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Abstract: This study evaluates the impacts of 16 different leachates of plastic-made packaging on
marine species of different trophic levels (bacteria, algae, echinoderms). Standard ecotoxicological
endpoints (inhibition of bioluminescence, inhibition of growth, embryo-toxicity) and alterations of
ecologically significant parameters (i.e., echinoderms’ body-size) were measured following
exposure under different pH water conditions: marine standard (pH 8.1) and two increasingly
acidic conditions (pH 7.8 and 7.5) in order to evaluate possible variations induced by ocean
acidification. The results obtained in this study evidence that the tested doses are not able to
significantly affect bacteria (Vibrio fischeri) and algae (Phaeodactylum tricornutum). On the contrary,
Paracentrotus lividus larvae were significantly affected by several packaging types (13 out of 16) with
meaningless differences between pH conditions.

Keywords: biometric impairment; global changes; marine litter; Vibrio fischeri; Phaeodactylum
tricornutum; Paracentrotus lividus

1. Introduction

In Europe, plastic production reached almost 58 million tonnes in 2019 and
packaging represents the largest end-use market accounting for approximately 40% of the
total demand, the growth of which has been accelerated by a global shift from reusable to
single-use containers [1,2]. A wide variety of resin types are used for the production of
packaging and food packaging: polystyrene (PS) and expanded-polystyrene (EPS) are
widely present as containers of fish products; polyethylene terephthalate (PET) is used in
water and juices bottles, as well as for the production of shopping bags; polyethylene (PE)
is used for milk bottles and food packaging films; polypropylene (PP) is applied for
microwave containers, sweets and snack wrappers [2]. Considering the huge production
of these type of products and their short lifetime (from production to disposal is about 0.5
years, [1]), a proper waste management strategy is clearly necessary. According to Plastics
Europe (2020) [2], since 2006, the quantity of plastic post-consumer packaging waste sent
to recycling sites has increased by 92%. The new Directive (EU) 2019/852 on Packaging
and Packaging Waste set 50% as the recycling target for plastic packaging by 2025 and
55% by 2030, strengthening interest and commitment to the correct management of plastic
materials. Meanwhile, many mistakes have been made and the evidence of such mistakes
is clearly visible. In fact, food wrappers represent a consistent slice of marine litter. In
2019, the International Coastal Clean-up (ICC) world campaign collected a total of
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32,485,488 litter items, of which 4,771,602 were food containers, thus, representing the
most abundant litter item [3]. Plastic litter is widespread along the coasts of European
Countries and in Italy, where waste is found at levels of 6.2 items per linear meter of beach
and plastic accounts for 80% of the total waste recorded [4]. The situation is aggravated
by the presence of waste dumps along the beaches, a phenomenon that is well
documented and particularly frequent in Tripoli (3 ha), Beirut (Borj Hammoud, 15 ha),
Normandy (10 ha), and Saida. Moreover, legal and illegal dumps [5] in coastal areas could
represent a potential risk to the preservation of marine ecosystems. In these areas, the
waste loss represents a significant and direct impact on marine ecosystems [6].

Large plastic packaging abandoned in the marine environment could affect wildlife
via direct mechanical damage due to ingestion or trapping, and is also consistent source
of microplastics (MPs). In fact, macro litter can be reduced in tiny particles by the action
of wind, waves and solar radiation [7,8]. Meso- and micro-plastics represent the principal
fractions of plastic litter that are found worldwide in abiotic matrices [9-14] and can be
transferred efficiently throughout the trophic web [15,16]. This can lead to effects on
detritivores [17] and filter feeder species [18-20], while also affecting marine foodstuffs
and humans [21-24]. Recent research highlighted that plastics can interact at different
levels with feeding responses in tested species (i.e., hard corals, [25]; oysters, [26]; sea
anemones, [27]. Furthermore, other important biological functions could be impacted
such as spore settlement and aggregation in Ulva tepida [28] and settlement and growth in
bryozoans [29].

Plastic litter has the ability to release both microparticles and chemicals into marine
water that able to affect marine species [30,31]. Plastic leachates contain chemicals and
environmental pollutants previously adsorbed by waste surfaces, such as plastic additives
(i.e., phthalates and bisphenol A), as reported in the literature [30,31].

The recent literature has evidenced that global changes could not only affect
temperatures, but also induce water acidification [32] that will affect marine species and
rocky subtidal communities [33,34]. Moreover, the occurrence of temporary sources of pH
acidification in coastal marine ecosystems does not represent a rare phenomenon:
temporary water acidification is reported to originate from effluents of municipal or
industrial waste-water treatment plants [35], acidification from estuarine inputs [36] and
from intense activities by primary producers [37]. Coastal transitional ecosystems are
naturally pH pulsating environments due to their fluctuating overall balance between a
surplus of respiration and primary production [38,39]. Marine water acidification could
impact juvenile and larval-stage development in calcifying organisms such as corals,
molluscs, and echinoderms [32,40—42]. Previous research has evidenced effects on
fertilization and larval survival rates of echinoderms as a consequence of ocean
acidification [43]. Changes in the ecotoxicity of chemicals with marine water chemical
features have been reported in the literature [44]. Furthermore, the effects induced by
water acidification on ecotoxicological responses of marine species exposed to chemicals
under controlled pH and temperature conditions have only recently been highlighted
[45,46].

This study aims to determine the effects of leachates of plastic-made packaging—(16
different types were tested) obtained from products bought in the supermarket—in three
marine species belonging to different trophic levels. Classical ecotoxicological endpoints
(inhibition of bioluminescence, inhibition of growth, embryo-toxicity) and innovative
endpoint of ecological relevance (i.e., larval body size) were measured in order to collect
information of ecological relevance. Packaging leachates differently affected the tested
marine species at natural marine water pH (8.1). We also tested lower pH levels to
evaluate the possible combined effects between packaging type and water acidification.
In particular, two different acidified scenarios were prepared: Al (pH 7.80), representative
of a slight acidification (-0.3 pH units from standard water), and A2 (0.6 pH units from
standard water), representative of an extremely acidified context.
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2. Material and Methods
2.1. Experimental Design, Packaging Types and Leachates

Different plastic packaging types (i.e., 16) intended for food and drink products were
bought in the supermarket and used to perform this study. The packaging was separated
from the contents and cleaned of any food residues, if present, by careful washing with
ultra-pure deionized water. Furthermore, to conduct the experimentation, care was taken
to select the part of the packaging that was originally not in contact with the food.

Their detailed chemical composition and industrial use is reported in Table 1. Each
plastic packaging type was cut into squares (2 x 2 cm) and 10 pieces were put in glass jars
with 500 mL of filtered (0.45 pm) natural sea water (MW), opportunely corrected to pH
8.10 before starting the leaching test. A standard exposure plastic surface/water of 160
cm?L was obtained. This value was obtained by the exposure of square tiles of 2 x 2 cm
dimensions on each side that were added to a litre of marine water.

Table 1. Description of the packaging tested reported as “sample name”, chemical composition (with abbreviations) and

industrial use.

Sample Abbreviation Chemical Composition Industrial Use
Type_1 PP Polypropylene Packaging for Mozzarella cheese
Type_2 PDMS Poly (dimethyl siloxane) Siloprene Baking paper
E3078
Type_3 PP Polypropylene atactic Pasta packaging
Type_4 PET Polyethylene terephthalate Water bottle
Type_5 PT-CX Cellophane Butter envelope
Type_6 PP Polypropylene Container of bread
Type_7 PS Polystyrene atactic Yogurt can
Type_8 PET Polyethylene terephthalate Shopping bag (recent type)
Type_9 PE+PET Polyethylene + Polyethylene Bag
terephthalate
Type_10 PS Polystyrene atactic Meat tray
Type_11 PET Polyethylene terephthalate Cake tray
Type_12 PET + COLOUR Polyethyler;zlt;rliphthalate * Packaging for Mozzarella cheese
Type_13 PP+PE Polypropylene + polyethylene Cake envelope
copolymer
Type_14 EPDM Poly (ethylene:prophylene:diene) Shopping bag (old type)
Type_15 PE Polyethylene Freezer bag
Type_16 PET Polyethylene terephthalate Shopping bag (new type)

Exposure doses, in terms of g/L, obtained by the standardization of the exposed
surface are reported in Table 2 and ranged from 0.03 to 2.42 g/L. Leaching time was fixed
at T28 days, plastic pieces were maintained in agitation (100 rpm), under a natural light—
dark cycle (16:8). At the end of the leaching time, the water was filtered at 0.45 um and
toxicity was tested in marine species belonging to different trophic levels. The packaging
types that were found to be toxic in this first phase of the study were further tested at
water pH 7.80 and 7.50 on the more sensitive organism (i.e., P. lividus).
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Table 2. Mean dose (+ standard deviation; SD) of each packaging materials calculated from a standard exposure surface

of 160 cm?/L.
Standard Exposed Surface 160 cm?/L
Sample
Mean Dose (g/L) SD (g/L)

Type_1 1.74 0.004
Type_2 0.25 0.018
Type_3 0.27 0.001
Type_4 1.13 0.007
Type_5 0.36 0.002
Type_6 2.42 0.011
Type_7 0.96 0.009
Type_8 0.08 0.001
Type_9 0.16 0.001
Type_10 0.78 0.003
Type_11 0.86 0.007
Type_12 0.24 0.001
Type_13 0.12 0.001
Type_14 0.03 <0.001
Type_15 0.16 0.012
Type_16 0.06 <0.001

2.2.uFT-IR Characterization of Plastic-Made Packaging

Chemical composition of plastic materials was determined by UFT-IR at the
beginning and at the end of the test (TO and T28) to evaluate plastic degradation during
the experiments for each pH scenarios. Analyses were performed by uFT-IR (Thermo, i-
10 Nicolet MX infrared imaging microscope, Thermo Fisher Scientific) equipped with
standard detector for microscopy optimized to work under room temperature conditions
(DTGS) operating in the spectral range 7600-450 cm™! and with the liquid nitrogen cooled
MCT-A operating within the spectral range 7800-650 cm™'. Thermo Scientific™ OMNIC™
Picta™ user interface elaborated recorded data. Filters used to filtrate leaching water were
also explored to determine the release of microfibers in water.

2.3. Ecotoxicological Tests: Exposure and Endpoints

Species from three taxonomic groups of ecological relevance in marine ecosystems
were tested under standardized water conditions (pH 8.1): Bacteria (Vibrio fischeri), Algae
(Phaeodactylum tricornutum), and Echinodermata (Paracentrotus lividus). Leachates were
tested as such (100%) for P. tricornutum and P. lividus, and 90% for V. fischeri.

V. fischeri— A standardized protocol was used for the test on bacteria. Tests were
performed according to UNI EN ISO 11348-3:2009 using a Microtox® photometer and
lyophilised bacteria purchased by Microbiotests Inc. The percentage of inhibition of
natural bioluminescence was calculated after 15 and 30 minutes of exposure to packaging
leachates on two experimental replicates.

P. tricornutum—A standardized protocol was used for the test on algae (ISO
10253:2016 (E). An algal lot purchased by Ecotox® was tested after pre-enrichment in an
ASW (Artificial Sea Water) culture medium. Illumination, temperature, salinity, and
dark-light photo-cycles were set as reported in the protocol. Cell density measures were
calculated from light absorbance by a spectrophotometer (Onda, mod. UV-30 scan;
wavelength 670 nm, optical length 10 cm). The spectrophotometer response was
calibrated using cell density versus an absorbance curve developed on tested algal stock
performing counts by Burker chamber at each of the 10 points scalar dilution of 10¢ cell/mL
stock. Percentage of growth inhibition (I %) after 72 h of exposure was calculated for three
experimental replicates. Growth inhibition was calculated as detailed in the literature [47].
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P. lividus—Embryotoxicity after 72 h of exposure was tested following EPA 600/R-95-
136/Section 15 adapted by Sartori et al. (2017) [48]. Mature specimens of sea urchin were
caught in a natural marine areas (Tuscany) and maintained in captivity until the
commencement of the experiment. Exposure tests were performed under fasting
conditions as reported by the method. Percentages of abnormal larvae were calculated on
100 plutei, randomly chosen, in each experimental replicate (n = 3). Larvae were
considered abnormal if they showed developmental arrest, all arms were missing or of
different lengths, additional arms with crossed lateral rods, an asymmetrical body width
and other anomalies listed in the literature [48]. Results were normalized compared to
controls according to Abbott (1987) [49].

2.4. pH Effects on Embryo Toxicity and Body-Size of P. lividus

For P. lividus, three different packaging leachate types (Type_6 = PP; Type_13 =
PP+PE; Type_16 = PET) were tested at different pH values (7.80 and 7.50, in addition to
pH 8.1) and dilutions (100%; 50%; 25%) in order to evaluate changes in embryo-toxicity
and body-size. The plastic types were chosen on the basis of the severity of the induced
effect (obtained in the first phase of the experiment at pH 8.10). Selected types were:
Type_16, Type_13 and Type_6 corresponding to severe (89.29% of abnormal larvae),
moderate (65.56%) and slight (34.18%) effects, respectively. Results were normalized
compared to controls according to Abbott (1987) [49]. A series of 100-50-25% dilutions
were tested to evaluate the effective concentration (ECso). To better characterize the
ecotoxicological responses of echinoderms, a further endpoint was used: the % reduction
of arm length. Body-size of plutei was obtained measuring the mean arm lengths (Figure
S1) by stereomicroscopy (Nikon, SMZ-800 N equipped with Nikon’s software Nikon
ACT-1). Measurements were performed on 15 normal and 15 anomalous animals.

2.5. Quality Assurance and Quality Control

Bioscience Research Center is a certified laboratory (ISO 9001:2015) and applies a
severe control procedure under guidelines of the UNI EN ISO 17025:2005 to ensure the
quality of produced data (ACCREDIA 1715L). QA/QC tests were performed as described
by reference methods. Positive controls were performed by the direct exposure of tested
species to standard toxicants. In particular, V. fischeri was tested with 3,5’-dichlorophenol
(I% 30 min = 42.26 + 3.63); P. tricornutum responses were measured by KzCr:07 (ECso =
16.21 + 1.72 mg/L); P. lividus was tested with Cu(NOs)2*3H20 (ECso = 22.6-68.34 ug/L),
yielding responses that were within the acceptability criteria defined by standard
methods. Negative controls (n=2 for V. fischeri, n =3 for P. tricornutum and P. lividus) were
performed on natural filtered (0.45 pm) marine water (MW) under different experimental
conditions (pH = 8.20 + 0.01; 7.82 + 0.01; 7.52 + 0.01). Recorded data were within the
acceptability of tests under standard conditions (pH = 8.20).

2.6. ECso Calculation and Statistical Analyses

Data were statistically analyzed by GraphPad Prism (GraphPad Software, San Diego,
CA, USA, www.graphpad.com, accessed on March 2021). Routines related to column
statistics (mean, standard deviation, min-max ranges), t-test, and ECso values were
performed. Differences were considered significant at p-value < 0.05 [50].

Multivariate (ANOSIM two-way) tests were performed by Primer v6.0 (Primer-E
Ltd., Plymouth Marine Laboratory, UK) following the methods reported by Clarke and
Warwick (2001) [51] to evaluate the effect of water acidification and chemical composition
of plastic packaging on biometrics of echinoderms. Analyses were performed on a
Euclidean matrix of distance, calculated on normalized biometric data. A two factors
nested experimental design was applied: “packaging type” (Control, Type_6, Type_13,
Type_16; four levels, fixed) and “pH” (ST, Al, A2; three levels, fixed).
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3. Results
3.1. uFT-IR Characterization of Plastic-Made Packaging

uFT-IR analysis of the plastic materials did not show significant changes in the
superficial chemical fingerprint after 28 days of conditioning in marine water under
different pH levels. In fact, compared to TO spectra, T28 ones showed changes < 5% of the
total matches (for further details refer to supplementary materials). No microfibers (>0.45
micron) were found in filters of leachates.

3.2. Ecotoxicological Responses at pH Standard (8.1)

Ecotoxicological effects recorded in this study under standard pH conditions (ST) are
reported in Table 3 and summarized in Figure 1. A significant effect (>20%) was recorded
only in echinoderm larvae.

Table 3. Synthesis of the ecotoxicological responses for each tested packaging leachate type. Data are expressed as mean
effects (% + standard deviation, SD) at the maximum dose tested (100% for P. tricornutum and P. lividus; 90% for V. fischeri).
MW = marine water, i.e., negative control. White bars indicate no effect (<20%); light grey, grey and dark grey bars show
slight (20-39%), moderate (40-79%) and severe (80-100%) effects. Values in bold represent the sample type selected for
the subsequent analysis.

V. fischeri P. tricornutum P. lividus
Sample Type 1% (15 min) 1% (30 min) 1% (72 h) % Abnormal (72h)
Mean SD Mean SD Mean SD Mean SD
MW -3.52 256 -9 0.4 -.05 0.45 474 2.08
Type_1 -2.03 135 -9.08 1.61 -0.15 0.59 2.04 2.16
Type_2 -4.62 1.34 -8.66 1.73 1.59 0.81 2.04 1.83
Type_3 0.28 1.32 -7.51 2.12 -1.8 0.45 2.04 1.41
Type_4 -0.03 0.43 -1.15 0.12 -2.04 0.36 36.73 6.68
Type_5 2.15 3.97 -1.28 25 -0.4 0.8 523 236
Type_6 3.5 111 -2.68 1.61 0.7 0.61 34.18 2.89
Type_7 3.02 0.62 -3.53 0.72 1.3 0.44 45.15 3.3
Type_8 241 0.34 -2.28 0.62 0.97 0.36 63.01 2.75
Type_9 -7.43 2.33 -11.56 3.61 -0.29 05  [NBEEONN 216
Type_10 -6.58 111 -11.35 2.89 ~0.64 0.18 72.19 222
Type_11 -6.96 1.19 ~6.46 0.86 -4.42 092 [POZEENN 129
Type_12 -7.19 8.35 -10.35 8.03 -0.47 1.27 73.72 1.26
Type_13 -10.41 3.37 -15.49 412 0.85 0.16 65.56 2.06
Type_14 -10.46 10.4 -14.32 11.37 0.96 0.81 78.06 1.29
Type_15 -11.12 6.27 -14.34 6.05 0.25 0.39 76.53 2.16

Type_16 -3.42 1.29 -3.48 2.28 ~4.49 13 [UNSOSONN 129
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Figure 1. Mean percentage of effects in tested species for each packaging type. Results are expressed in percentage (%).
Standard deviation is represented. Negative values represent stimulation while positive values imply inhibition. MW =
marine water (negative control, blue colour). Data are reported under standard pH conditions (8.10). Effect (>20%) was
recorded only in echinoderm larvae. Echinoderm data were corrected with Abbott’s correction: (X-Y)/(100-Y)*100, where
X is the effect cause by the sample and Y is the effect cause by the control. Leachate dilution: 100% for echinoderms and
algae; 90% for bacteria.

Concerning the species V. fischeri, inhibition of bioluminescence ranged between
—11.12% and +3.50% after 15 min of exposure at 90% dilution. Negative values correspond
to stimulation. Recorded effects were always lower than 20%. Consequently, tested
leachates can be considered as not being toxic for this species. Longer exposure times (30
min) did not significantly change the percentage effect (between —15.49% and +3.50%)
with it always remaining under 20%.

As regards P. tricornutum, the mean effect percentages ranged between —4.49% and
+1.59%; in some cases, inducing algal growth inhibition (Type_2, 6, 7, 8, 13, 14, 15), in
others, biostimulating (Type_1, 3, 4, 5, 9, 10, 11, 12, 16). Globally tested leachates can be
considered as not being toxic at the tested doses.

Significant toxicity was recorded, on the contrary, in P. lividus exposed to almost all
plastic materials. In particular, packaging types one to three (i.e., Type_1 = PP; Type_2 =
PDMS; Type_3 = PP) were shown to not be toxic under the tested doses with mean effects
of 2.04%. All other types reported effect > 20% (cut-off level of toxicity), inducing slight
(20-39%; Type_4 = PET; Type_6 = PP), moderate (40-79%; Type_5 = PT-CX; Type_7 = PS;
Type_8 = PET; Type_10 = PS; Type_12 = PET+COLOUR; Type_13 = PP+PE; Type_14 =
EPDM,; Type_15 = PE) and severe (80-100%; Type_9 = PE+PET; Type_11 = PET; Type_16 =
PET) effects. Structural anomalies recorded on exposed embryos of P. lividus are
represented in Figure 52 and consist of cross lateral rods, split lateral rods, bended arms,
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crossed and exposed lateral rods, asymmetrical larval body growth, unequal antero-
lateral arms, elongation of one of the post-oral arms, and broken or exposed lateral arms.

3.3. Water Acidification: Embryo Toxicity and Body-Size Reduction in P. lividus

Ecotoxicological responses of P. lividus exposed to plastic leachates (100% of
dilution), under different pH conditions are reported in Table 4. Effects were evaluated
by means of abnormal development and biometrics impairment at 72 h of exposure.

Table 4. Ecotoxicological responses in P. lividus exposed to 3 pre-selected plastic packaging leachates under different pH
conditions. Data reported are expressed as % of anomalous plutei, as mean length reduction in abnormal larvae compared
to the corresponding control and normal plutei (at the maximum dose of exposure, 100%), and as ECso. Data are grouped
according to pH levels (ST =8.1; A1=7.80; A2 =7.50 pH). NC = not calculable because the effect at maximum concentration

was lower than 50%.

Abnormal Larvae Biometrics Biometrics
Sample Reduction Reduction —
Mean SD (Abnormal vs. (Abnormal vs.
Cnt) Normal)

Control_ST 4 2 NC
Type_6 PP 51.04 3.46 16.20 12.57 50.15
Type_13 PP+PE 63.54 2.00 17.57 15.12 52.67
Type_16 PET 67.01 3.06 30.51 16.73 88.71
Control_Al 4.00 2.00 NC
Type_6 PP 51.74 1.53 16.11 0.61 44.58
Type_13 PP+PE 57.99 1.53 22.24 12.02 51.08
Type_16 PET 73.61 451 32.39 18.47 60.91
Control_A2 4.00 2.00 NC
Type_6 PP 36.46 1.00 24.95 15.50 NC
Type_13 PP+PE 65.09 3.13 20.43 9.24 64.50
Type_16 PET 46.53 3.21 32.97 22.18 NC

As regards the percentage of abnormal larvae, controls reported the same values of
anomalous larvae (4.00%), without significant differences between pH. At pH standard
and Al (weakly acid), the severity of polymer-based toxicity was: Type_16 > Type_13 >
Type_6. In more acidified conditions (A2), Type_13 was the more toxic treatment. Type_6
(i.e., PP) induced less severe effects, corresponding to 51.04%, 51.74% and 36.46% in ST,
Al and A2 scenarios, respectively. Effects of water acidification on abnormalities
(recorded effect at the maximum tested dose) were tested by f-test and are reported in
Table 5 and Figure 2.

Table 5. Effect of water acidification in P. lividus ecotoxicological responses (100% of leachate dilution). T-test was
performed within each plastic type comparing the different scenarios of acidification (ST vs. Al; ST vs. A2; and Al vs. A2).
“Weakly significant” corresponds to 0.05 < p-value < 0.01 and “Significant” to p-value < 0.01.

Type Comparison p-Value Significance Level
ST vs. Al 0.653 -
Type_6 (PP) ST vs. A2 0.009 Significant
Al vs. A2 <0.001 Significant
ST vs. Al 0.020 Weakly significant
Type_13 (PP+PE) ST vs. A2 0.213 -
Al vs. A2 0.015 Weakly significant
ST vs. Al 0.831 -
Type_16 (PET) ST vs. A2 <0.001 Significant
Alvs. A2 0.001 Significant
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100% dilution

1001

abnormal plutei %

A N P

Control Type_6 Type_13 Type_16

Figure 2. Effect of water acidification in determining abnormal development of P. lividus larvae
(100% of dilution). T-test was performed within each plastic type comparing the different
scenarios of acidification (ST vs. Al; ST vs. A2; Al vs. A2). * means weakly significant (0.05 < p-
value < 0.01) and ** significant (p-value < 0.01) compared to both other pH conditions. ST means
natural pH.

Acidified conditions (A1, A2) often unexpectedly differed from standard (ST) pH,
that is, decreasing the % of anomalous larvae. In particular, for Type_6 and Type_16, ST
vs. Al was not significantly different (p-value > 0.05), while significant differences (p-value
< 0.01) were reported between ST vs. A2 and between Al vs. A2. Type_13 corresponded
to weak differences (0.01 < p-value < 0.05) in ST vs. Al and Al vs. A2. As regards the ECso
values, there was a trend reversal in polymer-based toxicity in ST and Al scenarios:
Type_6 > Type_13 > Type_16. The calculation of ECsin A2 was possible only for Type_13
and corresponded to 64.5%.

The ability of Type_16 to induce more severe effects was confirmed by the mean
length reduction (%) in abnormal larvae in respect to controls (up to 32.97%) and to
normal plutei (up to 22.18%) (Figure 3 and Table 5). Biometrics revealed to be sensitive
enough to also highlight differences between controls and normal larvae (at pH 8.1, Figure
3). Figure 4 shows the effects on body-size of P. lividus larvae, after exposure to the three
different plastic packaging types, water pH and dilution of leachates. Multivariate
statistical analyses were performed on both normal and abnormal embryos to detect
differences between factors. The ANOSIM test (two way) (Table 6) evidenced that,
concerning abnormal embryos, pH is not effective to determine body-size differences
(Global R = —-0.034; p = 72.1%), while the type of plastic packaging material significantly
affects this aspect (Global R = 0.287; p = 0.2%). In particular, larger differences were
recorded between PP-PET (Global R = 0.142; p = 3.4%), while no differences were recorded
between PP—-Negative control (Global R = —0.327; p = 90%). A significant effect of
packaging type was also recorded on the body-size of normal embryos (Global R =—0.270;
p =1.7%). Also, in this case, larger differences are recorded between PP-PET (Global R =
0.142; p = 3.4%), while no differences were recorded between PP—-Negative control (p =
100%). In this case, pH showed a non-significant but higher effect than on abnormal
embryos (Global R = 0.017; p = 33.8%).
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Figure 3. Body-size reduction in P. lividus larvae exposed to different plastic types according to
water pH (100% dilution). Mean arms lengths of anomalous larvae are compared respect to (a)
controls and (b) normal larvae. (c) shows comparison between normal-developed larvae and
controls. In all cases, Type_16 (i.e., PET) induced more evident effects.
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Table 6. ANOSIM test performed on factors affecting biometrics of echinoderms. Notes: Pairwise test performed between
couples of considered levels of tested factors is reported (Sign. Couples). Only significant relationships are reported. * =

slightly significant.
Factors Levels Pairwise Global R Sign. Level % Sign. Couples
pH 3 ST-A1; ST-A2; A1-A2 0.017 0.34 -
Type_6-Type_13; Type_6-
NORMAL . Type_16; Type_13-Type_16;
4 - iy - 142 4% T -T 16 *
packaging type Cnt-Type_6; Cnt-Type_13; 0 3 ype_6-Type_16
Cnt-Type_16
pH 3 ST-A1; ST-A2; A1-A2 0.034 72.1 -
Type_6-Type_13; Type_6-
ABNORMAL . Type_16; Type_13-Type_16; . .
packaging type 4 Cnt-Type_6; Cnt-Type_13; 0.287 0.2 Type_6-Type_16
Cnt-Type_16
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Figure 4. Body-size of P. lividus larvae exposed to different plastic types according to water pH and leachate dilutions.
Results are expressed as mean arms lengths (+5D) and calculated in both normal and abnormal larvae. Negative controls
on the right. Tests were performed under three different pH scenarios: ST = standard marine water, pH 8.1; A1 = acidified
(0.3 pH units), pH 7.80; A2 = extremely acidified (=0.6 pH units), pH 7.50. Three different dilutions of the initial packaging
leachate were used (red dots = 100%; orange dots = 50%; yellow dots = 25%) for PP (Type_6), PP+PE (Type_13), and PET
(Type_16). Data present the Abbott’s correction.

4. Discussion

Plastic pollution in marine environments can severely affect ecosystems via different
direct and indirect threats, causing physical damage, biological threats and chemical harm
[10,52,53]. Only recently are we beginning to realize and study the chemical hazards
associated with plastic litter known to be associated with a “cocktail of chemicals”. In fact,
leaching processes in marine habitats could determine significant releases of chemicals
from plastic packaging and produce effects on marine species [30,31].

Results obtained in this study at pH standard (8.1 units) on leachates, evidenced that
the tested doses are not able to significantly affect bacteria (V. fischeri) and algae (P.
tricornutum). On the contrary, P. lividus larvae were significantly affected by several
packaging leachates, meaning that this is a sensitive organism for testing plastic pollution.
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A total of 13 out of 16 packaging types were toxic. Specifically, Type_4 and 6 induced
slight effects (<40%), Type_5, 7, 8, 10, 12, 13, 14, 15 medium effects (40-80%), and Type_9,
11, 16 severe effects (>80%). The first category is represented by PET and PP intended for
water bottles and bread containers; the second one is composed of a great variety of single
type (cellophane, PS, PET, PE, EPDM) and combined polymers (PE+PET, PP+PE,
PET+COLOR) intended to contain butter, yogurt, meat, mozzarella, cakes, as well as being
generically used to produce “shopping bags” and “freezer bags”. The more hazardous
category is represented by PET (alone or in combination with PE), intended for “bags”,
“cake trays” and “new type shopping bags”. PET, together with PP and PE is the resin
that is used more frequently for packaging purposes [2]. Other studies have reported the
toxicity of PET leachates (100 mg/L, 100% dilution) to echinoderm larvae [54]: leachates
prepared after only 72 h of conditioning in marine water induced abnormal development
in 27.2% of cases, under fasting conditions. In the present study, the plastic concentration
never exceeded 12 mg/L but a longer leaching time (28 days) evidently contributed to
increased toxicity, inducing more severe consequences (up to 97.45%). The sensitivity of
echinoderm larvae to plastic pollution is well documented in the literature. In 2012, Feng
et al. [55] reported that exposure to polysiloxane could affect the embryonic development
of sea urchins (Arbacia punctulata). Oliviero et al. (2019) [56] reported a drastic reduction
in larval length (33%) in plutei exposed to PVC leachates, probably due to the presence of
phthalates. PVC leachates (72 h, 10% dilution) containing polycyclic aromatic
hydrocarbons and polychlorinated biphenyls affected sea urchin development, inducing
developmental delays, malformation of skeletal structures and nervous and immune
systems, as well as abnormal axis formation [57].

The second part of this study was conducted focusing the attention on leachates of
packaging which corresponded to slight (Type_6), moderate (Type_13) and severe
(Type_16) toxicity, at different pH conditions. Different pH levels were prepared to
simulate acidified (—0.3 pH units = 7.80) and extremely acidified (—0.6 pH units = 7.50)
conditions in marine water. Ocean acidification is considered one of the principal
consequences of global climate change [58] and this study wanted to understand the
possible combined effect of plastic-made packaging leachates and water acidification on
the ecotoxicological responses of P. lividus larvae. Effects on echinoderms consisted of
both the percentage of abnormalities and biometrics variations. Acidification alone did
not induce significant differences (as shown by controls) suggesting a low sensitivity to
water acidification. However, echinoderms were capable of discerning chemical changes
in the water medium that were not detectable by pFT-IR analysis, thus, providing a first
alarm. In fact, on the one hand, no spectral variations were observed on plastic surfaces
conditioned in standard and acidified marine water; on the other hand, echinoderms
exposed to leachates at acidified conditions (A1-A2) highlighted statistically significant
differences in respect to standard pH. In particular, acidified scenarios induced a lower
percentage of anomalous larvae, suggesting a complex plastic-pH interaction that is
difficult to understand. In this regard, a useful contribution could come from a more
detailed chemical analysis. In fact, detailed information on leached chemical additives
may require additional chemical analysis, such as adsorption chromatography coupled
with GC-MS (not performed in this context).

The level of packaging-based severity shows Type_16 as the most toxic, and Type_6
as the least hazardous (confirming the results of the first part of the experiment). Type_16
is PET used for the production of new type of shopping bags, whereas Type_6 is PP
intended to contain bread. Type_16 was also more toxic in terms of biometric impairment,
resulting in animals being shorter than 30.51, 32.39 and 32.97% in ST, Al and A2
conditions, respectively (abnormal vs. controls). Biometrics also demonstrated to be a
sensitive endpoint in observing variations between abnormal and normal-formed
embryos of treated animals. In fact, the first one highlighted arm lengths that were 16.73,
18.47 and 22.18% shorter. Biometrics can show a reduction in body-size when a stress
condition is present in the environment: organisms under stress conditions activate
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metabolic patterns that cause energy consumption. If organisms have low levels of energy
available, their development will be reduced. Thus, biometric variations could be
considered a precocious marker of stress, as reported by other similar studies [54].

Another important implication of organisms’ biomass reduction is the minor energy
flow into the trophic web. Lindeman [59] was the first to demonstrate that ecosystem
functioning can be represented by energy flow through a trophic pyramid or food web.
The efficiency of energy transfer among higher trophic levels is often consistent with the
hypothesis that trophic structure may control the fraction of energy consumed within each
trophic level, rather than energetics controlling trophic structure [60]. This energy
transformation at each trophic level (as well as by each organism) represents the storage
of potential energy that fuels metabolic processes and power output at each trophic level.
Energy flow reflects the transfer of energy for productivity by all trophic levels [61]. Each
level of the trophic web cannot consume more matter than is available, and energy is lost
during each transfer between trophic levels, moreover, a portion of the assimilated energy
must be used to support metabolic work (e.g., for maintenance, food acquisition, and
various other activities) and is lost through respiration [61]. When organisms have less
energy, one of the consequences is reduced reproductive success, involving minor
organisms, thus, less matter and energy is available in the trophic web.

Analyzed in its entirety, the multivariate analysis highlighted that acid conditions
were not relevant to induce important biometric impairment, and therefore, additional
expenditure of energy was not required. In fact, the factor “acidification” influenced the
occurrence of developmental anomalies in a positive way: larvae exposed to acid
scenarios (Al, A2) statistically differed from standard water reporting a decreasing in the
anomalous larvae percentage. Further studies are necessary to better elucidate this aspect.

5. Conclusions

This study aimed to determine the effects of leachates of plastic-made packaging (16
different types tested) in three marine species, belonging to different trophic levels. Tested
doses were not able to significantly affect bacteria (V. fischeri) and algae (P. tricornutum).
On the contrary, P. lividus larvae were significantly affected by several packaging
leachates (13 out of 16), making this a sensitive organism for testing plastic pollution. The
most hazardous polymer was the PET (alone or in a combination with PE) inducing up to
97.45% of abnormal larvae and plutei, with a mean arm length that was 30.51% shorter
than the controls. This study also aimed to explore the combined effect between
“packaging type” and “water acidification” (in the frame of global changes) on the
ecotoxicological responses of P. lividus. Globally, water acidification was not able to
induce biometric impairment, thus, additional expenditure of energy was not required.
As a consequence, exposure to acidic water positively influenced the occurrence of
developmental anomalies, decreasing the percentage of anomalous larvae. Further studies
are necessary to better elucidate this aspect. Finally, biometric variations could be
considered a precocious marker of stress in echinoderm larvae.
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