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e Pinnagorgia flava nubbins, exhibited
different stress responses when exposed
to pristine or photo-aged MPs.

o Pristine LDPE particles mostly induced
mucus production.

o Leachates from photo-aged LDPE and PP
particles induced polyp retraction and
tissue swelling (LOEC from 0.1 to 1 mg/
L).

e Leachates obtained from environmental
MPs cause bleaching at 10 mg/L.

e GC-MS analysis on leachates high-
lighted the occurrence of short-chain
aldehydes.
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ABSTRACT

Microplastics (MPs) have recently been shown to impact the health of corals negatively. The primary effects are
linked to the physical interaction of the particles with coral tissues, such as abrasion that causes wounds.
Additionally, MPs can leach contaminants into the seawater, not only the formulation additives but also mo-
lecular fragments resulting from the photo-oxidative degradation of the plastic polymer. These contaminants
may have further detrimental effects. Currently, the relative contributions of these factors and their potential
synergistic actions are not well understood. To address this, we conducted tests on nubbins of the soft coral
Pinnigorgia flava and we evaluated the toxicity of reference additive-free MPs (LDPE and PP, sized 125-250 pm)
before and after photo-aging, of MPs collected from beaches, and of the corresponding leachates. By FTIR and
SEM analysis, we highlighted similarities between photo-aged reference MPs and the beached MPs, both in terms
of surface oxidation and structural defects. GC-MS and dissolved organic carbon (DOC) analysis indicated the
release of a variety of molecular species from the photo-aged MPs not detected in the pristine counterpart
(accounting for 0.6-2.1 % of the original mass), including short-chain poly-oxidized compounds. The exposure of
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nubbins to the reference MPs highlighted a significant mucus production with PP and LDPE at 1 mg/L. Leachates
from the photo-aged PP induced significant polyp retraction at 10 mg/L, while the leachates from photo-aged
LDPE induced significant polyp retraction in P.flava at the concentration of 1 mg/L. No significant stress re-
sponses were highlighted with the photo-aged MPs and the leachates from pristine MPs. Beached MPs induced
significant responses with the lowest observed effect concentration (LOEC) at 0.1 mg/L. This effect was related to
the occurrence of plastic additives not detected in the reference MPs. Overall, the results highlighted the
importance of considering the contribution of the photo-degradation products released by MPs in ecotoxico-

logical assessments.

1. Introduction

Plastic pollution is currently recognized as a global concern for the
health of marine ecosystems (Cole et al., 2011; Boucher and Friot, 2017;
Eriksen et al., 2014; Da Costa, 2018). One of the most alarming aspects
of plastic pollution is related to the formation of microplastics (MPs)
(Law and Thompson, 2014): well before being mineralized, plastic
fragments into sub-millimetric pieces (secondary MPs). As extensively
reviewed, this fragmentation is due to the combined effect of a chemical
degradation process induced by UV light and microbial attack, which
affects the chemical structure of the plastic constituting polymers and
renders the plastic material more brittle and fragile (Jahnke et al.,
2017). Thus, when mechanical stresses and abrasion caused by wave
action occur (e.g., during impacts at the seashore) the material is broken
into tiny pieces (Chubarenko et al., 2020; Saliu et al., 2022).

Nowadays, MPs are found almost everywhere and cause detrimental
health effects on several marine species (Capolupo et al., 2023),
particularly marine invertebrates (Peng et al., 2021). Among the marine
habitats contaminated by plastic and MPs, coral reefs deserve particular
attention because of their large marine biodiversity, the importance of
the ecosystem services they provide, and the presence of keystone and
endangered species (Axworthy and Padilla-Gamino, 2019; Reichert
et al., 2019; Montano et al., 2020; Saliu et al., 2020; Isa et al., 2022).
Recent surveys carried out in tropical coral reefs, from the South China
Sea to the Great Barrier Reef and the Maldives archipelago, reported
surface water concentrations of MPs in the range of 0-45 particles/L,
(Ding et al., 2019; Saliu et al., 2018) and concentrations in the sediment
up to 48-820 particles/kg (Saliu et al., 2018). In addition, the occur-
rence of MPs was highlighted in the mucus and within the tissues of
different wild-collected coral species (Martin et al., 2019; Raguso et al.,
2022). This is not surprising because, as non-selective feeders, corals
may ingest particles in the 0.2-1000 mm size range, with a preference
for smaller particles (Anthony, 1999; Hall et al., 2015).

Corals have been increasingly affected by bleaching events in recent
decades, which are attributed mostly to global warming (Sully et al.,
2019), it is questioned if MPs may act as new stressors and additionally
impair coral resiliency to heat waves (Saliu et al., 2019, Reichert et al.,
2021; Corinaldesi et al., 2021; Raguso et al., 2022).

Preliminary studies carried out on a laboratory scale have already
demonstrated that MPs elicit different responses in corals (Rotjan et al.,
2019), including cleaning response after passive contact (mucus pro-
duction) and feeding interactions (i.e., mesenterial filaments extro-
flexion, particle ingestion, and egestion). It was also found that the MPs
exposure may adversely influence the coral feeding activity and thus
their growth rate and general health status (Reichert et al., 2021; Ven-
cato et al., 2021). At low concentrations (1-100 particles/L) MPs were
found to increase stress at the molecular level e.g. DNA damage and the
alteration of the expression levels of key genes involved in the antioxi-
dant activity, DNA repair, protein synthesis, and electron transport
systems (Lanctot et al., 2020). These effects were shown to be dependent
on the particle size and shape (Mendrik et al., 2021; Reichert et al.,
2024). Effects on photosynthetic performance and skeletal calcification
were also reported (Reichert et al., 2021; Vencato et al., 2021). The
occurrence of severe tissue damage such as bleaching and necrosis was
highlighted only when high (from >10° particles/L up to 2.5-9 x 10'°

particles/L and 1.0 g/L) but unrealistic concentrations were applied
(Okubo et al., 2018). As recently reviewed, the application of concen-
trations from two to seven orders of magnitude higher than the con-
centration found in nature is common in most of the literature studies
(Lenz et al., 2016; Grillo et al., 2021).

Besides the shortcomings of the concentration adopted, other issues
render the conditions used in the ecotoxicological assays far from
mimicking the real environmental exposure scenario. The main diffi-
culties arise from the diverse nature and physicochemical properties of
plastic particles. MPs are categorized by the scientific community using
a collective noun. However, their chemical and physical properties can
vary significantly depending on the types of polymers involved, their
size and shape, the presence of additives, their age, and their exposure
history to different environmental conditions.

In addition, it is very challenging to replicate in vitro the environ-
mental conditions in which the coral lives (Saliu et al., 2018). Few
studies have considered the interaction of plastic particles with sediment
and biofilm that occurs in natural environments (Gorokhova et al.,
2021). Most of the experiments were carried out using primary (virgin)
polymer particles, while the surface of the MPs in the marine environ-
ment is usually weathered and biofueled (Reichert et al., 2021).

In our view, the role of weathering in altering the toxicity of MPs is
not well addressed in the current literature. This shortcoming may stem
from the apparent paradox surrounding plastic stability and fragmen-
tation. On one hand, plastics should be recognized as persistent con-
taminants due to their very slow mineralization, which can take
hundreds of years. On the other hand, plastics should not be considered
“chemically stable” as evidenced by the mechanisms involved in the
formation of microplastics.

The photo-degradation process that leads to the formation of MPs
involves the scission of polymer chains, resulting in the release into
seawater of various chemical compounds (the molecular fragments of
the polymer). The potential toxicity of this mixture of compounds has
not yet been fully assessed, particularly concerning marine biota.

Most of the studies regarding plastic leachates have focused so far on
the variety of organic and inorganic additives that are intentionally or
non intentionally (NIAS) added to the plastic formulation. These addi-
tives may leach from the plastic at different rates depending on the
environmental conditions, including the UV exposition. For instance,
Capolupo and coauthors studied the toxicity of the chemical additives
leached into seawater from petroleum-based (Capolupo et al., 2020) and
bioplastic (Capolupo et al., 2023). These studies revealed a large variety
of chemicals including UV stabilizers, bisphenols (BPs), and benzophe-
nones (BzPs), and provided evidence of how the complex chemical
cocktail released by plastic materials may induce adverse effects on
different marine invertebrates (e.g. embryotoxicity was observed in
Mytilus galloprovincialis).

To the best of our knowledge, few studies have explored the effects of
plastic-associated contaminants on corals (Berry et al., 2019; Aminot
et al., 2020). Moreover, no toxicological tests have been conducted on
corals exposed to molecular fragments obtained from the photo-
degradation of plastic polymers. Given this context, the study pre-
sented here aims to offer new insights into the toxicity caused by
microplastics (MPs). Hence this study intends to separate the effects of
the physical interaction between the particles and coral tissues from the
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effects of chemical compounds released into the seawater when plastic
polymers undergo photodegradation. Finally, we also aim to highlight if
the alteration of the chemo-physical properties induced by photo-aging
on the MPs' surface plays a role in the coral response.

The toxicological assays were performed on the soft coral Pinnigorgia
flava (Nutting; 1910), which is considered a key octocoral species in
tropical coral reef communities, capable of providing food, suitable
habitat, shelter for reef dwellers, and other services that underpin
ecosystem biodiversity. The materials employed in the tests were: a)
LDPE and PP virgin plastic pellets (additive-free) acquired from plastic
vendors and submitted to the grinding process to be reduced in size
before being administered b) the same material described in a, submit-
ted in addition to artificial photo-aging before being administered c)
LDPE and PP microplastic collected from beaches in the Maldivian ar-
chipelago, specifically nurdles and fragments (from now on defined here
as “environmental MPs) e) leachates obtained by applying a standard
leaching test from the materials described in a) b) and c).

Overall, the study objectives were:

1) to assess the physio-chemical changes induced by the photo-aging
onto the microplastic surface and on the release of molecular
fragments

2) to highlight any mortality and stress effect caused to coral by the
different classes of MPs and the related leachates tested

3) to determine whether photoaging may induce a significant change in
the toxicity of MPs against corals

4) to disentangle the contribution to coral toxicity due to the physical
interaction between particles and coral tissues from the contribution
due to the release of molecular fragments in the seawater (chemical
interaction)

5) to assess the concentration dependency for particles and leached
chemicals for any significant response observed.

2. Materials and methods
2.1. Chemicals

Solvents and reagents used for the sample preparation and analysis
were purchased from Sigma-Aldrich (USA). Specifically, hexane (HPLC
grade, Sigma-Aldrich), diethyl ether (> 99.8 %, Sigma-Aldrich), and
concentrated hydrochloric acid (Sigma-Aldrich) were used for extrac-
tion, chromatographic and TOC analysis. C8 to C25, alcane standard mix
(Sigma-Aldrich) was used for Kovats retention index calculation of
VOCs. 1-heptene, 2-decanoate, 1-decanol, hexanal, meristic acid,
cyclohexanone, and octadecane were used as standards for GC-MS
method calibration, and naphthalene-d8 was used as internal standard.

2.2. Samples

Low-density polyethylene (LDPE) and polypropylene (PP) micro-
plastics were kindly provided by a commercial producer of plastic
granules and masterbatch (Arcoplex Via Francesca, 1/A - 24,040 Pon-
tirolo Nuovo (BG) - Italy). The material was obtained as a micronized
powder from additive-free LDPE and PP pellets, by using a commercial
grinding machine (Neue Herbold ZM 500 pulverizer). The fraction used
for the assays was isolated by sieving with 125-250 pm size mesh.
Particle size was checked by visualization at stereomicroscope and
comparison with reference particles (LDPE microbeads from Cospheric
LLG, size range 180-212 pm, density 0.98 g/cm®). Environmental MPs
were collected from Maldivian beaches and characterized as reported in
a previous paper (Saliu et al., 2018). For the toxicological assays, we
selected nurdles and fragments constituted by LDPE and PP (verified by
PFTIR analysis, further details are reported in section 2.2 of Material and
Methods). The environmental MPs were used as positive control in the
test, considering the presence of additives and soaked contaminants. The
choice was influenced by the fact that LDP and PP are among the most
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common polymers found in microplastics collected from Maldivian
beaches and seawater, typically in the form of fragments and nurdles
(Saliu et al., 2018, Raguso et al., 2022). While other common polymers
include PET (Polyethylene Terephthalate), PA (Polyamide), PU (Poly-
urethane), and PVC (Polyvinyl Chloride), these are generally found in
the form of filaments, fibers, and films (Erni-Cassola et al., 2019).
Similar observations are reported also in a plastic survey carried out in
the world ocean (Suaria et al., 2020). For the ecotoxicological assays
(see further) four MPs concentration levels were tested (0, 0.1, 1.0, and
10.0 mg/L), chosen by considering the actual MPs concentration levels
found globally in the oceans and higher concentrations corresponding to
possible future worst-case scenarios (assuming that present-day con-
centrations will increase up to ten times the current levels by 2030-2060
according to Lebreton and Andrady, 2019).

2.3. Microplastic artificial weathering and characterization

The reference plastic granules were artificially photo-aged by using a
QUV accelerated weathering tester (Q-LAB, Saarbrucken, Germany)
using UV lamps at 340 nm, with 0,76 W m~2 nm ™. The aging test was
conducted at 65 °C for a total time of 460 h. The total UV dose admin-
istered (measured by a bolometer) was 170 MJ/m? This dose roughly
corresponds to 10 months of outdoor exposure at 31° N latitude (Saliu
et al., 2022). The morphological characterization of both the pristine
and photoaged MPs was carried out by Scan Electron Microscopy (SEM)
employing a HITACHI TM3030 Plus instrument equipped with a back-
scattering detector. The samples were mounted on aluminum stubs
using carbon tape. The weathered surface of each particle was analyzed
at 15 kV at a magnification of 300x. The chemical identity confirmation
of the polymer constituting the particle and the superficial modifications
induced by the photodegradation process were investigated by FTIR
spectroscopy utilizing a Perkin Elmer Spotlight 200i instrument. Spectra
were recorded both in transmission and total attenuated reflectance
(ATR) mode, applying 32 scans in the 3600-500 cm ™! range and a
spectral resolution of 2 cm™'. Three collection points were taken from
each particle, and a total of 30 particles for each sample set were
analyzed. The carbonyl index (CI) was calculated for each sample
following the “specified area under band (SAUB)” technique as described
in Almod et al. (2020). Briefly, according to this method is calculated
from the ratio of integrated band absorbance of the carbonyl (C=0) peak
from 1650 to 1850 cm ™ to that of the methylene (CHy) scissoring peak
from 1420 to 1500 cm ', The percentage of crystalline content was
determined in LDPE from the methylene rocking bands at 729 cm ™! and
719 cm ™}, using the empirical method proposed by Zerbi and coauthors
(Zerbi et al., 1989) and in PP using the absorption ratio at 998 em~ ! to
974 cm ™! as proposed in Brandon et al. (2019).

2.4. Preparation of leachates

For the preparation of the stock leachate solutions, 250 mg of the
reference LDPE and PP granules and of the beached MPs were weighed
and placed in three different flasks. Then, 250 mL of artificial seawater
prepared according to ASTM D1141-98 was added to each flask (sodium
chloride 24.5 g/L; magnesium chloride 5.2 g/L; sodium sulfate 4.1 g/L;
calcium chloride 1.2 g/L; potassium chloride 0.7 g/L; sodium bicar-
bonate 0.2 g/L; potassium bromide 0.1 g/L; boric acid 0.03 g/L; stron-
tium chloride 0.003 g/L; sodium fluoride 0.003 g/L). Flasks were then
placed in a leaching test batch (VELP, C4F) and stirred in the darkness at
24 £+ 1 °C with 90 rotations per minute for a total time of 168 h. At the
end of this treatment, each solution was vacuum filtered through 1.2 ym
pore size glass fiber filters. The obtained mother solutions (concentra-
tion level 1 g/L) were then diluted to obtain the four concentrations used
for the toxicity assays (D1 = 1:100, 10 mg/L; D2 = 1:1000, 1 mg/L; D3
= 1:10000, 0.1 mg/L; D4 = 1:100000, 0.01 mg/L). Negative control
samples (blanks) were prepared from 250 mL of deionized water placed
in three flasks (without any plastic added) and submitted to the same
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procedure used for the reference granules and MPs. Aliquots of 20 mL
from each filtered flask (both the test solution and blanks) were taken
and submitted to the extraction procedure for dissolved organic carbon
(DOC) and GC-MS analysis.

2.5. Chemical characterization of the leachates

Profiles of the molecular fragments leached from each plastic gran-
ulate in the artificial seawater before and after photo-aging were ob-
tained by GC-MS. Aliquots of the filtered leachates (5 mL) were firstly
introduced into a 10 mL glass test tube, added with internal standard
(naphthalene deuterated from Sigma-Aldrich at 50 ng/mL), vigorously
stirred for 10 min, and then extracted 3 times with dichloromethane (2
mlL, fraction I) and ethyl acetate (2 mL, fraction II). These organic ex-
tracts were collected separately in vials and concentrated under a ni-
trogen stream down to 0.2 mL, then re-diluted to 1 mL for the final
injection into the GC-MS system. Before analysis, the ethyl acetate ex-
tracts were subjected to trimethylsilylation with 100 pL of N, O-bis(tri-
methylsilyDtrifluoroacetamide with 1 % trimethylchlorosilane (BSTFA
+1 % TMCS, > 99 %, Sigma-Aldrich) for 2 h at 60. Seawater control
samples and procedural blanks (run with distilled water) were analyzed
using the same procedure. This procedure was performed to identify any
background contaminants in the gas chromatograms, which would then
be excluded from the analysis, and to establish the method's limit of
quantitation. GC-MS analyses were carried out by employing an Agilent,
8860 instrument equipped with a 5977B mass selective detector. The GC
injector was operated in split mode at 280 °C and with a 20:1 ratio.
Analytes were separated with an HP-5MS UI capillary column (30 m x
0.250 mm, film thickness 0.25 pm, Agilent Technologies, USA) using the
following temperature program: 5 min at 50 °C, 10 °C/min to 320 °C for
5 min using Helium as gas carrier at 1.2 mL/min and purge flow 3.0 mL/
min. Scan Speed 0.1 amu/s. Scan rate 40-500 amu. Spectral deconvo-
lution and feature alignment were obtained by using the deconvolution
algorithm tools available on MzMine 3 open software (Schmid et al.,
2023) for GC-EI Specifically, we applied hierarchical clustering with the
maximum retention time tolerance set up at 0.5 min and the minimum
number of signals in a pseudo spectrum set up at 6. The tentative
identification of the chemical species was based on a comparison with
mass spectra and retention times of standard compounds previously
analyzed applying the same chromatographic condition and mass se-
lective detector parameters using the algorithm cosine. For the identi-
fication of the unknown compounds displaying no match with our in-
house reference data set, we referred to the NIST Mass Spectral Li-
brary (v.14) by using the related spectral research algorithm. A positive
match was assumed when the match factor was >80 and the calculated
Kovats index resulted within 15 % of the values reported in the litera-
ture. The concentration of each identified chemical species was esti-
mated semi-qualitatively by using the calibration curve of the standard
reference compound of the same chemical class. Data were then pre-
sented by considering total counts for chemical classes (compounds
aggregated based on the occurrence of a specific functional group). This
procedure has been already widely adopted for plastic leachate char-
acterization (La Nasa et al., 2021; Lomonaco et al., 2020). Specifically,
octadecane was used as a reference for linear alkanes, 1-heptene for the
unsaturated hydrocarbons, hexanal for aldehydes, 2-decanoate for mono
and diketones, 1-decanol for alcohols, myristic acid for mono and
dicarboxylic acids, cyclohexanone for cyclic compounds. A standard
stock solution was previously prepared by adding all these reference
compounds at 0.25 mM concentration level and the calibration curves
were drawn by collecting calibration data points in the 0.005-20 mg/L
range. The total amount of the organic species released into the aqueous
phase was quantified as dissolved organic carbon (DOC), employing a
total organic carbon analyzer TOC- VCSH (Shimadzu, Japan) configured
in liquid mode. Before analysis, all samples, blanks, and calibrants were
acidified with hydrochloric acid and purged with ultrapure air to ensure
the elimination of residual contamination of inorganic carbon. From
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each test sample, 10 mL aliquots were filtered and transferred in 20 mL
glass vials by using 10 mL polypropylene Luer syringes (VWR, USA)
attached to a filter (25 mm, 0.22 pm). Seven calibration points from
0.003 to 0.300 mg/L were prepared by diluting a potassium hydrogen
phthalate carbon standard in acidified Milli-Q water. Calibration curves
showed a linear response in the tested range, with r? = 0.991. The
resulting limit of quantification was 0.014 mg/L. The data collected
from the leachates and the calibration curves were then used to
extrapolate DOC release rates per cumulative UV dose (mg MJ™!) by
adapting an approach published elsewhere (Delre et al., 2023).

2.6. Analysis of volatile compounds (VOCs)

Qualitative profiles of the volatile fraction released from both pris-
tine and photo-aged granules were obtained by solid phase micro-
extraction (HS-SPME) followed by GC-MS analysis. The entire process
was optimized as already reported in a previous paper (Spadaccino
etal., 2021), and employed for successive analyses. Specifically, 0.7 g of
plastic particles were placed in a 10 mL glass vial and capped. The
headspace microextraction was then carried out using a 50/30 pm
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
and an 85 pm carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
mounted on a solid phase micro-extraction (SPME) device (Supelco, JVA
Analytical Ltd., Ireland). Fibers were thermally conditioned following
the manufacturer's recommendations before their first use. The samples
were held in a thermal equilibration phase at 40 °C for 10. Fibers were
then directly inserted into the sample headspace and exposed for 30 min
at 40 °C and finally desorbed into the GC injection port. Chromato-
graphic analyses were carried out by using an Agilent 7890 A GC-MS
coupled with an Agilent 5975C mass selective detector (Little Falls, DE,
USA). Injections were made in splitless mode using an SPME injection
sleeve (0.75 mm I-D) at 250 °C for 350 s. Chromatographic separations
were obtained by using an Agilent DB-Wax column (60 m x 0.25 mm I.
D., 0.25 pm film thickness, J&W Scientific, Folsom, CA, USA). The
carrier gas flow rate (Helium, 99.999 %) was 1.0 mL/min. The oven
temperature was initially set at 45 °C for 6 min, then increased to 240 °C
at a rate of 4 °C/min, and kept at 240 °C for 5 min, before returning to
the initial temperature. The MS detector was operated in scan mode
(mass range 25-350 amu). Acquisition and data processing were per-
formed by MSD Agilent ChemStation (Little Falls, DE, USA). Samples
were analyzed in duplicate and blank runs with an empty glass vial were
made before and after each analysis. Two runs were carried out for each
sample. Compound identifications were performed by comparing the
experimental mass spectra to those of the National Institute of Standards
and Technology database (NIST/EPA/NIH Mass Spectral Library with
Search Program, data version NIST 05, software version 2.0d). Identity
confirmation occurred only if the minimum requirement of a match
score higher than 80 was met. Moreover, to obtain unambiguous iden-
tifications, for each identified compound from database searching, the
Kovats retention index was calculated. Then the molecular assignments
were accepted when the difference between the experimental linear
retention index (LRI), based on a homologous series of n-alkanes, and
the reference value was lower than 10 %.

2.7. Toxicological assay with Pinnigorgia flava

Exposure studies were carried out by employing nubbins of the Indo-
Pacific gorgonian octocoral P. flava, collected from 12 different donor
colonies raised at the Acquario di Genova holding tanks. P. flava was
employed for the assays because it is considered a suitable model species
for the assessment of the impacts related to different stressors, such as
temperature increase (Vargas et al., 2022), acidification (Vargas et al.,
2022) and pollutants (Isa et al., 202.3; Isa et al., 2024). For the tests, 150
P. flava nubbins were selected. Each nubbin was about 5 cm and
weighed approximately 5 g, with an average of 43 (+6.8 SD) polyps.
These nubbins were fixed on supports made of two-component epoxy
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resin and transferred to the acclimatization tank for 1 week. After the
acclimatization, nubbins (N = 6) were transferred inside each experi-
mental tank (N = 25) filled with 10 L of seawater collected from the
aquarium water uptake system. Each tank was equipped with two air
pumps to allow water motion and oxygenation (further details of the
aquarium facilities and the acclimatization tank are reported in the
supplementary material, section S1). 500 mL beakers were placed in a
water bath aquarium's tank (400 L) to maintain a temperature of 25 °C.
The tanks were equipped with two air pumps to allow water motion and
oxygenation. Further details of the aquarium facilities and the accli-
matization tank are provided in the supplementary material, section S1.
Tests were conducted at four concentration levels: 0.01, 0.1, 1.0, and
10.0 mg/L. PP and PE pristine and photo-aged particles, along with their
respective leachates, were used. Considering the average weight of the
pristine particles (obtained by direct measurements on 100 particles), at
the maximum concentration of 10.0 mg/L, the number of items per liter
was approximately 20,400 particles/L for PP and 23,800 particles/L for
LDPE. Control treatments were prepared by using seawater with no
plastic or leachates added (for a total of 8 negative controls) and
seawater with calcium carbonate particles at 10 mg/L concentration
level (4 negative controls). Environmental MPs collected from Maldi-
vian beaches (Magoodhoo Island, Faafu Atoll) were used as positive
control and tested at the same concentration levels as the reference MPs
(for a total of 4 positive control) Fragments were randomly assigned to
controls and exposure assays. The following endpoints were assessed at
0, 4, 24, 48, and 72 h: 1) mortality 2) quantification of the polyps'
retraction state, 3) classification of the amount of mucus production, 4)
quantification of bleaching amounts by semi-quantitative classification,
5) quantification of swelling amounts by semi-quantitative classification
and 6) overall score resulting from the sum of all parameters. Health
parameters, requiring semi-quantitative classification, were assessed
visually using a four-level scoring system. Parameters were scored on a
scale of 0 (normal limits) to 3 (severely affected), with an intermediate
condition evaluated by applying a 0.5 unit (thus half-scores are
permitted). This scoring system was adapted from a histologically
verified stress index developed for a coral health assessment that has
been previously used for evaluating hydrocarbon effects on corals
(Renegar and Turner, 2021; Turner and Renegar, 2017; Further details
of the protocol are reported in Section 1.5 of Supplementary S1). As-
sessments were performed by two research staff members indepen-
dently; all results are reported with Standard Error (SE). Krukal-Wallis
statistical test (with pairwise comparisons) was performed to evaluate
significant differences in stress observed during the tests. All analyses
were performed by IBM SPSS 29. More details regarding the protocol are
reported in the Supplementary (section S2).

2.8. Quality assurance and quality control (QA/QC)

During all the toxicological assays with MPs, we followed the pro-
cedures recommended to prevent contamination and collect reliable
data (Anbumani and Kakkar, 2018). Environmental parameters, such as
temperature and pH, were continuously monitored to avoid alterations
that could affect the results. The MPs purity (absence of potential con-
taminants) was assured by FTIR analysis on the particle surface and
GC-MS analysis of the pristine MPs leachates in milliQ water. The
concentration of MPs was assessed by precise measure of analytical
balance and use of standardized graduated glassware for dilution.
External contamination was prevented by using only dedicated equip-
ment and by operating in an isolated environment. Corals used in the
assays were selected in good health and continuously monitored during
exposure to MPs. Additionally, control tests were performed, and the
visual results were observed and confirmed by multiple operators to
ensure consistency. Results were validated by repeated sampling and the
use of statistical techniques as described in the previous section. Proper
protection for personnel handling the experiment was also ensured (use
of gloves and proper personal protective equipment, handling of
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chemicals under fume-hood). To minimize MPs and phthalates inter-
ference and cross-contamination caused by the laboratory procedure, we
followed the indication reported by Isa et al. (2022). Briefly, sampling,
handling, processing, and analysis of the MPs were carried out in a
closed room with restricted access during operations. All materials used
during field collection, laboratory surfaces, and equipment used for
processing the samples were thoroughly washed and rinsed with Milli-Q
water and ethanol. After each wash, the laboratory materials used were
wrapped in aluminum foil until used. To reduce phthalates background
contamination during sample collection and manipulation, no plastic
items were used but glassware, pre-cleaned with acetone and baked at
300 °C before use. Other precautions were also taken during manipu-
lation, extraction, sorting and identification, such as: wearing a cotton
laboratory coat, covering the samples at all times and monitoring
airborne contamination during laboratory procedures.

3. Results
3.1. Characterization of the MPs by SEM and uFTIR

As detailed in the experimental section, before utilization in the
ecotoxicological assays, the LDPE and PP MPs obtained from virgin
pellets, both pristine and after photo-aging, were photographed, and
analyzed by pFTIR.

Fig. 1 and Fig. 2 report a representative overview of the morpho-
logical and chemical appearance of the particles used and of the changes
induced by the photo-oxidation procedure adopted. Specifically, the
images collected by SEM and stereomicroscope showed the occurrence
on the surface of the photo-degraded particles of various defects such as
crazes and pits that were not observed in the pristine particles (Fig. 1, B,
and F compared to A and E). These defects resemble the appearance of
the defects observed on the surface of the MPs collected from the
environment (Fig. 1, G, and H), where also short lines with preferential
orientation and signs of textural deformation were highlighted (e.g.
cracks, line fractures, and delamination). The artificially photo-aged
MPs resembled the environmental MPs also in terms of fragmented
shape, surface roughness, and occurrence of fractures. Overall, these
features were not observed in pristine virgin pellets (Fig. 1, C, and D)
where the surface appears smooth, and the particles have no cracks and
sharp edges.

Analysis by p-FTIR indicated the occurrence of a chemical alteration
on the particle surface induced by the photo-aging. Also, in this case, the
photo-aged reference MPs displayed features similar to those observed
in the environmental MPs, that were not observed in the pristine
reference MPs. Specifically, the p-FTIR spectra collected from pristine PP
and LDPE MPs showed the characteristics features of the constituting
polymers (Supplementary S2-5), namely the bands at 2914 and 2843
cm ! corresponding to the C—H stretching vibrations, the bands at 1458
and 1373 em ! corresponding to CHy and C—H bending vibration, the
bands at 729 and 719 cm ! corresponding to CH, rocking vibration, and
the bands at 1082-1050 cm™! corresponding to C—C stretching. After
the weathering, new bands related to the polymer oxidation were
highlighted. In particular a peak related to hydroxyl functional group
(OH) from 3740 cm ™! to 3379 ecm ™! (both in PP and PE), the occurrence
of a peak related to carbonyl (C=0) from 1750 cm ! to 1702 crn’l, the
occurrence of peaks related to oxidation of the aliphatic chain, e.g.
bands related to carbon-oxygen bonds C-O-C asymmetric stretching at
1160 cm™! and bands from 990 and 880 cm™! related to vinylene and
vinylidene vibration in addition to the out of plane C—H deformation.

Calculation of the carbonyl index (Table 1) from the LDPE granules
showed a variation from 0.09 (n = 30 S.D. 0.04) in pristine MPs to 0.43
(n = 30; S.E. 0.08) in the photo-aged MPs. For PP MPs values were be-
tween 0.24 (n = 30; S.E. 0.06) in pristine particles and 1.23 (n = 30; S.E.
0.21) in the photo-aged particles In both cases, the variation was
significantly different from the dark controls confirming that the photo-
aging process significantly affect the particles surface. MPs collected
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Fig. 1. Representative images of the surface appearance of the reference MPs and environmental MPs: A) SEM photograph of a PP reference microplastic (pristine) B)
SEM photograph of a PP reference microplastic (photo-aged) C) stereomicroscope image of a LDPE virgin pellet D) stereomicroscope image of a PP virgin pellet E)
SEM photograph of a LDEP reference MPs (pristine) F) SEM photograph of a LDPE reference MPs (photo-aged) G) a PP fragment collected from the beach (f) a LDPE
nurdle collected from the beach (F). Virgin pellets and pristine reference MPs present a smooth surface with no evident defects in the microstructure, while photo-
aged reference MPs and the environmental MPs collected from the beach show indentations, pits, and cracks.

from the beach displayed carbonyl index values of 0.68 (n = 12, S.E.
0.24) in the LDPE and 1.54 in PP (n = 12, S.E. 0.47) indicating that the
degree of surface oxidation induced on the reference MPs by artificial
weathering is comparable to the degree of oxidation observed in the
environmental MPs. The crystallinity index (Table 1) also showed sig-
nificant variation induced by photo-aging and similar values for photo-
aged reference MPs and environmental MPs. Specifically, the crystalline
content in photo-aged LDPE reference MPs was equal to 55.9 + 9.7,
while in environmental LDPE MPs, it was 55.4 + 11.8. PP photo-aged
reference MPs showed a crystalline index of 48.1 + 10.7, while for
environmental MPs it was 38.7 &+ 14.1.

3.2. Leachates characterization

DOC analysis of the artificial seawater blanks resulted in 0.2 + 0.1
mg/L, while the leachates obtained from the pristine LDPE granules
resulted in 0.6 + 0.3 mg/L, and the leachates from the pristine PP
granules in 0.5 £ 0.3 mg/L (Table 1). After the application of a UV dose
of 170 MJ m ™2, the LDPE granules leachates reached 7.4 + 2.8 mg/L of
DOC, and the PP leachates 15.8 + 3.0 mg/L. From these values,
considering the volume of seawater and the total mass of particles added
in each test, it was possible to calculate the fraction of total carbon mass
released to the seawater due to the photo-oxidative degradation of the
plastic polymer. Results indicate for LDPE that 0.7 + 0.3 % of the initial
carbon mass was released as DOC, while for PP the related percentage
was 1.5 £+ 0.3 %.

GC-MS analysis showed a variety of chemical compounds belonging
to different chemical classes (Table 2) including alkanes, alkenes, di-
enes, alcohols, aldehydes, mono-and di-ketones, mono- and dicarboxylic
acids, hydroxy acids, esters, and lactones were highlighted, with a total
123 distinct structures tentatively assigned basing on NIST library
matches and Kovats indexes (Supplementary, Section S3, from S3.1 to
$3.6). To take account also of the unidentified peaks (peaks with no
structure assigned) the Venn diagram in Fig. 3 summarizes the total
counts of the features extracted by using the hierarchical clustering
deconvolution algorithm.

More specifically, the analysis of the DCM extract of the leachate
obtained from the LDPE pristine MPs showed a total of 21 peaks, 13 with
a structure tentatively assigned and mostly identified as long-chain
hydrocarbons. The photo-aged LDPE MPs showed 45 peaks with 32
tentatively assigned structures including a larger variety of chemical
classes, e.g. aldehydes, ketones, lactones, and short-chain hydrocarbons.

Analysis of the ethyl acetate extracts of the leachate obtained from the
pristine LDPE MPs showed a total of 11 peaks (mainly background
contaminants and alkanes). The ethyl acetate extract of the leachate
from the corresponding photo-aged MPs showed again marketed in-
crease in the number of peaks, with 42 peaks detected and 30 tentatively
assigned structures including mono and dicarboxylic acids, alcohols,
and hydroxy acids (Supplementary S3.2). The dichloromethane extract
from pristine PP MPs leachates showed a total of 26 peaks, mostly cor-
responding to long-chain hydrocarbons (17 tentatively assigned struc-
ture), while the corresponding photo-aged particles leachate displayed
97 peaks belonging mostly to aldehydes, ketones, and short-chain hy-
drocarbons (linear and branched) with a total of 65 tentatively assigned
structure (Supplementary S3.3). In this case, the ethyl acetate extract
obtained from the pristine MPs showed a total of 9 peaks which raised to
a total of 35 peaks after photo-aging, displaying a large variety of mono
and dicarboxylic acids (29 structures tentatively assigned).

Finally, the GC-MS analysis of the environmental MPs mix collected
from the Maldivian beaches showed a total of 64 peaks, 24 of which
were tentatively assigned to a reference chemical structure. Also in this
case carboxylic acids, ketones, aldehydes, alkanes, lactones, and alco-
hols were observed. However, the most intense peaks resulted related to
plasticizers such as DMP, DEP, DBP, and DEHP, anti-UV such as
benzophenone, 2,5-di-tert-Butyl-1,4-benzoquinone and 2,4-Di-tert-
butylphenol and flame retardant and stabilizers such as Phenol, 2,4-
bis(1,1-dimethylethyl)-, phosphite, and Tris(2,4-di-tert-butylphenyl)
phosphate.

By considering the semi-quantitative estimation of the concentration
of the identified compounds grouped for chemical classes (Supplemen-
tary S3.6) the leachate from photo-aged LDPE reference MPs resulted
containing a prevalence of carboxylic acids (0.89 mg/L), aldehydes
(0.46 mg/L) alkanes 0.15 mg/L lactones (0.03 mg/L), ketones (0.02 mg/
L) and alcohols (0.02 mg/L). In the leachate obtained from photo-aged
PP reference MPs, the most abundant products were carboxylic acids
(0.56 mg/L), ketones (0.30 mg/L) aldehydes (0.29 mg/L). alkanes (0.29
mg/L), lactones (0.15 mg/L), and alcohols (0.05 mg/L). The leachates
obtained from pristine LDPE and PP reference MPs resulted in quanti-
tatively containing only trace amounts of hydrocarbons with chain
lengths of up to 18 carbon atoms. Among aldehydes and ketones, the
chromatographic peaks showing the higher intensities corresponded to
compounds having chain lengths in the Cs-C;g range. Cyclic lactones
were found to display higher relative abundances in the leachates from
photoaged PP MPs. Difunctional and trifunctional compounds were also
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Fig. 2. Representative pFTIR spectra and pictures (on the golden surface of the pFTIR stab) of the plastic micro-particles used in the ecotoxicological assays (A)
reference LDPE microplastic B) reference PP microplastic C) microplastic fragment collected from the beach D) pFTIR spectrum of A. E) pFTIR spectrum of B F) pFTIR

spectrum of C.

Table 1

Carbonyl index, crystallinity content, and dissolved organic carbon found in the
pristine reference MPs, artificially weathered MPs, and environmental MPs
(collected from beach). Results are expressed as mean with standard error from
measurements on 30 distinct particles. DOC values are referred to three repli-
cated measurements on the test solutions.

MPs sample Carbonyl Crystalline content DOC (mg/
index (%)* L)
PE pristine (t = 0) 0.09 + 0.04 427 £ 7.4 0.6 + 0.3
PE photo-aged 0.43 + 0.08 55.9 + 9.7 7.4+28
PE pristine (dark 0.08 + 0.05 42.7+7.0 0.5+ 0.3
control)
PP pristine 0.24 + 0.06 29.3 £5.2 0.5+ 0.3
PP photo-aged 1.23 £ 0.21 48.11 +10.7 15.8 £ 3.0
PP (dark control) 0.26 + 0.08 29.7 + 4.9 0.6 + 0.4
PE environment 0.68 + 0.24 55.4 +11.8 31.2+15
PP environment 1.54 +0.47 38.7 £ 14.1 347+ 1.8

" crystallinity values calculated in LDPE from the methylene rocking bands at
729 cm-1 and 719 em-1 according to Zerbi et al. and in PP from 998 cm ™! to 974
cm ! as proposed by Brandon et al. (2019).

identified such as 3-hydroxybutanoic acid, oxo-nonanoic acid, and 3-
methyl- 2-hydroxypentanoic. Considering hydrocarbons, linear al-
kanes in the C6-C20 were identified both in the leachates of pristine and
aged particles. The lower-end species (C6-C10), unsaturated and
branched species were the most abundant in the photo-aged, while the
higher-end linear alkanes were found as the most abundant both in the
pristine LDPE and PP leachates.

3.3. Results of HS-SPME GC-MS analysis

Table 3 reports the list of VOCs detected by HS-SPME GC-MS anal-
ysis of the pristine and photo-aged reference MPs. A total of 87 different
compounds were detected belonging to the class of alkanes, alkenes,
aldehydes, ketones, and carboxylic acids.

Specifically, the number of compounds detected in pristine LDPE was
25, and in pristine PP 24, mostly short and medium-change alkanes in
the C;-Cj¢ range. In photo-aged LDPE MPs, the number of identified
compounds increased to a total of 58, with aldehydes and ketones in the
C3-C10 chain length range resulting in the most abundant classes of the
identified compounds (57 % of the total identified peaks), but also short-
chain carboxylic acids (12 %) and alcohols (10 %) were detected.
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Chemical species leached into the seawater from reference granules and beached MP with estimated concentration (pg/L). N.d. = not detected. For the details of the
leaching experiment refer to the experimental section. For the details related to each class components please refer to supplementary, table S3.

Material tested Aldehydes Ketones Alkanes

Lactones and esters

Carboxylic acids Alcohols and ethers Total others

LDPE pristine n.d. 4,2 n.d. n.d.
PP pristine n.d. 15.2 4.3 n.d.
LDPE old 46.1 15.7 109.0 35.2
PP old 193.2 305.3 269.4 156.3
MPs 58.4 n.d. 448 44

n.d. n.d. 4.2 n.d.
n.d. n.d. 19.5 n.d.
895.4 21.4 1321.8 n.d.
559.6 52.2 1729.8 n.d.
n.d. n.d. 550.4 11,896

12

okl

Fig. 3. Venn diagram indicating the number of the peaks identified in the
GC-MS chromatograms corresponding to distinct mass spectra (features) in the
leachates obtained from pristine and photo-aged LDPE and PP reference MPs,
and from MPs collected from Maldivian beaches.

For photo-aged PP the number of identified peaks was 30 with al-
dehydes and ketones representing 31 % of the identified compounds,
alcohols 10 %, and carboxylic acid 6 %.

3.4. Results of the toxicological assay

The summary of the results of the ecotoxicological assay carried out
with P. flava nubbins obtained by using the reference MPs and the
related leachates is reported in Fig. 4, while details of the results of the
assays and the related statical analysis are reported in the supplemen-
tary file S4 and S5.

Overall, no mortality nor tissue necrosis under any of the different
exposure conditions applied was highlighted, but significant stress re-
sponses. Pairwise comparisons of the Kruskal-Wallis test report after 72
h of exposure of the nubbins to pristine PE granules at 10 mg/L signif-
icant mucus production was observed (Kruskal-Wallis test, p = 0.005).
Also, the stress total score was significantly different from the controls
(Kruskal-Wallis test, p = 0.032), Conversely, the exposure to pristine PP
and both weathered LDPE and PP granules did not induce any significant
morphological stress response.

Exposition to the leachates obtained from photo-aged MPs showed a
more pronounced response in comparison to the exposition to the
leachates obtained from the pristine granule. Specifically, pairwise
comparisons showed that the leachates obtained from photo-aged PP at
10 mg/L induced in the P. flava nubbins a significant increase in polyps'
retraction at 72 h but also after 4 h (Kruskal-Wallis test p = 0.049 and
0.022, respectively), and also a significant increase in the total stress
score (Kruskal-Wallis test, p = 0.031 and p = 0.048 respectively). Pair-
wise analysis showed that leachates obtained from photo-aged PE

granules at the concentration of 10 mg/L induced a significant increase
in polyps retraction both at 4 and 72 h (Kruskal-Wallis test, p = 0.001
and p < 0.001 respectively) and in the total stress score (Kruskal-Wallis
test, p = 0.001 and p = 0.002 respectively).

Differently, the tests carried out with the leachates obtained from
pristine MPs showed no significant effects for any of the morphological
endpoints tested. No effects were also observed when all the assays were
carried out at concentrations of reference MPs comparable to the MPs
concentration found in the environment (0.1-0.01 mg/L, Supplemen-
tary S5).

The exposition of the nubbins to MPs collected from a Maldivian
Beach showed the most intense response: in this case, the leachates
displayed effects even 0.1 mg/L (lowest observed effect concentration,
LOEC) in terms of mucus production and polyp retraction, and at 1.0
mg/L in terms of tissue swelling and bleaching (Supplementary, S5). The
total stress score at 10 mg/L reached the highest level observed in all the
assays (2.8 + 1.0).

Finally, the application of linear regression demonstrated significant
differences in polyp retraction concerning two variables, namely, polyp
retraction and mucus production. Specifically, the difference in polyp
retraction was significant both based on the presence or absence of
material aging (0.005) used for the exposure treatments and based on
whether the compounds were in the form of granules or leachate solu-
tion (p = 0.021). Regarding mucus production as a stress signal in
response to the various exposure treatments, significant differences were
observed depending on whether PP and PE were used in the form of
granules or a solution containing the leachate (p = 0.033).

4. Discussion

4.1. About the need to consider the contribution of weathering in assessing
microplastic eco-toxicity

Literature of the last decades has already highlighted how MPs may
cause adverse effects on the health of various marine organisms
including marine invertebrates (Goncalves and Bebianno, 2021). The
impact of MPs on different coral species has been widely described,
however, in most of the cases the toxicological assays involved the use of
pristine particles acquired from vendors of chemical standards. For
instance, LDPE standard particles administered at very high concentra-
tions (up to 1.0 mg/L and 10'° particles/L) were shown to induce ne-
crosis and bleaching. These effects were mostly related to the direct
physical interaction of the MPs with the corals.

As mentioned in the introduction, we believe that assays that rely
solely on standard pristine plastic particles do not accurately represent
the broader range of interactions that may be triggered by secondary
MPs. Additionally, it is important to consider whether certain leached
chemicals, resulting from the photo-degradation of the polymer, may
cause toxicity. The main hypothesis of our study is that at concentrations
similar to those found in the marine environment (10-1000 particles/L),
the chemical interactions may cause significant stress effects that differ
from the impact of physical interactions. The effects caused by physical
interaction are typically demonstrated at high concentrations, which are
not realistic in a natural setting.

The results from our study, which involved testing of MPs obtained
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Table 3

Volatile organic compounds (VOCs) detected in the reference granules. Com-
pounds are marked with the X sign when detected in the chromatograms of the

related MPs.

Compound tr (min) LDPE LDPE PP PP
pristine photo- pristine photo-
aged aged
Hexane 4.56 X
Acetaldehyde 467 X X
Propanal 5.33 X
Heptane, 2,4- 5.38 X
dimethyl- (Octane,
4-methyl-)
Acetone 5.63 X X
Furan, tetrahydro- 6.28 X
Butanal 6.44 X X
2,4-Dimethyl-1- 6.46 X
heptene
Isopropyl Alcohol 7.51 X
Ethyl alcohol 761 X X X X
Heptane, 2,2,4,6,6- 8.09 X X
pentamethyl-
Undecane, 5,7- 10.03 X X
dimethyl-
Dodecane 10.17 X
3-Hexanone 10.67 X X
2-Hexanone 1157 X X X
Nonane, 2,6-dimethyl- 11.72 X
Ethanone, 1- 13.50 X
cyclopropyl-
3-Penten-2-one, 4- 13.68 X
methyl-
1-Butanol 13,71 X
3-Heptanone 14,04 X
Dodecane 15,53 X X
Limonene 1560 X X X X
4-Octanone 16.56 X
2,4-Pentanedione 16.30 X
(acetilacetone)
1-Dodecene 17.05 X X
Octane, 5-ethyl-2- 17.38 X
methyl-
Pentadecane 17.39 X X X
1-Pentanol 17.39 X
Eicosane 17.40 X
Dodecane, 2-methyl- 17.52 X
3-Octanone 17.56 X
2-Octanone 18.62 X
Tetradecane, 2- 18.75 X
methyl-
Decane, 3,7-dimethyl- 18.91 X
Tridecane 19.01 X X
Hexacosane 19.24 X
2-Propanone, 1- 19.98 X X
hydroxy-
5-Nonanone 20.05
1-Tridecene 20.52 X X
1-Hexanol 20.95 X
3-Nonanone 21.10 X
1-Hydroxy-2- 21.71 X
butanone
2-Pentanone, 4- 21.96 X X
hydroxy-4-methyl-
2-Nonanone 2218 X X
Nonanal 22.32 X
Tetradecane 22,38 X X
5-Decanone 23.44 X
Heptadecane 23.70 X X
Octadecane 2377 X X
Acetic acid 2393 X X X X
2-Pentanone, 4- 25.33 X
hydroxy-
Hexadecane, 7,9- 25.56 X
dimethyl-
Cyclotetradecane 25,62 X
Formic acid 25,64 X X
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Table 3 (continued)

Compound tr (min) LDPE LDPE PP PP
pristine photo- pristine photo-
aged aged
Pentadecane, 2- 25,87 X
methyl-
2,5-Hexanedione 26,03 X X
Heptadecane, 2- 26.19 X
methyl-
Propanoic acid 26.81 X X
Heptadecane 26,92 X
2-Butanone, 4- 27,1 X
hydroxy-
3,6-Heptanedione 28.33 X
Hexadecane 28.68 X
Propanoic acid, 2- 28.72 X
methyl-
3-Pentenoic acid, 4- 28.79 X
methyl-
2-Undecanone 28.87 X
2(3H)-Furanone, 29.41 X
dihydro-5-methyl-
Heneicosane 29.50 X
Butanoic acid 29.58 X X X
2-Propenoic acid, 2- 29,6 X
methyl-
Ethanol, 2-(2- 29,64 X X
ethoxyethoxy)-
Butyrolactone 29.96 X
2,5-Octanedione 30,62 X
Butanoic acid, 2- 30.89 X
methyl-
2-Dodecanone 31.97 X
2(3H)-Furanone, 5- 32.13 X
ethyldihydro-
Pentanoic acid 32.78 X X
Hexanoic acid 3574 X X X X
Tetradecanal 37.90 X
Heptanoic acid 38,55 X X X
Hexanoic acid, 2- 39.24 X
ethyl-
Ethanol, 2,2"-oxybis- 40.10 X X X X
Octanoic Acid 42.01 X X
Oxirane, heptadecyl- 43.12 X
Nonanoic acid 44.52 X X
Pentanoic acid, 4-oxo- 47.45 X

from the granulation of additive-free virgin pellets, confirmed our hy-
pothesis that molecular fragments released from the photodegradation
of plastic polymers significantly contribute to the toxicity of the MPs
against corals. Additionally, the stress induced by the physical interac-
tion with the particles was less intense than the stress caused by the
leached chemicals. The physical contact with the particles only led to an
increase in mucus production, while the leached chemicals caused also
polyp retraction, tissue swelling, and bleaching.

Interestingly, the mucus production triggered by physical interaction
was more pronounced when pristine polymers were used. This suggests
that the degradation of the plastic polymer on the surface of the MPs
leads to a less intense physical interaction with coral tissues, likely due
to changes in the surface mechanical properties of the particles. In
contrast, leachates from photo-aged reference microplastics (MPs)
induced greater stress responses than the pristine ones.

In more general terms, the chemistry occurring at the surface of
microplastics (MPs) plays a significant role in determining their toxicity.
Therefore, when describing the toxicity of MPs, it is essential to consider
their chemical properties in detail. The chemical characteristics of MPs
are a fundamental variable that must be considered when designing
toxicity assays, just as has been done for morphological variables such as
size and shape (Reichert et al., 2022; Anthony, 2000).

To the best of our knowledge, only the pioneering study by Allen and
co-authors (Allen et al., 2017) has previously considered that the
different chemical make-up of the MPs may induce different coral
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Fig. 4. Average values of the semi-quantitative score of A) polyps retraction, B) mucus production, C) tissue bleaching and D) the total score. All data are calculated
according to the protocol adopted by Renegar and Turner (2021) and reported with Standard Error (asterisk indicates a significant difference with respect to

the control).

responses. In this case, the authors supposed that the chemosensory cues
commonly applied by corals for the detection and capture of the prey,
might be involved in MPs ingestion. Corals are known to rely on phag-
ostimulants (e.g. they do not ingest sand) and the transfer into the
digestive occurs in two steps: first, the mesenterial filament gets in
contact with the particle, and then the particle is ingested. Very
frequently the ingestion is accompanied by a quick egestion and the
release of the particle from the filament. It is also commonly observed
that a consistent fraction of the ingested particles is retained in the
digestive system (for at least 24 h). Starting from this basis, it is hy-
pothesized that through chemo-recognition only specific MPs are
retained.

However, the study of Allen et al., 2017 displayed some conflicting
evidence: from one side the plastic polymers were in some way recog-
nized by the corals In fact, statistically significant differences in the
ingestion rates were highlighted between biofueled and non-biofouled
MPs, with the surprising result that coral prefers to ingest non-
biofouled plastic particle. On the other hand, no statistically signifi-
cant differences were highlighted by comparing the ingestion rates of
the different polymers tested (PS, PP, LDPE, HDPE, PET, PVC, PC).

The fact that in our experiments, we observed significant mucus
production only with non-weathered LDPE suggests that this is more
likely due to a different physical interaction of the material rather than
chemo-recognition. Additionally, mucus production is commonly
considered a nonspecific response, which can also be triggered by
exposure to natural sediments (Hubbard and Pocock, 1972), although at
much higher concentrations. This response may also be explained by
tissue abrasion.

Finally, it must be noted that many of the previous experiments
documented in the literature were conducted using very high concen-
trations of microplastics (MPs). This raises the possibility that
combining different toxicity mechanisms may lead to an underestima-
tion of the chemical contribution to toxicity. For example, a high con-
centration of particles in the water can limit the light available for
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symbiotic algae during photosynthesis due to light scattering caused by
the particles. Additionally, these particles can cause tissue abrasion by
interacting with the organisms' tissues. In our tests, the concentration
ranged from 200 to 24,000 particles per liter and we did not observe any
intense stress responses, such as necrosis or bleaching. This result is in
line with previous findings by Reichert et al. (2019), that studied the
response of LDPE MPs at concentrations of 100 mg/L in corals from the
genera Acropora, Pocillopora, and Porites and found no evidence of
bleaching in the corals.

4.2. Employing a multi-analytical approach to describe key MPs features

In this study, we applied different analytical techniques to describe
the chemical and physical modification induced by the weathering
process on the MPs, and to highlight similarities and differences among
different MPs at different weathering stages. The information collected
is useful to gain a better understanding of the reasons behind the
differing stress effects observed in the toxicological assays.

The results obtained from scanning electron microscopy (SEM) and
Fourier-transform infrared spectroscopy (FTIR) measurements clearly
indicate that photo-aging significantly alters the particle's surface
microstructure and chemistry. Notably, low-density polyethylene
(LDPE) and polypropylene (PP) reference MPs that were subjected to
photo-aging displayed morphologies similar to environmental MPs,
whereas the pristine particles did not. In fact, environmental MPs pre-
sent defects that are caused by photo-degradation: when sunlight in-
teracts with the surface of the particles this induces a partial oxidation
and changes in the crystallinity of the plastic polymer that ultimately
affects the mechanical performance of the plastic material. LDPE and PP
are both semi-crystalline polymers alternating in a two-phase system,
the crystalline (orthorhombic crystal lattice) and amorphous layers. The
shorter chain products formed during the polymer chain scission can
crystallize more readily due to the higher mobility. The resulting in-
crease in crystallization produces embrittlement and loss of
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microstructural integrity since the tie molecules that link the various
crystalline lamellae are broken. The particles result therefore more
sensitive to stress loading, which may easily occur in coastal environ-
ments, e.g. wave turbulence, abrasion against fine sediments, or impacts
on rocks. Consequently, the surface of the embrittled particles is altered
(Ter Halle et al., 2016; Chubarenko et al., 2022).

The analysis carried out by GC-MS highlighted how the photo-aging
process led to the release from MPs of a plethora of newly formed
chemical species, originating from the molecular fragmentation of the
MPs constituting plastic polymer. The species released are water-soluble
compounds and volatiles (Fig. 5). The water-soluble fraction contributes
to an increase in the amount of dissolved organic carbon in the seawater
while the volatile fraction may interfere with signaling processes (see
the further discussion section).

Our tests showed that PP MPs caused a major increase in DOC values
in comparison to LDPE particles. This is well explained by considering
the greater susceptibility of the branched chain occurring in this poly-
mer to oxidative processes. However, it must be emphasized that the
polymer photo-degradation might be subject to various kinetic con-
straints e.g. the dependency of the chain scission from the initial oxygen
addition (second order kinetic), and the occurrence of concurrent
degradation mechanism (e.g. chain scission and cross-linking), the de-
pendency of oxygen diffusion and UV light penetration to the cross-
linking degree of the polymer matrix. Overall, all these contributions
cause changes in the extent of the photo-oxidative process which occur
non-linearly over time, and thus affect the chemical-physical structure
of the particles and the release of oxidation chain scission products.
Under this light, the rates of the release of the molecular fragments can
only be roughly approximated by considering the amount of dissolved
carbon released from the plastic per UV dose administered over time. In
our case, for LDPE granules the amount of carbon released resulted
equal to 0.04 mg M/J m while for PP granules it was 0.08 mg M/J m.
Based on the semi-quantitative determination for class detected and
DOC measurements it appears that approximately 21 % of the dissolved
organic fraction corresponds to the identified structures.

Considering the chemical classes detected, in comparison to PP MP,
LDPE MPs released, after photo-oxidation, a larger variety of short-chain
oxidized products such as ketones, aldehydes, and cyclic lactones
together with monocarboxylic acids, alcohols. This might be related to
the higher number of chain ends caused by a higher number of chain
scissions during the photo-aging process to LDPE. Poly-methylated
mono- and dicarboxylic acids (e.g. with methyl branches in every
other main chain carbon) were formed mostly from PP photo-oxidation,
whereas linear ones from LDPE in agreement with theoretical consid-
eration already described in the literature (Grause et al., 2020). How-
ever, it must be noted that the precise identification of carboxylic acids,
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especially the distinction among linear or branched structures cannot be
ruled out by GC-MS because of the lack of standard alkyl-branched acids
in the MS libraries and the ambiguous diagnostic fragmentation path-
ways (for longer mono- and dicarboxylic acid). Paraffin and alkenes
were mostly observed in the pristine MPs, both LDPE and PP. This
chemical species is known to be caused by the disproportionation of free
radicals that may occur during the industrial production processes, in
addition to the new carbon-carbon bond formation (Niaounakis, 2017;
Gewert et al., 2018).

In our study, we employed both a solvent extraction and SPME
approach to try to cover a larger variety of molecular classes that
evolved during photo-degradation, including polar and apolar com-
pounds, compounds with low vapor pressure, and highly volatile com-
pounds. Some of the compounds found by extracting the leachates with
organic solvent resulted in the same detected by HS-SPME i.e., 2-unde-
canone, 3-6 heptadione 2(3H)-furanone, 5-ethyldihydro-pentanoic acid
hexanoic acid heptanoic acid. However, HS-SPME enabled the detection
of a variety of short-chain oxidized compounds such as acetaldehyde,
butanal, butyraldehyde, acetylacetone, propenal, and butyrolactone
that were not highlighted by the solvent extraction approach.

This strong influence of the analytical approach applied in the
detection of the different chemical species released during plastic photo-
degradation is confirmed by the literature review. Volatile compounds
such as acetaldehyde, acetic acid, acetone, and formaldehyde were
already detected in pioneering studies regarding the thermal degrada-
tion of PP films by infrared spectroscopy (Frostling et al., 1984) and
recently highlighted by applying a different mass spectrometry set up on
MPs collected from Italian beaches (Lomonaco et al., 2020). A successive
study carried out by La Nasa and coauthors (La Nasa et al., 2021) re-
ported the presence of beached MPs of alcohols with chain lengths in the
C2-C18 range. In this case, analyses were carried out by thermal
desorption-GC-MS after SPE, specifically by soaking a Chemisorbed in
the water solution and then by directly desorbing at 280 °C in the micro-
furnace of a pyrolizer coupled to a GC-MS. Interestingly, the authors did
not report the occurrence of plastic additives, such as plasticizers. In our
study, we did not detect shot chain alcohols but plasticizers (Supple-
mentary, section S3).

It is important to consider that different experimental setups for
photo-irradiation can lead to varying outcomes. This is because the
formation of different chemical species is influenced by the different
pathways involved in free radical reactions. High concentrations of
radicals are known to promote recombination; therefore, in low-density
polyethylene (LDPE) and polypropylene (PP), the radical chain may
result in a relatively higher abundance of esters.

In our study, we implemented a two-step aging protocol. First, the
microplastics (MPs) were subjected to photo-irradiation, followed by
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soaking in artificial seawater. We chose this approach to better replicate
the conditions found in coral reef lagoons, where microplastics are
typically more concentrated (Saliu et al., 2018; Raguso et al., 2022). In
these environments, plastics often end up stranded on the beach for
extended periods, during which photo-oxidation is likely to occur.
Subsequently, these plastic fragments are periodically washed back into
the lagoon during high tides or heavy rainfall.

However, existing literature reports different experimental setups.
For example, Biale et al. (2022) conducted photo-irradiation of MPs
while they were already in seawater. This experimental setup is ex-
pected to more accurately mimic the conditions of MPs floating in the
open sea and resulted in notable differences in the relative abundances
of chemical species observed by us. Specifically, they observed higher
relative abundances of mono and dicarboxylic acids, while short-chain
oxidized products were not detected.

4.3. Toxicology of the molecular fragments released from MPs photo-
degradation

The toxicological assays clearly demonstrated that the release of
molecular species from microplastics (MPs) due to photo-degradation is
linked to significant stress effects in corals, even at relatively low con-
centrations. For the lowest observed effect concentration (LOEC), the
identified molecular species ranged from 3 to 258 ng/L, based on
leachates from reference MPs at a concentration of 1 mg/L.

Therefore, it can be assumed that the observed responses are related
to the release of specific molecular fragments that induce stress re-
sponses in corals, either on their own or through synergistic interactions
with other chemical species.

Noteworthy, our experiments did not reveal any significant stress
effects in the corals when the exposure level was similar to the current
environmental concentration of microplastics (MPs), specifically
leachates from 0.1 mg/L of MPs. However, exposure assays conducted in
the tank using the leachates diluted in seawater do not accurately
replicate the exposure scenarios that occur in the natural environment,
where corresponding MPs concentrations are present. This is because
leaching is a dynamic process. In natural settings, the availability of the
leached chemicals can vary greatly over time, leading to cyclical expo-
sure to peak concentrations within an overall diluted pattern.

GC-MS analysis provided some hints about the possible species
involved in the toxicity. The stress response of corals to photo-aged
leachates is likely to be caused by short-chain polyoxygenated com-
pounds, such as acetone, acetylacetonate butanal, and butyrolactone.
These compounds are known to be biologically active in plants and
cause adverse effects on seed germination, and shoot and root growth
inhibition (Skinner, 1918; Chotsaeng et al., 2018; Rouillon et al., 2016;
Kang et al., 2020). In addition, short-chain oxidized structures occur as
secondary metabolites produced by corals and algae in response to stress
through the allene oxide synthase (AOS) and hydroperoxide lyase (HPL)
branch of the oxylipins pathway. For instance, C8-oxo acid and C12-
aldehyde and isomerized derivatives were found in corals as a
response to the thermal stresses (Norstrom et al., 2009), poly-
unsaturated aldehydes in plants and algae in the regulation of photo-
synthetic activity or response to grazing by predators (Savchenko et al.,
2017).

Recent investigations carried out by Caitlin Lawson and co-authors
(Lawson et al., 2021) showed that the microalgal endosymbionts of
reef invertebrates emit a variety of volatile compounds including al-
kanes (also halogenated), esters, short-chain aldehydes, and ketones,
that may influence the coral fitness, promote stress resistance, and
regulates trophic interactions through chemical signaling. We suggest
therefore further research on the possible signaling interference. Effect
of short-chain poly-oxidized compounds that are released by MPs due to
photo-degradation and also about the influence of the environmental
condition on the genesis of these compounds from MPs.

Despite these indications, the contribution of molecular fragments
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released by the photo-degradation of plastic polymers to the ecotoxicity
of MPs remains largely overlooked in current literature. When consid-
ering the stress responses elicited in coral, it is important to emphasize
that various chemical species can induce stress responses on their own.
This response may compound the effects caused by the physical in-
teractions with the particles or by other chemicals released from the
MPs, such as the plastic additives when present. Our study has demon-
strated the significant role that molecular fragments from polymer
photo-degradation play in coral toxicity. Further efforts are needed to
enhance analytical methods and cover a broader range of this complex
“molecular cocktail,” as well as to provide structural elucidation of the
unknown components.

5. Conclusions

In this study, we combined ecotoxicological assays conducted on
coral nubbins with detailed chemical profiling to demonstrate that
exposure to the molecular fragments released from microplastics (MPs)
due to photo-degradation can pose a unique source of stress for corals,
distinct from the stress caused by physical interactions with the MPs. In
summary, the main observations from our experiments are:

e Pinnagorgia flava nubbins exhibited different morphological re-
sponses when exposed to pristine plastic particles, photo-aged plastic
particles, or seawater solutions containing molecular fragments
leached from photo-aged plastic particles.

Photo-aging caused the release of 137 distinct molecular species in
concentrations up to 236 ng/L, corresponding to 28 pg/L of dissolved
organic carbon per gram of plastic material released under a total UV
dose of 170 MJ m 2

Leachates obtained from pristine and photo-aged plastic particles
induced different morphological responses in coral nubbins. Notably,
no significant stress effects were observed when nubbins were
exposed to leachates from pristine and additive-free plastic particles.
Leachates obtained from MPs collected from the beach induced the
strongest responses, with evidence of bleaching observed at a con-
centration of 10 mg/L.

In our tests, the physical interaction of the corals with the particles
was characterized only by mucus production. In contrast, exposure to
photo-aged plastic leachates led to different effects, including polyp
retraction, tissue swelling, and necrosis. These effects were recorded at
relatively lower concentrations to the levels inducing stress by physical
interaction (LOECs ranging from 0.1 to 1 mg/L). Importantly, the most
intense response was observed when corals were exposed to leachates
from MPs collected from the beach, which contained various plastic
additives, not present in the reference additive-free MPs. This highlights
the significance of the complex mixture of chemicals associated with
MPs when evaluating their toxicity.

In summary, our results indicate that when conducting risk assess-
ments, it is crucial to consider both intentionally and unintentionally
added chemicals, and the various products released during the photo-
degradation of plastic polymers. Each of these factors can elicit
different responses in marine organisms, either individually or through
synergistic effects. Despite the use of the term “microplastics” as a col-
lective term, the different types of particles (varying in shape, size, and
polymer type, as well as in the weathering stage) can produce different
toxicological effects through distinct interaction mechanisms.
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