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ABSTRACT: The potential of microplastics to act as a vector for
micropollutants of natural or anthropogenic origin is of rising concern.
Cyanobacterial toxins, including microcystins, are harmful to humans and
wildlife. In this study, we demonstrate for the first time the potential of
microplastics to act as vectors for two different microcystin analogues. A
concentration of up to 28 times from water to plastic was observed for the
combination of polystyrene and microcystin-LF achieving toxin concen-
trations on the plastic of 142 ± 7 μg g−1. Based on the experimental
results, and assuming a worst-case scenario, potential toxin doses for
daphnids are calculated based on published microplastic ingestion data.
Progressing up through trophic levels, theoretically, the concentration of
microcystins in organisms is discussed. The experimental results indicate
that adsorption of microcystins onto microplastics is a multifactorial
process, depending on the particle size, the variable amino acid
composition of the microcystins, the type of plastic, and pH. Furthermore, the results of the current study stressed the limitations
of exclusively investigating microcystin-LR (the most commonly studied microcystin congener) as a model compound representing a
group of around 250 reported microcystin congeners.
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■ INTRODUCTION

Plastics are ubiquitous in the world with estimated 299 million
tonnes produced in 2013.1 According to Plastics Europe,2 80%
of plastics produced are polyethylene, polyvinyl chloride,
polystyrene, polyethylene terephthalate, polypropylene, and
polyurethane. At the end of their life cycle, most plastics will
enter the environment. Consumer plastic waste can enter
wastewater treatment plants, where breakthrough can occur
leading to plastic particles reaching the freshwater environ-
ment.1 Larger plastic particles are reduced by physical,
chemical, and biological processes;3 plastic particles thus
reduced to sizes of ≤5 mm (in all dimensions) are considered
microplastics. Another source of microplastics are particles
originally manufactured in microplastic dimensions, for
example, beads for abrasive blasting used in coatings and
paints. Microplastic occurrence in aquatic systems globally has
been recognized as an environmental risk factor4−8 as it has
been found that microplastic particles can be contaminated
with organic pollutants.9 Microplastics act as mobile reservoirs
of toxic compounds due to their high surface-to-volume ratio.
Adsorption is a surface process and therefore a high surface-to-
volume ratio favors adsorption of increased amounts of
pollutants.9−11 Microplastics, including any adsorbed contam-
inants, can enter the food web by ingestion by aquatic

organisms such as fish, zooplankton, and crustaceans where
desorption in the gut can lead to bioaccumulation of the
contaminants in the food web.7

Cyanobacteria and their secondary metabolites are encoun-
tered in most aquatic systems globally. During blooms,
seasonal or perennial mass occurrences of cyanobacteria,
high concentrations of potentially toxic secondary metabolites
can be detected in the surrounding water.12 Evidence suggests
that with increasing global warming, the frequency and
intensity of blooms will increase.13,14 One of the most
frequently reported groups of cyanobacterial toxins is micro-
cystins (MCs) with over 240 congeners.15 MCs are
hepatotoxic heptapeptides with two variable amino acids that
inhibit protein phosphatases and can act as tumor promoters.
Different congeners of MC display different chemical behaviors
due to their amino acid composition and other chemical
differences such as (de)methylation. MC-LR is one of the most
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commonly reported analogues; however, MC-LF is of
increasing concern as it presents similar toxicity but is more
hydrophobic and thus more readily enters the target organs
(Figure 1).16−20

The World Health Organization (WHO) has set a
recommended maximum allowable level of 1 μg L−1 of total
MCs in potable water.23,24 Currently, little is known about the
partitioning of MCs on microplastics. MC-contaminated
microplastics could pose a significant environmental risk acting
as a concentration vehicle and unlike other natural particulates
and sediment microplastics can be mistaken as food by aquatic
biota representing a gateway into the food web via ingestion by
aquatic organisms.
With increased frequency of toxic cyanobacterial blooms and

increasing microplastic presence in freshwater systems, it
stands to reason that co-occurrence of microplastic particles
and MCs frequently takes place.
Thus, the current study sets out to determine, for the first

time, if microplastic particles can act as a vector for MCs. Four
different plastics (polystyrene [PS], polyvinyl chloride [PVC],
polyethylene [PE], and polyethylene terephthalate [PET])
were exposed to two MC congeners (MC-LR and MC-LF).
The effects of pH, exposure time, and particle size were
evaluated. Furthermore, an estimate of the amount of toxin
that could be transported into the food web by microplastics
was made.

■ MATERIALS AND METHODS

All plastics were obtained from Goodfellows Ltd. (UK) and
processed to produce microplastics of known sizes. PVC was
received as 1 m rods (5 mm diameter) and cut into
approximately 5 mm length with stainless steel shears. The
remaining three plastics (PS, PE, and PET) were received as
pellets (3−5 mm). The material received was characterized by
Fourier transform infrared (FTIR) spectroscopy (Nicolet iS10,
Thermo Fisher Scientific, UK) to confirm the polymers
received. All plastics were reduced in size individually in an
industrial stainless steel blender (Waring, USA). Size reduction
was achieved by pulsing the blender for 20 s with 1−2 min
cooling intervals to avoid thermally altering the plastics. Size-
reduced plastics were then sieved to three standardized specific
particles sizes of >1 mm (and <5 mm), 0.25−0.5 mm, and
0.09−0.125 mm (sieves from Fisher Scientific, UK; sieving

apparatus from Retsch Ltd., UK). Artificial freshwater (AFW),
used as the experimental medium, was prepared with ultrapure
water (18.2 MΩ) and the addition of CaCl2 2H2O (58.5 mg
L−1), MgSO4 7H2O (24.7 mg L−1), NaHCO3 (12.0 mg L−1),
and KCl (1.2 mg L−1).25 The pH was adjusted to the required
level (pH 2, pH 5, pH 7, pH 9, and pH 11) either with HNO3
or NaOH. MC (LR or LF) solutions (5 μg mL−1) in AFW
were prepared and combined with the individual microplastics
(10 g L−1). All pH conditions were tested with the three sizes
for each plastic and a control sample containing no plastic
particles. Samples were continuously horizontally agitated on
an orbital shaker at 250 rpm and 25 °C in the dark for 48 h.
Samples (100 μL) were extracted with a glass syringe with a
stainless steel needle at time points 0, 2, 6, 12, 24, and 48 h and
spin-filtered in microcentrifuge filter tubes (0.22 μm cellulose
acetate filters, Corning, USA); these polypropylene filter tubes
displayed <2% adsorption of MC congeners (data not shown)
and were deemed safe for use. Samples were directly analyzed
by HPLC-PDA (Section S2.2). Controls containing no
microplastics were prepared for all conditions. All experiments
and controls were conducted in triplicate. In all experiments,
contact between MCs and any types of plastics other than the
tested type of microplastic was eliminated.
To confirm the presence of MC-LF on the surface of PS,

samples were prepared for 3D surface matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry imaging
(MSI) according to the study of Kompauer et al.;26 in short, a
sample (2 μL) of a suspension containing 10 g L−1 PS (0.09−
0.125 mm particle size) that had been exposed to MC-LF for
48 h was applied to a PTFE-coated glass slide and dried for 30
min in a desiccator. A matrix solution of 30 mg mL−1 2,5-
dihydroxybenzoic acid in acetone/water (0.2% TFA) 1:1 v/v
was freshly prepared, and a volume of 80 μL was sprayed onto
the sample surface with a flow rate of 10 μL min−1 and a
rotation of 500 rpm using an ultrafine pneumatic sprayer
system (SMALDIPrep, TransMIT GmbH, Germany). 3D
optical microscope images of the sample surface were obtained
with a Keyence VHX-5000 digital microscope (Keyence
Deutschland GmbH, Germany) before and after matrix
application. For data acquisition, Xcalibur software on a Q
Exactive HF orbital trapping mass spectrometer (Thermo
Fisher Scientific GmbH, Germany) equipped with an AP-
SMALDI5 AF (TransMIT GmbH, Germany) MSI system was

Figure 1. Chemical structures of the two MC congeners used in the present study (MC-LR left and MC-LF right) with variable amino acids
indicating leucine (blue) and arginine (green) (MC-LR) and leucine (blue) and phenylalanine (red) (MC-LF).21,22 The variable amino acids
within the MC structure are largely responsible for the overall hydrophobicity of the congener.
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used. Ion images of selected m/z values were generated using
Mirion imaging software27 with a mass bin width of Δ(m/z) =
0.01. MS images were normalized to the highest intensity
measured for each ion separately. No further image processing
steps such as smoothing, interpolation, or TIC normalization
were employed.
The zeta potential of the plastics in the experimental

medium under pH 3−10 was measured using a Malvern
Zetasizer instrument (Nano ZS, UK, Table S3).
A t-test was performed to determine significance testing

(Supporting Information S6). Pearson correlation (R2) was
used to evaluate the relationship between the variables. For all
statistical tests, a significance level (p value) of 5% was set.

■ RESULTS AND DISCUSSION

Microplastics are encountered in aquatic systems globally,2,28

and a number of studies4−8,29,30 have demonstrated that
microplastics can act as a vehicle for the concentration of
organic pollutants such as pyrene, phenanthrene, bis-2-
ethylhxyl phthalate, and dichlorodiphenyltrichloroethane. In
the present study, we were able to demonstrate that three sizes
of microplastics, small (0.09−0.125 mm), medium (0.25−0.5
mm), and large size (>1 mm), can also act as a concentration
vehicle for MCs (Figure 2). Throughout the study, adsorption
of MC was determined by the reduction in the MC
concentration in solution compared to controls without
microplastics. Typically used in biomedical science, MALDI

MSI provides untargeted and label-free analysis of various
molecular classes in the spatial context of tissues and cells.
Here, recent technical developments in 3D surface MALDI
MSI26 were utilized to confirm the adsorption of MC
congeners on plastic surfaces.
The obtained 3D surface MALDI MSI results clearly show

the adsorption of MC-LF on the surface of the PS particles. All
three adducts (H+, Na+, and K+) of MC-LF were detected and
assigned, based on accurate mass measurements (Figure 2c),
showing identical spatial distributions (Figure 2b for [MC-LF
+ Na]+ and Figure S5 for [MC-LF + H]+ and [MC-LF + K]+).
By comparing the optical image with the ion images, the MSI
results demonstrate that MC-LF was primarily detected on PS
particles, thus unambiguously confirming adsorption to the
surface of the plastic particle and directly visualizing MCs
adsorbed to the microplastic for the first time.
The adsorption behavior of both MC-LR and MC-LF onto

four different microplastics was investigated by monitoring the
diminishing toxin concentration in solution, and a control
containing no microplastic particles was also analyzed at each
pH to monitor the toxin stability at the corresponding pH
concentration (Figure 3). The MC-LR concentration was
stable under all tested pH concentrations with a maximum
toxin loss of 20% at pH 2 and no more than 9% loss at pH 5−
11. The MC-LF concentration was also comparatively stable at
pH 5−11 with a decrease of no more than 14% over time. At
pH 2, the toxin concentration decreased by 43% over the first 6
h of the experiment with a final loss of 44% after 48 h. Harada

Figure 2. 3D surface MALDI MSI of MC-LF adsorbed to the PS microplastic. (a) Optical microscope image of PS particles before matrix
application. (b) MS image showing the spatial distribution of [MC-LF + Na]+ at m/z 1008.5053. (c) Single-pixel mass spectrum for a mass range
m/z of 985 to 1025 obtained from the PS microplastic. Three different adducts for MC-LF were labeled with measured mass and mass deviation.
MS images were generated with 170 × 174 pixels, a pixel size of 12 μm, and an image bin width of Δ(m/z) = 0.01. The scale bar is 500 μm.
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et al.31 had previously reported on the detrimental effect of low
pH concentrations on the stability of MCs.
For MC-LR, equilibrium was achieved after approximately 2

h (pH 5−11) for all three size ranges investigated. After an
initial decrease, concentrations remained stable with little to no
additional adsorption occurring onto any of the microplastics
of any size. At pH 2, equilibrium was only achieved for the
large- and medium-sized particles of PS. For all four plastics,
the greatest adsorption of MC-LR was observed at pH 2 for
the smallest size with the highest adsorption occurring with PE
(∼21% at pH 2, p value = 0.02) and the least with PET (∼1%

at pH 9, p value = 0.15). At pH 2, the initial concentration
rapidly declined over the first 6 h, and this loss is likely caused
by a combination of the acidic conditions (decline is mirrored
in the control samplesFigure 3) and adsorption to the
microplastic particles as the decrease is dependent on the type
of the microplastic. For PE and PS, a 20% concentration
decrease was observed (compared to 10% in the control); for
PVC, the decrease was 17% and for PET 13%, showing greater
adsorption to PE and PS.
Adsorption of MC-LF was observed for all four types of

plastic with equilibrium achieved by 48 h for most of the large-

Figure 3. Influence of pH on MC-LR and MC-LF adsorption onto PS, PVC, PE, and PET particles of different sizes (>1 mm [red], 0.25−0.50 mm
[blue], and 0.009−0.125 mm [yellow]) (Test conditions: 10 g L−1 plastics, 5 μg mL−1 MC, 48 h agitation time, 25 °C, and control [black]
contained no microplastic). %RSD ≤ 10%, n = 3.
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sized plastics (PE, PET, and PVC), for some of the medium-
sized plastics (PVC and PE), and none for any of the small-
sized plastic particles. The highest degree of adsorption was
observed for the small particle sizes for all plastics at all pH
values investigated. Most adsorption occurred onto PS (∼60%
at pH 7 when adjusted with the control) and the least onto
PET (∼10% at pH 5−11). As was observed for MC-LR at pH
2, there was a rapid initial decrease of the toxin concentration
in the first 6 h of the experiment. Most adsorption in this initial
phase occurred onto PE (83%) and PS (85%) compared to the
control (43%), PVC (76%), and PET (65%), which also
showed marked decreases in toxin concentration. With the
exception of PET, all microplastic types showed significant
differences for the MC-LF concentration at pH 2 compared
with the control after 48 h contact. The adsorption of MC-LF
follows a similar pattern (rapid initial decrease in toxin
concentration followed by a slower decrease) across the other
pH concentrations investigated.

During cyanobacterial bloom events, pH in the surrounding
water frequently increases to above pH 9.32 Thus, when
focusing on what could be considered the most environ-
mentally relevant pH concentrations of pH 5−9, markedly
more MC-LF than MC-LR is adsorbed onto microplastic
particles. This becomes particularly apparent when considering
the total amounts of MC-LR and MC-LF adsorbed over 48 h
(Figure 4).
Across all pH levels, particle sizes, and types of microplastics,

more MC-LF than MC-LR was adsorbed in the environ-
mentally relevant range of pH 5−9. On average, 130 μg g−1

MC-LF adsorbed onto the smallest particle size of PS, with 89
μg g−1 MC-LF adsorbed to PE, 99 μg g−1 MC-LF adsorbed
onto PVC, and 12 μg g−1 MC-LF adsorbed onto PET, with
maximum adsorption of MC-LF of 156 μg g−1 achieved with
PS. The maximum adsorption of MC-LR in the environ-
mentally important range (pH 5−9) was achieved with PS at
pH 5 (56 μg g−1) and average adsorption of MC-LR was
achieved with PS of 28 μg g−1, PE of 8 μg g−1, PVC of 14 μg

Figure 4. Effect of particle size and pH on the amount of MC-LR and MC-LF adsorbed onto four different microplastics (green: PET, yellow:
PVC, blue: PE, and red: PS) (Test conditions: 10 g L−1 plastics, 5 μg mL−1 MCs, 48 h agitation time, and 25 °C). %RSD ≤ 10%, n = 3.
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g−1, and PET of 6 μg g−1. From these results, it is apparent that
the hydrophobicity, due to variable amino acid composition of
the MC congener, strongly determines the amount of
adsorption.17 In the current study, MC-LR and MC-LF differ
in the fact that the arginine (R) in MC-LR is replaced with the
more hydrophobic phenylalanine (F) in MC-LF. Therefore, as
would be expected, MC-LF adsorbs more readily to the
microplastic particles than MC-LR (Table 1 and Figures 1 and

2). Connected to the hydrophobicity of the sorbent, the pH of
the surrounding matrix will affect the behavior of the MCs. As
de Maagd et al.33 and McCord et al.34 have demonstrated, the
hydrophobicity of MCs, expressed as the pH-dependent
octanol−water partitioning coefficient (DOW), changes as the
pH of the test matrix is altered. As the pH decreases, the
log10(DOW) as a function of the hydrophobicity increases,
increasing the likelihood of the MC analogue to adsorb onto
the microplastic. The log10(DOW) of MC-LR increases from
−1.2 (pH 7) to 1.67 (pH 2), whereas the log10(DOW) of MC-
LF increases from 0.06 (pH 7) to 2.75 (pH 2).33,34 Increasing
adsorption with decreasing surrounding pH was also observed
in this investigation (Figures 2 and 3) with maximum
adsorption for both MC-LR (small-sized PE: 181.6 μg g−1)
and MC-LF (small-sized PET: 187.5 μg g−1) occurring at pH
2. Altaner et al.35 also found a correlation between the pH of
an MC-containing solution and the amount of adsorption onto
polypropylene (PP) laboratory pipette tips, observed after
repeated use (eight times) of the tip. The more acidic the
solution, the more likely MCs adsorbed to the PP pipette tips,
similar to the observations made for the microplastics studied
in the current investigation. Altaner et al.’s35 observation is
explained with the fact that at low pH, most MCs tend to be
positively charged due to carboxyl and guanidine moieties
being protonated;33,34,36,37 while the surface of PE, for
example, is negatively charged due to the dissociation of
carboxyl groups as part of oxidation processes during
polymerization.38 Similar observations were made by Hyen-
strand et al.37 when they tested adsorption of MC-LR onto
laboratory PP tips. According to Kamp et al.39 the change of
surface charge is an important factor affecting the adsorption
potential of contaminants on microplastics. The plastics

investigated showed a negatively charged surface under all
pH values measured (Table S3). Although the surface charge
of the microplastics changed under different pH conditions, no
correlation between the surface charge of plastics and the
adsorption behavior of MC-LR and MC-LF was apparent. In
the pH range tested in their study (pH 6−10), pH did not
markedly affect the adsorption behavior, which correlates to
the observations made for the microplastics investigated in the
current study (albeit both studies are not directly comparable).
Observations made in the current study are further
corroborated by a study testing different materials for MC
sampling in which Kamp et al.39 found that MC-LF more
readily adsorbed onto bottles made from a range of plastics
(PE, PS, PP, polyethylene terephthalate glycol, and poly-
carbonate) in drinking water compared to MC-LR at near
neutral pH. After 48 h in the study by Hüffer and Hofmann,40

MC-LR adsorption onto PS and PE occurred to a similar
degree (<10% adsorption), while for MC-LF, less adsorption
occurred (∼20% adsorption) compared with small-sized
microplastics in the current study (PS ∼63% adsorption and
PE ∼43% adsorption). Compared to large-sized microplastic
particles, greater adsorption was observed by Hüffer and
Hofmann,40 since, in the current study, no adsorption occurred
on any of the plastics of size >1−5 mm. However, our
investigation and the study by Kamp et al.39 are again not
directly comparable as there were marked differences in the
study design (size of the exposed surface, agitation, and
temperature during storage).
While in the majority of cases the highest degree of

adsorption was observed for the small particle size, this was not
true in all instances (e.g., maximum adsorption of MC-LR onto
PVC at pH 2 was observed for the medium-sized particles,
Figure 3). As partitioning of organic compounds onto
microplastics is a surface process, logic would dictate that
the smaller the particle, the higher the potential adsorption
that can be achieved. This was largely observed in the present
study; however, Hüffer and Hofmann40 determined that
sorption of organic compounds to microplastic particles in
aqueous solutions did not exclusively occur according to the
particle size as their model sorbents (seven hydrophobic
aromatic and nonaromatic hydrocarbons) preferably adsorbed
to the largest particle size of PS in their study. Hydrophobicity
of the sorbent and π−π interactions between the PS and the
model sorbents were proposed as potential explanations for
this observation. Hu et al.,41 however, determined increased
adsorption as a function of particle size. Their41 findings are
however difficult to compare to the current study or to the
study by Hüffer and Hofmann40 as Hu et al.41 investigated the
adsorption of lubrication oil on micro- and nanoparticulate
plastic particles. Hu et al.41 did not find a significant impact of
pH on the partitioning behavior of lubrication oil to either type
of microplastic tested (PE and PS), illustrating that in the case
of MCs, pH influences the sorbate (MCs) more than the
sorbent (microplastics).
As established in the current study, the chemical properties

of the adsorbent and the particle size of the receiving material
critically affect the adsorption of MCs onto microplastic
particles. The type of microplastics showed a strong correlation
(R2 > 0.9) regarding adsorption of MC-LR and MC-LF. A
further factor is the chemical composition and surface
morphology of this receiving material, specifically, in the case
of microplastics, whether the surface of the constituent
polymer is glassy or amorphous.42 By far, most adsorption

Table 1. Comparison of Maximum MC-LR and MC-LF
Adsorption onto Four Types of Microplasticsa

plastic

maximum MC-LR
adsorption (μg

g−1)

maximum MC-LF
adsorption (μg

g−1) ASCR
Tg
(°C)

polyethylene
terephthalate
(PET)

0.00 0.00 4 69

polyethylene
(PE)

0.89 76.64 1.7 −125

polyvinyl
chloride
(PVC)

11.64 81.22 2.7 81

polystyrene (PS) 22.10 119.54 1.8 100
aExperimental conditions: 10 g L−1 plastics, 5 μg mL−1 MCs, pH 7,
particle size 0.009−0.125 mm, 48 h, and 25 °C. ASCR44 is reported in
the literature studies (n = 12 studies). For ASCR, a score of 1
indicates the highest sorption capacity and increasing values indicate
types of plastics that exhibit lower sorption capacities as reported in
the Tg of the polymers used in the current study,42 giving an
indication of the prevalence of amorphous or glassy regions of a given
polymer.
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occurs on the amorphous regions of the surface. The glass
transition temperature (Tg) of a polymer is a measure of
whether a polymer is considered rubber-like or glass-like. If the
ambient temperature is higher than the Tg of a given polymer,
it is considered rubber-like at that temperature. If the ambient
temperature is lower than the Tg of a given polymer, it is
considered glass-like. For example, under the experimental
conditions of the current study (25 °C), only PE would be
considered rubber-like (Table 1). For the other three
microplastics, ambient temperature was <Tg; thus, PS, PET,
and PVC would be considered glass-like. Guo et al.43 found
that by decreasing the glassiness and increasing the abundance
of amorphous sites on PS, the sorption capacity for organic
compounds could be increased, confirming that glassiness
plays an important part in the reduced partitioning of organic
compounds onto microplastics. In a survey of 12 published
studies, Alimi et al.44 have created average sorption capacity
ranking (ASCR; from 1 = highest sorption potential to >1
decreasing sorption potential) for key plastics.
The results of the current investigation follow the proposed

ASCR (Table 1), especially for MC-LF that showed a strong
negative correlation (R2 > −0.8) between the sorption capacity
ranking and the adsorption on microplastics. For PET, with an
ASCR score of 4, almost no adsorption of either MC analogue
could be detected, whereas PS, which has a comparatively low
ASCR score of 1.8, showed the greatest adsorption potential
for both MC analogues investigated. Despite having a higher
ASCR score (2.7 compared to 1.7) than PE, PVC showed
similar or higher adsorption of MCs across all samples
evaluated. While the ASCR score is derived from a number

of studies, there are exceptions for each of the plastics where
they display a higher or a lower adsorption capacity than would
be expected from their ASCR score and glassiness as a function
of Tg. These exceptions are explained by the individual
chemistry of the polymer and the specific interaction with the
chemistry of sorbate as well as the surface morphology of the
microplastic particle.44 Investigating the surface of the
microplastic particles applied in the current study shows that
PS, PE, and PET present a comparatively smooth surface,
while PVC presents a pockmarked surface (10,000×
magnification, Figure 5). Increased adsorption to PVC could
thus, in part, be explained by the rougher surface.
At 500× magnification, it can be observed that all the

plastics except PET present a rough morphology with crevasses
and ridges, which could further contribute to the increased
adsorption of those types of microplastic compared to PET,
which presents a comparatively smooth surface. The effect of
surface morphology on adsorption was also observed by
Fotopoulou and Karapanagioti45 when comparing the surface
morphologies of virgin and eroded PE, PP, and PVC.
Comparing the SEM images of the surface morphology in
our study and the study by Fotopoulou and Karapanagioti,45

similarities between our microplastic and the eroded plastic in
their studies are apparent.
The overriding parameter for MC adsorption onto the

selected plastics, however, appears to be the hydrophobicity of
the MC analogue determined by the variable amino acid rather
than the type of microplastic (e.g., PVC over PET) and particle
size (small over large). However, establishing a clear
hierarchical order of factors determining the adsorption of

Figure 5. Scanning electron microscope (SEM) imaging of the plastics utilized in the current study clearly displaying the surface morphology of
each type. For each type of plastic, a particle size of 1−5 mm was investigated.
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MCs onto microplastics is difficult as the effects of MC
hydrophobicity, particle size, and pH are all interwoven and
interdependent representing a multifactorial system. While on
the one hand, the surface area-to-volume ratio of the plastic
will influence adsorption onto the surface of the microplastic,9

on the other hand, the hydrophobicity, that is, the variable
amino acid composition of the MC molecule will strongly
influence adsorption. Additionally, surface morphology,
availability of amorphous regions on the polymers, and pH
concentration will also influence adsorption.
The results of the current study have demonstrated that

under all conditions investigated, MC-LF is more likely to
adsorb onto microplastic particles compared to MC-LR. This
finding should be viewed in an environmental context: MC-LR
is the most frequently studied MC congener and most
countries’ legislature relating to maximal allowable levels of
MCs in, for example, drinking water are often maybe based
solely on MC-LR presence or MC-LR toxicity equivalence.
However, in recent years, it has repeatedly been demonstrated
that MC-LF presents greater toxicity than MC-LR.16,19 In light
of this, the WHO has recently amended its guidelines for
maximum allowable levels of MCs in drinking water to use the
total MC concentration rather than toxicity equivalence.24 As
demonstrated in the present study, MC-LF preferably
adsorbed to microplastic particles compared to MC-LR,
which is concerning in light of its greater toxicity. The results
of the current study demonstrate the limitations of exclusively
using MC-LR as a single representative of the wider group of
MCs.
Generally, eutrophicated waters, that is, water bodies with a

high nutrient load, are preferred habitats of aquatic
cyanobacteria. Wastewater treatment plants and effluents are
good examples with routine mass occurrences (blooms) of
cyanobacteria.46,47 Microplastic particles are likely to be
encountered in wastewaters, and co-occurrence of microplastic
particles and MCs frequently takes place. Having demonstrated
the presence of MCs on microplastics (Figure 5) and the load
per mass of plastic determined (Figure 3), theoretical exposure
of aquatic organisms to MC on microplastic particles can be
calculated as there is a concern that pollutants adsorbed to
microplastics could enter the food web.4,6 Assuming that all
MCs adsorbed onto the microplastic particles will desorb in
the gut of biota and all desorbed toxin will be bioavailable, the
following worse-case scenario could be imagined: a recent
study by Canniff and Hoang3 has demonstrated that the water
flea Daphnia magna can consume microplastic particles in a
size range of 63−75 μm. The smallest particle size investigated
in the current study is in the range of 90 to 125 μm. While this
is larger than the particles used in the Canniff and Hoang3

study, it was used to predict a theoretical MC uptake by
Daphnia sp. by means of feeding on MC-laden particles.
Canniff and Hoang3 demonstrated that up to 15 particles were
ingested by individual Daphnia magna in 21 days of exposure
(with the first particles being ingested within 6 h); by
calculating the amount of the two different MC congeners per
plastic particle in the current study (Supporting Information
S4), it was possible to predict the MC load per individual
Daphnia (Table 2). Correlating this toxin load to the published
lethal concentrations of MC-LR for Daphnia demonstrated
that the amount of MC-LR would not constitute a lethal dose
for Daphnia. However, assuming a similar, or even higher,
toxicity of MC-LF compared to MC-LR (as proposed by
Faassen and Lürling16), it could be demonstrated that

ingestion of 15 MC-LF-laden particles would be lethal if
desorbed from the microplastic (with the caveat that the
reported lethal concentration does not directly correspond to
the lethal ingested dose). While this prediction is based on a
number of assumptions and data based on different species of
Daphnia, it nonetheless demonstrates the potential of bio-
logically relevant amounts of MCs entering the food web by
means of toxin-laden microplastic ingestion.
In a feeding study, Christoffersen50 demonstrated that the

arctic tadpole shrimp (Lepidurus arcticus (L. arcticus)) was
capable of predating on a Daphnia species. Larger L. arcticus
was shown to have consumed 5 to 15 Daphnia. Extrapolating
from the data in Table 2, this would represent concentrations
of 1.77 to 5.31 ng and 9.55 to 28.65 ng of MC-LR and MC-LF,
respectively (adsorbed to PS particles). While there are no
toxicity data of the effect of MCs on tadpole shrimp, this
example demonstrates the theoretical accumulation of toxin in
the food web, with increasing trophic level, with plastics as a
vector.

■ IMPLICATIONS
The current study has, for the first time, demonstrated that at
least three types of microplastics (PVC, PE, and PS) can act as
vectors for MCs; an almost 40-fold concentration compared to
the dissolved concentration was observed for some MC
congener-microplastic combinations (e.g., MC-LF + PS).
Adsorption of MCs to microplastic particles is a multifactor
process. The current study demonstrated that the particle size
of the microplastics, pH conditions, the type of polymer, and
the MC congener affect adsorption. Even under environ-
mentally relevant pH conditions (pH 7), MC-LF adsorbed to
microplastic particles. A theoretical worst-case scenario
demonstrated that the amount of MC adsorbed onto certain
types of plastics, if desorbed, would constitute a lethal dose to

Table 2. Predicted MC-LR and MC-LF Amounts per Plastic
Particle after 48 h of Exposure, Hypothetical Amounts of
MCs Ingested by Daphnia sp., and Lethal Doses (LD50) of
MC-LR in Daphnia sp.a

plastic

toxin (μg
g−1) on

plastic after
48 h

toxin
(pg) per
particle

theoretical toxin
amount (pg)
ingested by
daphnidsb

lethal ingested
dose of MC (pg)
for daphnidsc

MC-LR
PET 0 0 0 510−915
PVC 13.85 12.4 186
PE 1.06 0.64 96
PS 26.31 23.6 354
MC-LF
PET 0 0 0 510−915d

PVC 96.69 86.7 1300
PE 91.23 55.1 826
PS 142.31 127 1910

aExperimental conditions: 10 g L−1 plastics, 5 μg mL−1 MCs, and
horizontal agitation in the dark at pH 7. bDerived from the study of
Canniff and Hoang3 which observed uptake of up to 15 microplastic
particles per Daphnia sp. individual in a feeding study. cDerived from
the study of Rohrlack et al.48 which state MC-LR toxicity as 10.2 to
18.3 ng mg−1 wet weight in Daphnia sp. and from the study of
Badouin and Ravera49 stating the dry weight of individual mature
Daphnia sp. as 21.33 μg wet weight, which was assumed to be 200%
of the dry weight. dAssuming similar toxicity to MC-LR as proposed
by Faassen and Lürling.16
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daphnids. Furthermore, this study highlights that adopting
MC-LR as a model for all MCs is a poor choice as the chemical
diversity created by the two variable amino acids can lead to
widely varying adsorption behaviors. This was demonstrated
by the significantly greater adsorption of MC-LF compared to
MC-LR under the same experimental conditions. Microplastics
could act as a vector for MCs, highlighting an, as of yet,
unexplored pathway for cyanobacterial toxins to enter the food
web.
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56 S1 Plastics selected for this study

57 Four plastics that represent typical plastic pollutants were selected for this 

58 study: polystyrene (PS), polyvinyl chloride (PVC), polyethylene (PE), and 

59 polyethylene terephthalate (PET) (Figure S1). These polymers were selected for 

60 their widespread application in food packaging and personal care products. 

61 Further, several studies have identified these polymers as the most frequently 

62 encountered in both marine and fresh water aquatic systems1–4.   

63

64 Figure S1: Chemical structures of plastic monomers selected as sorbents in this study. 
65 Representing four of the most commonly encountered plastic pollutants in the 
66 environment.  
67

68 Additionally, the selected plastics present with a chemically diverse set of 

69 monomers including aromatic rings (PS and PET) and halogen moieties (PVC) 

70 which can affect adsorption behaviour and sorbent-sorbate interaction5.  

71

72 S2: Suppliers of chemicals and instruments

73 S2.1 Chemicals and materials

74 All organic solvents (methanol and acetonitrile) were purchased from Fisher 

75 Scientific (UK) and were of analytical grade. Trifluoroacetic acid (TFA) used as 

76 ion pairing agent in high performance liquid chromatography (HPLC) was 
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77 purchased from Fisher Scientific (UK). Microcystin-LR and -LF reference 

78 materials were isolated from laboratory cultures with >90% purity. Ultrapure 

79 water was produced with an Elga Water Purification System to a resistivity of 

80 18.2 MΩ. Chemical solutions for the adjustment of the pH (nitric acid and 

81 sodium hydroxide) were purchased from Sigma Aldrich (UK). The chemicals for 

82 the preparation of artificial freshwater (CaCl2.2H2O, MgSO4.2H2O, NaHCO3, and 

83 KCl) were purchased from Fischer Scientific (UK). Polystyrene, polyethylene, and 

84 polyethylene terephthalate were received as pellets (3-5 mm diameter), while 

85 polyvinyl chloride was received as 1 m rods (5 mm diameter). All plastics were 

86 purchased from Goodfellow (UK). Fourier Transformer Infrared 

87 Spectrophotometry (FT-IR) were used characterised the plastics received to 

88 establish the polymer material received (Figure S2). The spectra confirmed the 

89 polymer type of the plastics used in the current study. 

90   
91 Figure S2: FT-IR spectrum of polystyrene (PS), polyvinyl chloride (PVC), polyethylene 
92 (PE), and polyethylene terephthalate (PET).        
93

94 S2.2 Devices and auxiliaries

95 A Nicolet iS10 FT-IR Spectrometer from Thermo Fisher Scientific with OMNIC 

96 Spectra Software was used to analyse the material received from GoodFellow, 

97 UK. The FT-IR scanning wavenumber was set from 400 to 4000 cm-1. The 
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98 sample was scanned 32 times, the resolution was set at 8 cm-1, no correction 

99 was applied. 

100 HPLC analysis was performed by using a Waters 2695 Separation Module. High 

101 resolution photodiode array detection was performed with a Waters 2996 

102 Photodiode Array Detector (PDA). Separation of analytes was performed with a 

103 Symmetry C18 column 2.1 mm (inner diameter) x 150 mm with a 5 µm particle 

104 size (all Waters, UK). The mobile phases used were ultrapure water and 

105 acetonitrile, both 0.05% TFA. Chromatography was achieved with a linear 

106 gradient from 15 to 75% acetonitrile over 10 minutes, followed by a solvent 

107 wash and equilibration. Column temperature was set to 40˚C and the flowrate 

108 applied was 0.3 mL min-1. The resolution of the PDA was set to 1.2 nm and data 

109 was acquired over a range of 200 to 400 nm. The limit of quantification achieved 

110 by this method was 0.1 µg mL-1. The measurement of pH was performed with a 

111 Five Easy pH probe (Mettler Toledo, USA). Experiments were conducted in an 

112 incubation chamber with an orbital shaker (Thermofisher MaxQ 6000, UK) at 

113 25˚C with horizontal agitation at 250 rpm. Size reduction of the plastics was 

114 achieved in an industrial stainless-steel blender (Waring, USA). 

115 Scanning electron microscopy of the 0.09-0.125 mm plastic samples was 

116 performed on an EVO LS10 (Carl Zeiss Ltd, Germany) scanning electron 

117 microscope. Samples were mounted on aluminium stubs with double sides 

118 carbon adhesive pads and then sputter coated in a gold and palladium mixture. 

119 Scanning electron microscopy was performed under stable pressure, with an 

120 acceleration voltage of 25 kV and a working distance of 6.5 to 8 mm. 

121 3D-surface MALDI imaging was performed using an autofocusing AP-SMALDI5 AF 

122 high-resolution MALDI imaging ion source (TransMIT GmbH, Germany), 

123 operating at atmospheric pressure and coupled to a Q Exactive HF Orbitrap mass 
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124 spectrometer (Thermo Fisher Scientific, Germany). The sample was irradiated 

125 with 50 UV-laser pulses (λ  343 nm) per pixel at a frequency of 100 Hz. The =

126 dedicated autofocusing system enabled keeping the laser focus diameter, fluence 

127 and ablation spot size constant across the non-flat sample surface by adjusting 

128 the sample stage position according to the sample’s height profile for each 

129 measurement spot. Samples were scanned with 12 µm step size and the target 

130 voltage was set to 3 kV. The mass spectrometer was operated in positive-ion 

131 mode in a mass-to-charge-number (m/z) range of 350 to 1200 at a mass 

132 resolution of 240,000 at m/z 200. Internal lock-mass calibration was performed 

133 by using a signal of a DHB matrix cluster ([5DHB-4H2O+NH4]+, m/z 716.12461), 

134 resulting in a mass accuracy of better than 2 ppm for the entire image. The ion 

135 injection time was set to 500 ms. The S-lens level was set to 100 arbitrary units, 

136 and the capillary temperature was 250 °C.

137 A Malvern Zetasizer Nano-ZS ZEN3600 was used to measure the electrostatic 

138 charge of PET, PVC, PE, and PS in the experimental medium under five different 

139 pHs. A solution containing 20 g L-1 of each plastic in AFW adjusted to pH 3, pH 5, 

140 pH 7, pH 9, and pH 10 was prepared. The pH 2 and pH 11 were not evaluated 

141 due the zeta potential cell compatibility (Malvern Zetasizer cell, DTS1070). 

142 Before each analysis, the cell was washed with filtered (0.22 µm) methanol 

143 followed by filtered (0.22 µm) ultra-pure water (18.2 MΩ). Later, the solution 

144 with microplastics was placed in the zeta cell carefully evaluating the existence 

145 of bubbles. Three measurements were performed of each sample. 

146

147 S3: 3D-surface MALDI imaging of MC-LF bound to polystyrene (PS) 

148 microplastic particles
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149 The optical image of the matrix-covered microplastic surface after analysis is 

150 depicted in Figure S3b, demonstrating uniform laser ablation spots throughout 

151 the sample height profile (see Figure S3c). PS microplastic samples showed 

152 height variations up to 155 µm (see Figure S4). To overcome the limitation of 

153 non-flat surfaces in microplastic samples, a MALDI imaging ion source with the 

154 capabilities to maintain uniform laser foci on rough surfaces is essential (“3D-

155 surface mode”).

156

157
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158 Figure S3: (a) Optical image of a PS microplastic sample after matrix application. (b) 
159 Optical image of the same PS microplastic sample after MALDI MSI analysis. (c) 
160 Magnification of the marked area, showing uniform laser ablation marks throughout the 
161 sample height profile.
162

163
164 Figure S4: Topography image of PS microplastic showing height variations up to 155 µm.
165

166

167 Figure S5: 3D-surface MALDI MS images showing the spatial distributions of (a) [MC-
168 LF+H]+ at m/z 986.5232 and (b) [MC-LF+K]+ at m/z 1024.4790 in red. MS images were 
169 generated with 170x174 pixel, 12 µm * 12 µm pixel size, image bin width: Δ(m/z) = 0.01. 
170 The scale bars are 500 µm.

171

172
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173

174

175

176 S4: Prediction of toxin concentration per particle of plastic

177 Having established the concentration of MC-LR and –LF after 48 h of exposure 

178 (table S1) allows for the determination of the amount of plastic per particle, 

179 allowing for a number of assumptions. 

180

181 Table S1: Concentration of MC-LR and –LF per gram of plastic after 48 hours of 
182 exposure. (Experimental conditions: 10 g L-1 plastic, 5 µg L-1 MC, horizontal agitation in 
183 the dark, pH7, 25 ˚C). 

Plastic MC-LR (µg g-1) MC-LF (µg g-1)
PET 23.61 142.31
PVC 0 0
PE 13.85 96.69
PS 1.06 91.23

184

185 Determination was performed for pH7 results only, as this is the most 

186 environmentally relevant pH condition tested and the smallest particle size 

187 employed in the study. As the particle preparation of blending with subsequent 

188 sieving yields particle size ranges rather than single sizes, the first assumption 

189 was an average particle size of 0.1075 mm from the 0.09 to 0.125 mm range. In 

190 order to be able to calculate the amount of toxin per particle, the volume of the 

191 particle needs to be determined (Equation S1), this can only be done by 

192 assuming perfect sphericity of the particles. 

193

194 Equation S1: 𝑽 =
𝟒
𝟑𝝅𝒓𝟐

195 where:

196 V = volume of the particle; r = radius of the plastic particle

197
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198 Then using the densities of the different types of plastic (as stated by the 

199 supplier) the weight of each particle can be determined (Equation S2). 

200

201 Equation S2:  𝝆 =
𝒎
𝑽

202 where: 

203 ρ = density of the plastic; m =mass of the particle; V = volume of the particle

204

205 Combining the information of the amount of MCs per mass for each of the four 

206 plastics tested, the amount of toxin per plastic particle can be determined (Table 

207 S2). 

208

209 Table S2: Amount of MC-LR and –LF per plastic particle after 48 hours of exposure. 
210 (Experimental conditions: 10 g L-1 plastic, 5 µg L-1 MC, horizontal agitation in the dark, 
211 pH 7,  25 ˚C). 
212

Plastic MC-LR (pg particle-1) MC-LF (pg particle-1)
PET 0 0
PVC 12.4 86.7
PE 0.64 55.1
PS 23.6 127

213
214

215 S5: Evaluation of the electrostatic charge of each type of microplastics 

216 under five pH conditions

217 Table S3: Zeta potential measurement (mV) of polyethylene terephthalate (PET), 
218 polyvinyl chloride (PVC), polyethylene (PE), and polystyrene (PS) in artificial freshwater 
219 at pH 3, pH 5, pH 7, pH 9, and pH 10. 
220

pH 3 pH 5 pH 7 pH 9 pH 10Plastic
mV

PET 0.08 -0.06 -0.42 -2.50 -5.66
PVC 0.06 -6.20 -10.96 -10.89 -2.96
PE -10.88 -5.62 -12.63 -0.19 0.17
PS -4.17 -2.90 -24.37 -11.88 0.03

221

222



S11

223

224

225

226 S6: Statistical analysis 

227 S6.1: Significance testing performed using T-test comparing samples 

228 with the control (no plastics)

229 The sample data (n=3) were compared with the control data (n=3) to evaluate 

230 whether the microcystin adsorption occurred was significant. P-values lower than 

231 0.05 (5 percent) were considered as significant different from the control, 

232 therefore the occurrence of adsorption was assumed (Table S4). 

233 Table S4: P-values of t-test significance testing comparing the samples (n=3) with the 
234 control (n=3, no plastics). P-values > 0.05 (red) adsorption cannot be assumed, p-
235 values < 0.05 (green) adsorption can be assumed. SZ-A represents the small size (0.09-
236 0.125 mm), SZ-B represents the medium size (0.25-0.50 mm), SZ-C represents the 
237 large size (1-5 mm), and the letter C represents the control.
238

pH 2 pH 5 pH 7 pH 9 pH 11PET

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

SZ-A(2h)xC(2h) 0.11 0.01 0.61 0.83 0.93 0.32 0.13 0.72 0.23 0.22

SZ-B(2h)xC(2h) 0.20 0.23 0.74 0.87 0.08 0.39 0.10 0.11 0.28 0.61

SZ-C(2h)xC(2h) 0.60 0.29 0.73 0.64 0.11 0.20 0.11 0.40 0.19 0.16

SZ-A(6h)xC(6h) 0.93 0.02 0.30 0.89 0.54 0.50 0.08 0.09 0.36 0.22

SZ-B(6h)xC(6h) 0.95 0.55 0.30 0.24 0.29 0.79 0.08 0.92 0.30 0.85

SZ-C(6h)xC(6h) 0.56 0.48 0.27 0.23 0.25 0.14 0.09 0.49 0.39 0.65

SZ-A(12h)xC(12h) 0.01 0.00 0.11 0.14 0.01 0.09 0.01 0.02 0.04 0.03

SZ-B(12h)xC(12h) 0.63 0.14 0.67 0.13 0.13 0.89 0.23 0.80 0.89 0.08

SZ-C(12h)xC(12h) 0.55 0.45 0.57 0.04 0.00 0.37 0.34 0.79 0.11 0.13

SZ-A(24h)xC(24h) 0.31 0.01 0.41 0.62 0.62 0.48 0.36 0.50 0.22 0.64

SZ-B(24h)xC(24h) 0.34 0.75 0.65 0.04 0.52 0.75 0.10 0.44 0.27 0.54

SZ-C(24h)xC(12h) 0.10 0.02 0.26 0.01 0.36 0.34 0.20 0.59 0.31 0.18

SZ-A(48h)xC(48h) 0.25 0.06 0.07 0.35 0.56 0.96 0.13 0.18 0.47 0.38

SZ-B(48h)xC(48h) 0.39 0.01 0.23 0.09 0.38 0.05 0.24 0.11 0.22 0.69

SZ-C(48h)xC(48h) 0.99 0.22 0.17 0.63 0.26 0.06 0.15 0.03 0.16 0.60

pH 2 pH 5 pH 7 pH 9 pH 11
PE  MC- 

LR
MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

SZ-A(2h)xC(2h) 0.02 0.00 0.15 0.07 0.21 0.16 0.91 0.03 0.10 0.03

SZ-B(2h)xC(2h) 0.10 0.01 0.03 0.70 0.46 0.85 0.35 0.15 0.25 0.22

SZ-C(2h)xC(2h) 0.23 0.17 0.08 0.80 0.08 0.56 0.13 0.98 0.40 0.25

SZ-A(6h)xC(6h) 0.25 0.05 0.69 0.04 0.34 0.05 0.25 0.00 0.81 0.00
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SZ-B(6h)xC(6h) 0.36 0.03 0.23 0.02 0.49 0.24 0.38 0.04 0.28 0.02

SZ-C(6h)xC(6h) 0.47 0.79 0.17 0.05 0.27 0.01 0.12 0.07 0.45 0.12

SZ-A(12h)xC(12h) 0.01 0.00 0.17 0.03 0.02 0.00 0.02 0.00 0.01 0.00

SZ-B(12h)xC(12h) 0.36 0.07 0.94 0.01 0.37 0.25 0.48 0.07 0.06 0.32

SZ-C(12h)xC(12h) 0.78 0.64 0.72 0.02 0.12 0.70 0.28 0.87 0.10 0.14

SZ-A(24h)xC(24h) 0.12 0.00 0.72 0.01 0.17 0.01 0.35 0.00 0.75 0.00

SZ-B(24h)xC(24h) 0.18 0.02 0.84 0.24 0.82 0.01 0.16 0.03 0.53 0.02

SZ-C(24h)xC(12h) 0.25 0.33 0.75 0.21 0.35 0.86 0.02 0.60 0.63 0.24

SZ-A(48h)xC(48h) 0.07 0.03 0.28 0.05 0.83 0.00 0.51 0.01 0.31 0.02

SZ-B(48h)xC(48h) 0.03 0.09 0.71 0.09 0.70 0.00 0.24 0.18 0.16 0.03

SZ-C(48h)xC(48h) 0.05 0.19 0.09 0.12 0.07 0.06 0.20 0.05 0.04 0.12

pH 2 pH 5 pH 7 pH 9 pH 11
PVC MC- 

LR
MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

SZ-A(2h)xC(2h) 0.00 0.01 0.41 0.07 0.13 0.08 0.89 0.01 0.11 0.06

SZ-B(2h)xC(2h) 0.07 0.03 0.10 0.80 0.18 0.47 0.28 0.15 0.48 0.34

SZ-C(2h)xC(2h) 0.05 0.16 0.02 0.49 0.10 0.34 0.10 0.02 0.37 0.52

SZ-A(6h)xC(6h) 0.01 0.03 0.50 0.05 0.13 0.01 0.26 0.00 0.59 0.02

SZ-B(6h)xC(6h) 0.68 0.06 0.26 0.11 0.91 0.22 0.66 0.05 0.51 0.05

SZ-C(6h)xC(6h) 0.22 0.68 0.28 0.08 0.68 0.69 0.11 0.02 0.34 0.65

SZ-A(12h)xC(12h) 0.03 0.01 0.24 0.04 0.01 0.00 0.01 0.01 0.00 0.00

SZ-B(12h)xC(12h) 0.41 0.07 0.91 0.01 0.79 0.24 0.45 0.08 0.21 0.01

SZ-C(12h)xC(12h) 0.54 0.20 0.84 0.03 0.82 0.05 0.79 0.10 0.19 0.07

SZ-A(24h)xC(24h) 0.28 0.00 0.79 0.01 0.09 0.06 0.02 0.01 0.52 0.00

SZ-B(24h)xC(24h) 0.08 0.00 0.65 1.00 0.71 0.04 0.15 0.11 0.52 0.01

SZ-C(24h)xC(12h) 0.12 0.05 0.64 0.11 0.54 0.50 0.26 0.10 0.41 0.26

SZ-A(48h)xC(48h) 0.37 0.00 0.40 0.03 0.17 0.00 0.04 0.00 0.83 0.01

SZ-B(48h)xC(48h) 0.15 0.04 0.39 0.49 0.87 0.17 0.36 0.11 0.11 0.17

SZ-C(48h)xC(48h) 0.50 0.17 0.27 0.00 0.37 0.78 0.43 0.02 0.07 0.14

pH 2 pH 5 pH 7 pH 9 pH 11
PS MC- 

LR
MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

MC- 
LR

MC - 
LF

SZ-A(2h)xC(2h) 0.02 0.00 0.08 0.02 0.00 0.02 0.07 0.01 0.51 0.00

SZ-B(2h)xC(2h) 0.91 0.03 0.66 0.19 0.52 0.71 0.21 0.05 0.17 0.02

SZ-C(2h)xC(2h) 0.96 0.37 0.29 0.90 0.10 0.48 0.12 0.30 0.14 0.32

SZ-A(6h)xC(6h) 0.23 0.06 0.30 0.01 0.05 0.01 0.02 0.00 0.18 0.00

SZ-B(6h)xC(6h) 0.45 0.02 0.90 0.89 0.66 0.06 0.93 0.00 0.40 0.10

SZ-C(6h)xC(6h) 0.47 0.12 0.50 0.02 0.23 0.54 0.15 0.09 0.59 0.11

SZ-A(12h)xC(12h) 0.05 0.00 0.47 0.02 0.01 0.00 0.01 0.00 0.01 0.00

SZ-B(12h)xC(12h) 0.47 0.04 0.77 0.02 0.50 0.13 0.76 0.02 0.21 0.10

SZ-C(12h)xC(12h) 0.53 0.41 0.37 0.08 0.16 0.84 0.28 0.08 0.19 0.04

SZ-A(24h)xC(24h) 0.05 0.00 0.04 0.00 0.02 0.00 0.03 0.00 0.17 0.00

SZ-B(24h)xC(24h) 0.21 0.00 0.44 0.55 0.84 0.35 0.25 0.03 0.28 0.07

SZ-C(24h)xC(12h) 0.38 0.64 0.32 0.52 0.42 0.11 0.29 0.45 0.35 0.78

SZ-A(48h)xC(48h) 0.09 0.00 0.05 0.01 0.01 0.00 0.01 0.00 0.98 0.02

SZ-B(48h)xC(48h) 0.19 0.02 0.50 0.26 0.50 0.02 0.96 0.08 0.08 0.09

SZ-C(48h)xC(48h) 0.22 0.27 0.88 0.08 0.37 0.38 0.82 0.34 0.34 0.41

239
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240 S6.2: Pearson correlation testing 

241 Table S5: Pearson correlation coefficients (R2) evaluating the correlation between the 
242 plastic type, MC-LR and -LF adsorption after 48 h contact, average sorption capacity ranking, 
243 and glass transition temperature
244

 PLASTIC MC-LR 
adsorption

MC-LF
adsorption

Average 
sorption 
capacity 
ranking

Glass 
transition 

temperature 

PLASTIC 1.00
MC-LR adsorption 0.96 1.00
MC-LF adsorption 0.94 0.80 1.00
Average sorption 
capacity ranking -0.68 -0.47 -0.89 1.00

Glass transition 
temperature 0.37 0.60 0.02 0.43 1.00

245
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