, instar I stage (nauplii) of A. franciscana and ephyra
stage of Aurelia sp., were used for this study. Regarding behavioral responses, brine
shrimp swimming speed and jellyfish frequency of pulsations, known to be very sensitive
endpoints to assess MPs toxicity in zooplankton, were evaluated.
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2. Materials and Methods
2.1. Plastic Materials and Grinding Process

Solvents and reagents used in this study were obtained at analytical grade; hence they
were utilized without additional purification.

PVDF 1015 Solef® (CAS: 24937-79-9) was supplied by Solvay Specialty Polymers
(Bollate, Milan, Italy), with an average molecular weight of 573 kDa and polydispersity
index of 2.4. The polymer was desiccated under vacuum at 60 ◦C for 6 h before use.

To fabricate PVDF nanofibers, a small batch of non-woven fabric was produced by
electrospinning, following the protocol outlined in Russo et al. [61]. Electrospinning is
a technique for producing nanofibers using the electrostatic force between a polymer
solution droplet and a collector [62]. A solution was obtained by dissolving the PVDF
powder in the mixture of solvents (dimethyl sulfoxide (DMSO, CAS: 67-68-5)/acetone 6:4,
provided by Sigma Aldrich (St. Louis, MO, USA)) at 60 ◦C with an 8 wt% concentration.
The solution was mixed for 30 min at 60 ◦C to facilitate the dissolution of the polymer.
After a homogeneous solution was obtained it was degassed and left to cool to room
temperature (25 ◦C, approximately 2 h). The solution was then electrospun using a self-
built electrospinning setup, shown in Figure 2.

Figure 2. Electrospinning apparatus, consisting of (a) high-voltage power supply, up to 50 kV, (b) pro-
grammable syringe pump for syringes up to 50 mL, (c) aluminum cage collector (80 mm × 170 mm)
that can spin up to 1k rpm, (d) needle positioning system, (e) MDF cabinet.

An electric field of about 1.2 kV/cm was applied between the syringe needle (spinneret)
and the collector, kept at ground potential. The processing parameters used were a flow
rate of 0.5 mL/h, a spinneret-to-collector distance of 10 cm, and an applied voltage of 12 kV.
A collector rotation speed of about 500 rpm was used during the deposition. The apparatus
was placed inside a dedicated cabinet to maintain a uniform deposition environment. The
as-produced PVDF nanofiber mats were collected and dried on a heated plate at 60 ◦C for
one hour in air. They were frozen in liquid nitrogen and ground with pestle and mortar
inside a fume hood in order to obtain MPs (<500 µm in size). The powders were then stored
in a vial.

PLA for 3D printers was purchased in a local shop, cut by scissors into small pieces
(approximately 1 cm2), frozen in liquid nitrogen, and ground in a rotatory mill (Retsch
ZM 1, Haan, Germany) to obtain MPs with a size of <500 µm.

2.1.1. Morphological Characterization

After grinding, PVDF and PLA particle size and shape were characterized using a
scanning electron microscope (SEM, Hitachi TM 3000, Tokyo, Japan), while the polymeric
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nature was checked by using a PerkinElmer Spectrum Two Fourier Transform Infrared
Spectroscopy (FT-IR) spectrometer, equipped with Universal ATR (UATR) accessory with a
9- bounce diamond top-plate (Wave number range: 4000 and 450 cm−1; 4 cm−1 resolution;
32 scans). After measurements, the spectra were compared to reference spectra through
libraries supplied by Perkin Elmer, with a >70% similarity threshold.

2.1.2. Material Staining with Nile Red

Ground particles were labeled with Nile red according to Karakolis et al. with minor
modifications [63]. Dry plastic particles were added to 100 µg/mL Nile red in a deionized
water solution at a concentration of 50 mg of plastic particles per 10 mL of solution. To
prepare this solution, 1 mg of Nile red was dissolved in 1 mL of acetone, and then the
solution was added to 10 mL of deionized water. In order to maintain MPs in suspension,
glass vials were left in an orbital shaker at 2 rpm speed for 24 h in darkness at room
temperature. Plastics were then removed from the vial poured through a filter, and rinsed
three times, each time being resuspended in fresh deionized water, poured through a filter,
and then resuspended in filtered sea water (FSW). The following concentrations were used
to detect PVDF and PLA uptake and to evaluate toxicity effects: 1, 10, and 100 mg/L.

2.2. Organisms
2.2.1. Artemia franciscana

Certified dehydrated cysts of A. franciscana were purchased (MicroBioTests Inc., Bel-
gium) and used for the experiments. Instar I stage nauplii were obtained by incubating
500 mg of cysts for 48 h at 28 ◦C under light source (3000–4000 lx) and continuous aeration
of the cyst suspension in filtered seawater (FSW, 37‰ salinity). The hatched nauplii were
separated from non-hatched cysts and then transferred with a Pasteur pipette into a beaker
containing 0.22 µm FSW in a final concentration of 15–20 nauplii/mL.

2.2.2. Aurelia sp.

Colonies of Aurelia sp. polyps attached on PVC tubes were obtained from the labo-
ratories of the Aquarium of Genoa and transported to the laboratories of the Institute for
the Study of the Anthropic Impact and Sustainability of the Marine Environment of the
Italian National Research Council (CNR-IAS). They were placed in a thermostatic room at
20 ◦C in 1.5 L dark plastic tanks, filled with FSW (37‰ salinity), and gently aerated. Polyps
were fed daily with Artemia sp. nauplii; seawater was changed every two days. Strobilation
was induced by thermic shock and food starvation: PVC tubes with polyps were moved to
10 ◦C into 1.5 L dark plastic tanks filled with FSW; the polyps were not fed and seawater
was not changed for one month. Once released by strobilation, ephyrae (0 days old) were
immediately collected and used for the toxicity tests.

2.3. PVDF and PLA Uptake

Organisms were exposed to concentrations (0, 1, 10, 100 mg/L) of PVDF and PLA
MPs individually for 24 h. Specifically, 10–15 A. franciscana nauplii were placed in each
well of a 24-multi-well plate containing 1 mL of different material concentrations using an
80 µm mesh filter [24], while 8 Aurelia sp. ephyrae were individually placed directly in each
well (2 mL of PLA and PVDF concentrations) to avoid interactions among organisms [30].
Organisms not exposed to MPs (0 mg/L concentration) were considered controls. For
each concentration of PVDF and PLA, 4 replicates were prepared for ephyrae (8 ephyrae
per replica, 24 ephyrae for each concentration). Afterward, they were incubated in the
dark for 24 h at 25 ◦C and 20 ◦C for A. franciscana and Aurelia sp. ephyrae, respectively,
according to previous studies [24,27]. For each concentration of PVDF and PLA, the
organisms were washed three times with fresh FSW to remove any particles bound to the
exoskeleton, according to Nasser and Lynch [64]. The organisms were anesthetized with
menthol crystals and fixed in 4% paraformaldehyde solution in FSW. Brine shrimp nauplii
and jellyfish ephyrae were then observed by an epifluorescence microscope (Olympus)
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and a 3D HT microscope (Tomocube Inc. model HT-2, Daejeon, South Korea), including
the fluorescence module, according to Costa et al. [27]. A 3D map represents the 3D RI
distribution of a sample and shows the different structures based on their different RI range
value associated with the defined color map. No statistical analysis was performed on
MP uptake.

2.4. Toxicity Tests

For ecotoxicological tests, brine shrimp nauplii and jellyfish ephyrae were exposed
to concentrations (0, 1, 10, 100 mg/L) of PVDF and PLA individually for 24 h. Organisms
were exposed to PVDF and PLA MPs in multi-well plates, and all tests were performed
in quadruplicate to evaluate both immobility and behavioral responses after 24 h expo-
sure. MP size range was not checked during the experiments. Regarding immobility, the
analysis was performed under a stereomicroscope, and organisms that did not change
their barycenter position and did not move their appendages in 5 s were referred to as
“motionless”, according to Garaventa and colleagues [65]. Regarding behavioral responses,
brine shrimps’ swimming speed and ephyrae frequency of pulsations were recorded by
using an automatic recording system (Swimming Behavior Recorder—SBR), developed
at CNR-IAS, set to record organisms’ movement for 3 s and 30 s in dark conditions for
brine shrimps and ephyrae, respectively [24,30]. The experimental setup for measuring the
behavioral responses is described in the works of Faimali et al. [30,66]. Data are referred to
as average swimming speed mm/second or pulsation number/minute [30].

All data are expressed as means ± standard error of the 4 replicates. Effective con-
centration (EC50; MPs concentration resulting in 50% immobility, swimming speed, or
pulsation effect in the exposed organisms after 24 h) and related 95% confidence limits
were calculated using Trimmed Spearman Karber analysis [67]. Significant differences
between controls and treated samples were determined using one-way analysis of variance
(ANOVA) followed by a Tukey test. When data failed to meet the assumption of normality,
the nonparametric Kruskal–Wallis test and Mann–Whitney test were used to compare
individual treatments. Data were considered significantly different when p < 0.01. SPSS
statistical software (Statistical Package for the Social Sciences, Version 20; New York, NY,
USA) was used for data analysis.

3. Results
3.1. Material Characterization

Both polymers were characterized by SEM to analyze their morphology and their
size (Figure 3A,B). As observed in Figure 3A, the electrospun PVDF fibers (50–500 µm in
size) revealed a surface morphology with small beads placed along the nanofiber length,
characterized by diameters ranging from 2.5 to 30 µm. On the other hand, PLA presented
a fractured morphology with different range sizes (25–350 µm) with random cracks, as
shown in Figure 3B.

Figure 3. (A) SEM images of PVDF and (B) PLA after grinding.
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The FTIR spectra proved a high percentage of purity for both materials: 94% for PVDF
and 98% for PLA (Supplementary Figure S1A,B).

3.2. MPs Uptake

The internalization of PVDF and PLA MPs was observed in the larval stage (nauplii)
of the crustacean A. franciscana and in the cnidarian Aurelia sp. within 24 h of exposure
(Figures 4 and 5). For both polymers, the uptake occurred only at the highest concentration
(100 mg/L). Fluorescently labeled PVDF and PLA MPs were localized in the crustacean gut
and jellyfish gelatinous tissue by means of epifluorescence microscope and Tomocube’s HT.

Figure 4. Epifluorescence of PVDF and PLA MPs stained with Nile red in the A. franciscana nauplii.
Control refers to A. franciscana nauplii not exposed to MPs. After exposure to PVDF and PLA MPs,
materials were localized in the gut. Bars equal 100 µm.

Figure 5. Epifluorescence of PVDF and PLA stained with Nile red in Aurelia sp. ephyrae jellyfish
acquired together with holotomogram. Both materials (red color representing the fluorescence
channel; refractive index 1.42 for PVDF and 1.4 for PLA) are localized inside the gelatinous body
(index range 1.355–1.378) after 24 h exposure. Bars equal 30 µm.
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Because of the thick gelatinous body of the ephyrae Aurelia sp., which prevents MPs
detection through the epifluorescence microscope, HT was used (Figure 5). Moreover, a
video of the 3D section of the analyzed organisms was produced (Supplementary Videos S1
and S2), where it is possible to localize MPs in the gelatinous body, among the nematocysts.

3.3. Ecotoxicology

Immobility was not affected in brine shrimp nauplii or in jellyfish ephyrae (<2%,
data not shown). Behavioral responses of zooplanktonic species exposed to different
concentrations (1, 10, 100 mg/L) of PVDF and PLA MPs are reported in Figure 6. After 24 h
exposure to PVDF and PLA, brine shrimp mobility was not significantly affected, while
jellyfish frequency of pulsation decreased significantly (p-value: 0.0158) at 100 mg/L and
from 1 mg/L (p-value: 0.016) upwards for PVDF and PLA, respectively. Exposure to PLA
permitted an EC50 calculation (EC50 = 77.43 (7.83–100) mg/L).

Figure 6. Behavioral responses of A. franciscana nauplii (A,B) and Aurelia sp. ephyrae (C,D) exposed
to PVDF and PLA MPs (0, 1, 10, 100 mg/L) for 24 h. Swimming speed (mm/s) of A. franciscana after
exposure to PVDF (A) and PLA (B) MPs. Frequency of pulsation of Aurelia sp. ephyrae after exposure
to PVDF (C) and PLA (D). * p < 0.01.

4. Discussion

In this work, PVDF and PLA MPs were obtained in order to investigate, for the first
time, their potential uptake and the ecotoxicological effects in the larval stages of the
crustacean A. franciscana and in the cnidarian Aurelia sp. Chemical characterization through
FTIR confirmed the high purity of both polymers [68,69]. The fibers of PVDF obtained by
electrospinning are characterized by beads of different sizes placed along the nanofiber
length [70], while PLA is a more rigid and fragile material, as suggested by the presence of a
fractured morphology [71,72]. Such data available in literature are confirmed by the present
study, where micro-sized beads in PVDF and cracks in PLA morphology were found.

The size of the ground MPs detected through SEM analysis reveals that both materials
at the micro size range (25–350 µm diameter) could easily be ingested by the organisms
selected in this study. In fact, the internalization of PVDF and PLA MPs was demonstrated
in brine shrimp nauplii and jellyfish ephyrae by using traditional and novel techniques.
While epifluorescence microscopy allowed detection of MPs, as already reported for other



Toxics 2022, 10, 479 9 of 15

MP polymer types in other crustaceans [19,73,74], this traditional method failed to detect
high concentrations of investigated MPs in jellyfish. Jellyfish ephyrae are formed by a
gelatinous tissue, constituted by thin epithelial cellular layers with complex morphologies
in proximity to thick regions of the highly hydrated extracellular matrix [75]. This struc-
ture of the tissues of gelatinous marine invertebrates makes it difficult to verify particles’
internalization in the deep layers with traditional techniques (e.g., epifluorescence and
confocal microscopy) [27,76]. MP uptake could be verified through HT though, suggesting
a positive correlation between the current state of the research on HT and revealing MP
ingestion in gelatinous zooplankton. Traditional MPs (i.e., polyethylene, PE) were also
detected in the gelatinous tissue of Aurelia sp. by Costa et al. [27]. Although to date HT
is still underutilized on living organisms, in the present study we promote the use of the
technique in gelatinous zooplankton, since it allowed detection of both PVDF and PLA MP
uptake in jellyfish ephyrae. Our results suggest its potential to be used in other organisms
known for producing a large amount of mucus under different stress conditions, which may
have prevented traditional techniques detecting particle internalization (e.g., nanoplastics,
MPs) [77,78].

The use of plastic dyeing protocols can also facilitate MP detection in certain laboratory-
based studies [79,80]. While dyes such as Nile Red do not successfully stain all polymers,
e.g., PE, polypropylene, polystyrene, and polyurethane were easily detected in zooplank-
ton [63], while polyvinylchloride, polyamide, and polyester were not. In the present study,
we found that Nile red ameliorated PLA and PVDF MP detection, achieving greater selec-
tivity and increasing the intensity of fluorescence of these two polymers with respect to
optical microscopy techniques [63].

Using the above-mentioned techniques, we demonstrated PVDF and PLA MPs in
zooplankton, specifically in the brine shrimp digestive system and jellyfish gelatinous
tissue. PVDF uptake has previously been demonstrated in the marine biota, localized in
the digestive system of mussels, clams, and oysters [51,52] and in the gills and muscles
of commercial fish species [81] in wild caught species or at laboratory exposures, inde-
pendently of the real or artificial conditions. Conversely, PLA has been only proved in
ascidians during laboratory exposure [82], but no data are available on its localization in
marine biota. Therefore, this study is the first one localizing, through a novel detection
method, PLA MPs in a marine species. Although these MPs were internalized, they did not
appear to affect organisms’ survival in the limited context of this study. These findings are
in agreement with the literature, where exposure to biodegradable and non-degradable
polymer MPs does not induce mortality in marine biota, as seen in sea urchins [53,83].
However, sub-lethal responses at high concentrations due to short-term exposure to ei-
ther conventional or biodegradable MPs (e.g., PLA) may yet prove a threat to the marine
ecosystem in some marine species. As we reported here, there was a significant behavior
decrease in jellyfish ephyrae from 1 mg/L upward. These findings are also confirmed in
the literature, where PLA short-term exposure inhibited marine algal growth at 10 and
50 mg/L concentrations [50], promoted changes in blue mussel hemolymph immunological
profiles [84], and altered respiration rate and induced stress in the European flat oyster
Ostrea edulis and in the lugworm Arenicola marina [84,85].

Contrary to PLA, no studies have been published so far on the ecotoxicity of PVDF
MPs towards marine organisms. This study contributes to filling the gap by providing
new insights into PVDF toxicity at high concentrations. Currently, detailed PLA and PVDF
concentrations in the aquatic environment are unknown. However, considering that both
PVDF and PLA MPs can be ingested in marine biota, causing sub-lethal effects at high
concentrations, as shown here, research to quantify these materials in the marine environ-
ment is needed for an environmental risk assessment. This is a major goal of ecotoxicity
studies in general [83], to link real environmental concentration of target materials with
ecotoxicological data, allowing appropriate pollutant threshold determination to protect
the marine biota and the human food chain.
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The zooplankton species used in this study, brine shrimp and jellyfish, represent
prey and predator, respectively, and offer a window into the effects of MPs on the food
chain in general. The two selected species show no survival effects post MP exposure,
while a different sensitivity in terms of behavioral response was observed. Although these
polymers at micro size do not affect immobility after short exposure, it would be worth
investigating their long-term effects to verify their eco-compatibility over time, not only in
single species but also along a simplified two-level trophic chain formed by brine shrimp
and jellyfish ephyrae.

Regarding the behavioral response, no effects on swimming speed were detected in
the brine shrimp, while jellyfish frequency of pulsation changes confirmed the sensitivity of
the ephyrae towards environmental stressors seen in previous studies, including pesticides,
nanoparticles, and conventional MPs [27,30,59].

Jellyfish pulsation mode is significantly affected by contaminants, including MPs,
at concentrations lower than 2–4 orders of magnitude compared to other marine organ-
isms [27]. The presence of PVDF and PLA MPs in jellyfish gelatinous tissue may be
responsible for affecting and modulating pulse frequency. In the gelatinous tissue there are
specific structures of the nervous system, namely, rhopalia, that trigger ephyrae contrac-
tions [86], resulting in an alteration of the pulsation frequency. Moreover, PVDF and PLA
MPs are localized inside the gelatinous body of Aurelia sp. ephyrae among the nematocysts,
used to capture prey and to protect jellyfish from predators. This suggests that jellyfish may
have ingested MPs wrongly recognized as food [21], since no food was provided during
the present study [87].

The alteration of the frequency of pulsations due to the high concentration of PVDF
and PLA MPs represents a potential significant risk in jellyfish’s ability to capture food,
avoid predators, and maintain orientation in the water column [30]. In the natural envi-
ronment, potential changes in jellyfish swimming activity caused by different stressors
(i.e., contaminants) may have life-history consequences for jellyfish, influencing the dy-
namic of their bloom and the composition of the marine food web, since jellyfish are key
components [88,89].

The EC50 value found in jellyfish ephyrae after PLA exposure highlights the toxicity
of PLA MPs compared to PVDF MPs. Such results could be ascribed to the origin of
the materials used in this study and to their different properties. Regarding the origin,
commercial PVDF was purchased as virgin polymer and fabricated in this study through
electrospinning, while PLA for 3D printers was purchased in a local shop as a final product.
The latter could contain chemical additives and pigments sorbed onto plastics that may
be released, inducing toxicological effects [60,90,91]. This may explain the different results
found in jellyfish ephyrae, although chemical analysis should be performed to confirm this
hypothesis. In addition, the higher toxicity levels (in terms of EC50) of PLA, compared to
PVDF, may reside in the different chemical properties of the polymers. Indeed, the PVDF is
considered a high-performance polymer, characterized by a pronounced chemical inertness,
which may decrease the level of interaction with the live organisms, and thus the toxicity
relative to PLA [92]. Additionally, their different mechanical properties may influence the
different toxicity towards the marine organisms.

The literature data report the major toxicity of PLA compared to other biopolymers [93].
Moreover, PLA has been proved to be more toxic than traditional polymers towards marine
biota. Li et al. found a higher growth inhibition rate in microalgae S. costatum exposed to
PLA than polystyrene and polyethylene terephthalate, indicating that PLA is more toxic
than those traditional polymers [50]. However, in the same study, the authors demonstrated
that PLA was less toxic to microalgae than other traditional polymers, such as PE. Our
findings on jellyfish confirm the lower toxicity of PLA MPs compared to those reported in the
literature for PE MPs, in terms of EC50 or LOEC (lowest observed effect concentration—the
lowest concentration where an effect has been observed in ecotoxicology) values (Table 1).
Even the results on the crustacean A. franciscana highlight the lower toxicity of PLA than
PE. In this regard, immobility and behavior were not affected at any PLA concentrations,



Toxics 2022, 10, 479 11 of 15

while a significant swimming speed alteration was found from 0.01 mg/L PE MPs [94].
These findings suggest that toxicity may vary according to the polymer types and that
biodegradable polymers are not always less toxic than traditional ones.

Table 1. LOEC and EC50 (mg/L) values with confidence limits reported in the literature for marine
zooplankton exposed to polylactic acids (PLA) and polyethylene (PE) microplastics (MPs).

Organisms Species Endpoint Polymer LOEC
(mg/L) EC50 (mg/L) References

Cnidarians Aurelia sp. Immobility PLA >100 >100 This study
Cnidarians Aurelia sp. Frequency of pulsations PLA 1 77.43 (7.83–100) This study
Cnidarians Aurelia sp. Frequency of pulsations PE 0.1 3.16 (1.73–5.79) [27]
Cnidarians Aurelia sp. Frequency of pulsations PE 0.01 <0.01 [27]
Crustaceans Artemia franciscana Immobility PLA >100 >100 This study
Crustaceans Artemia franciscana Swimming Speed PE >100 >100 This study
Crustaceans Artemia franciscana Immobility PE >10 >10 [94]
Crustaceans Artemia franciscana Swimming Speed PE 0.01 >10 [94]
Microalgae Skeletonema costatum Growth inhibition PLA 10 >50 [50]
Microalgae Skeletonema costatum Growth inhibition PE 5 >50 [50]

5. Conclusions

Through the use of traditional and novel techniques, PVDF and PLA MPs uptake was
reported in two zooplanktonic species, A. franciscana and Aurelia sp. Such internalization
did not affect the survival of either organism in the limited context of this study; however,
jellyfish behavior, namely, the pulsation frequency, was significantly altered after exposure
to high concentrations of these materials, with a potential impact on the marine ecosystem,
since jellyfish are key components of the food web. These findings suggest that although
PVDF and PLA have been separately proposed as innovative, biodegradable, and eco-
friendly polymers, their effects on marine biota should not be underestimated. More studies
aimed at determining the real concentrations of PVDF and PLA in the marine environment
should be performed to identify the threshold not to exceed in order not to pose any
risks to marine life and the human food chain. Considering the increasing production
of both polymers in the last decades, future ecotoxicity assessment studies performed by
using a battery of species belonging to different trophic levels (e.g., bacteria, microalgae,
fish) and using PVDF and PLA MPs collected in the real environment are paramount to
better understand and clarify the impact of such polymers at micro scale in the marine
environment and, therefore, on human health.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10080479/s1, Supplementary Figure S1: FTIR spectrum of PVDF
(A) and PLA (B); Video S1: 3D section of jellyfish ephyrae with PVDF MPs (stained with Nile red—red
fluorescence) inside the gelatinous tissue (stained in yellow), among the nematocysts (depicted in green);
Video S2: 3D section of jellyfish ephyrae with PLA MPs (stained with Nile red—red fluorescence) inside
the gelatinous tissue (stained in yellow), among the nematocysts (depicted in green).

Author Contributions: Conceptualization, M.D.G. and C.G.; methodology, R.M., M.S., E.C., F.S., G.C.
and R.U.; software, C.G. and M.D.G.; investigation, C.G. and E.C.; data curation, C.G., R.M. and
M.D.G.; writing—original draft preparation, M.D.G., C.G. and R.M.; writing—review and editing,
C.G., M.D.G. and F.G.; visualization, M.D.G. and C.G.; supervision, F.G.; funding acquisition, F.G.,
M.F. and M.D.G. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the EC H2020 CLAIM project H2020-BG492
2016-2017 (grant agreement no. 774586), the Early PostDoc Mobility Grant—Swiss National Science
Foundation, the European JPI Oceans Response—Towards a risk-based assessment of microplastic
pollution in marine ecosystems, grant number “MICROPLASTICC18_00042” and PRIN EMME
(Exploring the fate of Mediterranean microplastics: from distribution pathways to biological effects),
funded by Italian Ministero dell’Università e della Ricerca.

https://www.mdpi.com/article/10.3390/toxics10080479/s1
https://www.mdpi.com/article/10.3390/toxics10080479/s1


Toxics 2022, 10, 479 12 of 15

Institutional Review Board Statement: The study was conducted in accordance with the Directive
2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection
of animals used for scientific purposes.

Data Availability Statement: Not applicable.

Acknowledgments: Authors would like to thank Acquario of Genoa for providing jellyfish polyps
and acknowledge Matteo Antonio Lucaccini, Andrea Fregara, and Simone Passaglia of CNR-IMEM
for the construction and tuning of the electrospinning apparatus used in the present work. The
authors wish to extend special thanks to Dario Cavallo of the Department of Chemistry and Industrial
Chemistry of the University of Genoa for providing the PDVF used in the present work, and to
Preston Sutton for contributing to the final draft preparation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Duis, K.; Coors, A. Microplastics in the Aquatic and Terrestrial Environment: Sources (with a Specific Focus on Personal Care

Products), Fate and Effects. Environ. Sci. Eur. 2016, 28, 2. [CrossRef] [PubMed]
2. Filho, W.L.; Salvia, A.L.; Bonoli, A.; Saari, U.A.; Voronova, V.; Klõga, M.; Kumbhar, S.S.; Olszewski, K.; de Quevedo, D.M.; Barbir, J.

An Assessment of Attitudes towards Plastics and Bioplastics in Europe. Sci. Total Environ. 2021, 755, 142732. [CrossRef] [PubMed]
3. Parashar, N.; Hait, S. Plastics in the Time of COVID-19 Pandemic: Protector or Polluter? Sci. Total Environ. 2021, 759, 144274.

[CrossRef] [PubMed]
4. Azevedo-Santos, V.M.; Brito, M.F.G.; Manoel, P.S.; Perroca, J.F.; Rodrigues-Filho, J.L.; Paschoal, L.R.P.; Goncavales, G.R.L.; Wolf,

M.R.; Blettler, M.C.M.; Andrade, M.C.; et al. Plastic pollution: A focus on freshwater biodiversity. Ambio 2021, 50, 1313–1324.
[CrossRef] [PubMed]

5. Derraik, J.G.B. The pollution of the marine environment by plastic debris: A review. Mar. Pollut. Bull. 2002, 44, 842–852. [CrossRef]
6. Jambeck, J.R.; Geyer, R.; Wilcox, C.; Siegler, T.R.; Perryman, M.; Andrady, A.; Narayan, R.; Law, K.L. Plastic waste inputs from

land into the ocean. Science 2015, 347, 768–771. [CrossRef]
7. Abeynayaka, A.; Kojima, F.; Miwa, Y.; Ito, N.; Nihei, Y.; Fukunaga, Y.; Yashima, Y.; Itsubo, N. Rapid Sampling of Suspended and

Floating Microplastics in Challenging Riverine and Coastal Water Environments in Japan. Water 2020, 12, 1903. [CrossRef]
8. Luo, H.; Liu, C.; He, D.; Xu, J.; Sun, J.; Li, J.; Pan, X. Environmental Behaviors of Microplastics in Aquatic Systems: A Systematic

Review on Degradation, Adsorption, Toxicity and Biofilm under Aging Conditions. J. Hazard. Mater. 2022, 423, 126915. [CrossRef]
9. Miller, T.H.; Ng, K.T.; Bury, S.T.; Bury, S.E.; Bury, N.R.; Barron, L.P. Biomonitoring of Pesticides, Pharmaceuticals and Illicit Drugs

in a Freshwater Invertebrate to Estimate Toxic or Effect Pressure. Environ. Int. 2019, 129, 595–606. [CrossRef]
10. Cole, M.; Lindeque, P.; Fileman, E.; Halsband, C.; Goodhead, R.; Moger, J.; Galloway, T.S. Microplastic Ingestion by Zooplankton.

Environ. Sci. Technol. 2013, 47, 6646–6655. [CrossRef]
11. Savoca, M.S.; McInturf, A.G.; Hazen, E.L. Plastic Ingestion by Marine Fish Is Widespread and Increasing. Glob. Change Biol. 2021,

27, 2188–2199. [CrossRef] [PubMed]
12. Zantis, L.J.; Carroll, E.L.; Nelms, S.E.; Bosker, T. Marine Mammals and Microplastics: A Systematic Review and Call for

Standardisation. Environ. Pollut. 2021, 269, 116142. [CrossRef]
13. Wilcox, C.; Puckridge, M.; Schuyler, Q.A.; Townsend, K.; Hardesty, B.D. A quantitative analysis linking sea turtle mortality and

plastic debris ingestion. Sci. Rep. 2018, 8, 12536. [CrossRef]
14. Azevedo-Santos, V.M.; Gonçalves, G.R.L.; Manoel, P.S.; Andrade, M.C.; Lima, F.P.; Pelicice, F.M. Plastic ingestion by fish: A global

assessment. Environ. Pollut. 2019, 255, 112994. [CrossRef] [PubMed]
15. Wilcox, C.; Van Sebille, E.; Hardesty, B.D. Threat of plastic pollution to seabirds is global, pervasive, and increasing. Proc. Natl.

Acad. Sci. USA 2015, 12, 11899–11904. [CrossRef] [PubMed]
16. Botterell, Z.L.R.; Beaumont, N.; Dorrington, T.; Steinke, M.; Thompson, R.C.; Lindeque, P.K. Bioavailability and Effects of

Microplastics on Marine Zooplankton: A Review. Environ. Pollut. 2019, 245, 98–110. [CrossRef]
17. Cózar, A.; Echevarría, F.; González-Gordillo, J.I.; Irigoien, X.; Úbeda, B.; Hernández-León, S.; Palma, Á.T.; Navarro, S.; García-de-

Lomas, J.; Ruiz, A.; et al. Plastic Debris in the Open Ocean. Proc. Natl. Acad. Sci. USA 2014, 111, 10239–10244. [CrossRef]
18. Murray, F.; Cowie, P.R. Plastic Contamination in the Decapod Crustacean Nephrops norvegicus (Linnaeus, 1758). Mar. Pollut. Bull.

2011, 62, 1207–1217. [CrossRef]
19. Setälä, O.; Fleming-Lehtinen, V.; Lehtiniemi, M. Ingestion and Transfer of Microplastics in the Planktonic Food Web. Environ.

Pollut. 2014, 185, 77–83. [CrossRef]
20. Batel, A.; Linti, F.; Scherer, M.; Erdinger, L.; Braunbeck, T. Transfer of Benzo[a]pyrene from Microplastics to Artemia Nauplii and

Further to Zebrafish via a Trophic Food Web Experiment: CYP1A Induction and Visual Tracking of Persistent Organic Pollutants.
Environ. Toxicol. Chem. 2016, 35, 1656–1666. [CrossRef]

http://doi.org/10.1186/s12302-015-0069-y
http://www.ncbi.nlm.nih.gov/pubmed/27752437
http://doi.org/10.1016/j.scitotenv.2020.142732
http://www.ncbi.nlm.nih.gov/pubmed/33092843
http://doi.org/10.1016/j.scitotenv.2020.144274
http://www.ncbi.nlm.nih.gov/pubmed/33333331
http://doi.org/10.1007/s13280-020-01496-5
http://www.ncbi.nlm.nih.gov/pubmed/33543362
http://doi.org/10.1016/S0025-326X(02)00220-5
http://doi.org/10.1126/science.1260352
http://doi.org/10.3390/w12071903
http://doi.org/10.1016/j.jhazmat.2021.126915
http://doi.org/10.1016/j.envint.2019.04.038
http://doi.org/10.1021/es400663f
http://doi.org/10.1111/gcb.15533
http://www.ncbi.nlm.nih.gov/pubmed/33561314
http://doi.org/10.1016/j.envpol.2020.116142
http://doi.org/10.1038/s41598-018-30038-z
http://doi.org/10.1016/j.envpol.2019.112994
http://www.ncbi.nlm.nih.gov/pubmed/31541837
http://doi.org/10.1073/pnas.1502108112
http://www.ncbi.nlm.nih.gov/pubmed/26324886
http://doi.org/10.1016/j.envpol.2018.10.065
http://doi.org/10.1073/pnas.1314705111
http://doi.org/10.1016/j.marpolbul.2011.03.032
http://doi.org/10.1016/j.envpol.2013.10.013
http://doi.org/10.1002/etc.3361


Toxics 2022, 10, 479 13 of 15

21. Macali, A.; Semenov, A.; Venuti, V.; Crupi, V.; D’Amico, F.; Rossi, B.; Corsi, I.; Bergami, E. Episodic Records of Jellyfish Ingestion
of Plastic Items Reveal a Novel Pathway for Trophic Transference of Marine Litter. Sci. Rep. 2018, 8, 6105. [CrossRef] [PubMed]

22. Sucharitakul, P.; Pitt, K.A.; Welsh, D.T. Limited Ingestion, Rapid Egestion and No Detectable Impacts of Microbeads on the Moon
Jellyfish, Aurelia aurita. Mar. Pollut. Bull. 2020, 156, 111208. [CrossRef] [PubMed]

23. Cole, M.; Galloway, T.S. Ingestion of Nanoplastics and Microplastics by Pacific Oyster Larvae. Environ. Sci. Technol. 2015,
49, 14625–14632. [CrossRef] [PubMed]

24. Gambardella, C.; Morgana, S.; Ferrando, S.; Bramini, M.; Piazza, V.; Costa, E.; Garaventa, F.; Faimali, M. Effects of Polystyrene
Microbeads in Marine Planktonic Crustaceans. Ecotoxicol. Environ. Saf. 2017, 145, 250–257. [CrossRef]

25. Wu, W.; Wang, W.; Li, J. Star Polymers: Advances in Biomedical Applications. Prog. Polym. Sci. 2015, 46, 55–85. [CrossRef]
26. Costa, E.; Piazza, V.; Lavorano, S.; Faimali, M.; Garaventa, F.; Gambardella, C. Trophic Transfer of Microplastics From Copepods

to Jellyfish in the Marine Environment. Front. Environ. Sci. 2020, 8, 571732. [CrossRef]
27. Costa, E.; Gambardella, C.; Piazza, V.; Vassalli, M.; Sbrana, F.; Lavorano, S.; Garaventa, F.; Faimali, M. Microplastics Ingestion in

the Ephyra Stage of Aurelia Sp. Triggers Acute and Behavioral Responses. Ecotoxicol. Environ. Saf. 2020, 189, 109983. [CrossRef]
28. Rapp, J.; Herrera, A.; Bondyale-Juez, D.R.; González-Pleiter, M.; Reinold, S.; Asensio, M.; Martínez, I.; Gómez, M. Microplastic

Ingestion in Jellyfish Pelagia noctiluca (Forsskal, 1775) in the North Atlantic Ocean. Mar. Pollut. Bull. 2021, 166, 112266. [CrossRef]
29. Boero, F. Review of Jellyfish Blooms in the Mediterranean and Black Sea. General Fisheries Commission for the Mediterranean.

Stud. Rev. Gen. Fish. Comm. Mediterr. 2013, 92, 53.
30. Faimali, M.; Garaventa, F.; Piazza, V.; Costa, E.; Greco, G.; Mazzola, V.; Beltrandi, M.; Bongiovanni, E.; Lavorano, S.; Gnone, G.

Ephyra Jellyfish as a New Model for Ecotoxicological Bioassays. Mar. Environ. Res. 2014, 93, 93–101. [CrossRef]
31. Richardson, A.J.; Bakun, A.; Hays, G.C.; Gibbons, M.J. The Jellyfish Joyride: Causes, Consequences and Management Responses

to a More Gelatinous Future. Trends Ecol. Evol. 2009, 24, 312–322. [CrossRef] [PubMed]
32. Båmstedt, U.; Wild, B.; Martinussen, M. Significance of food type for growth of ephyrae Aurelia aurita (Scyphozoa). Mar. Biol.

2001, 139, 641–650. [CrossRef]
33. Essa, W.K.; Yeasin, S.A.; Saeed, I.A.; Ali, G.A.M. Nanofiber-based face masks and respirators as COVID-19 protection: A review.

Membranes 2021, 11, 250. [CrossRef]
34. Ikada, Y.; Tsuji, H. Biodegradable polyesters for medical and ecological applications. Macromol. Rapid Commun. 2000, 21, 117–132.

[CrossRef]
35. Montalvão, G.R.; Moshrefi-Torbati, M.; Hamilton, A.; Machado, R.; João, A. Behavior of 3D printed PLA and PLA-PHA in marine

environments. IOP Conf. Ser. Earth Environ. Sci. 2020, 424, 012013. [CrossRef]
36. Jem, K.J.; Tan, B. The development and challenges of poly (lactic acid) and poly (glycolic acid). Adv. Ind. Eng. Polym. Res. 2020,

3, 60–70. [CrossRef]
37. Market Insight. Polyvinylidene Fluoride (PVDF) Market Report. In By Application (Coatings, Pipes, Sheets, Tubes, Films, Membrane,

Cables and Others), by End-Use Industry (Oil & Gas, Chemical Processing, Construction, and Others), and By Region (North America,
Europe, Asia Pacific, Latin America, Middle East, and Africa)—Size, Share, Trends, and Forecast to 2025; Market Insight: Seattle, WC,
USA, 2018; p. 120.

38. González-Henríquez, C.M.; Sarabia-Vallejos, M.A.; Rodriguez-Hernandez, J. Polymers for Additive Manufacturing and 4D-
Printing: Materials, Methodologies, and Biomedical Applications. Prog. Polym. Sci. 2019, 94, 57–116. [CrossRef]

39. Sin, L.T.; Rahmat, A.R.; Rahman, W.A.W.A. Applications of Poly(Lactic Acid). In Handbook of Biopolymers and Biodegradable Plastics;
Elsevier: Amsterdam, The Netherlands, 2013; pp. 55–69.

40. Castro-Aguirre, E.; Iñiguez-Franco, F.; Samsudin, H.; Fang, X.; Auras, R. Poly(Lactic Acid)—Mass Production, Processing,
Industrial Applications, and End of Life. Adv. Drug Deliv. Rev. 2016, 107, 333–366. [CrossRef]

41. Nagarajan, V.; Mohanty, A.K.; Misra, M. Perspective on Polylactic Acid (PLA) Based Sustainable Materials for Durable Applica-
tions: Focus on Toughness and Heat Resistance. ACS Sustain. Chem. Eng. 2016, 4, 2899–2916. [CrossRef]

42. Roether, J.A.; Boccaccini, A.R.; Hench, L.L.; Maquet, V.; Gautier, S.; Jérôme, R. Development and In Vitro Characterisation of Novel
Bioresorbable and Bioactive Composite Materials Based on Polylactide Foams and Bioglass®for Tissue Engineering Applications.
Biomaterials 2002, 23, 3871–3878. [CrossRef]

43. Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikiaris,
D.N. Poly(Lactic Acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties-from Monomer Synthesis,
Polymerization Techniques and Molecular Weight Increase to PLA Applications. Polymers 2021, 13, 1822. [CrossRef] [PubMed]

44. Höhnemann, T.; Steinmann, M.; Schindler, S.; Hoss, M.; König, S.; Ota, A.; Dauner, M.; Buchmeiser, M.R. Poly(Ethylene furanoate)
along its life-cycle from a polycondensation approach to high-performance yarn and its recyclate. Materials 2021, 14, 1044.
[CrossRef] [PubMed]

45. Loos, K.; Zhang, R.; Pereira, I.; Agostinho, B.; Hu, H.; Maniar, D.; Sbirrazzuoli, N.; Silvestre, A.J.D.; Guigo, N.; Sousa, A.F. A
Perspective on PEF Synthesis, Properties, and End-Life. Front. Chem. 2020, 8, 585. [CrossRef] [PubMed]

46. Reichert, C.L.; Bugnicourt, E.; Coltelli, M.B.; Cinelli, P.; Lazzeri, A.; Canesi, I.; Braca, F.; Martínez, B.M.; Alonso, R.; Agostinis, L.;
et al. Bio-based packaging: Materials, modifications, industrial applications and sustainability. Polymers 2020, 12, 1588. [CrossRef]

47. Achmad, F.; Yamane, K.; Quan, S.; Kokugan, T. Synthesis of polylactic acid by direct polycondensation under vacuum without
catalysts, solvents and initiators. Chem. Eng. J. 2009, 151, 342–350. [CrossRef]

http://doi.org/10.1038/s41598-018-24427-7
http://www.ncbi.nlm.nih.gov/pubmed/29666447
http://doi.org/10.1016/j.marpolbul.2020.111208
http://www.ncbi.nlm.nih.gov/pubmed/32366368
http://doi.org/10.1021/acs.est.5b04099
http://www.ncbi.nlm.nih.gov/pubmed/26580574
http://doi.org/10.1016/j.ecoenv.2017.07.036
http://doi.org/10.1016/j.progpolymsci.2015.02.002
http://doi.org/10.3389/fenvs.2020.571732
http://doi.org/10.1016/j.ecoenv.2019.109983
http://doi.org/10.1016/j.marpolbul.2021.112266
http://doi.org/10.1016/j.marenvres.2013.07.004
http://doi.org/10.1016/j.tree.2009.01.010
http://www.ncbi.nlm.nih.gov/pubmed/19324452
http://doi.org/10.1007/s002270100623
http://doi.org/10.3390/membranes11040250
http://doi.org/10.1002/(SICI)1521-3927(20000201)21:3&lt;117::AID-MARC117&gt;3.0.CO;2-X
http://doi.org/10.1088/1755-1315/424/1/012013
http://doi.org/10.1016/j.aiepr.2020.01.002
http://doi.org/10.1016/j.progpolymsci.2019.03.001
http://doi.org/10.1016/j.addr.2016.03.010
http://doi.org/10.1021/acssuschemeng.6b00321
http://doi.org/10.1016/S0142-9612(02)00131-X
http://doi.org/10.3390/polym13111822
http://www.ncbi.nlm.nih.gov/pubmed/34072917
http://doi.org/10.3390/ma14041044
http://www.ncbi.nlm.nih.gov/pubmed/33672140
http://doi.org/10.3389/fchem.2020.00585
http://www.ncbi.nlm.nih.gov/pubmed/32850625
http://doi.org/10.3390/polym12071558
http://doi.org/10.1016/j.cej.2009.04.014


Toxics 2022, 10, 479 14 of 15

48. Kang, B.; Li, Y.-D.; Liang, J.; Yan, X.; Chen, J.; Lang, W.-Z. Novel PVDF Hollow Fiber Ultrafiltration Membranes with Antibacterial
and Antifouling Properties by Embedding N-Halamine Functionalized Multi-Walled Carbon Nanotubes (MWNTs). RSC Adv.
2016, 6, 1710–1721. [CrossRef]

49. Ullah, S.; Ullah, A.; Lee, J.; Jeong, Y.; Hashmi, M.; Zhu, C.; Joo, K.I.; Cha, H.J.; Kim, I.S. Reusability Comparison of Melt-Blown vs.
Nanofiber Face Mask Filters for Use in the Coronavirus Pandemic. ACS Appl. Nano Mater. 2020, 3, 7231–7241. [CrossRef]

50. Li, X.; Luo, J.; Zeng, H.; Zhu, L.; Lu, X. Microplastics Decrease the Toxicity of Sulfamethoxazole to Marine Algae (Skeletonema
costatum) at the Cellular and Molecular Levels. Sci. Total Environ. 2022, 824, 153855. [CrossRef]

51. Pagter, E.; Frias, J.; Kavanagh, F.; Nash, R. Differences in Microplastic Abundances within Demersal Communities Highlight the
Importance of an Ecosystem-Based Approach to Microplastic Monitoring. Mar. Pollut. Bull. 2020, 160, 111644. [CrossRef]

52. Expósito, N.; Rovira, J.; Sierra, J.; Gimenez, G.; Domingo, J.L.; Schuhmacher, M. Levels of microplastics and their characteristics in
molluscs from North-West Mediterranean Sea: Human intake. Mar. Pollut. Bull. 2022, 181, 113843. [CrossRef]

53. Echeverría, T.B.R. Acute Toxicity of Bioplastic Leachates to Paracentrotus lividus Sea Urchin Larvae. Mar. Environ. Res. 2022,
176, 105605. [CrossRef] [PubMed]
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