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ARTICLE INFO ABSTRACT

Keywords: Plastics are utilised globally but are of environmental concern due to their persistence. The global presence of
Cyanobacteria microplastics (particles <5 mm in all dimensions) in freshwater environments is increasingly reported, as has the
Freshwater presence of cyanobacterial toxins, including the microcystins. We elucidated the potential role of microplastics as
&ligcisgfur?:nts a vector for eight microcystin analogues. Two sizes of polypropylene (PP) and polyethylene terephthalate (PET)
Microparticles microparticles were evaluated. The median particle size distribution (Dso) was 8-28 pm for small particles, and
Polymers 81-124 pm for large particles. Additionally, microcystin-LR and -LF were evaluated individually using small PP

and PET to elucidate the adsorption behaviour in the absence of competition. Microcystin hydrophobicity,
polymer material, and particle size were key factors influencing adsorption to the plastic microparticles. The
small size PP microparticles demonstrated a high affinity for the 8 microcystin analogues. The proportion of
microcystin adsorbed onto the small particles of PP after 48 h contact was between 83 and 100%, depending on
the analogue. Of all analogues investigated, only microcystin-LW and -LF adsorbed onto the larger sized PP and
PET microparticles. Individually, greater amounts of MC-LF adsorbed onto the small PET (19%) compared to
when it was present in the mixture of microcystins (11%). While MC-LR did not adsorb onto small PET micro-
particles in the mixture, 5% adsorption was observed when individually in contact with small PET microparti-
cles. The results demonstrated that microplastics can adsorb eight different microcystin analogues and that more
hydrophobic analogues are more likely to adsorb than less hydrophobic analogues.

1. Introduction

Plastics are of global environmental concern due to their persistence
and potential to harm wildlife. However, plastics will continue to
occupy a highly relevant place in contemporary society, due to their low
cost, lightweight and durable properties (Sorensen and Jovanovic, 2021;
Thompson et al., 2009). World plastic production reached almost 370
million tonnes in 2019 (Plastics Europe, 2020), a large proportion of
which is used for single-use packaging (Dris et al., 2015), which can
represent 10-15%, by weight of municipal solid waste (Andrady, 2017).
Plastic waste can enter the environment from poorly managed landfill
sights or carelessly discarded post-consumer products (Dris et al., 2015).
Plastic fragments covering a wide range of sizes can enter aquatic sys-
tems (Napper and Thompson, 2019), with particles smaller than 5 mm
(in all dimensions) defined as microplastic. These microparticles are
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divided into primary (small particle plastics that are manufactured at
that size) and secondary (plastic fragments derived from larger pieces of
plastic by physical, chemical and biological interaction, Thompson
et al., 2009). The most commonly reported microplastics in the envi-
ronment are secondary microplastics (Weithmann et al., 2018) and their
detection has increased globally according to recent reports (Li et al.,
2018a). For aquatic environments, the majority of studies have focussed
on marine systems, with less than 4% of studies focussed on freshwater
environments (Li et al., 2018a; Vaughan et al., 2017). Untreated
wastewater (e.g. from combined sewage overflow) and wastewater
treatment plant effluents are one of the main sources of microplastic in
the freshwater environment (Anderson et al., 2016). Additionally,
wastewater also contributes significantly to the input of nutrients into
the aquatic environment, which can lead to mass occurrences of cya-
nobacteria known as blooms. Some cyanobacterial strains can produce
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harmful secondary metabolites often referred to as cyanotoxins, the
most commonly reported cyanotoxins are the group of the microcystins.
Microcystin presence in water bodies has caused illness and death of
wild and domestic animals around the world (Sivonen and Jones, 1999).
Microplastics have been shown to enter the food web (D’Souza et al.,
2020), which can impact wildlife with recent reports indicating that
microplastics have also been ingested by humans (Li et al., 2018b; Orb,
2017). Polypropylene (PP) and polyethylene terephthalate (PET) were
found in the faeces of all human participants in a recent study carried out
in Vienna, Austria, on the effect of plastic food packaging (Liebmann
etal., 2018). The presence of microplastics in the food web is of concern,
especially, based on the fact that microplastics have been shown to act as
vectors for hydrophobic organic pollutants in aquatic systems (Yu et al.,
2019). The interaction of two individual microcystins (MC-LR or MC-LF)
with microparticles of PET, polyethylene (PE), polyvinyl chloride (PVC),
and polystyrene (PS) has been explored at five different pHs where the
hydrophobic analogue microcystin-LF showed great adsorption on the
smallest size (90-125 pm) of PS at pH 7 (Pestana et al., 2021). Pestana
et al. (2021) have identified microcystin hydrophobicity, microplastic
particle size, and polymer type as the main drivers of
microcystin-microplastic interaction. Thus, the current study set out to
determine the microcystin-microplastic interactions of smaller particle
sizes (Dso 8-28 pm), an additional microlastic type (PP), and six addi-
tional microcystin analogues with a wide range hydrophobicities.
Further, the potential of competition for binding sites of a mixture of
eight microcystin analogues in contact with two different sizes of PP and
PET (both are widely reported in freshwater systems; Koelmans et al.,
2019) was elucidated. The potential competition behaviour of micro-
cystin analogues for adsorption binding sites was evaluated by placing
small particles of PP and PET in contact with two microcystin analogues
individually and comparing the data from this experiment with data
from when the two microcystins are present in a mixture.

2. Materials and methods
2.1. Microplastics and chemicals

Polyethylene terephthalate (PET) 15 pm (small) and 100 pm (large)
along with polypropylene (PP) 25 pm (small) and 100 pm (large) were
acquired from Shanghai Guanbu Electromechanical Technology Co.
Ltd., China and used as received. Artificial freshwater (AFW) was used as
the experimental medium. AFW was prepared with ultrapure water
(18.2 MQ) and the addition of CaCl,.2H50 (58.5 mg L’l), MgS04.7H20
(24.7 mg L’l), NaHCOs3 (12.0 mg L’l), and KCl (1.2 mg L’l) according
to Akkanen and Kukkonen (2003). The pH was adjusted to 7 either with
HNOj3 or NaOH. Chemicals used were acquired from Fisher Scientific UK
Ltd (UK) at analytical grade. Microcystin analogues were acquired as per
Enzo Life Sciences, >95% purity. MC-RR, -YR, -LR, -WR, -LA, -LY, -LW,
and -LF, where the letters after the hyphen describe the variable amino
acids (figure S1 for key to the amino acid letters), from the least to the
most hydrophobic analogue, were selected due to their different hy-
drophobicities (figure S1). The hydrophobicity order of the analogues
was determined according to the liquid chromatographic separation of
the microcystins (figure 52).

2.2. Characterisation of physical properties of microplastics

A Nicolet iS10 FT-IR Spectrometer from Thermo Fisher Scientific
(UK) with OMNIC Spectra Software was used to analyse the micro-
plastics. The FT-IR scanning wavenumber was set from 400 to 4000
cm™L. Samples were scanned 32 times, the resolution was set at 8 cm™.
No correction was applied. The BET surface area (Sggr) was determined
on a Tristar II surface area and porosity instrument (Micromeritics, UK).
Before the test, the microplastics were dried under vacuum using a
VacPrep degasser (Micromeritics, UK) at 30 °C for 24 h. This removed
surface adsorbed gas and moisture. Particle size analysis (PSA) was
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carried out on a Mastersizer 2000 particle size analyzer (Malvern Pan-
alytical, UK). Furthermore, a simulated surface area (Spsa) was calcu-
lated by the PSA software modelling the particles as perfect spheres and
not accounting for the porosity and roughness of the material. Scanning
electron microscopy (SEM, Scios DualBeam, Thermo Fisher Scientific,
UK) was employed to investigate the morphologies of the microplastics.
For crystallinity composition evaluation, powder X-ray diffraction
(XRD) was carried out on an Empyrean diffractometer (Malvern Pan-
alytical, UK) in reflection mode with a primary beam monochromator
(Cu Kal).

See the Supplementary Material for detailed FT-IT spectra (figure
S4), particle size distribution (figure S5), and XRD patterns (figure S6).

2.3. Determination of microcystin analogue concentration

Analysis of the microcystins was performed using high performance
liquid chromatography (HPLC; Waters Corporation, UK). The equipment
included a solvent delivery system (Alliance 2695) with detection by
photodiode array (PDA, Alliance 2996). The PDA scanning wavelength
was set from 200 to 400 nm. Separation of microcystin analogues was
achieved using a Symmetry dC18 column (2.1 mm internal diameter x
150 mm; 5 pm particles size) which was maintained at 40 °C. The mobile
phases were ultra-pure water (18.2 MQ) (A) and acetonitrile (B) each
containing 0.05% (v/v) trifluoroacetic acid (TFA; Fisher Scientific Ltd,
UK). The flow rate was 0.3 mL min_'. A linear gradient was used for the
separation of the microcystin analogues (table S1). The separation of
MC-RR, -YR, -LR, -WR, -LA, -LY, -LW, and -LF followed this order, which
is directly related to their hydrophobicity (figure S2). The limit of
quantification of the microcystin analogues using this method was 0.05
Hg mL~.

2.4. Adsorption of microcystin analogues on microplastics

A solution containing a mixture of eight microcystin analogues
(microcystin-RR, -YR, -LR, -WR, -LA, -LY, -LW and -LF each at 5 pg mL!
(4.96 + 0.26 pg mL™%, n = 24) as well as a solution containing either
MC-LF (4.65 + 0.19 pg mL™}, n = 3) or MC-LR (4.60 + 0.02 pg mL™, n
= 3) in AFW were prepared. All samples were removed using a 100 pL
glass syringe with a stainless-steel needle (Hamilton, UK) to avoid
contact of the toxin solution with laboratory plastics. MC solutions (2.5
mL) were combined with plastics particles (25 mg equivalent to 10 g
L™ in glass vials (4 mL). The mixture of the eight microcystin ana-
logues was tested with PET and PP at each of the two particle sizes.
Additionally, solutions of either MC-LR or -LF were placed in contact
individually with the small particles of PP and PET to investigate the
impact on the amount of microcystin adsorbed on microplastics when
the compounds are present individually. A comparison was then made
with the data from when multiple analogues were present to determine
if there is binding competition.

Samples were continuously horizontally agitated on a MaxQ 6000
orbital shaker (Thermo Scientific, UK) at 200 rpm and 25 °C in the dark
for 48 h. Samples (200 pL) were taken at 2, 4, 6, 8, 12, 24, and 48 h and
filtered using a microcentrifuge tube filter (2 mL spin-X tubes made of
PP, cellulose acetate filter, 0.45 pm pore size, Corning USA). Samples
(100 pL) were then analysed by HPLC-PDA. A control containing either
the eight microcystin analogues, MC-LR or -LF without microplastic
particle was also prepared and analysed at each sampling point. All
experiments and controls were conducted in triplicate. Throughout the
investigation, contact with laboratory plastics was eliminated except for
the filtration device which could not be avoided. Controls indicated that
the loss through this step was between 4 4+ 1% (MC-LR) to 11 + 1% (MC-
LW). The adsorption was calculated by the difference on MC concen-
tration in the samples with microplastics and in the control.
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2.5. Statistical analysis

The amount of microcystin adsorbed per unit mass of microplastics
(ug g~ 1), was estimated using equation (1):

90 = (Cemiy) — C(t))V/m (@)
where.

- qqp is the amount of microcystin adsorbed on microplastics (pg gh
at sampling time t

- Ceuri(o is the control solution concentration of microcystin (ug mL™)
at the sampling time t as determined by HPLC-PDA

- C(p is the sample solution concentration of microcystin (yg mL™Y) at
the sampling time t as determined by HPLC-PDA

- m is the mass of plastic added to the vial (in g)

- Vis the total volume of solution (in mL) in the vial

The percentage of microcystin adsorbed onto the microplastic was
calculated using equation (2):

%Adsorbed(y = ((Cenry — Ciry)x100) / Corigr (2)
where.

- %Adsorbedy is the percent of microcystin adsorbed on microplastics
at sampling time t

- Ceri(p is the control solution concentration of microcystin (ug mL™)
at the sampling time t as determined by HPLC-PDA

- C(y is the sample solution concentration of microcystin (ug mL™) at
the sampling time t as determined by HPLC-PDA

The Shapiro-Wilk normality test was applied to evaluate the distri-
bution of the data. The test returned that normal distribution of the data
cannot be assumed. Consequently, a Wilcoxon rank sum test was carried
out to perform significance testing (Supplemental Information S1.4). For
all statistical tests, a significance level of 5 percent was set.

Small PP

Mag 5,/

S

Small PE
i -
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3. Results and discussion
3.1. Microplastics characterisation

The microplastic particles were characterised to confirm the speci-
fications provided by the manufacturer. FT-IR analysis of the micro-
plastics showed that the spectra of the particles analysed matched the
corresponding spectra for PET and PP in the instrument database (figure
S4). The overall size of the microplastics, however, did not match with
the sizes provided by the manufacturer. For the smallest size range, the
median size (Dsp) of the PP particles was 8 pm, and 28 um for PET (figure
S5, Fig. 1), instead of 25 pm and 15 pm, respectively. For the large
particles (100 pm according to the supplier), PP was determined to have
a Dsp of 124 pm and PET a D5 of 81 pm. Furthermore, both sizes of PET
showed a wide size distribution (figure S5), for instance, the large PET
showed particles from 4 up to 240 pm (Table 1).

The microplastics in the current study had varied particle shapes
(Fig. 1). Both microplastic types were irregularly shaped (fragments),
representative of what is commonly encountered in the environment
(Meng et al., 2019; Koelmans et al., 2019). SEM images confirm the size
of the particles determined by the PSA (figure S5). Both sizes of PET give
a wide range of sizes (small PET 7-91 pm, large 4-240 pm, Table 1;
Fig. 1). Large PET appears to have small plastic debris not present in
large PP, which is consistent with the PSA (Fig. 1).

PSA can provide simulated surface area (Spsp) however it assumes
perfect sphericity and does not account for porosity, BET analysis (Sggr),
on the other hand, allows determination of the surface area taking ac-
count of roughness and porosity. Small PP particles show a very high
surface area 52.2 m? g~ ! compared to the other microplastics in the
current study (Table 1). All simulated surface areas (Spsy) were smaller
than those determined by BET (Sggr), suggesting a degree of porosity
and/or roughness for the microplastic particles. PP showed greater Sggr
than PET. Potentially because rubbery polymers, like PP, have a rela-
tively expanded, flexible structure, whereas glassy polymers, like PET,
have a more rigid, condensed structure (Guo et al., 2012; Xing et al.,
1996).

Microplastic crystallinity was evaluated by XRD analysis. Polymers
are classified into crystalline, semi-crystalline, and amorphous states
according to the degree of regularity of their molecular chain arrange-
ment (Guo et al., 2012). PET and PP are known as semi-crystalline
materials which was confirmed from their XRD patterns (figure S6).

Fig. 1. Scanning electron microscopic images of polypropylene (PP) and polyethylene terephthalate (PET) microplastics used in this study.
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Table 1
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Microplastic characterisation: Plastic polarity, glass transition temperature (Tg), supplier specified particle size, particle size analysis (PSA) range, PSA median of the
particle size distribution (Dsy), simulated surface area (Spsa), BET surface area (Sprr) and XRD intensity peaks.

Plastic Plastic polarity Tg Particle size -supplier PSA range PSA Dsg Spsa SgeT XRD intensity peaks
- °C pm pm pm m? g’1 m? g’1 counts
PP Non-polar® 0 25 (Small) 4-23 8 0.72 52.2 22,633
100 (Large) 60-275 124 0.05 0.73 20,366
PET Polar” 69 15 (Small) 7-91 28 0.31 0.82 6,727
100 (Large) 4-240 81 0.10 0.46 7,487

2 Lietal (2018c) and.
b Seki et al. (2014).

Crystalline regions are well organised structures represented by the
presence of peaks in XRD patterns. Amorphous regions are represented
by the absence of sharp peaks in XRD patterns. They are flexible,
randomly orientated polymer chains (Atugoda et al., 2021) that can
enhance the adsorption of compounds. The crystallinity of the polymer

-~ Small particles of PP
-+ Large particles of PP

is directly proportional to the diffraction peak intensity of the XRD (Li
et al., 2019). PP has a higher degree of crystallinity demonstrated by a
peak intensity of ~20,000 with PET showing a crystallinity peak in-
tensity of ~7000 (figure S6, Table 1). As would be expected, the XRD
analysis did not show a difference in the crystallinity between the sizes

-o- Small particles of PET
-o- Large particles of PET
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Fig. 2. Percent of microcystin (MC) analogues adsorbed on polypropylene (PP) and polyethylene terephthalate (PET) small (Dso 8-28 pm) and large (Dso 81-124

pm) microplastic particles sizes over 48 h in artificial freshwater with horizontal agi

tation in the dark. The percent adsorbed was estimated using equation (2). The

control consisted of a mixture of the eight microcystin analogues without microplastics. n = 3, errors bars = 1 SD.
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of the microplastics analysed.

3.2. Effect of size of the microplastic on adsorption of microcystin

The mixture of eight different microcystin analogues was tested in
contact with PP and PET at sizes widely reported in the freshwater
environment (Koelmans et al., 2016). The highest adsorption of micro-
cystins occurred with the smallest size of microplastics. Five of the eight
microcystin analogues in the mixture (except MC-RR, -LA, and -LY) were
undetected in solution after 4 h of contact with small PP, which indicates
100% apparent adsorption for MC-YR, -LR, -WR, -LW and -LF (Fig. 2).
This is equivalent to approximately 500 ug of each microcystin analogue
adsorbed per gram of PP (Fig. 2). After 4 h contact, MC-RR, -LA, and -LY
had adsorbed onto the small PP by between 83 (MC-RR) and 94%
(MC-LA and -LY). For the large PP, however, only the most hydrophobic
microcystin analogues (MC-LW and MC-LF) were adsorbed. Further-
more, the amount adsorbed was relatively low (approximately 4 + 1%
for both MC-LW and -LF, Fig. 2). Considering all analogues, the total
amount of microcystin adsorbed on small PP was S"MC 3,529 pg g~ ! in
contrast to > MC 52 g g~! (Fig. 3) on large PP. Again, greater amounts
adsorbed on the smaller particles of PET (S.MC 181 pg g~ 1) compared to
large PET (3.MC 50 pg g~%, Fig. 3).

In addition to the hydrophobic analogues (MC-LW and -LF), MC-WR
also showed adsorption on small and large PET particles. As observed by
our previous study (Pestana et al., 2021), with particle size increase, the
amount of microcystin adsorbed onto microplastics decrease. Zhan et al.

Small PP
600{ >MC 3,529.35 + 31 ug g!
X * * * * *
X
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°
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= ! 100-
o o Small PET *
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e o T
- = 404
" S 20
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L w40,
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< 507 Large PET
40{3MC 50.49 + 27 pg g™*
301
20+
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o.
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Microcystin analogue

Fig. 3. Amount of microcystin adsorbed onto small (Dso 8-28 pm) and large
(Dso 81-124 pm) polypropylene (PP) and polyethylene terephthalate (PET) per
microcystin analogue after 48 h in a mixture of the microcystins. n = 3, errors
bars = 1 SD. The amount adsorbed (gt) was estimated using equation (1). The
control consisted of a mixture of the eight microcystin analogues without
microplastics. * significant difference from the control, p < 0.05.
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(2016) and Wang et al. (2019) also demonstrated that the amount of a
compound that is adsorbed is directly related to the adsorbent particle
size. Zhan et al. (2016) found a threefold adsorption of a polychlorinated
biphenyl (PCB77) on the small PP particles (180-425 pm) in contrast to
the larger range investigated (425-850, 850-2,000, and 2,000-5000
pm) with similar observations made by Wang et al. (2019) investigating
the adsorption of cadmium onto high-density polyethylene.

3.3. Effect of the type of microplastic on adsorption of microcystin

The polymer type was demonstrated to affect microcystin adsorp-
tion. Small PP demonstrated the greatest adsorption of microcystins
(3-MC 3,529 pg g 1) compared to small PET (>_MC 181 pg g~} Fig. 3).
Kamp et al. (2016) also demonstrated greater adsorption of microcystin
analogues (MC-LR, -LA, and -LF) onto containers made of PP (approxi-
mately 40-80% adsorption after 48 h contact) compared to the other
materials investigated (polyethylene terephthalate glycol, polystyrene,
high density polyethylene, and polycarbonate).

Alimi et al. (2018), concluded that PP has a greater adsorption ca-
pacity when compared with PET. The different adsorption behaviour
can be explained by their distinct properties such as glassiness, polarity,
and crystallinity. The glassiness of a polymer is measured by the glass
transition temperature (Tg; Endo and Koelmans, 2019). In general,
polymers with a Tg below ambient temperature (25 °C), are considered
rubbery, whereas polymers with a Tg above ambient temperature are
glassy polymers (Alimi et al., 2018). Rubbery polymers such as PP (Tg:
0 °C) are often soft and flexible and are expected to allow greater
diffusion of contaminants onto and into the polymer than glassy poly-
mers such as PET (Tg: 69 °C, Table 1, Misumi, 2011; Pascall et al., 2005).
The polymer chains in the rubbery state have a higher mobility that
allows easier penetration of adsorbate (Grinsted et al., 1992). This
characteristic can also explain the greater surface area of PP compared
to PET demonstrated by the BET analysis (Table 1). In the current study
the higher adsorption potential of rubbery polymers was confirmed for
small particles with PP having a greater adsorption for microcystins than
PET. However, the glassiness of the microplastics is not the only aspect
affecting the adsorption of compounds. The antibiotics sulfamethazine
(log Kow 0.14) and sulfamethoxazole (log Kow 0.89) showed greater
adsorption on the glassy polymer, polyamide (Tg: 47 °C) than on the
rubbery polymer, polyethylene (Tg: —125 °C; Guo et al., 2019a; 2019b).
The polarity of polyamide (polar) compared to polyethylene (non-polar)
was found to be the driving force for adsorption of the hydrophilic
antibiotics.

The degree of crystallinity of the microplastics can also affect the
adsorption of microcystin. Normally, the higher the degree of crystal-
linity, the lower the permeability of the polymer. Pestana et al. (2021)
showed that the amorphous polymer, PS, showed greater adsorption
than glassy polymers such as PET for microcystins-LR and -LF. The high
crystallinity peaks for PP (figure S6, Table 1) suggests that PP should
have a lower adsorption potential than PET, however the opposite was
observed. Li et al. (2018c¢) also demonstrated no correlation between the
crystallinity and the adsorption of antibiotics on microplastics, where
the semi-crystalline polymer polyamide showed greater adsorption than
amorphous polymers, such as polystyrene, and polyvinyl chloride. These
observations suggest that although the crystallinity of the microplastics
plays a role in the adsorption by microplastics, it is not one of the main
drivers of the interaction.

Results indicate that the main adsorption mechanism taking place on
small PP is pore-filling due to the high surface area of small PP. Usually,
pore-filling is the interaction responsible for the adsorption of glassy
polymers (e.g., PET), however, recently rubbery polymers (e.g., PP)
were observed to display a combination of partition and adsorption
(pore-filling) during the sorption on plastics (Atugoda et al., 2021; Uber
et al., 2019). For large PP and both sizes of PET, hydrophobic in-
teractions appear to be the main factor influencing the adsorption of
microcystin on microplastics. No adsorption of hydrophilic analogues
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was observed on large PP, and PET, when in a mixture.

According to Guo et al. (2019b), the polarity of microplastics could
influence the adsorption mechanisms, which was corroborated in the
current study, where the hydrophilic MC-WR (figure S1) adsorbed onto
the polar PET (Seki et al., 2014) but not onto the non-polar large PP
particles (Fig. 3).

3.4. Effect of microcystin analogue hydrophobicity on adsorption

The more hydrophobic microcystin analogues appear to have higher
affinity to both microplastics compared to the more hydrophilic ana-
logues (Fig. 3). This suggests that the chemical structure of the micro-
cystin has a greater effect on the adsorption behaviour on microplastics
than properties of the microplastics such as their crystallinity. The eight
microcystin analogues studied adsorbed onto small PP after 48 h of
contact, while only four analogues (MC-LF, - LW, -LY and -WR) adsorbed
in smaller amounts onto PET of the same size range. On small PET, the
highest amount of adsorption was recorded for MC-LW and MC-LF with
18 4+ 2% and 11 + 2% respectively, followed by 7 + 4% adsorption of
MC-WR (p < 0.0005, Fig. 2). Even though the adsorption of MC-LY onto
small PET is significantly different from the control (p < 0.0009), its
adsorption represented only 2% of the total available microcystin when
compared to the control. While a similar total amount of microcystin
adsorbed on PP and PET, differences in the composition of the adsorbed
microcystin analogues was observed. A greater amount of MC-LF, the
most hydrophobic microcystin of the mixture, adsorbed onto large PP (5
+ 1%) than on large PET (2 + 1%, Fig. 2). On the other hand, MC-WR
showed 4 + 3% adsorption on large PET, while no adsorption of MC-
WR was detected for large PP.

The nature of the variable amino acids can substantially influence
the overall hydrophobicity of the microcystin molecule (De Maagd et al.,
1999). For instance, MC-LF contains the nonpolar amino acids leucine
(L) and phenylalanine (F) in positions X and Z respectively (figure S1)
making it the most hydrophobic analogue among the microcystins
analysed. On the other hand, because of the presence of the polar amino
acid arginine (R) in both variable positions (X and Z) MC-RR is the least
hydrophobic microcystin in the current study. Besides the polarity, the
presence of aromatic rings and the size of the amino acid chain can in-
fluence the hydrophobicity of the microcystin (figure S1). Small amino
acids present stronger hydrophobic behaviour caused by their smaller
volume and larger surface-to-volume ratio (Meirovitch et al., 1980).

Pestana et al. (2021) demonstrated that the more hydrophilic MC-LR
had lower adsorption onto microparticles of PET, PE, PVC, and PS
compared to the more hydrophobic MC-LF. Kamp et al. (2016) also
showed greater adsorption of the hydrophobic analogues on plastic
containers (adsorption MC-LF > -LA > -LR). In the current study, the
most hydrophilic analogues have shown the lowest adsorption onto
small sized PP. However, despite presenting the lowest adsorption,
MC-RR displayed marked (p < 0.0001) adsorption onto small PP (83%
+ 0, Fig. 2), compared to the control, after 48 h contact. MC-LA and -LY
(not significantly different from each other; p = 0.89) also presented
slightly less adsorption than the other analogues, nevertheless approx-
imately 97% of MC-LA and -LY were adsorbed by small PP by the end of
the experiment.

Hiiffer and Hofmann (2016) have shown a strong relationship be-
tween the sorption coefficients of the microplastics and the hydropho-
bicity of the sorbates, suggesting the hydrophobic interactions were a
major force driving the sorption of the microcystins on microplastics.
Although the majority of the adsorption on microplastics are reported
for hydrophobic contaminants (Velez et al., 2018; Yu et al., 2019), hy-
drophilic compounds have also been shown to interacted with micro-
plastics, for example Ciprofloxacin, a hydrophilic antibiotic, was found
to adsorb on PS and PVC microparticles (Liu et al., 2019).
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3.5. Effect of the competition between the microcystin analogues

In cyanobacterial blooms, the presence of microcystin is often re-
ported as a mixture of analogues. Most of the adsorption experiments
reported in the scientific literature investigate individual compounds in
contact with microplastics. Although it is important to understand how
organic micropollutants interact individually with microplastics, this
approach does not consider potential intramolecular adsorption
competition. The current study demonstrated the presence intra-
molecular competition. MC-LR and -LF placed in contact with the
smaller PP and PET particles individually, showed greater adsorption
compared to the mixture (Fig. 4).

Small PP showed the greatest adsorption of the eight microcystin
analogues either as a mixture or as individual. As an individual com-
pound, 97 + 1% of MC-LF was adsorbed after 2 h of contact with small
PP, and undetectable in the solution after 4 h contact, which was the
same as when present in a mixture. For MC-LR, within 2 h of contact
with small PP, 92 4 3% was adsorbed, with 99% of the initial concen-
tration of MC-LR adsorbed by the end of the experiment (48 h, Fig. 4). In
a mixture, MC-LR was undetectable after 4 h contact with small PP
(Fig. 4). The rapid adsorption of both MC-LR and -LF onto the small PP
prevented the evaluation of the competition behaviour of the micro-
cystins, since MC-LR and -LF were rapidly and fully adsorbed both as a
mixture and individually. On the other hand, for small PET, MC-LR in a
mixture did not show adsorption, however, 5 + 1% adsorption (p <
0.04) of MC-LR alone was observed. Similarly, a greater amount of MC-
LF was adsorbed (19 + 1%) as an individual compound when compared
to MC-LF in a mixture (11 + 2%) on small PET (Fig. 4).

The initial microcystin concentration may have affected the
adsorption of microcystin on microplastics. Considering all analogues,
the total microcystin concentration was 40 pg mL~!, whereas, individ-
ually, the concentration of either MC-LR or -LF was 5 pg mL™'. The
concentration of the adsorbate has a similar type of effect as the pressure
(Gabelman, 2017). Surface adsorption plays a more dominant role at
lower adsorbate concentrations, on the other hand at higher adsorbate
concentrations, partition (pore-filling) is more dominant (Velez et al.,
2018), which can increase the amount adsorbed onto the microplastics.
With a mixture of microcystins, small PET adsorbed 181.21 pg g~ ! of the
total microcystins (Fig. 3), while individually, MC-LR and -LF adsorbed
approximately 24 pg g~' and 60 pg g', respectively. However,
considering each analogue, lower amounts of MC-LR (3 pg g ) and -LF
(52 pg g~ 1) adsorbed onto small PET when in a mixture of microcystin.
The decreased adsorption of MC-LF in a mixture indicated a potential
competition between the most hydrophobic microcystin on the tested
microplastics. In the microcystins mixture, MC-LW showed the greatest
adsorption of the eight microcystin analogues onto small PET (18 + 2%
after 48 h), followed by MC-LF (11 + 2%). Similarly, MC-LW adsorbed 5
+ 1% after 48 h, while MC-LF adsorbed 2 + 1% onto large PET. The
results suggested that out of all microcystin analogues tested, MC-LW
and -LF were the most likely analogues to adsorb on small PET. Micro-
cystin adsorption competition for binding sites on solid materials has
been reported previously, with Wu et al. (2011) demonstrating a
reduction of the amount of microcystin adsorbed onto sediments when
in a solution with an increased concentration of dissolved organic
matter. Medium characteristics such as pH, salinity, ionic strength, and
dissolved organic matter have all been reported to affect the adsorption
of organic compounds onto microplastics (Guo et al., 2019a; Wagstaff
et al., 2022). Microplastic particle surfaces are negatively charged,
therefore ions in the medium can bind electrostatically to the binding
sites, disturbing the charge equilibrium of the surface (Atugoda et al.,
2021).

3.6. Potential environmental impact

The co-occurrence of micropollutants (e.g. microcystins) and
microplastics in aquatic systems is of environmental concern since
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Fig. 4. Adsorption of MC-LR and -LF either as a mixture (®) or individually (@) on polypropylene (PP) and on polyethylene terephthalate (PET), both small (D5, 8-28
pm) particle size. n = 3, errors bars = 1 SD. The individual (®@) is not apparent in MC-LR and partly hidden in MC-LF due to the mixture plot (@).

contaminated plastic particles could act as a vector of micropollutants
into the food web. In the current study, we elucidated the factors that
govern the adsorption of microcystins onto microplastics. Three key
factors determine the interaction of microcystin adsorption: hydropho-
bicity of the microcystin analogues, the size of the microplastic particles,
and finally the polymer type.

In the past, hydrophobic compounds have shown increased adsorp-
tion onto microparticles (Velez et al., 2018). In the current study, the
hydrophobic analogues MC-LW and -LF adsorbed in greater amounts
onto all microplastic investigated. This is particularly concerning as a
positive correlation between hydrophobicity and microcystin toxicity
has been reported (Feurstein et al., 2011; Fischer et al., 2010). In an in
vivo toxicity study conducted with the aquatic protozoan Tetrahymena
pyriformis, MC-LF was 1.4-3.5 times more toxic than MC-LR (Ward and
Codd, 1999). Further compounding this problem is the fact that MC-LR
is frequently used in studies as a representative of the entire group of
microcystins, despite the fact that it is not the most toxic microcystin
analogue. As we have clearly demonstrated in the present study, other
more hydrophobic microcystin analogues are more likely to adsorb onto
microplastic particles compared to MC-LR. This finding is worrying as
microplastic particles can potentially find their way into the food web
and may lead to microcystins to become bioavailable.

Another factor affecting the adsorption onto microplastics is the size
of the microparticles. In the current study we have demonstrated that
the smaller the particle, the greater the adsorption potential. This
observation is concerning as monitoring small particles in the aquatic
system is challenging. The frequently used manta trawls for collection of
microplastic particles do not retain particles smaller than 333 pm
(Eriksen et al.,, 2013; Koelmans et al., 2019), therefore they are
impractical for monitoring microplastic particles of the size used in the
current study. Similarly, PP particles sized from 5 to 250 pm were the
main microplastic type identified in supermarket-bought mussels in a
study carried out in the UK (Li et al., 2018b). Additionally, smaller
microplastics are more likely to be ingested by aquatic wildlife as
demonstrated by Nematdoost Haghi and Banaee (2017) and Xia et al.
(2020). In their studies they reported adult carp ingesting PE (<5 mm)
and PVC (100-200 pm) microparticles. Additionally, low density
microplastic like PP (0.9 g cm™2) floats in the water column and could
easily be mistaken as a planktonic food source compared to other, more
dense polymers such as PET (1.29-1.40 cm™>, figure S3) that might
sediment, making PP more likely to be consumed by aquatic wildlife.

The third factor affecting adsorption is the type of polymer. Plastic
polymers present varied properties that can influence the adsorbance of
aquatic contaminants. In Europe, PP is the most commonly produced
type of plastic (19.4%, Plastics Europe, 2020), consequently, it is also
the microplastic type most reported in freshwater systems (Koelmans
et al., 2019). PET represents 7.9% of the annual plastic demand in the
European Union (Plastics Europe, 2020), and is in the top six

microplastic reported in the environment (Koelmans et al., 2019). We
have demonstrated that PP showed greater adsorption of the micro-
cystin analogues investigated compared to PET. However, the adsorp-
tion onto PET is still environmentally concerning since the more
hydrophobic microcystins have been demonstrated to adsorb to it.

The factors affecting the adsorption behaviour of microcystin onto
microplastics are interwoven and complex. Hydrophobicity of the
microcystin analogue, particle size, and the polymer material all play
roles to varying degrees. Based on our findings, a worst-case scenario
would be the co-occurrence of hydrophobic microcystin analogues (MC-
LW and -LF), and small particulate PP.

4. Conclusion

The findings presented in the current study have improved the un-
derstanding of the interaction of microplastics with natural pollutants in
aqueous ecosystems. The hydrophobicity of microcystin analogue,
polymeric material, and the size of the particles were key factors that
influenced the adsorption of microcystins onto microplastics. Our find-
ings suggest that highly toxic hydrophobic microcystin analogues have
greater potential to be transported into the food chain by microplastics.
The adsorption of hydrophobic microcystin is enhanced when in contact
with small particles of rubbery polymers like PP. Furthermore, particle
properties such as surface area and surface morphology can increase the
adsorption potential of microplastics. Due to its high porosity and
roughness, small PP microparticles can also act as a vector for hydro-
philic analogues. For future research, it will be important to investigate
how the water matrix influence the adsorption of microcystin, as well as
the desorption behaviour of microcystins from different types and sizes
of microplastics under different conditions, especially those present in
the gastrointestinal tract of aquatic animals.

Author statement

Diana S. Moura: Investigator, Writing — original draft, Visualization,
Carlos J. Pestana: Conceptualization, Writing — review & editing, Su-
pervision, Funding acquisition, Project administration, Colin F. Moffat:
Resources, Writing — review & editing, Supervision, Jianing Hui:
Methodology, John T. S. Irvine: Methodology, Christine Edwards:
Methodology, Linda A. Lawton: Conceptualization, Writing — review &
editing, Supervision, Project administration

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



D.S. Moura et al.
Acknowledgements

The authors would like to thank the Scottish Goverment’s Hydro
Nation Scholars Programme for funding this research. The authors
would like to thank the Engineering and Physical Sciences Research
Council (EPSRC) [EP/P029280/1]. In addition, the authors would like
to thank Len Montgomery for proof-reading the manuscript and Dr
Ismael Carloto Lopes for the Wilcoxon rank sum test.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2022.119135.

References

Akkanen, J., Kukkonen, J.V.K., 2003. Biotransformation and bioconcentration of pyrene
in Daphnia magna. Aquat. Toxicol. 64, 53-61.

Alimi, O.S., Hernandez, L.M., Tufenkji, N., 2018. Microplastics and nanoplastics in
aquatic environments : aggregation , deposition , and enhanced contaminant
transport. Environ. Sci. Technol. 52, 1704-1724. https://doi.org/10.1021 /acs.
est.7b05559.

Anderson, J.C., Park, B.J., Palace, V.P., 2016. Microplastics in aquatic environments :
implications for Canadian. Environ. Pollut. 218, 269-280. https://doi.org/10.1016/
j-envpol.2016.06.074.

Andrady, A.L., 2017. The plastic in microplastics: a review. Mar. Pollut. Bull. 119, 12-22.
https://doi.org/10.1016/J.MARPOLBUL.2017.01.082.

Atugoda, T., Vithanage, M., Wijesekara, H., Bolan, N., Sarmah, A.K., Bank, M.S., You, S.,
Ok, Y.S., 2021. Interactions between microplastics, pharmaceuticals and personal
care products: implications for vector transport. Environ. Int. https://doi.org/
10.1016/j.envint.2020.106367.

D’Souza, J.M., Windsor, F.M., Santillo, D., Ormerod, S.J., 2020. Food web transfer of
plastics to an apex riverine predator. Global Change Biol. 1-12. https://doi.org/
10.1111/gcb.15139, 00.

De Maagd, P.G., Hendriks, A.J.A.N., Seinen, W., Sijm, D.T.H.M., 1999. pH-dependent
hydrophobicity of the cyanobacteria toxin microcystin-LR. Water Res 33, 677-680.

Dris, R., Imhof, H., Sanchez, W., Gasperi, C.J., 2015. Beyond the ocean : contamination of
freshwater ecosystems with (micro-) plastic particles. Csiro 12, 539-550. https://
doi.org/10.1029/2007JC004712.

Endo, S., Koelmans, A.A., 2019. Sorption of hydrophobic organic compounds to plastics
in the marine environment: Equilibrium. In: H T, K., Karapanagioti, H. (Eds.),
Hazardous Chemicals Associated with Plastics in the Marine Environment. Springer,
Switzerland, pp. 185-204.

Eriksen, M., Mason, S., Wilson, S., Box, C., Zellers, A., Edwards, W., Farley, H., Amato, S.,
2013. Microplastic pollution in the surface waters of the laurentian great lakes. Mar.
Pollut. Bull. 77, 177-182. https://doi.org/10.1016/j.marpolbul.2013.10.007.

Feurstein, D., Stemmer, K., Kleinteich, J., Speicher, T., Dietrich, D.R., 2011. Microcystin
congener- and concentration-dependent induction of murine neuron apoptosis and
neurite degeneration. Toxicol. Sci. 124, 424-431. https://doi.org/10.1093/TOXSCI/
KFR243.

Fischer, A., Hoeger, S.J., Stemmer, K., Feurstein, D.J., Knobeloch, D., Nussler, A.,
Dietrich, D.R., 2010. The role of organic anion transporting polypeptides (OATPs/
SLCOs) in the toxicity of different microcystin congeners in vitro: a comparison of
primary human hepatocytes and OATP-transfected HEK293 cells. Toxicol. Appl.
Pharmacol. 245, 9-20. https://doi.org/10.1016/j.taap.2010.02.006.

Gabelman, A., 2017. Adsorption basics: Part 2. Chem. Eng. Prog. 113, 1-6.

Grinsted, R.A., Clark, L., Koenig, J.L., 1992. Study of cyclic sorption-desorption into poly
(methyl methacrylate) rods using NMR imaging. Macromolecules 25, 1235-1241.
https://doi.org/10.1021/ma00030a006.

Guo, X., Chen, C., Wang, J., 2019a. Sorption of sulfamethoxazole onto six types of
microplastics. Chemosphere 228, 300-308. https://doi.org/10.1016/j.
chemosphere.2019.04.155.

Guo, X., Liu, Y., Wang, J., 2019b. Sorption of sulfamethazine onto different types of
microplastics : a combined experimental and molecular dynamics simulation study.
Mar. Pollut. Bull. 145, 547-554. https://doi.org/10.1016/j.marpolbul.2019.06.063.

Guo, X., Wang, X., Zhou, X., Kong, X., Tao, S., Xing, B., 2012. Sorption of four
hydrophobic organic compounds by three chemically distinct polymers: role of
chemical and physical composition. Environ. Sci. Technol. 46, 7252-7259. https://
doi.org/10.1021/es301386z.

Hiiffer, T., Hofmann, T., 2016. Sorption of non-polar organic compounds by micro-sized
plastic particles in aqueous solution. Environ. Pollut. 214, 194-201. https://doi.org/
10.1016/J.ENVPOL.2016.04.018.

Kamp, L., Church, J.L., Carpino, J., Faltin-Mara, E., Rubio, F., 2016. The effects of water
sample treatment, preparation, and storage prior to cyanotoxin analysis for
cylindrospermopsin, microcystin and saxitoxin. Chem. Biol. Interact. 246, 45-51.
https://doi.org/10.1016/j.cbi.2015.12.016.

Koelmans, A.A., Bakir, A., Burton, G.A., Janssen, C.R., 2016. Microplastic as a vector for
chemicals in the aquatic environment: critical review and model-supported
reinterpretation of empirical studies. Environ. Sci. Technol. 50, 3315-3326. https://
doi.org/10.1021/acs.est.5b06069.

Environmental Pollution 303 (2022) 119135

Koelmans, A.A., Mohamed Nor, N.H., Hermsen, E., Kooi, M., Mintenig, S.M., De
France, J., 2019. Microplastics in freshwaters and drinking water: critical review and
assessment of data quality. Water Res 155, 410-422. https://doi.org/10.1016/j.
watres.2019.02.054.

Li, D., Zhou, L., Wang, X., He, L., Yang, X., 2019. Effect of crystallinity of polyethylene
with different densities on breakdown strength and conductance property. Materials
12. https://doi.org/10.3390/mal2111746.

Li, J., Green, C., Reynolds, A., Shi, H., Rotchell, J.M., 2018b. Microplastics in mussels
sampled from coastal waters and supermarkets in the United Kingdom. Environ.
Pollut. 241, 35-44. https://doi.org/10.1016/j.envpol.2018.05.038.

Li, J., Liu, H., Chen, J.P., 2018a. Microplastics in freshwater systems: a review on
occurrence, environmental effects, and methods for microplastics detection. Water
Res 137, 362-374. https://doi.org/10.1016/j.watres.2017.12.056.

Li, Jia, Zhang, K., Zhang, H., 2018c. Adsorption of antibiotics on microplastics. Environ.
Pollut. 237, 460-467. https://doi.org/10.1016/J.ENVPOL.2018.02.050.

Liebmann, B., Koppel, S., Philipp, K., Theresa, B., Thomas, R., Philipp, S., 2018.
Assessment of microplastic concentrations in human stool final results of a
prospective study. In: Conference on Nano and Microplastics in Technical and
Freshwater Systems, Microplastics. Monte Verita, Ascona, Switzerland, pp. 28-31.
https://doi.org/10.13140/RG.2.2.16638.02884.

Liu, G., Zhu, Z., Yang, Y., Sun, Y., Yu, F., Ma, J., 2019. Sorption behavior and mechanism
of hydrophilic organic chemicals to virgin and aged microplastics in freshwater and
seawater. Environ. Pollut. 246, 26-33. https://doi.org/10.1016/J.
ENVPOL.2018.11.100.

Meirovitch, H., Rackovsky, S., Scheraga, H.A., 1980. Empirical studies of
hydrophobicity. 1. Effect of protein size on the hydrophobic behavior of amino acids.
Macromolecules 13, 1398-1405. https://doi.org/10.1021/ma60078a013.

Meng, Y., Kelly, F.J., Wright, S.L., 2019. Advances and challenges of microplastic
pollution in freshwater ecosystems: a UK perspective. Environ. Pollut. Pre-proof.
https://doi.org/10.1016/j.envpol.2019.113445.

Misumi, 2011. Glass transition temperature Tg of plastics [WWW Document]. Tech.
Tutor. URL. https://www.misumi-techcentral.com/tt/en/mold/2011/12/106-
glass-transition-temperature-tg-of-plastics.html.

Napper, L.E., Thompson, R.C., 2019. Marine plastic pollution: other than microplastic. In:
Waste. Academic Press, pp. 425-442. https://doi.org/10.1016/B978-0-12-815060-
3.00022-0.

Nematdoost Haghi, B., Banaee, M., 2017. Effects of micro-plastic particles on paraquat
toxicity to common carp (Cyprinus carpio): biochemical changes. Int. J. Environ. Sci.
Technol. 14, 521-530. https://doi.org/10.1007/513762-016-1171-4.

Orb, 2017. Water: tap, bottled & microplastics [WWW Document]. URL 10.31.18.
https://orbmedia.org/blog/water-tap-bottled-microplastics.

Pascall, M.A., Zabik, M.E., Zabik, M.J., Hernandez, R.J., 2005. Uptake of polychlorinated
biphenyls (PCBs) from an aqueous medium by polyethylene, polyvinyl chloride, and
polystyrene films. J. Agric. Food Chem. 53, 164-169. https://doi.org/10.1021/
JF048978T.

Pestana, C., Moura, D.S., Capelo-Neto, J., Edwards, C., Dreisbach, D., Spengler, B.,
Lawton, L., 2021. Potentially poisonous plastic particles: microplastics as a vector for
cyanobacterial toxins microcystin-LR and microcystin-LF. Environ. Sci. Tecnol. 55,
15940-15949. https://doi.org/10.1021/acs.est.1c05796.

Plastics Europe, 2020. Plastics — the Facts 2020: an Analysis of European Plastics
Production, Demand and Waste Data. PlasticEurope.

Seki, A., Koike, Y., Yamamoto, M., Tohyama, K., Sample, A., 2014. High field dielectric
properties of polyethylene terephthalate. In: Conference on Electrical Insulation and
Dielectric Phenomena High, pp. 546-549.

Sivonen, K., Jones, G., 1999. Toxic Cyanobacteria in Water: a guide to their public health
consequences, monitoring and management. In: E & FN Spon. E & FN Spon. https://
doi.org/10.1046/j.1365-2427.2003.01107.x. London and New York.

Sorensen, R.M., Jovanovi¢, B., 2021. From nanoplastic to microplastic: a bibliometric
analysis on the presence of plastic particles in the environment. Mar. Pollut. Bull.
163, 111926. https://doi.org/10.1016/j.marpolbul.2020.111926.

Thompson, R.C., Swan, S.H., Moore, C.J., Vom Saal, F.S., 2009. Our plastic age. Philos.
Trans. R. Soc. B Biol. Sci. 364, 1973. https://doi.org/10.1098/rstb.2009.0054, 1976.

Uber, T.H., Hiiffer, T., Planitz, S., Schmidt, T.C., 2019. Characterization of sorption
properties of high-density polyethylene using the poly-parameter linearfree-energy
relationships. Environ. Pollut. 248, 312-319. https://doi.org/10.1016/J.
ENVPOL.2019.02.024.

Vaughan, R., Turner, S.D., Rose, N.L., 2017. Microplastics in the sediments of a UK urban
lake. Environ. Pollut. 229, 10-18. https://doi.org/10.1016/j.envpol.2017.05.057.

Velez, J.F.M., Shashoua, Y., Syberg, K., Khan, F.R., 2018. Considerations on the use of
equilibrium models for the characterisation of HOC-microplastic interactions in
vector studies. Chemosphere 210, 359-365. https://doi.org/10.1016/j.
chemosphere.2018.07.020.

Wagstaff, A., Lawton, L.A., Petrie, B., 2022. Polyamide microplastics in wastewater as
vectors of cationic pharmaceutical drugs. Chemosphere 288, 132578. https://doi.
org/10.1016/J.CHEMOSPHERE.2021.132578.

Wang, F., Yang, W., Cheng, P., Zhang, Shugi, Zhang, Shuwu, Jiao, W., Sun, Y., 2019.
Adsorption characteristics of cadmium onto microplastics from aqueous solutions.
Chemosphere 235, 1073-1080. https://doi.org/10.1016/J.
CHEMOSPHERE.2019.06.196.

Ward, C.J., Codd, G.A., 1999. Comparative toxicity of four microcystins of different
hydrophobicities to the protozoan, Tetrahymena pyriformis. J. Appl. Microbiol. 86,
874-882. https://doi.org/10.1046/j.1365-2672.1999.00771.x.

Weithmann, N., Moller, J.N., Loder, M.G.J., Piehl, S., Laforsch, C., Freitag, R., 2018.
Organic fertilizer as a vehicle for the entry of microplastic into the environment. Sci.
Adv. 4 eaap806, eaap.806.



D.S. Moura et al.

Wu, X., Xiao, B., Li, R., Wang, C., Huang, J., Wang, Z., 2011. Mechanisms and factors
affecting sorption of microcystins onto natural sediments. Environ. Sci. Technol. 45,
2641-2647. https://doi.org/10.1021/es103729m.

Xia, X., Sun, M., Zhou, M., Chang, Z., Li, L., 2020. Polyvinyl chloride microplastics
induce growth inhibition and oxidative stress in Cyprinus carpio var. larvae. Sci.
Total Environ. 716, 136479. https://doi.org/10.1016/j.scitotenv.2019.136479.

Xing, B., Pignatello, J.J., Gigliotti, B., 1996. Competitive sorption between atrazine and
other organic compounds in soils and model sorbents. Environ. Sci. Technol. 30,
2432-2440. https://doi.org/10.1021/es950350z.

Environmental Pollution 303 (2022) 119135

Yu, F., Yang, C., Zhu, Z., Bai, X., Ma, J., 2019. Adsorption behavior of organic pollutants
and metals on micro/nanoplastics in the aquatic environment. Sci. Total Environ.
694, 133643. https://doi.org/10.1016/J.SCITOTENV.2019.133643.

Zhan, Z., Wang, J., Peng, J., Xie, Q., Huang, Y., Gao, Y., 2016. Sorption of 3,3',4,4'-
tetrachlorobiphenyl by microplastics: a case study of polypropylene. Mar. Pollut.
Bull. 110, 559-563. https://doi.org/10.1016/J.MARPOLBUL.2016.05.036.



A U A~ W N

10
11

12
13

14

15

16

17

18

19

20

21

22

23

24

25

26

Supporting Information for

Adsorption of cyanotoxins on polypropylene and
polyethylene terephthalate: microplastics as vector
of eight microcystin analogues

Diana S. Moura?®*, Carlos J. Pestana?, Colin F. Moffat?, Jianing Hui°, John T.
S. Irvine® Christine Edwards?, Linda A. Lawton?

@2 School of Pharmacy and Life Sciences, Robert Gordon University,
Aberdeen, AB10 7GJ, UK

® School of Chemistry, University of St Andrews, North Haugh, St Andrews,
Scotland, KY16 9ST, UK.

* Corresponding Author. Tel. +44 1224 2837. E-mail address:_d.souza-

moural@rgu.ac.uk



mailto:d.souza-moura1@rgu.ac.uk
mailto:d.souza-moura1@rgu.ac.uk

27

28

29

31
32
33
34
35

36

41

S1 Material and Methods

S1.1 Chemical structure of the microcystin and its amino acids
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Figure S1: General chemical structure of microcystin where the letters X and Z
represent the locations of the variable amino acids, and chemical structure of amino
acids that comprise the microcystin analogues used in the current study.
*Hydropathy Index is a humber representing the hydrophobic or hydrophilic
properties of the side chain of an amino acid (Kyte and Doolittle, 1982).

S1.2 Determination of microcystin analogue concentration

Table S1: Solvent gradient used in the HPLC analysis of microcystin analogues.
Solvent A: ultra-pure water (18.2 MQ) + 0.05% (v/v) TFA; Solvent B: acetonitrile
+ 0.05% (v/v) TFA. The Gradient elution profile is represented by figures, 1 means

a step gradient and 6 means a linear gradient.

Time (min) % Solvent A % Solvent B Gradient elution profile

0 70 30 -
11 40 60 6
12 0 100 1
13 70 30 1
15 70 30 1
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43  Figure S2: HPLC chromatogram of a mixture containing eight microcystin

44  analogues (MC-RR, -YR, -LR, -WR, -LA, -LY, -LW, and -LF) using the method used
45 in this study (see section 2.3, table S1). Wavelength set at 238 nm.

46

47 S1.3 Characterisation of microplastics
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49 Figure S3: Monomer unit and selected physicochemical properties of polypropylene
50 and polyethylene terephthalate (Alimi et al., 2018; Anderson et al., 2016; Misumi,
51 2011).
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55 Figure S4: FT-IR spectra of the microplastics polypropylene (PP), and polyethylene
56 terephthalate (PET).
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58 Figure S5: Particle size analysis of polypropylene (PP) and, and polyethylene
59 terephthalate (PET) two size ranges. The red colour represents the smaller size
60 range acquired, while the blue colour represents the larger size range.

61
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Figure S6: X-Ray diffraction (XRD) patterns of polypropylene (PP), and
polyethylene terephthalate (PET) both sizes. The red line represents the small

plastic particles, while the blue line represents the large plastic particles.

S1.4 Statistical tests

After applying a Shapiro-Wilk normality test to the experimental data,
normal distribution of the data could not be assumed, thus a Wilcoxon rank
sum test was performed to evaluate whether there is a significant difference
between each microcystin congeners with their respective control (Table
S2). Further, this statistic test was also applied to verify the difference of
each microcystin variant with each microplastic type and size, e.qg.
polyethylene terephthalate (PET) and polypropylene (PP) at the small
particles size, and both at the large particles (Table S2 to Table S5).
Wilcoxon rank sum test was also applied to the data from the second
experiment where MC-LF alone was tested in a comparison study between

virgin large PET microplastic particles and PET processed in the laboratory
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plastic (Table S6).

to evaluate whether there is a difference on the adsorption capacity of the

Table S2: Wilcoxon rank sum test comparing the adsorption with each microplastic
for each size with each microcystin analogue control. The significance level is set on
0.05. The colour red represents p > 0.05, therefore, not significant different, the
colour green represents p < 0.05, therefore, significant different. Polyethylene
terephthalate (PET), polypropylene (PP).

Solution Control

with plastic Mc_RR MC-YR MC-LR MC-WR MC-LA MC-LY MC-LW MC-LF

PET 15-25 0.6900 0.3600 0.4900 0.0004 0.1800 0.0009 0.0000 0.0000

pm 0 0 0 3 0 0 0 0

PET 100 pm 0.8900 0.5600 0.4600 0.0250 0.0980 0.5500 0.0000 0.0000
0 0 0 0 0 0 0 0

PP 15-25 pm 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0 0 0 0 0 0 0 0

PP 100 pm 1.0000 0.4200 0.3800 0.1400 0.2100 0.7500 0.0000 0.0000
0 0 0 0 0 0 9 0

Table S3: Wilcoxon rank sum test comparing the adsorption data of eight
microcystin congeners with each other for adsorption onto polypropylene (PP) at
the size 15-25 um. The significance level is set on 0.05. The colour red represents p
> 0.05, therefore, not significant different, the colour green represents p < 0.05,
therefore, significant different.

PP 15-25 ym MC-RR  MC-YR MC-LR MC-WR MC-LA MC-LY MC-LW MC-LF

MC-RR -

MC-YR 0.00000
MC-LR 0.00000
MC-WR 0.00000
MC-LA 0.00000
MC-LY 0.00000
MC-LW 0.00000
MC-LF 0.00000

0.67000 -

0.00000
0.00000
0.00000
0.00001
0.00000

0.00000
0.00000
0.00000
0.00001
0.00000

0.00001 -
0.00000 0.89000

0.00000 0.35000 0.35000
0.00000 0.89000 0.92000 0.37000

Table S4: Wilcoxon rank sum test comparing the adsorption of the eight
microcystin variants with each other for polypropylene (PP) at the size 100 um. The
significance level is set on 0.05. The significance level is set on 0.05. The colour red
represents p > 0.05, therefore, not significant different, the colour green represents
p < 0.05, therefore, significant different.

PP 100 pm MC-RR MC-YR MC-LR MC-WR MC-LA MC-LY MC-LW MC-LF

MC-RR - -

MC-YR 0.68984 -

MC-LR 0.68984 0.89362
MC-WR 0.21218 0.02923
MC-LA 0.53300 0.68900
MC-LY 0.76299 1.00000
MC-LW 0.06717 0.00042

0.02160

0.70000 0.01300

0.89362 0.02160 0.53300
0.00007 0.83579 0.00004 0.00012



MC-LF 0.02160 0.00003 0.00002 0.60483 0.00001 0.00002 0.53300 -

98

99 Table S5: Wilcoxon rank sum test comparing the adsorption of the eight
100 microcystin variants with each other for polypropylene (PET) at the size 15-25 pm.
101  The significance level is set on 0.05. The colour red represents p > 0.05, therefore,
102 not significant different, the colour green represents p < 0.05, therefore, significant
103  different.

PET 15-25 MC-

Hm MC-RR  MC-YR MC-LR MC-WR MC-LA MC-LY MC-LW LF

MC-RR - - - - - - - -
0.6175

MC-YR 4 - - - - - - -
0.6898 0.8733

MC-LR 4 8 - - - -
0.0002 0.0000 0.0000

MC-WR 4 4 8 - - - - -
0.7633 0.2255 0.2057 0.0000

MC-LA 5 4 2 0 - - - -
0.7633 0.7629 1.0000 0.0000 0.1777

MC-LY 5 9 0 0 8 - - -
0.0000 0.0000 0.0000 0.2582 0.0000 0.0000

MC-LW 0 0 0 0 0 0 - -
0.0000 0.0000 0.0000 0.6175 0.0000 0.0000 0.0001

MC-LF 6 0 1 4 0 0 8 -

104

105 Table S6: Wilcoxon rank sum test comparing the adsorption of the eight

106 microcystin variants with each other for polypropylene (PET) at the size 100 pm.
107 The significance level is set on 0.05. The colour red represents p > 0.05, therefore,
108 not significant different, the colour green represents p < 0.05, therefore, significant
109 different.

PET 100 pym MC-RR MC-YR MC-LR MC-WR MC-LA MC-LY MC-LW MC-LF

MC-RR - - - - - - - -
MC-YR 0.61754 - - - - - - -
MC-LR 0.68984 0.87338 - - - -
MC-WR 0.00024 0.00004 0.00008 - - - - -
MC-LA 0.76335 0.22554 0.20572 0.00000 - - - -
MC-LY 0.76335 0.76299 1.00000 0.00000 0.17778 - - -
MC-LW 0.00000 0.00000 0.00000 0.25820 0.00000 0.00000 - -
MC-LF 0.00006 0.00000 0.00001 0.61754 0.00000 0.00000 0.00018 -
110
111

112
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