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• Biofouling affected toxicity of polyethyl-
ene microplastics (PE-MPs) to D. magna.

• Biofouling modulated the sorption/de-
sorption behavior of Triclosan (TCS).

• Metabarcoding analysis found potential
TCS-degrading taxa in biofouled PE-MPs.

• TCS-loaded PE-MPs biofouled inwastewa-
ter effluent (tMPs-EFL) were highly toxic.

• TCS load and nutrient supply within the
attached biofilm drive toxicity of PE-MPs.
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This study aimed at evaluating the influence of biofilm in the role of microplastics (MPs) as vectors of pollutants and
their impact onDaphnia magna. To do this, virgin polyethyleneMPs, (PE-MPs, 40–48 μm)were exposed for four weeks
to wastewater (WW) from influent and effluent to promote biofouling. Then, the exposed PE-MPs were put in contact
with triclosan. Finally, the toxicity of TCS-loaded and non-TCS loaded PE-MPs were tested on the survival of D.magna
adults for 21 days. Results frommetabarcoding analyses indicated that exposure to TCS induced shifts in the bacterial
community, selecting potential TCS-degrading bacteria. Results also showed that PE-MPs were ingested by daphnids.
Themost toxic virgin PE-MPswere those biofouled in theWWeffluent. The toxicity of TCS-loaded PE-MPs biofouled in
the WW effluent was even higher, reporting mortality in all tested concentrations. These results indicate that biofoul-
ing of MPs may modulate the adsorption and subsequent desorption of co-occurring pollutants, hence affecting their
potential toxicity towards aquatic organisms. Future studies on realistic environmental plastic impact should include
the characterization of biofilms growing on plastic. Since inevitably plastic biofouling occurs over time in nature, it
should be taken into account as it may modulate the sorption of co-occurring pollutants.
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1. Introduction

Plastic pollution is an emerging concern and a new field of research.
Plastic production has constantly increased from 2 million tons in
1950 to 367 million tons in 2020, but its recovery rate is still scarce
(PlasticsEurope, 2021; OECD, 2022). It has been estimated that 53 million
tons of plastic waste will be annually discharged into aquatic ecosystems by
November 2022
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2030 (Geyer et al., 2017; Borrelle Stephanie et al., 2020; Geyer, 2020;
PlasticsEurope, 2021; OECD, 2022). The smallest fractions such as
microplastics (MPs), understood as plastic particles <5 mm in their largest
dimension, represent a widespread contaminant in terrestrial and aquatic
ecosystems. Despite the high removal capacity of wastewater treatment
plants (WWTPs) for MPs, a large amount of them ends up in the rivers
and other water bodies due to their continued release from treated sewage.
The small size, density, and persistence of MPs make them highly mobile
allowing them to reach a variety of ecosystems throughWWTPs discharges
(Murphy et al., 2016; Ziajahromi et al., 2016; Kay et al., 2018). In fact, the
emissions fromWWTPs are considered the mainland-based way of entry of
MPs into freshwater environments (Ziajahromi et al., 2017). Once released
into aquatic systems, MPs can be transported to the oceans through rivers,
but a significant part accumulates in inland reservoirs, such as sediments
or lakes (Browne et al., 2011; Free et al., 2014). The data available for fresh-
water environments show concentrations reaching a few grams per liter of
water in rivers and lakes, and typically higher concentrations in sediments.
In most cases, polyethylene (PE) is the most reported polymer (Li et al.,
2018; Li et al., 2020; Yang et al., 2021).

MPs have been associated with a broad range of hazards for freshwater
wildlife including physical irritation, blockage of gills and digestive tract,
mortality, oxidative stress, antioxidant activity, cytotoxicity, or genotoxic-
ity (Lambert and Wagner, 2018). In recent years considerable attention
has been paid to the possible role of MPs as vectors of other chemical com-
pounds found in the environment, such as pharmaceuticals and personal
care products, heavy metals, flame retardants, plasticizers, or hydrophobic
organic contaminants (Wu et al., 2016; Jemec Kokalj et al., 2019; González-
Pleiter et al., 2021; Verdú et al., 2021). Through interaction with MPs, the
bioavailability of sorbed pollutants could increase due to the ingestion of
pollutant-loaded particles and subsequent desorption in the digestive sys-
tem, or by pollutant transfer to the aqueous phase or to food sources poten-
tially inducing increased exposure for certain organisms (Browne et al.,
2013; Hartmann et al., 2017). Pollutant transfer potential by plastics has
been shown to depend on polymer properties such as size, morphology,
density, crystallinity, and chemical composition, pollutant characteristics
like hydrophobicity and charge, and the properties of the receiving
media, such as temperature, salinity, pH, or exposure to solar radiation.
Upon aging, polymer properties can be modified, thereby influencing the
behavior of MPs and their interaction with pollutants (Cole et al., 2011;
Andrady, 2017; Lambert et al., 2017).

MPs can be rapidly colonized by microorganisms (Salta et al., 2013;
Zettler et al., 2013; Amaral-Zettler et al., 2015; Miao et al., 2019). The
plastisphere, a term usually used to denote the microbial community that
colonizes plastics (biofilm attached to the plastic), consists of a great variety
of microorganisms including heterotrophs, autotrophs, predators, and
symbionts (Zettler et al., 2013; Amaral-Zettler et al., 2020). These microor-
ganisms structure themselves into sessile communities embedded by an
extracellular matrix whose taxonomic composition differs from that of the
surrounding medium or from that established on other substrates (Zettler
et al., 2013; Rummel et al., 2017). It has been shown that microbial diver-
sity in biofilms developed on plastics depends on environmental conditions
such as temperature, salinity, pressure, light, and oxygen concentration,
and, to a lesser extent, on the type and properties of the plastic itself
(Jacquin et al., 2019; Martínez-Campos et al., 2021). Interestingly, several
authors have observed that biofouling could increase MPs ingestion by
filtering organisms due to the emission of attracting chemical signals
(Savoca et al., 2016; Savoca et al., 2017; Vroom et al., 2017; Horváthová
and Bauchinger, 2019; Zimmermann et al., 2020; Tang et al., 2021;
Amariei et al., 2022).

The presence of a wide range of functional groups in biofilms and the
fact that theymay contain pollutant-degradingmicroorganisms could affect
the sorption, desorption, and fate of the chemicals interacting with MPs,
thereby altering their role as pollutant carriers (Lobelle and Cunliffe,
2011; Carson, 2013; Eerkes-Medrano et al., 2015; Hartmann et al., 2017;
Guan et al., 2020; Tu et al., 2020;Wang et al., 2020).To date,most available
data on the vector transport of pollutants by plastics have been obtained
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from experiments with pristine MPs, but the characteristics of environmen-
tally aged materials may lead to significantly different interactions with
chemicals (Phuong et al., 2016; de Sá et al., 2018). At present, the body
of knowledge on the influence of biofilm formation on the role of MPs as
vectors of pollutants is still very scarce. Guan et al. (2020) and Wu et al.
(2022) found an increase in the sorption capacity of biofouled polystyrene
for somemetals (Cd, Cr, Ni, Zn, Cu, Co, and Ag) compared to non-biofouled
specimens. Wang et al. (2020) also reported higher sorption of copper and
tetracycline by biofouled PE. Similar results have been found elsewhere for
different polymers and pollutants (Richard et al., 2019; Qi et al., 2021).
Concerning the biological impact of biofouledMPs, Qi et al. (2021) showed
that the toxicity of lead toD.magna increased for biofouled PS compared to
virgin material. Because the fate of MPs in actual environmental scenarios
is largely governed by their interactions with living organisms, further re-
search is required to fully understand the role of biofilms developed on
MPs in the transfer of pollutants to the biota and their potential risks
(Wang et al., 2021).

To the best of our knowledge, this is the first work studying the influ-
ence of biofilm formation on PE-MPs biofouled in environmental matrices
on the role of MPs as vectors of emerging contaminants. For that purpose,
we chose triclosan (TCS), a biocide found in many consumer goods,
which is only partially removed in conventional WWTPs, PE was selected
as it is one of the most abundant plastic pollutants. Treated and untreated
wastewater were used as matrices for PE-MPs biofouling, because, as
outlined before, it is the main source of entry of pollutants and MPs into
the aquatic environments (Browne et al., 2011; Chen et al., 2011; Li et al.,
2020). D. magna was chosen as the model organism due to its importance
in ecotoxicology as a non-selective filter-feeder and its role as a primary
consumer in the food web in freshwater ecosystems. For that purpose,
biofilms were allowed to grow on MPs incubated in treated (effluent) and
untreated (influent) wastewater and their sorption-desorption capacity for
TCS was evaluated. The impact of TCS-loaded PE-MPs both pristine and
biofouled on D. magna survival was studied. Metabarcoding analyses
were also performed to study the microbial community composition in
the biofilms attached to the PE-MPs both in the presence and absence
of TCS.

2. Materials and methods

2.1. Materials and reagents

Commercial PE-MPs (PE, 40–48 μm, density 0.94 g/mL, irregular
shaped fragments) were purchased from Sigma-Aldrich (CAS number
9002-88-4). Prior to use, PE-MPs were washed with methanol (100 %)
and several times with distilled water to ensure the removal of any sorbed
material. Subsequently, theywere dried in glass beakers at 50 °C overnight.
Finally, they were sieved through a 10 μm pore size sieve to remove small
particles. A stock suspension (36,700 mg/L) was prepared in distilled
water, briefly sonicated, and stored at 4 °C in a glass flask until use. The
experimental Fourier-transform infrared (FTIR) spectra, the morphology,
and size distribution of PE-MPs were assessed using a ThermoScientific
Nicolet iS10 apparatus with a Smart iTR-Diamond module, an Olympus
CX41 microscope with digital color camera Olympus DP20 and a
Beckman-coulter Z2 particle size analyzer, respectively (Fig. S1, Supple-
mentary Material, SM).

Triclosan (TCS) (5-Chloro-2-(2,4-dichlorophenoxy) phenol, TCS,
C12H7Cl3O2, CAS number: 3380-34-5, purity ≥97,0 %) was purchased
from Sigma-Aldrich. A stock solution (10,000 mg/L) was prepared in
MeOH (100 %), because of the low solubility of TCS in water (10 mg/L).
The stock was stored at 4 °C in amber glass flasks until use.

2.2. PE-MPs biofouling procedure

PE-MPswere allowed to be colonized inwastewater to promote biofoul-
ing. As negative colonization control, sterile distilled water (hereinafter
DW) was used in the biofouling experiment; as positive colonization
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control, Escherichia coli (E. coli) cultures (Ec) grown in LB (Luria-Bertani)
medium with an initial concentration of 106 cells/mL were also used in
the biofouling experiment. Water samples were collected from the primary
(influent) and secondary (effluent) clarifiers of a wastewater treatment
plant (WWTP) close to Madrid designed to treat 45,000 m3/day of urban
wastewater. Wastewater samples were immediately transported to the
laboratory to start the biofouling experiments. Hereinafterwastewater sam-
ples will be referred to as influent (INF) and effluent (EFL), respectively.
Prior to colonization experiments, 2 L of each wastewater and controls
were mixed with 10 mL of PE-MPs and sonicated for 30 s. The PE-MPs
concentration was 183.5 mg MPs/L (1.57 × 107 particles/L); this concen-
tration is slightly below that estimated for freshwaters which can range
up to 108 particles/L as reported by Koelmans et al. (2019). The incubation
experiments were carried out in glass bottles and three replicates were con-
ducted for each type of water. Samples were kept at 25 °C using a photope-
riod of 16 h of light:8 h of dark and manually shaken twice per day for
4 weeks (Guan et al., 2020). After the prescribed colonization time, a pres-
sure holder (Millipore)with a nylonmesh filter (47mm, 10 μmof pore size)
was used to filter the resulting material. The obtained PE-MPs, namely PE-
MPs in DW (MPs-DW); Ec (MPs-Ec); influent (MPs-INF), and effluent (MPs-
EFL), were recovered and dispersed in distilled water with a final mass
concentration of 10.0 g/L to be used as stocks as explained below. Water
samples taken before and after colonization experiments were stored
at −20 °C for further metabarcoding and chemical analyses.

2.3. TCS sorption and desorption experiments

Biofouled PE-MPs stocks were briefly sonicated (5 s) prior to TCS
exposure. For it, 1 mg/L of TCS was put in contact with 10,000 mg/L
of PE-MPs for 4 h in glass flasks (pH 6.5). Samples were incubated in a
rotary shaker (50 rpm) at room temperature and in darkness to prevent
photodegradation. After the prescribed time, MPs were recovered by filtra-
tion (nylonmeshfilter with 10 μmpore size), obtaining TCS-loaded PE-MPs
(tMPs). To determine the amount of TCS sorbed by the differently biofouled
PE-MPs, 0.05 g (plastics dryweight determined as explained below) of each
material was extracted by sonication in pure acetonitrile (ACN) for 2 h
(HPLC grade, Sigma-Aldrich). The dry weight of plastics was determined
by treating the samples of biofouled plastics with H2O2 (33 %) for 24 h
with the aim of removing the microorganisms and all the remains of
organic matter adhered during biofouling. In addition to sorption, the
desorption of TCS from MPs was assessed in the culture medium used for
bioassays (see below) after 0, 1, 4, 7, 10, 14, 18, and 21 days following
the exposure of PE-MPs to TCS. TCS concentration in ACN extracts and in
culture media was measured by high-performance liquid chromatography
(HPLC), using a 1200 Series Agilent Technologies apparatus equipped
with Promosil C18 (5 μm, 100 Å, 4.6 × 150 mm) column and using a
diode array detector. The mobile phase was 70:30, v v−1 ACN: Milli-Q
water adjusted to pH 2 with H3PO4. The flow rate was 1 mL/min and the
injection volume was 20 μL. A preconcentration technique (solid phase
extraction) was used when necessary (Strata-X 33u Polymeric Reversed
Phase cartridges, Phenomenex). The amount of TCS sorbed was expressed
as μg TCS/g PE-MP for sorption and μg TCS/mL for desorption.

2.4. Biofilm characterization and metabarcoding analyses

Confocal fluorescence microscopy (Leica Microsystems Confocal, SP5
Fluorescence microscope, Germany) was used to assess biofilm formation
during biofouling experiments and to check whether TCS exposure affected
the presence and viability of microorganisms. For it, non-exposed PE-MPs
and tMPs were incubated with different fluorochromes after sonication
for 10 s to disperse possible aggregates. PE-MPs were stained with
FilmTracer™ SYPRO™ Ruby BiofilmMatrix Stain (Thermo Fisher Scientific)
to assess the presence of proteins in the biofilm matrix. Film Tracer™ FM™
1–43 Green Biofilm Cell Stain (Thermo Fisher Scientific), was used to
stain cell bodies and Live/Dead BacLight Bacterial Viability kit (Thermo
3

Fischer Scientific) to assess the bacterial viability in the biofilm according
to the manufacturer's instructions.

The bacterial community composition of biofouledMPs and tMPs (MPs-
INF, MPs-EFL, tMPs-INF, and tMPs-EFL) was characterized by paired-end
Illumina MiSeq 2 × 300 system sequencing of 16 s rRNA. In addition, the
bacterial community composition from surrounding waters (INF and EFL)
at the beginning (INF-t0 and EFL-t0) and at the end of the biofouling exper-
iments (INF-t4 and EFL-t4) was also characterized. For that, samples from
each PE-MPs type and wastewater samples were previously filtered by
0.22 μm nylon filters and stored at −20 °C prior to DNA extraction. A
detailed protocol is given in SM as Supplementary Text 1.

2.4.1. Accession numbers
Sequences used in this study were submitted to the National Center for

Biotechnology Information (http://www.ncbi.nlm.nih.gov/) under the
Bioproject accession number: PRJNA884487.

2.5. Characterization of water samples and PE-MPs

The physicochemical properties of water were measured before
and after biofouling: pH (Crison pH 25+) conductivity (μS/cm, Crison
MM 40++); dissolved O2 (mg/L, Crison OXI 45+); absorbance at
600 nm and 260 nm, which inform about the presence of bacteria and
exopolysaccharides (UV 1800 Shimazu spectrophotometer) (Stevenson
et al., 2016; Trabelsi et al., 2009); dissolved and suspended non-
purgeable total organic carbon (NPOC) (mg/L, Total Organic Carbon Ana-
lyzer TOC-VCAH, Shimadzu) and ions, quantified by ion chromatography
(Metrohm 930 Compact IC Flex apparatus) are shown in Tables S2 and
S3 (SM). All analyses were run in triplicate.

Infrared spectra of PE-MPs were obtained by means of Attenuated Total
Reflectance Fournier Transform spectroscopy (ATR-FTIR). For that, a
Thermo Scientific Nicolet iS10 apparatus with a Smart iTR-Diamond
module and OMNIC 8.3 software was used in the 4000–600 cm−1 range
with a resolution of 4 cm−1 and 32 scans. MPs size particle distribution
prior to and after TCS exposure was determined using a Coulter Particle
Counter and size analyzer Z2 (BeckmanCoulter Inc.,Miami, USA) equipped
with a 100 μm aperture. Hydrophobicity was determined by means of
optical contact angle (Krüss DSA25Drop Shape Analysis System) at room
temperature, using distilled water drops. Likewise, the concentration of
total proteins, lipids, and carbohydrates was measured, using 20 mg of
each PE-MP following the methodology described by De Coen and
Janssen (1997) and modified by Rodrigues et al. (2015). A microplate
reader (Synergy HT multimode microplate reader, BioTek, Seattle, WA)
was used for absorbance measurements and the results were expressed as
mg/g of PE-MP. Total reflection X-ray Fluorescence (TXRF S2 PicoFox,
Bruker), was used to determine some microelements present in MPs-INF
and MPs-EFL.

2.6. Bioassays

Daphnia magna ecotoxicity tests were conducted according to OECD
211 (OECD, 2012), with minor modifications as explained elsewhere
(Amariei et al., 2022). The commercial kit DaphtoxkitF™ magna (Creasel,
Belgium), was used to obtain the specimens. To induce hatching, dormant
eggs were incubated in Standard Freshwater medium (FW) at pH 7.2 at
22 °C under continuous illumination (6000 lx). D. magna organisms (20 in-
dividuals) were maintained in 1 L-glass beakers with 800 mL of previously
aerated culture medium. The daphnids were fed with the green microalgae
Chlamydomonas reinhardtii obtained from a running culture.

In Fig. S1 (SM) a diagram of the experimental design is depicted. Adult
individuals, 10-days old, were exposed to 0, 25, 50, 100, 200 and 400mg/L
(2.13 × 106, 4.27 × 106, 8.54 × 106, 1.71 × 107, and 3.42 × 107 parti-
cles/L respectively) of PE-MPs kept 4weeks inDW, Ec, INF and EFL, namely
MPs-DW, MPs-Ec, MPs-INF, and MPs-EFL, respectively, in test tubes with
20 mL of FW medium adjusted to pH 7.2. The same concentrations were
used for TCS-loaded PE-MPs (tMPs). Non-exposed organisms in FW

http://www.ncbi.nlm.nih.gov/
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medium were used as controls. Each treatment exposed 15 individuals
(Three replicates with five organisms each), and six replicates with five or-
ganisms each were run for controls (30 individuals). The green microalgae
Chlamydomonas reinhardtii at a concentration of 0.2 mg organic carbon/L
was used every 2 days for D. magna feeding, which was above the limiting
food concentration (Ogonowski et al., 2016). The tubes were incubated at
22 °C and 16/8 photoperiod in a laboratory chamber. The test was run
for 21 days, during which samples were daily shaken, and survival evalu-
ated. D. magna specimens were considered dead when no movement was
registered for 15 s after gentle shaking. At the end of exposure time, organ-
ismswere collected and observed, usingmicroscopy (Olympus CX41micro-
scope with digital color camera Olympus DP20 or stereo microscope Motic
SMZ 140 Series) in order to visualize the presence of PE-MPs in their diges-
tive tract.

2.7. Statistical analysis

Time-to-event data analysis was used to evaluate the toxicity on
D. magna survival for the different treatments tested throughout the
whole experimental period (21 d) (Hosmer et al., 2008). Kaplan Meier
curves were used to represent the survival of specimens (Kelpsiene et al.,
2020). Median lethal times (LT50) were also determined. Then, log-rank
tests were run to analyze statistically significant differences between
pairwise survival curves. In TCS sorption experiments, one-way analysis
of variance (ANOVA) and post-hoc Tukey's HSD tests, were performed
after having checked the assumptions required for parametric analysis, in
order to determine the statistical differences between the TCS concentra-
tion sorbed in each type of PE-tMPs (tMPs-DW, tMPs-Ec, tMPs-INF, and
tMPs-EFL). A p-value of p < 0.05 was used to assess significant differences.
Statistical computing software GraphPad Prism 8.0.2 was used to do the
aforementioned analyses.

2.8. Quality assurance/quality control assessment

Quality Assurance/Quality Control assessment (QA/QC) details based
on de Ruijter et al. (2020) and a QA/QC evaluation score are provided in
Table S4 (SM).

3. Results and discussion

The formation of biofilm was assessed along the four-week colonization
assays. As expected, no evidence of biofilm formationwas observed inMPs-
DW, which served as negative biofouling control (Fig. S3, Fig. S4, SM).
However, in MPs-Ec, MPs-INF, and MPs-EFL the presence of biofilm was
clear. In the FTIR spectrum, presented in Fig. S5, the appearance of new
peaks and altered regions could be attributed to biofouling. So, the presence
of EPS proteins (amide I, 1600–1700 cm−1; amide II, 1500–1600 cm−1;
amide II, 1200–1350 cm−1), polysaccharides (900–1500 cm−1), and lipids
(2800–2970 cm−1) were detected (Mosharaf et al., 2018). Moreover,
micrographs in Figs. S3 showed the presence of biofilm with most cells
showing to be viable inMPs-INF andMPs-EFL, as well as in the positive col-
onization control (MPs-Ec). After the exposure to TCS, the micrographs
generally showed a high cell density with most cells in a viable state, as
well as detectable levels of EPS, so the data suggested that the 4 h exposure
to TCS did not affect cell survival (Fig. S4).

The bacterial community composition of the biofilm formed on PE-MPs
(MPs-INF and MPs-EFL) and PE-tMPs (tMPs-INF and tMPs-EFL) and water
samples (INF-t0, INF-t4, EFL-t0, and EFL-t4) was characterized. 2,888,624
reads corresponding to the 16S rRNA gene were obtained using Illumina
sequencing. After filtering and trimming the reads, merging, and removal
of possible chimeras, 1,610,930 high-quality reads remained. Based on
99 % sequence similarity, these reads were clustered into 1718 ASVs
(Amplicon Sequence Variants) for bacteria. The rarefaction curves for all
samples approached the saturation plateau, pointing out that the libraries
were adequately sampled (Fig. S6, SM). Bacterial α-diversity was estimated
using the Shannon Index (Fig. 1A). The values of the Shannon index did not
4

show significant differences between influent samples (MPs-INF and influ-
ent water samples), but a significant higher α-diversity was obtained for
MPs-EFL and tMPs-EFL with respect to the effluent wastewater samples
(EFL-t0 and EFL-t4) (p < 0.05) (Fig. 1A). This lower diversity in free-
living bacteria in the effluent water in comparison to those attached to
MPs was already reported by McCormick et al., (2014) and Martínez-
Campos et al. (2021). Likewise, there were no differences in α-diversity
between biofilm bacterial communities attached toMPs previously exposed
or non-exposed to TCS (MPs-INF, tMPs-INF,MPs-EFL, and tMPs-EFL). How-
ever, β-diversity (PCoA plot) revealed a clear clustering pattern of MPs and
tMPs. The first PCoA component explained 17.5 % of the difference
between clusters, and the second 15.3 % (Fig. 1B). PERMANOVA analysis
(Table S5, SM) revealed significant differences between the analyzed fac-
tors (p < 0.05), being TCS exposure and the interaction Substrate x WW x
TCS, which mostly explained the observed variability (higher R2).

Taxonomic analysis showed that the majority of the ASVs were associ-
ated with the phylum Proteobacteria, which is the most abundant phyla
in all the treatments (33–89 %), followed by Bacteroidota (4–18 %)
(Fig. 2). However, the next most abundant phyla varied depending on the
type of sample, Firmicutes dominating in INF-t0; Actinobacteria in INF-t4;
Nitrospirota in MPs-INF; Actinobacteriota in tMPs-INF; Patescibacteria
in EFL-t0; Cyanobacteria in EFL-t4; Planctomycetota and Acidobacteriota
in MPs-EFL; and finally, Chlorofelxi in tMPs-EFL. The most abundant taxa
in each plastic sample are shown in Table S6, SM, MPs-INF biofilm was
characterized by a high abundance (≥1 %) of taxa such as Nitrospira
(15.3 ± 1.1 %), Dokdonella (7.9 ± 0.3 %) and Arenimonas (6.3 ± 1.0 %),
genera related to the nitrogen and carbon biochemical cycles. In MPs-
EFL, these genera were not present, or the relative abundance was much
lower as is the case withNitrospira (1.9± 1.2 %); in this sample, the bacte-
rial community composition was dominated by Hyphomicrobium (8.5 ±
1.0 %),Methylotenera (7.3 ± 6.5 %) and Methylophilus (6.3 ± 5.5 %). Dif-
ferentmicroplastic-attached bacterial assemblageswithin the several stages
ofWWTPs have previously been reported (Kelly et al., 2021). Tables S2 and
S3 show the main water parameters of INF and EFL samples with relevant
differences in NPOC, conductivity, ions (PO3

. , NH4
+), and oxygen content;

the observed differences in these water parameters, particularly nutrients
may affect the microbial community in the plastisphere and could explain
the observed differential bacterial composition of both water matrices
(INF and EFL) as already shown by other authors (Hoellein et al., 2014;
Arias-Andres et al., 2018; Oberbeckmann et al., 2018; Martínez-Campos
et al., 2021). Regarding the microbial community in tMPs, tMPs-INF bio-
film was dominated by Rhodanobacter (49.9 ± 1.5 %), Chitinophagaceae
(11.3 ± 3.1 %), Mesorhizobium (8.3 ± 1.1 %), Parvibaculum (7.4 ±
0.3 %), whereas in tMPs-EFL, the most abundant were Gaiellales (5.3 ±
0.2 %), Rhizobacter (4.2 ± 0.5 %) and Rhodococcus (4.1 ± 0.5 %). These
differences in relative abundance in the bacterial community revealed
TCS-mediated shifts, as previously reported (Oh et al., 2019). The higher
presence of Rhodanobacter in tMPs-INF in comparison to MPs-INF (<1 %),
or of the genus Rhodococcus in tMPs-EFL with respect to MPs-EFL (<1 %),
both with TCS-degrading members, suggests the selection of taxa with
TCS-resistant and degrading abilities (Weatherly and Gosse, 2017; Oh
et al., 2019; Leong et al., 2021; Yin et al., 2022). Although, at present,
most studies on the TCS-degrading microbial community have used mainly
high throughput methods such as metagenomics to directly study the mi-
crobial community structure and diversity, this is probably the first report
of such potential TCS-biodegraders on biofouled plastics. Although it
seems that TCS biodegradation is mainly through oxygenation to open
the aromatic ring, and through dechlorination to carry out the biotransfor-
mation of toxic intermediates (Yin et al., 2022); the specific function of
most TCS-degrading microorganisms has not been fully characterized and
those bacteria forming part of the TCS-exposed plastisphere could be very
interesting to analyze TCS-biodegradation in this new microbial habitat.

Fig. 3 shows the survival curves of D. magna exposed to PE-MPs in the
absence of TCS (MPs-DW,MPs-Ec, MPs-INF, andMPs-EFL). The LT50 values
are presented in Table S7 (SM). Significant differences with respect to the
non-exposed control (LT50 = 17.0 ± 1.6) were found at the highest MPs



Fig. 1. A. α-diversity values using Shannox-Wienner index in all the substrates assayed: MPs-INF, MPs-EFL, tMPs-INF, and tMPs-EFL as well as INF and EFL water at the
beginning (INF-t0 and EFL-t0) and at the end of biofouling experiments (INF-t4 and EFL-t4). Results are expressed as mean ± SD. Different letters indicated significant
differences (p < 0.05) (A). B. β-diversity values using PCoA (principal coordinates analysis) plots for the bacterial composition in each sample based on Bray-Curtis
dissimilarity. Percentages in axes represent % of variation explained by the axis. The ellipses encircle the samples from MPs and tMPs (B).
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concentrations: 200 mg/L and 400 mg/L for MPs-DW (LT50 < 11.0 ±
0.5 d), MPs-Ec (LT50 < 8.0 ± 2.7 d), and MPs-INF (LT50 < 9.0 ± 2.6 d),
and from 100 mg/L upwards for MPs-EFL (LT50 < 6.0 ± 0.8) (p < 0.05).
These results agree with the findings of Canniff and Hoang (2018) who
tested the effect of fluorescent green pristine PE-MPs (63–75 μm) on
D. magna adults reporting that concentrations as high as 100 mg/L did
not significantly affect survival (21 d) although the ingestion of MPs in-
creased with concentration. Ingestion represents the main route of expo-
sure of invertebrates to MPs (Aljaibachi and Callaghan, 2018; Canniff and
Hoang, 2018). In this work, we found evidence of the accumulation of
MPs in the digestive tract of daphnids in all treatments, except the non-
exposed controls, as observed in the micrographs shown in Fig. S7 (SM).
It has been pointed out that irregularly shaped plastics, which is the case
in this study (Fig. S2B, SM), would increase residence time and induce
higher damage (Frydkjær et al., 2017). Ma et al. (2016) also reported that
PS-MPs (15 μm)at concentrations as high as 100mg/L did not affect the im-
mobilization of D. magna adults after 14 days of exposure. Kalčíková et al.
(2020) studied the effect of pristine and naturally colonized PE-MPs
(180.5 ± 118.7 μm) and found no effect on the survival of D. magna neo-
nates after 48 h of exposure at a concentration of 100 mg/L. In Fig. S8,
Fig. 2. Bacterial relative abundance at the phylum-level resolution in all the substrates
(INF-t0 and EFL-t0) and the end of the biofouling experiment (INF-t4 and EFL-t4).
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survival plots comparing biofouled and non-biofouled MPs at the same
PE-MP concentrations are presented. For the lowest concentrations, 25
and 50 mg/L of MPs, there were no statistically significant differences
in none of the scenarios tested. Nevertheless, at 100 mg/L, MPs-EFL
(LT50 = 6.0 ± 0.8 d) showed significant differences with the rest of
MPs (p < 0.05) (LT50 = 13.0 ± 1.1 d, MPs-DW; 13.0 ± 1.9 d, MPs-Ec;
15.0 ± 2.4 d, MPs-INF) showing that MPs-EFL were the most toxic PE-
MPs for D. magna survival. Vroom et al. (2017) showed that aged
microbeads (15–30 μm) were preferably ingested by zooplankton (cope-
pods, Calanus finmarchicus, and Acartia longiremis) compared to pristine
ones, probably due to the formation of a biofilm, the exudate of which
may promote ingestion. The presence of biofilm could make plastic parti-
cles indistinguishable from natural food items (Zimmermann et al.,
2020). This could explain the lower survival found inMPs-EFLwith respect
to MPs-DW, which were non-biofouled. The differences between MPs-INF
and MPs-EFL could be explained based on MPs size distribution and the
different nutritional quality of their respective biofilms (Siehoff et al.,
2009; Horváthová and Bauchinger, 2019; Amariei et al., 2022). As shown
in Table S8, there was a higher number of small PE-MP particles
(20–40 μm) in MPs-EFL than in MPs-INF. This is the size range of particles
assayed: MPs-INF and MPs-EFL, as well as their surrounding water at the beginning



Fig. 3.Results of the Kaplan-Meier survival analysis forD.magna exposed for 21 days to concentrations of 0 (non-exposed control), 25, 50, 100, 200 and 400mg/L ofMPs-DW
(A),MPs-Ec (B), MPs-INF (C), MPs-EFL (D). Asterisks (*) that appear to the right of each graph indicate whether there are significant differences (p< 0.05) with respect to the
control.
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that can be ingested by D.magna (Koelmans et al., 2020; Xu et al., 2020). It
has been previously demonstrated that the toxicity of MPs decreases with
increasing size. An et al. (2021) and Schwarzer et al. (2022) reported higher
mortality, reduced body length, lower algal feeding rate, and offspring re-
duction in D. magna when the size of MPs decreased.

The total content of proteins, carbohydrates, and lipids in biofilms is
shown in Table S9. The lower concentrations of these biomolecules
(which are crucial for cellular processes) in MPs-EFL with respect to the
concentrations of the same biomolecules in MPs-Ec and MPs-INF could
also explain the observed differences in toxicity as biofilms growing in
MPs-EFL are less nutritious. In this regard, bacterial taxonomy characteriza-
tion revealed the lower presence of high-nutritional taxa such as the family
Comamonaceae in MPs-EFL (1.07 ± 0.02 %) in comparison to MPs-INF
(6.4±0.1) aswell as the growth of opportunistic bacteria likePseudomonas
which could be detrimental to D. magna survival (Le Coadic et al., 2012;
Callens et al., 2016; Mushegian et al., 2018) (Table S6, SM). Interestingly,
although at a low abundance (0.1 ± 0.06 %), a symbiotic bacterial genus
of D. magna, Flavobacterium, was reported in MPs-INF, but not in MPs-EFL
(Qi et al., 2009; Freese andMartin-Creuzburg, 2013). The toxicity of the in-
fluent and effluent per se was also checked by exposing the organisms to
wastewater (INF and EFL) for 21 d. Fig. S9 (SM) showed no difference in
D. magna survival between both wastewaters. These data discard higher
toxicity of the EFL itself due to possible different chemical compositions.
To check the hypothesis that biofilms could act as carriers for toxic com-
pounds, the amounts of certain microelements in the biofilm, including
some toxic metals, were assessed. The concentration of all of them, as
shown in Table S10 (SM), was higher in the INF, a result not consistent
with a carrier or Trojan Horse effect of biofouled MPs to explain the
higher toxicity of MPs-EFL. Furthermore, it was not possible to discard
the possible bioaccumulation of toxic compounds from wastewater
in biofilms that may increase their toxicity in effluent such as
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microelements (Table S10, SM) and possible organic chemical sub-
stances that could co-occur in wastewater.

The results of MPs previously exposed to TCS (tMPs) are presented in
Fig. 4 and S10 (SM); and Table S7 (SM). The differences in survival were
significant at lower concentrations as compared to non-exposed PE-MPs,
from 50 mg/L for tMPs-DW (LT50 = 14.0 ± 1.4 d) (p < 0.05) and
100mg/L for tMPs-Ec (13.0±1.0 d) (p< 0.05). Remarkably,D.magna sur-
vival exposed to tMPs-EFL was significantly different from the control for
all tested concentrations (p < 0.05). Increased mortality by tMPs-EFL
was observed even for the lowest MPs concentration tested and from the
first day of testing. On the contrary, tMPs-INF experiments resulted in
significant differences with respect to the controls only and the highest
concentrations tested (LT50 = 13.0 ± 1.3 d, 200 mg/L and 8.0 ± 1.0 d,
400 mg/L) (p < 0.05). The results showed that contrary to tMPs-EFL,
tMPs-INF did not increase toxicity when pre-loaded with TCS.

The results of TCS sorption showed that MPs-DW sorbed 82.2 ±
0.4 μg TCS/g MPs after 4 h of exposure to the pollutant whereas the re-
sults for the other different media were: 57.2 ± 0.6 μg TCS/g MPs in
MPs-Ec, 97.5 ± 1.6 μg TCS/g MPs in MPs-INF and of 88.0 ± 0.5 μg
TCS/g MPs in MPs-EFL (Fig. 5A). Therefore, MPs-INF and MPs-EFL
sorbed significantly higher amount of TCS (p < 0.05), being MPs-INF
the MP with highest TCS sorption (p < 0.05). Other studies showed
that biofilm formation considerably improved the sorption of pollut-
ants, which included metals and organic pollutants (Richard et al.,
2019; Wang et al., 2021). Wang et al. (2020), also reported that biofilm
formation altered tetracycline and copper adsorption on PE MPs
(60–150 μm), which was attributed to the larger specific surface area in-
creases after biofilm growth. Likewise, Richard et al. (2019), showed
that polylactic acid (PLA) and low-density polyethylene (LDPE) pellets
(4–5 mm) recovered by estuarine biofilm, facilitated metal accumula-
tion (Ba, Cs, Ge, Ga, Ni, and Rb). Specifically concerning TCS sorption,



Fig. 4. Results of the Kaplan-Meier survival analysis for D.magna exposed for 21 days to concentrations of 0 (non-exposed control), 25, 50, 100, 200 and 400 mg/L of tMPs-
DW (A), tMPs-Ec (B), tMPs-INF (C), tMPs-EFL (D). Asterisks (*) that appear to the right of each graph indicatewhether there are significant differences (p< 0.05) with respect
to the control.
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it has been shown that organic matter is the most influential factor in
enhancing sorptivity in soils (Usyskin et al., 2015).

The interactions of organic pollutants and biofilms are largely deter-
mined by polar and electrostatic interactions. Therefore, the main phys-
icochemical factors determining the amount of pollutant sorbed are
those measuring their hydrophobicity–charge profile given by their
pH-dependent octanol-water partition coefficient, Dow, which in turn
depends on pH and on the acid-base properties of the sorbate. Our re-
sults showed a sorption capacity for TCS in the following order: MPs-
INF > MPs-EFL > MPs-DW > MPs-Ec, which agrees with the order of
Fig. 5. Amount of sorbed TCS per unit dry mass of each tMPs (μg/g), tMPs-DW, tMPs-E
(μg/L) from TCS-loaded MPs, tMPs-DW, tMPs-Ec, tMPs-INF, and tMPs-EFL in a peri
between treatments (p < 0.05). Results are shown as mean ± SD (n = 3).
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hydrophobicity determined by measuring the water contact angle of
the MPs (Table S11, SM). These results are in agreement with the pre-
dominant role of hydrophobic interactions as the main driver for the
retention of TCS, a hydrophobic compound (log Kow = 4.76), non-
dissociated at the working pH (pKa = 8.1). The increase in hydropho-
bicity of plastic surfaces upon colonization has been observed before
(Nauendorf et al., 2016). The lower sorption of TCS in MPs-Ec could
be explained by the relatively high hydrophilicity of E. coli biofilms,
which is consistent with a lower capacity to retain non-polar com-
pounds, like TCS. The presence of polar groups in biofilms facilitates
c, tMPs-INF, tMPs-EFL (A) and desorbed TCS concentration in the culture medium
od of time of 21 days (B). In A, different letters indicate significant differences
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dipole interactions and hydrogen bonding in biofouled MPs in compar-
ison with pristine surfaces (Ma et al., 2019; Liu et al., 2020). Accord-
ingly, the higher hydrophobicity of MPs-INF and MPs-EFL (Table S11,
SM), would explain their higher affinity to TCS.

The release of the biocide TCS in the liquid medium during the bio-
assays was also tested. The results are presented in Fig. 5B and showed
a maximum TCS concentration in the exposure medium of 28.4 ±
10.3 μg/L for tMPs-DW, which was only 12.8 ± 0.6 μg/L for tMPs-Ec.
For MPs colonized in wastewater, tMPs-INF, and tMPs-EFL, TCS was
only detected during the first few days of the assay (Fig. 5B). These re-
sults suggested that TCS could accumulate in or be degraded by the mi-
crobial biofilm formed on the surface of MPs. This could also explain
that even though tMPs-INF retained a higher concentration of TCS, a
corresponding higher toxicity was not observed.

Regarding the possible biodegradation of TCS taking place in the TCS-
loaded PE-MP biofilms it is observed that genera such as Rhodanobacter,
Rhodococcus, Nitrosomonas, Sphingomonas, and Sphingopyxis which have
previously been pointed out as TCS degrading bacteria in wastewater
were detected in a high abundance (>50 %) in tMPs-INF (Table S6, SM)
(Hay et al., 2001; Roh et al., 2009; Lee et al., 2012). The capacity of biofilms
formed on MPs to metabolize pollutants and, therefore, to reduce the asso-
ciated toxicity, has been pointed out elsewhere (Rummel et al., 2017; Guan
et al., 2020). Santos et al. (2019) studied the effect of TCS on river biofilms
and reported its biotransformation into metabolites including methyl-TCS
or 2.4-dichlorophenol. Peng et al. (2013) did not observe lethality in
D.magna exposed for 21 days to TCS at concentrations in the water column
up to 128 μg/L, and nor did Orvos et al. (2002), who reported that the
NOECbased on survival at 21 d in the presence of TCSwas 200 μg/L; higher
concentrations of dissolved TCS than were observed in this study (Fig. 5B).
Therefore, the toxicity observed in this work for tMPs in comparison to non-
TCS-loaded MPs could be attributed to exposure via MPs ingestion, which
contained sorbed TCS. Besides, the lower toxicity observed for tMPs-INF
suggested biofilm degradation of TCS during the bioassays. In addition, a
higher photolysis rate of TCS in waters with organic matter, such as waste-
water, compared to ultrapure water has previously been indicated (Mezcua
et al., 2004; Aranami and Readman, 2007). This could also contribute to
explaining the absence of dissolved TCS in treatments with tMPs-INF and
tMPs-EFL as compared to the other ones, indicating thatmost TCS remained
in the biofilms (Fig. 5B), whose release is promoted by sorption equilibrium
coefficient (Kpw) (Endo and Koelmans, 2019). In this regard, after 1 day of
incubation, it was estimated that tMPs-EFL retained a higher concentration
of TCS (34.7 ± 0.07 μg/g) in comparison to tMPs-INF (10 ± 1.7 μg/g)
(Fig. 5B), what could explain the higher decrease in D. magna survival
when exposed to tMPs-EFL.

The role of MPs as vectors of pollutants has been reported in previ-
ous studies. Frydkjær et al. (2017) found that irregular PE-MPs
(10–75 μm) preincubated with phenanthrene were more toxic to
D.magna than non-loaded MPs and that the EC50 could not be explained
by the concentration of phenanthrene dissolved in the water column.
Kalčíková et al. (2020) reported a toxic effect of silver to D. magna neo-
nates enhanced on PE-MPs upon biofilm formation in contact with a
natural water stream. Qi et al. (2021) demonstrated that the presence
of biofilm in aged MPs enhanced the toxicity of lead to D. magna.
Thus, according to our results, the higher observed toxicity of tMPs-
DW, tMPs-Ec, and tMPs-EFL in comparison with non-TCS loaded PE-MPs
was explained by the accumulation of TCS in the PE-MPs, particularly in
tMPs-EFL. However, in the case of tMPs-INF, the lower toxicity could
be due to the degradation of TCS by the microbial community and the
better nutritional status of influent biofilms. Amariei et al. (2022)
already found that D. magna grew better when exposed to biofouled
microplastics compared to pristine microplastics; however, this com-
pensation due to biofilm-food supply was found only in MPs with the
highest biofilm abundance (i.e., PE-MPS incubated in wastewater influ-
ent); in this regard, the higher toxicity observed with tMPs-EFL could be
due to an increased TCS load as well as a lower nutrient supply within
the attached biofilm.
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It is known thatMPs could be transferred along food chains fromprey to
predators (Huang et al., 2021).Moreover, due to predators requiring higher
demands of energy, they could even be more affected by plastic pollution
through ingestion. In the present study, Daphnia magna ingested MPs,
which were visualized in their digestive tracts, besides, MPs were also
loadedwith TCS. According to several authors who investigated the trophic
transference of plastic particles, they were transferred from D. magna to
predator fishes such as Oryzias sinensis, Zacco temminckii or Carassius
carassius (Mattsson et al., 2017; Chae et al., 2018). Further research is
required to know the possible bioaccumulation of TCS in these organisms.
Besides, other studies have reported biomagnification along the trophic
net in which the transfer of MPs and their associated chemicals has been
demonstrated (Batel et al., 2016; Qu et al., 2020), it is thought that
Daphnia magna predators could be highly affected through the ingestion
of their prey contaminated with MPs and TCS-loaded MPs. Given the
importance of this primary consumer of phytoplankton as key prey for
secondary consumers and its ecological role in freshwater ecosystems
such as nutrient cycling, it is expected that its exposure to plastic pollu-
tion and associated chemicals may lead to a cascade of effects poten-
tially harmful for higher- level organisms in the ecosystem (Miner
et al., 2012).

4. Conclusions

The present work highlights that biofouling of microplastics influences
their ability to adsorb and desorb co-occurring contaminants and thus, their
potential role as vectors for the transport of them through aquatic environ-
ments. The microbial community analysis of the attached biofilms in
biofouled microplastics is of paramount importance as it may modulate
the nutritional status of the biofouled plastics as well as the amount of pol-
lutant that may be sorbed and released from them and, subsequently the
toxicity of the aquatic organisms that may ingest the biofouled plastics. In-
terestingly, the genomic analysis found potential triclosan-biodegrading
taxa in the biofouled microplastics exposed to this pollutant. All these re-
sults imply that the tolerance of D.magna and possibly other aquatic organ-
isms that might ingest microplastics is related to the degree of plastic
biofouling in natural environments. In addition, such tolerance is also
related to the sorption of co-occurring pollutants and their potential degra-
dation by active organisms in the plastic-attached biofilm. Since plastic bio-
fouling occurs over time in nature, future studies on realistic environmental
plastic impact should include the characterization of the biofilms growing
on plastic and how this may affect the sorption of co-occurring pollutants
and subsequent toxicity towards biota.
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