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ABSTRACT

Microplastics are one of the major pollutants in aquatic environments. Among their components, Bisphenol A
(BPA) is one of the most abundant and dangerous, leading to endocrine disorders deriving even in different types
of cancer in mammals. However, despite this evidence, the xenobiotic effects of BPA over plantae and microalgae
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still need to be better understood at the molecular level. To fill this gap, we characterized the physiological and
proteomic response of Chlamydomonas reinhardtii during long-term BPA exposure by analyzing physiological and
biochemical parameters combined with proteomics. BPA imbalanced iron and redox homeostasis, disrupting cell
function and triggering ferroptosis. Intriguingly, this microalgae defense against this pollutant is recovering at

both molecular and physiological levels while starch accumulation at 72 h of BPA exposure. In this work, we
addressed the molecular mechanisms involved in BPA exposure, demonstrating for the first time the induction of
ferroptosis in a eukaryotic alga and how ROS detoxification mechanisms and other specific proteomic rear-
rangements reverted this situation. These results are of great significance not only for understanding the BPA
toxicology or exploring the molecular mechanisms of ferroptosis in microalgae but also for defining novel target
genes for microplastic bioremediation efficient strain development.

1. Introduction

Human concern about plastic pollution in aquatic ecosystems has
been growing in the last few years due to its effects on the environment
and human health [1]. Plastics include many different compounds, and
among them, Bisphenol A (BPA) 2,2-bis(4-hydroxydiphenyl) propane is
one of the most common plastic components. BPA can be found in epoxy
and phenolic resins, polycarbonate plastics, and food lacquer coatings
[2] as part of daily used products such as thermal receipt paper, lining of
cans, or even feeding bottles [3]. Most of the red flags raised by BPA are
associated with its disruptor effect on mammals’ endocrine system,
which could lead to infertility, psychiatric and neurological disorders,
and different types of cancer [3]. However, the impact of this xenobiotic
might be wider as it can easily reach the aquatic environments arriving
at an average of 42.3 ng/L in fresh water [2,3] or even 17.2 mg/L in
landfill leachates [4], where it produces similar effects on their in-
habitants [5]. Because of this reason, eliminating BPA from the envi-
ronment is an increasing global concern, and microalgae-based
bioremediation seems to be a good alternative as these organisms can
assimilate and degrade BPA [6]. Microalgae have many advantages over
higher land plants, such as their rapid growth rate, and high rate of
atmospheric CO5 capture, together with no direct competition for agri-
cultural land usage. Nonetheless, to these promising capabilities, BPA
induces the microalgae reduction of growth, which leads this strategy to
lose attention. Therefore, the generation of new efficient microalgae
strains for BPA bioremediation would raise this strategy as a choice. For
this, the first step is the characterization at the molecular level of the
toxicity of BPA and the microalgae capacity to recover from the induced
damage.

Despite the scarce information on the molecular phycotoxic effects of
BPA, previous studies demonstrated that green organisms can uptake
this compound, showing a range of effects depending on the species and
the applied dosages [7]. Even low dosages can induce significant re-
ductions in growth and photosynthetic rates and the disability of
reproductive development [8-13]. Despite affecting a vast number of
plants and algae, some species are resistant to BPA, showing none or a
few changes in their growth and photosynthetic rates as in the algae
Scenedesmus acutus, Scenedesmus quadricauda, Coelastrum reticulatum,
Gonium pectorale and Cyanophora paradoxa (10 mg/L of BPA) [14] or
even increasing their growth rate in Chlorella pyrenoidosa [15], when
BPA is applied for long-term. This broad range of responses has been
related to the different BPA uptake and antioxidant capacities of the
different species. Antioxidant enzymes such are superoxide dismutase
(SOD), ascorbate peroxidase and catalase (CAT) are overexpressed
during BPA exposure in all microalgae tested [16,17], along with the
inhibition of enzymes related to cell respiration in C. pyrenoidosa [18].
Together, microalgae such as Pycocistis sp. increase the activity of
glutathione S-transferase (GST) [17], which is involved in the detoxifi-
cation of this xenobiotic by its conjugation with glutathione (GSH).

However, at the molecular level, little is known about how BPA
disrupts microalgae metabolism or which are the pathways implied in its
tolerance, accumulation or biodegradation in those species that are
compatible with this pollutant [13,19]. Addressing the molecular level
is a necessary step tounderstand the biological effects of this xenobiotic,

and identify efficient bioremediation mechanisms, opening the possi-
bility to employ more efficient microalgae to remove BPA from water.
Moreover, knowledge of the microalgae response to this plastic could
also contribute to understanding the animal response due to the high
amount of conserved elements between these two groups [20].

BPA disbalances cell metabolism mainly by increasing reactive ox-
ygen species (ROS) production and the peroxidation of membrane lipids,
causing reduced growth and altering normal development. In the last
term, lipid peroxidation alters membranes, changing their permeability
and affecting the function of chloroplast and mitochondria. This effect
was observed by the production of MDA in many Chlorophytes as
C. pyrenoidosa and Scenedesmus obliquus treated with BPA [18]. Also, in
other eukaryotic systems mitochondrial and redox damage is observed
in mammals producing ferritinophagy, and intracellular iron accumu-
lation is promoted by Fenton’s reaction [14] leading to the appearance
of ferroptosis [21]. This form of cell death has been described in several
prokaryotic [22] and eukaryotic [23-25] systems in response to
different stress conditions and has been recently linked to BPA in
mammals [26]. However, the physiological and specific biochemical
and regulatory mechanisms involved in BPA responses in microalgae are
still unknown.

To fill this gap we employed the model organism Chlamydomonas
reinhardtii. This species was selected over other sensitive (micro)algae or
plants [27-30] because of their simple cell cycle, fast growth, the good
range of molecular and bioinformatics tools and the ability for biore-
mediation pollutants already described [31-33]. The combination of
proteomics with a physiological characterization during a time-course
experiment following a systems biology approach allowed us to
describe the short- and long-term effects of BPA over this alga and
specific proteins mediating these responses. The initial shock induced by
this xenobiotic was mainly caused by a strong redox disbalance which
affected a wide range of cellular pathways, mainly at the chloroplast and
mitochondrial levels. To resolve this hostile environment, several
mechanisms were triggered, being the most important the ferroptosis
which was involved in initial detoxification stages. This was the first
description of ferroptosis cell death in an eukaryotic microalgae. BPA
also induced the accumulation of starch and other metabolites conse-
quently of, the specific rearrangements of biochemical pathways. These
findings contribute to understanding the toxic effects of BPA in a cell and
to selecting better strategies for plastic bioremediation, providing some
candidates for genetic engineering microalgae improvement.

2. Experimental
2.1. Algal strains and culture conditions

Chlamydomonas reinhardtii CC503 (cw92) and CC1690 (Sager strain)
were obtained from the Chlamydomonas Resource Center (http
s://www.chlamycollection.org/). Cells were cultured within a 0.5 L
Erlenmeyer flask containing 300 mL of liquid Tris-Acetate-Phosphate
(TAP) culture media. Growth conditions were as follows: constant 25
°C temperature, 175 rpm shaking, and a photoperiod of 16:8 (light:
darkness) at 200 pmol photon-s-m™2 provided by warm white LED.
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2.2. BPA treatment

Seed cultures were kept growing at an exponential phase and diluted
to 5-10* cells/mL in TAP before BPA exposition. These cultures were
aliquoted in 12 flasks organizing these in four groups of three replicates.
Different amounts of a stock of 0.133 g/mL of BPA (Sigma-Aldrich
239658-50G) in methanol (Honeywell, 34885) were added to reach the
three different concentrations that were tested (30, 40 and 45 mg/L).
Equal volumes of methanol (0.03 % of MeOH) were added to control
cultures. For the systems biology-based assay (Supplementary figure
1B), a twelve replicates experiment was set up with two groups of six
replicates of 0, controls (0.03 % of MeOH), and 40 mg/L of BPA
treatment.

2.3. Ferrostatin-1 treatment

The stock solution of 38 mM of Ferrostatin-1 (Fer-1) (Sigma
SML0583) was prepared in DMSO. This solution was added to a final
concentration of 1 uM to CC1690 cultures (5-10% cells/mL) 24 h before
BPA addition (t — 24 h). The same amount of Fer-1 was added again 1 h
before BPA addition (t—1 h). Cultures were then diluted (5~104 cells/
mL) and 40 mg/L of BPA final concentration was added to the cultures
from a 0.133 g/mL stock prepared in DMSO. The same volume of DMSO
was added to control and treatment flasks at t — 24 and — 1 h. Three
replicates of each condition were performed.

2.4. BPA determination

Intracellular BPA content was determined by isotope dilution mass
spectrometry. Calibration mixtures were performed by adding 100 pL of
a 200 pg/g 3Cy2-BPA solution to both the samples and the calibration
solutions resulting in a concentration of 200 ng/g. The final content of
calibration samples was in the range 50-800 pg/g (50, 100, 150, 200,
400, 600 y 800 ng/g). Samples were dried prior to derivatization. Dried
samples were dissolved in 20 pL of methoxyamine hydrochloride
(Sigma) (40 mg/mL) in pyridine (Sigma), and incubated 30 °C for 90
min. Then, samples were incubated for 37 °C 30 min in 80 pL of MSTFA.
Samples were centrifuged for 3 min at 20,000g and the supernatant was
collected. Finally, the samples were diluted 1:10 with hexane and
injected into a GC-TOF system (Agilent 7250). 1 pL of each sample was
injected into the GC-Q-TOF system at 230 °C using a 10:1 split ratio. A
HP-5MS (30 m x 250 um x 0.25 um) capillary column was used for the
chromatographic separation. The oven was initially held at 70 °C for 1
min, and the temperature was increased to 76 °C at 1 °C/min and held
for 15 min. Then, The temperature was increased to 300 °C at 6 °C/min
and held for 5 min. Helium was used as carrier gas at 1.5 mL/min during
the chromatographic separation. The source temperature was set at
200 °C. The mass range was set between m/z 40 and m/z 600. The ac-
quired data were converted into SureMass format before the integration
of peak areas for m/z 357.1701 (natural BPA) and m/z 369.2104 (13C12—
BPA, TRC-Canada) using the MassHunter Quantitative Analysis 10.2
(Agilent). Using a calibration graph, BPA quantification was carried out
by isotope dilution mass spectrometry. Six biological replicates were
quantified at each sampling time.

2.5. Photosynthesis and growth rate determination

Cell growth and photosynthesis rate were measured at 0, 5, 24, 48
and 72 h after the experiment onset. Cell growth was monitored by
measuring culture absorbance at 650 and 750 nm with Nabi UV/vis
Nano Spectrophotometer (MicroDigital Co., Korea). Photosystem II ef-
ficiency (Fv/Fm) was measured with a pulse-amplitude modulation
fluorimeter (Walz, JUNIOR-PAM) after an acclimation period of 15 min
in darkness.
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2.5.1. Pigments, malondialdehyde, total soluble sugars and starch content
determination

Determination of pigments (chlorophyll A, chlorophyll B and carot-
enoids), malondialdehyde (MDA), total soluble sugars (TSS) and starch
were performed from the same lyophilized extract. At least three repli-
cates for all stress biomarkers were quantified by colorimetry following
the protocol and formulae described by Lépez-Hidalgo et al. [34].

2.6. Cell viability and total reactive oxygen species determination

One mL of cells was collected at 0, 5, 24, 72 and 96 h by low-speed
centrifugation. For cell viability determination, pellets were resus-
pended in fluorescein diacetate staining solution (1 mg/mL in acetone)
and incubated for 15 min at room temperature in dark [35]. Total
reactive oxygen species (ROS) were quantified from the same amount of
cultures, pelleted in the same way, employing 2,7-dichlorodihydrofluor-
escein diacetate (H,DCFDA, 5 pM) in DMSO solution and incubated for
60 min in dark [36]. Six biological replicates were analyzed at each
sampling time.

Both cell preparations were washed twice with 344H20 to remove the
excess of dye, and fluorescence was quantified employing a Qubit 2.0
Fluorometer (Invitrogen) using a excitation/emission wavelengths of
485/530 nm respectively. Cell viability was calculated by the percent-
age of cells presenting fluorescence under optical fluorescence micro-
scopy (Nikon Eclipse E600). Total ROS in cultures was semi-quantified
by considering the ratio of HoDCFDA/fluorescein acetate fluorescence.

2.7. Perl’s staining for intracellular Fe>" detection

Chlamydomonas Fe>* staining was performed as described by Green
& Rogers (2004) [37] with slight modifications for microalgae. Briefly,
cells were fixed in 4 % (v/v) paraformaldehyde for 60 min and then
washed 3 times with 4qH»0 for 5 min. Fixed cells were then resuspended
in Perl’s solution [4 % (v/v) HCI and 4 % (w/v) potassium ferrocyanide]
and vacuum infiltrated for 15 min. Finally, cells were washed 3 times
with 4¢H20 for 5 min and resuspended in water before imaging by op-
tical microscopy (Olympus BX61 coupled to Olympus DP-70 camera)
employing a PlanApo 40x/0.95 objective.

2.8. Alcian blue staining for the determination of extracellular matrix

Cultures were collected by low-speed centrifugation as previously
described. Cell pellets were carefully resuspended in 1 % formaldehyde
and fixed overnight at 4°C. Immediately before staining, cells were
centrifuged to remove formaldehyde. Pellets were stained in 0.1 % w/v
Alcian blue 8GX in 0.5 N acetic acid and incubated for 10 min at room
temperature before microscopy, following the recommendations of
Crayton [38]. Images were acquired in a Nikon Eclipse E600 microscope
coupled to a Digital Sight DS-5 M camera employing a Pan Fluor
40x/0.75 objective (Nikon).

2.9. Proteomic analysis

Six replicates of Chlamydomonas proteins from 0, 24 and 72 h were
extracted from 5 mg of dry weight following the procedure described in
Valledor et al. (2014) [39]. Protein pellets were resuspended in 8 M urea
and quantified employing BCA [40]. The proteins were pre-fractionated
(40 pg of total protein were loaded on to the gel (1D SDS-PAGE)), trypsin
digested (Roche No 11418475001) and desalted (using a C18 spec plate)
according to a previously described method [41-43]. Before mass
spectrometric measurement, the tryptic peptide pellets were dissolved in
4 % (v/v) acetonitrile, and 0.1 % (v/v) formic acid. One pg of each
sample was loaded on a C18 reverse-phase column (Thermo scientific,
EASY-Spray 500 mm, 2 um particle size). Separation was achieved with
a 90 min gradient from 98 % solution A (0.1 % formic acid in high purity
water (MilliQ)) and 2 % solution B (90 % ACN and 0.1 % formic acid) at
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0 min to 40 % solution B (90 % ACN and 0.1 % formic acid) at 90 min
with a flow rate of 300 nL min~!. nESI-MS/MS measurements were
performed on Orbitrap QExactive (Thermo Fisher Scientific, Bremen,
Germany) with the following settings: Full scan range 350-1800 m/z
resolution 120,000 max. 20 MS2 scans (activation type CID), repeat
count 1, repeat duration 30 s, exclusion list size 500, exclusion duration
30 s, charge state screening enabled with the rejection of unassigned and
+ 1 charge states, minimum signal threshold 500.

Raw data were processed with Proteome Discoverer 2.1 (Thermo
Fisher Scientific, Bremen, Germany) employing the SEQUEST algorithm
[44] and label-free quantified based on precursor’s areas. Chlamydo-
monas 5.6 protein (18750 accessions), Chlamydomonas chloroplast &
mitochondria (84 accessions) and UNIPROT-viridiplantae (37821 ac-
cessions) databases were employed for protein identification. Only
high-confidence proteins (at least one significant peptide, XCorr > 1.8,
FDR 5 %) present in all the biological samples of at least one treatment
were considered for this analysis.

2.10. Data analysis

Biostatistical analysis was performed in R 4.1.2 (R Foundation for
Statistical Computing, Vienna, Austria.) [45] under RStudio IDE (Posit
Software, Boston, US) [46]. Preprocessing, univariate and multivariate
analyses over proteomic dataset were performed with bundled core
packages and pRocessomics (0.1.13) (available at https://github.com/
Valledor, University of Oviedo, Oviedo, Spain). Physiological and
growth measurements were analyzed employing a t-test or Kruskal
Wallis followed by Duncan’s. The proteome dataset was first
pre-processed, involving imputation, filtering, and balancing steps.
Briefly, missing values were imputed only in those cases that they rep-
resented less than 17 % of the samples of a particular treatment (one in
six replicates) by using the Random Forests algorithm. After imputation,
those proteins that were not present in all replicates of at least one
treatment or in at least six individual replicates, were filtered out, as
they were considered inconsistent. Imputed and filtered data was
balanced through a sample-centric approach prior to analysis. As most of
the preprocessed protein variables failed to comply with the assumption
of normality, we tested for the presence of inter-treatment differences by
using the Kruskal Wallis test coupled with the Duncan post hoc test.
Heatmaps were conducted, grouping proteins according to MapMan
ontology. Sparse Partial Least Squares (sPLS) was employed, considering
proteome and physiology/growth datasets as predictive and response
matrices respectively. Resulting correlation network was filtered,
keeping edges with correlation values above 0.75. The network was
visualized and processed in Cytoscape V3.9.1 (Cytoscape Consortium)
[47].

2.11. Enrichment analyses

Pathway analysis was conducted employing GO classification.
Abundances were visualized employing heatmap representation.
Enrichment analyses were performed employing g:Profiler with a
custom GMT annotation file parsed from GOMAP following the recom-
mendations provided by [48].

3. Results
3.1. BPA effect on growth depends on the Chlamydomonas cell wall

The growth of two Chlamydomonas strains, CC503 (cell wall
defective) and CC1690 (wild type), was monitored for 120 h under
different concentrations of BPA (0, 30, 40, 45 mg/L) (Supplementary
figure 1C, Supplementary table 1). Both strains displayed delayed
growth under all tested BPA concentrations (Supplementary figure 1C,
Supplementary table 1), although the effect was more pronounced for
CC1690. Consequently, CC1690 was chosen for further analyses and 40
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mg/L of BPA as it allowed enough biomass retrieval during sampling
while still producing a stress phenotype (Supplementary figure 1C,
Supplementary table 1).

3.2. Initial BPA shock caused quick and severe physiological disfunctions

The intracellular level of BPA quickly increased for the first 24 h of
exposure, reaching an average concentration of 35.27 pg of BPA/mg of
dried cells (Fig. 1A; Supplementary table 2). BPA caused a delay in
growth (Fig. 1B), reduced photosynthetic rate (Fig. 1C) and cell death
(Fig. 1D, E). One of the initial physiological symptoms of BPA intoxi-
cation was the disruption of photosynthetic Fv/Fm which was
completely blocked after 5 h and later recovered during the time
(Fig. 1C). This coincided with a fall of photosynthetic pigments (Fig. 1D,
F; Supplementary table 3), and increased damage to membranes as lipid
peroxidation (MDA) raised together with the total ROS content (Fig. 1E).
After 72 h, BPA concentration decreased in cells to 18.63 ug of BPA/mg
of dried cells, while in culture remained the same concentration as in 24
h of treatment (Fig. 1A; Supplementary table 2). Pigments started to
recover, Fv/Fm reached values similar to controls, and lipid peroxida-
tion was reduced below controls.

Interestingly, while soluble sugars content (Fig. 1F; Supplementary
table 3) was reduced four times after the initial shock and did not
recover during the experiment, starch started to accumulate after 72 h.
These responses are accompanied to an induction of BPA Chlamydo-
monas cell aggregation, also increasing the thickness of the extracellular
matrix during the treatment (Supplementary figure 2). After 72 h cells
grew exponentially like normal controls (Supplementary table 3).

3.3. Proteomics revealed profound changes in cell biology after BPA
exposure

A proteomic approach was performed to explain, at the molecular
level, the physiological responses observed after BPA treatment up to
72 h. Longer culture periods were not assayed as the cultures behave
similarly to controls. The analysis of whole-cell proteome revealed more
than 3000 proteins, but only 2158 were confidently identified and semi-
quantified considering search and abundance thresholds (Supplemen-
tary table 4). Within these proteins, 1822 proteins (84.43 %) showed
significative differences in at least one treatment (Kruskal-Wallis, g-
value <0.05), indicating the profound proteome change induced by
BPA.

To obtain a comprehensive picture of the physiological disruption
induced by BPA, proteins were firstly classified according MapMan
ontology employing Mercator tool [49] and annotating 1408 to func-
tional bins. A heatmap analysis and cluster classification of the different
treatments according to these bins (Fig. 2A; Supplementary figure 3)
revealed that the initial BPA shock caused an up-accumulation of
chromatin organization and DNA repair mechanisms, signalling
(phytohormone action, external stimuli response), solute transport and
protein biosynthesis. In contrast, almost all other bins were down-
regulated. After 72 h of BPA exposure, samples were grouped with
controls rather than with the samples of 24 h BPA, indicating the re-
covery of these cultures. Most bins recovered to control abundances,
except for phytohormone action, DNA damage response, and protein
biosynthesis, which were still above control values despite reducing
their abundance. The minor changes observed within controls reflected
the normal growth of the culture and the increasing concentration of
cells within flasks.

However, within these major bins, differential protein abundance
patterns were found. Sixteen co-accumulation patterns were defined
after a k-means analysis (Fig. 2B; Supplementary table 5). Again, the
most abundant differences between control and treated cultures were
found at 24 h. Four clusters (6, 11, 13 and 15; 451 proteins) classified
the proteins which quickly responded to BPA and then returned to
control levels. The function of these clusters was inferred after a
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Fig. 2. Proteomic results for control and BPA treatments during 72 h. Proteins separated into MapMan categories heatmap (A), k-means clustering analysis (B).

functional enrichment analysis employing secondary and tertiary bin and were enriched in photophosphorylation of PSII and ATP synthase
levels (Supplementary figure 4), revealing that redox homeostasis, complex, protein biosynthesis and homeostasis, and one (14; 135 pro-
photophosphorylation of PSII and ATP synthase complex, plastidial, LSU teins) those proteins over-accumulated after 72 h, which was enriched
and SSU ribosome biogenesis, and U2-RNA processing pathways were in fatty acid degradation, carotenoid biosynthesis, protein biosynthesis
upregulated after the initial shock caused by BPA. Two clusters (8, 10; and nutrient uptake. On the other hand, most of the clusters that showed
261 proteins) classified those proteins over-accumulated at 24 and 72 h initial down-accumulation (clusters 1, 2, 3, 4, 5, 16; 783 proteins)
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recovered after 72 h of culture and were enriched in a range of cellular
processes from the Calvin cycle, carbohydrate, lipid, protein or amino
acids metabolism (SHMT pathway) to cellular respiration or protein
translocation. Finally, clusters 7, 9, and 12 (528 proteins) gathered those
proteins down-accumulated during the experiment and showed a similar
enrichment to the previous group, with the noticeable inclusion of redox
homeostasis (SOD and thiol-based redox regulation).

3.4. Multivariate analyses revealed the redox homeostasis is disbalanced
in response to BPA

sPLS was employed to discover those proteins more related to the
observed variations at the physiological level. This method adequately
distinguished the different treatments and showed that component 1
gathered most of the variation related to BPA treatment (Fig. 3A). As in
previous analyses, cultures after 24 h of BPA exposure were the most
different samples, while the cultures recovered after 72 h were grouped
with controls. The functional enrichment analyses of top positively and
negatively correlated proteins to component 1 (Fig. 3B) revealed that
BPA induced protein biogenesis at chloroplast and reticulum levels, U2-
mediated RNA processing and PSI and II after 24 h of culture, supporting
k-means-based findings. On the other hand, BPA diminished carbohy-
drate metabolism, Calvin-Benson cycle, cell respiration and lipid meta-
bolism, N-related pathways, and redox homeostasis, recovered after
72 h. Interestingly, in the case of the Photosystem I term, which was
enriched both positively and negatively, those components related to
iron-sulfur centre or ferredoxin interaction were upregulated. At the
same time, -harvesting complexes and their docking proteins were
downregulated. Out of these clusters, proteins related to iron uptake,
cell wall, and voltage gate ion channels were positively correlated to this
component (Supplementary table 6).

A protein-physiology data correlation network was also defined from
the sPLS regression (Fig. 4). This network revealed that photosynthesis
proteins are positively related to Fv/Fm, growth, chlorophyll A and B
and total soluble starch. Together, are positively correlated elements
related to redox homeostasis (MnSOD) and lipid metabolism proteins to
chlorophylls, TSS and Fv/Fm. Moreover, some carbohydrate metabolism
proteins are positively linked to Fv/Fm and chlorophyll A. This network
also revealed epigenetic mechanisms in BPA Chlamydomonas response,
as Argonaute appeared positively related to growth. On the other hand,
protein synthesis is negatively correlated to all physiology data, along
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with carbohydrate metabolism nodes that are negatively linked to TSS,
Fv/Fm and chlorophyll B. Also, the enzymes corresponding to redox
homeostasis malic enzyme and a sulfiredoxin are negatively linked to
chlorophyll A and Fv/Fm.

3.5. BPA-induced major changes in carbon metabolism

The observed reduction of soluble sugars and the accumulation of
starch could result from reduced photosynthesis and cellular respiration.
The decay of the Fv/Fm was coincident with the loss of antenna proteins,
core photosystems proteins, and the reduction in the photosynthetic
pigments. At the same time, some iron-related proteins associated with
the electron flow over-accumulated, and ferredoxin-NADP-reductases
decreased their abundance 2 to 4-fold.

Besides, protein isoforms such as Chlorophyll a-b binding protein 2
(P08963), the Photosystem I iron-sulfur centre (P06251) and a Photo-
system II CP47 reaction centre protein (Q9MUV7) were only detected
during the initial shock (Supplemental table 4). Contrary to core
photosystem proteins, carbon fixation enzymes reduced their abun-
dance, being the sum of all RuBisCO large subunit and RuBisCO activase
isoforms, and sedoheptulose-1,7-bisphosphatase (Cre03.g185550)
reduced to — 2-, — 1.5- and — 2.5-fold respectively. RuBisCO large
subunit deficient mutants displayed enhanced cyclic electron flow (CEF)
in Chlamydomonas [50], enhancing ATP production and reducing
NADPH synthesis. This fact, together with the reduction of the abun-
dance of some acetyl-CoA carboxylases and synthases, the malate syn-
thase and some isocitrate lyases may lead the ATP production to
stimulate starch synthesis, accumulated under BPA 72 h (Fig. 1F, Sup-
plementary table 3).

Protein biosynthesis was the main enriched category after 24 h of
BPA (Fig. 3B) and within them, especially those related to plastidial
ribosome biogenesis. This might reflect a profound chloroplast proteome
turnover after the initial BPA shock, being the first step to recuperating,
which is also occurring at cytosol level as proteins associated with large
and small ribosomal subunits, which might drive protein remodelling,
were also enriched.

Cellular respiration may not to be a sink for imported acetate, as
glycolysis, pyruvate oxidation, and tricarboxylic acid pathways
decrease. Moreover, some acetyl-CoA carboxylases and synthases, the
malate synthase and some isocitrate lyases decreased, probably because
they are the rate-limiting enzymes for fatty acid synthesis [51],

A SPLS Maximum Distance B BPA BPA
sPLS Component 1 - Positive p-val 72h 24h Ctrl 24h 72h
17.6.2 - Prot. biosynt.organelle machinery.plastidial ribosome biogenesis 3.7E-30 (28/78)
17.1.3 - Prot. biosynt.ribosome biogenesis.SSU  1.5E-17 (18/77)
15 17.1.2 - Prot. biosynt.ribosome biogenesis.LSU 6.6E-15 (17/92)
1.1.1 - PS.photophosphorylation.PSIl  1.3E-07 (15/110)
1.1.4 - PS.photophosphorylation.PSI  2.6E-04 (6/32)
10 16.1.1 - RNA processing.pre-RNA splicing.U2-type spliceosome 1.0E-03 (7/60)
1.1.9 - PS.photophosphorylation.ATPase complex 4.0E-03 (4/28)
5 () 15.5.55 - RNA biosynt..transcriptional regul.Pirin ~ 4.1E-02 (2/3)
E Py ‘ [ J BPA BPA
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-5 b 1.1.4 - PS.photophosphorylation.PSI  2.8E-04 - _ (6/32)
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-15 ‘ 10 - Redox homeostasis 1.9E-02 (5/42)
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Fig. 3. Integration sPLS of proteins and physiology measurements (growth, Fv/Fm, MDA, starch, TSS, chlorophyll A (ChlA), chlorophyll B (ChIB) and total phenolic
content (TPC) (A) and protein enrichment aggrupation into MapMan categories (B).



M. Carbo et al.

Edge color

-0.92 -0.75 0.75

Weight

0.92

6-phospho
glucono
lactonase

-
N-acetylgluta

Chl A

MapMan categories

glycerol-3-P Glc-1-P
acyltransferase adenylyl
(ATS1) transf.SSub 2
Phosphoglyce
ratekinase, ¢
hloroplastic

mate-5phosph

a

Carbohydrate
metabolism

Journal of Hazardous Materials 448 (2023) 130997

ketoacyl-ACP

synthase |

Growth

Lipid
metabolism

6-phospho
glucono
lactonase

Fig. 4. Integration sPLS resulting network of proteins, growth, Fv/Fm, MDA, starch, TSS, chlorophyll A (ChlA), chlorophyll B (ChlB) and total phenolic con-

tent (TPC).

contributing to lipid peroxidation prevention. The misbalance in
photosynthesis and CEF production, the reduced cellular respiration and
acetyl-CoA carboxylases might drive the ATP production to the starch
synthesis to ensure carbon supply for central metabolism (Fig. 24) [28,
29,52]. Starch is the most common Chlamydomonas sugar accumulated
under stress (Fig. 1F). It was not a direct result of increased accumula-
tion of biosynthetic enzymes but to a reduction of amylases (—3.3-fold
after 24 h of BPA exposure). After 72 h of BPA exposure, cells recovered
abundances similar to the control.

3.6. BPA imbalanced Iron and redox homeostasis

ROS (Fig. 1E) sharply increased after 5h and proteins involved in
ROS scavenging and lipid peroxidation accumulated 24 h after the start
of BPA treatment, which was coincident with a reduction in total ROS.
The Chlamydomonas Linoleate 9S-lipoxygenase and COX2 reached their
abundance peak at t 24 h (Table 1), and enzymatic lipid peroxidation
final product, MDA, reached a maximum after 24 h of BPA exposure.

ROS detoxification-related proteins also accumulated under 24 h of
BPA treatment, including Mn superoxide dismutase, mono-
dehydroascorbate reductase 5 (Q84PW3, only present in this time),
sulfiredoxin, glutathione peroxidase, thiosulfate sulfurtransferase,
rhodanese and Glutathione-S-Trasferase (Cre17.g742300) (Table 1). On

the other hand, enzymes involved in GSH synthesis as GSH synthase,
gamma-glutamyl cysteine synthase and SHMT showed reduced abun-
dance under BPA treatment. Two aldoketoreductase type 1 C involved in
the detoxification of lipid active species [53], also showed a decrease in
abundance at t 24 h on BPA treated cultures.

As mentioned above, a variation in the accumulation in proteins
related to iron as well as their economy, such are the iron-sulfur center
clusters and ferredoxins is taken place under BPA treatment. The iron
homeostasis-related proteins FEA1, FEA2, and Ferl and Fer2 (Table 1)
also accumulated in Chlamydomonas after 24 h BPA addition. Further-
more, BPA also induced the accumulation of Fe3* clusters (Fig. 5D) in
Chlamydomonas. This microalga commonly store iron in its ferrous
form. Spontaneous intracellular reactions known as Fenton reactions
between a large HyO pool and Fe?" generate large amounts of reactive
-OH and Fe>'. Moreover, the iron-binding human homologue pirin
proteins (Table 1) accumulated under BPA treated cultures.

The alteration in the oxidation state of iron, promoted by the
occurrence of Fenton reaction, together with ROS enhancement and
lipid peroxidation were recently associated to ferroptosis [24,25,54,55],
a mitochondrial driven process of cell death. Results suggested that BPA
triggered ferroptosis. This hypothesis was supported, among others, by
the altered abundances of lipid peroxidation related proteins (and
increased MDA), iron homeostasis and ROS detoxification proteins
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Table 1
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List of ferroptosis related biomarkers modulated by BPA treatment. BPA-24 h-C-24 h and BPA-72 h-C-72 h data come from posthoc analysis.

Protein ID Description Log2 FC 24 h Log2 FC72h q-value (Kruskal-wallis) BPA-24h-C-24h BPA-72h-C-72h
Crel2.8546550 FEA1l 4.84 0.75 0.005 0.012 0.251
Crel2.g546600 FEA2 3.10 -2.18 0.001 0.006 0.082
Cre09.g387800 Ferl 1.62 -0.08 0.001 0.000 0.577
Cre01.g033300 Fer2 3.57 0.09 0.002 0.000 0.922
Cre01.g028850 Rhodanese 1.60 1.77 0.005 0.011 0.624
Cre01.g022500 NADP-Malic enzyme > 10 0.00 0.000 - 1.000
Crel2.g555803 Human FSP1 homolog <10 1.79 0.164 - 0.336
Crel6.g676150 Mitochondrial MnSOD 6.98 0.78 0.002 0.000 0.767
Cre13.g584850 Glutathione S-transferase -4.36 -0.66 0.043 0.002 0.707
Crel6.g680454 Glutathione S-transferase 2.14 4.55 0.001 0.116 0.000
Cre03.g154950 Glutathione S-transferase 1.78 2.76 0.002 0.085 0.001
Cre12.g538100 Glutathione S-transferase >10 1.40 0.096 - 0.195
Crel6.g688550. Glutathione S-transferase 2.60 1.47 0.001 0.001 0.088
Crel7.g742300 Glutathione S-transferase 2.48 0.18 0.001 0.000 0.376
Cre12.g553700 Glutathione S-transferase 1.90 1.59 0.001 0.002 0.010
Cre15.g636800 Glutathione S-transferase -1.10 1.47 0.001 0.009 0.003
Cre03.g199423 Dihydroorotate dehydrogenase <10 -0.30 0.001 - 0.392
Cre10.g458450 Glutathione peroxidase 1.23 1.68 0.001 0.004 0.011
Crel7.g708800 Glutathione synthase -1.89 -0.22 0.036 0.008 0.512
Cre02.g077100 Gamma-glutamylcysteine synthetase -2.16 -0.17 0.001 0.000 0.376
Cre05.g241950 VDAC2 3.13 0.06 0.007 0.009 0.533
Cre01.g013700 VDAC1 1.98 -0.50 0.001 0.001 0.049
Crel2.g507400 ACSL <10 > 10 0.033 - -
Crel3.8566650 ACSL -2.05 -0.65 0.002 0.000 0.088
Cre03.g182050 ACSL -1.53 0.31 0.018 0.010 0.646
Crel3.g566650 ACSL -2.05 -0.65 0.002 0.000 0.088
Cre09.¢386750 HSP90 chaperone 1.68 0.71 0.001 0.002 0.168
Crel7.g724150 Human Drpl homolog -4.46 0.51 0.001 0.000 0.308
Cre03.g190850 Enoyl coenzyme A hydratase 1 1.34 -1.53 0.019 0.030 0.462
Crel7.8729950 Sulfiredoxin 3.13 1.98 0.001 0.002 0.519
Cre10.g432900 Aldo-keto reductase type 1 C (AKR1C) -1.30 1.19 0.036 0.066 0.049
Cre12.g518900 Aldo-keto reductase type 1 C (AKR1C) -1.66 0.04 0.003 0.002 0.670
Crel2.g512300 Linoleate 9S-lipoxygenase (LOX) 0.77 0.67 0.021 0.015 0.015
Cre01.g049500 Cicloxygenase 2 (COX2) 0.69 -0.41 0.001 0.000 0.022
Crel6.g664550 SHMT -1.01 -0.80 0.001 0.001 0.018
Crel6.g674964 Transcriptional co-regulator (Pirin) 3.34 4.33 0.001 0.001 0.001
Cre09.g388208 Transcriptional co-regulator (Pirin) > 10 > 10 0.000 0.001 0.001
(Table 1). disruption [3]. In photosynthetic organisms, the effects of this xenobi-

3.7. Ferroptosis inhibitor Fer-1 alleviates BPA stress

To support the outcome of the proteomic results that BPA triggered
ferroptosis cell death in Chlamydomonas, we next cultured with a fer-
roptosis inhibitor and BPA to assess its effect. Among canonical ferrop-
tosis inhibitors, Fer-1 protects cell over membrane lipid peroxidation
inhibiting this type of cell death. The preventive effect of Fer-1 over lipid
peroxidation occurs at t 24 h, as MDA has no difference to control
conditions (Fig. 5C, Supplementary table 7). Chlamydomonas treated
with Fer-1 and BPA recuperate better in the first 24 h of treatment
(Fig. 5A, B, C, D) compared to cultures with BPA treated ones in both
photosynthesis and growth rate (Supplementary table 7). Regarding
photosynthetic pigments, Fer-1 BPA mitigation appeared in chlorophyll
A, as their amount didn’t go down as much as in BPA-treated ones
(Fig. 5C, Supplementary table 7). Also, starch is lower in Fer-1 BPA-
treated cultures than in BPA-treated ones (Fig. 5C, Supplementary table
7), indicating a fast recovery. This fast recovery of Fer-1 seemed to
alleviate Fe>* accumulation at 72 h of BPA treatment (Fig. 5D) matches
to the rest of the results, implying Fenton reaction is reduced compared
with BPA-treated cultures.

4. Discussion

Plastic pollution, including BPA, is a reality we cannot hide. At the
environmental scale, BPA had strong developmental effects over a wide
range of land and aquatic taxa affecting their developmental patterns
[56]. Despite its relevance, the molecular effects of BPA are only well
known in mammals, most of them are a consequence of a metabolic

otic at the molecular level have been poorly described, especially in
aquatic species [31,57]. In this work, we aimed to shed light on the
molecular mechanisms mediating BPA response in the model microalgae
Chlamydomonas reinhardtii, which showed a significant BPA extractive
capacity. We  systematically evaluated physiological and
proteome-based responses employing a comprehensive approach and
described the capability of this organism for bioremediation.

At the physiological level, Chlamydomonas responded to high con-
centrations of BPA, like land plants. The initial shock, which caused
photoinhibition in Chlamydomonas and reduced pigment contents, was
previously described in soybean [58] and is probably a consequence of
increased membrane damage and reduced antioxidant machinery, as
reported in Oryza [7]. The accumulation of reactive oxygen species
could also increase the turnover of the active centre of PSII, as D1 pro-
tein was over-accumulated, increasing the photoinhibition effects of
BPA as reported in cucumber [59]. The consequent decrease of reduced
ferredoxin and NADPH may inactivate key enzymes of the Calvin Cycle,
reducing carbon fixation and soluble sugars. As in land plants [10,57],
BPA also triggered the accumulation of proteins related to hormone
signalling in Chlamydomonas, highlighting those related to ABA, a
well-known stress mitigator in this species [60,61]. After longer incu-
bation times, coincident with the recovery of the cell function and the
reduction of the intracellular BPA, these pathways returned to control
values.

However, little is known about the specific molecular mechanisms
mediating the recovery of cultures and the accumulation and detoxifi-
cation of BPA. As in many other stresses in this alga [28-30], the
required metabolic rearrangement towards survival was a consequence
of the reprogramming of chromatin, the importance of Argonaute
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protein revealed the significance of epigenetic mechanisms and, conse-
quently, the synthesis of new proteins by the BPA influence on post-
transcriptional regulation of gene expression by miRNAs. Argonaute
relevance under BPA treatment has also been reported in mammals, as
this xenobiotic might influence miRNA processing [4]. Most of the re-
sponses to BPA may be triggered by independent inputs, such as redox
state and NADPH availability, C/N ratios, and cell damage among others
[29,52], being part of the common stress responses, which combined
represent a specific algal response.

The first line of defense in Chlamydomonas would try to limit the
amount of BPA introduced in the cells. BPA first induced the aggregation
of cells forming multicellular structures that protect part of the cells, as
also has been reported under other plastic stress, such as polystyrene
microplastics [62]. Moreover, the extracellular matrix was also thick-
ened due to the overaccumulation of matrix-related proteins. These
proteins probably act as a stronger barrier to the intracellular diffusion

of BPA. However, these mechanisms cannot fully protect cells, as they
intake BPA as a second line of defense step for reducing this xenobiotic
toxicity.

In land plants, this xenobiotic can be inactivated by direct conjuga-
tion with GSH by the action of GST [63]. As GST was accumulated after
24 h of exposure, Chlamydomonas may also employ this strategy to
neutralize BPA and allow its intracellular accumulation, as already been
demonstrated in other microalgae species [13,19], and may explain the
observed intracellular reduction of free BPA after 72 h of culture. As a
counterpart, this new sink of GSH would lead to a weak capability for
neutralizing ROS, that is highly accumulated during all BPA treatment.
In animals, plants and yeast BPA exposure produces redox disbalance
and increase ROS production leading to changes in mitochondrial
membrane permeability and potential [64-67]. Animal sulfiredoxins
control intracellular ROS by engaging in HoOs signaling throughout the
overoxidation of 2-cys peroxiredoxins [68]. The sequence of the
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Chlamydomonas sulfiredoxin is closer to their plant than to their plant
orthologs. Enzymes involved in the recycling and transfer of GSH serve
as double purposes: control ROS levels by transferring reducing power to
diverse ROS detoxification mechanisms and by directly detoxifying BPA
via its conjugation with GSH. This situation could lead to the observed
conversion of Fe?* to Fe>*, inducing a ROS and Fe>" dependent cell
death during the first stages of BPA exposure consequence of mito-
chondrial membrane damage, hypothesis supported by the recent
description of increased lipid peroxidation in mitochondria caused by
BPA [26]. The presence of a pirin a protein which, in humans, acts as
nuclear redox sensor and regulator [69,70] and is activated by Fe>*
accumulation uphold the iron misbalance. Moreover, the iron unbalance
may be also present in the chloroplast, as the accumulation of
iron-related proteins associated with the electron flow together with the
decreasing accumulation of ferredoxin-NADP-reductases suggest some
iron-related and/or redox imbalance, as iron essential for electron
transfer chain in both mitochondria and chloroplast membranes. Under
iron deficiency, Chlamydomonas has a large proportion of redox related
transcripts, associated to compromised PSI [71]. Furthermore, some
proteins that accumulate under iron deficiency accumulated under BPA
24 h of treatment. FEA1 and FEA2 [72,73] that are algal specific pro-
teins involved in ferrous iron assimilation, and Ferl and Fer2 ferritins

A

Fenton
reaction

— 02-

OH"

168 )
FSP1

Journal of Hazardous Materials 448 (2023) 130997

and are chloroplast iron chelators, supporting our hypothesis.

The combination of reduced GSH, iron oxidation and lipid peroxi-
dation suggested the occurrence of ferroptosis (Fig. 6). This is not the
first time a xenobiotic is related to ferroptosis as the herbicide (R)-
Dichlorprop induced ferroptosis in A. thaliana, atrazine in rat brain [74],
or Paraquat in humans [75], but this is the first time that BPA is related
to this process in a photosynthetic organism, and the also first time in
which ferroptosis has been described in microalgae. Despite
BPA-induced ferroptosis has not been described in photosynthetic or-
ganisms, in plants ferroptosis was first described under heat stress [22,
76] and pathogen immune response [77]. In Arabidopsis,
ferroptosis-triggered heat stress induces a lack of GSH for an unknown
reason, leading to a Glutathione peroxidase 4 (GPX4) inhibition [76,78].
These works also proposed the increase of voltage-dependent anion
channels (VDAC), up-accumulated by Chlamydomonas after BPA
exposure, as necessary Ca>' transporters for heat-induced ferroptosis
[76]. BPA treatment may oligomerize these pores altering mitochondrial

* permeabilization and decreasing NADH oxidation (Fig. 6). All
these might cause the increase of ROS, including H,0, that GPX could
not detoxify as GSH is not available because it is used by GST to BPA
detoxification (Fig. 6). The accumulation of HoO5 might react with Fe2t
and by Fenton’s reaction creates reactive -OH and Fe>*, which might
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Fig. 6. Proposed hypothesis of the proteins involved in ferroptosis induced by BPA at 24 h of treatment in Chlamydomonas. VDAC: voltage anion channels; MtROS:
mitochondrial ROS; LIP: lipid iron pool; MnSOD: Mn superoxide dismutase; LOX: lipoxygenase; COX2: cyclooxygenase 2; HSP90: heat shock protein 90 chaperone;
Drpl: dynamin-related protein 1; ACSL: Acyl-Coa synthetase long-chain; AKR1C: Aldo-keto reductase type 1C; DHODH: dihydroorotate dehydrogenase; FSP1: fer-
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interfere with PUFAs enhancing lipid peroxidation. Together with Fen-
ton’s reaction, the iron dependent lipoxygenases (indispensable for
ferroptosis) and COX2 accumulated during BPA treatment catalyzing
free PUFAs peroxidation (Fig. 6), generating active lipid species that
interact with membrane lipids triggering an oxidative chain reaction
which leads to severe membrane damage [79]. This fact was also sup-
ported by the increasing of MDA, and is related to stimulate ferroptosis
[25,80]. Although mitochondrial MnSOD accumulates after 24 h of BPA
exposure to alleviate ROS, it could act as a two-sided coin, as produced
H50, is related to the loss of membrane potential, also characteristic of
ferroptosis [79]. In addition, the decreasing TSS after the initial shock
combined with the starch accumulation after 72h may suggest a
reduced respiration consequence of a mitochondrial affection (as well as
chloroplasts) and consequently the acetate in the culture media is
mobilized into starch rather than being fully oxidized in mitochondria.
The ferroptosis suppressor protein-1 (FSP1), which reduces ubiquinone
to ubiquinol, is a key enzyme for avoiding this process [81,82], as
increased ubiquinol content reduces lipid peroxidation (Fig. 6). Despite
its abundance being close to our detection limit, it could not be found
after 24 h of BPA treatment but showed similar abundance than controls
after 72 h, reflecting ferroptosis alleviation as supported by physiolog-
ical and biochemical results, which also coincided with the recovery of
cell viability rates. Coincidently, dihydroorotate dehydrogenase
(DHODH), which couples the oxidation of dihydroorotate to the
reduction of ubiquinone, also mitigating ferroptosis related mitochon-
drial lipid peroxidation [83], was not detected during initial BPA shock.
Moreover other enzymes related to ferroptosis mitigation, as ROS
scavenging sulfiredoxin [55] or f-oxidation related Enoyl CoA Hydra-
tase I [84] were enhanced after 24 h of BPA exposure (Fig. 6). On the
other hand, aldoketoreductase type 1C (AKR1C), involved in the
detoxification of lipidic metabolites during ferroptosis [53] reduced its
accumulation at 24 h of BPA exposure, possibly enhancing ferroptosis
effects. The rescue of Chlamydomonas growth and the early recovery of
BPA-damage biomarkers by Ferrostatin-1, a canonical ferroptosis in-
hibitor also supported Ferroptosis hypothesis.

The discovery of a ferroptosis process sharing both animal and plant
elements demonstrated again the singularity of Chlamydomonas [20]
with elements of plant and animal kingdom. Between them, it is
remarkably the presence of the Human FSP1 homolog and the role of
Malic enzyme, indispensable for plant ferroptosis. However, there are
key elements that were missing, as the higher plant characteristic Kiss of
Death (KOD) ubiquitin protein, which is indispensable for higher plants
ferroptosis occurrence under heat stress [24] or the XC- system, indis-
pensable for mammal ferroptosis which are not present in Chlamydo-
monas genome [20]. Both the resemblances and differences make the
Chlamydomonas ferroptosis a pathway to study to learn the key evolu-
tionary elements between clades.

Behind this cell death response, Chlamydomonas proved themselves
a good choice for bioremediation. Not-very dense cultures (5-10* cells/
mL) could reduce almost half a high concentration of BPA (40 mg/L)
during the first 24 h. This accumulation capacity is remarkable
compared to other algae, which were unable to remove BPA with the
same efficiency [6], or land plants as tobacco, which were able to
accumulate BPA at the cost of a very reduced growth [85].

5. Conclusions

Chlamydomonas reinhardtii was an interesting microalga for bio-
remediating BPA contamination, as it could grow and accumulate BPA
at high concentrations. However, the exposure to BPA was not innoc-
uous for this organism, as it initially altered most of the cellular func-
tions due to redox homeostasis, which was recovered after 72 h of
culture. Results demonstrated that among cellular responses, ferroptosis
showed as the principal mechanism employed by the cells for survival.
This was the first time that it was demonstrated that BPA induces this
process in a photosynthetic organism, and the occurrence of this process
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in eukaryotic microalgae provided a good experimental system for
studying the molecular mechanisms of ferroptosis and its evolution.
Furthermore, the accumulation and immobilization of high amounts of
BPA within Chlamydomonas cells makes this species suitable for
bioremediation. However, more research is necessary to fully under-
stand how ferroptosis works in microalgae, focusing on broad responses
and key regulators. These findings open the door for new molecular
engineering towards minimizing the BPA effect and increasing biore-
mediation capabilities.
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Environmental Implication

Here we report the acclimation response of the microalgae Chlamy-
domonas reinhardtii to the endocrine disruptive pollutant bisphenol A
(BPA). The current research reveals the fundamental acclimation
mechanisms induced by BPA in microalgae. Together, we propose this
microorganism for plastic components bioremediation, as it can accu-
mulate high amounts of BPA. We highlight the pathways that would be
improved for efficient microalgae BPA bioremediation through genetic
engineering approach.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2023.130997.
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