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The increasing water pollution caused by the presence of nano- and microplastics has shown a need to
pursue solutions to remediate this problem. In this work, an extracellular polymeric substance (EPS)
producing freshwater Cyanothece sp. strain was exposed to nano- and microplastics. The bioflocculant
capacity of the biopolymer produced was evaluated. The influence of different concentrations (1 and
10 mg L) of polystyrene nano- and microplastics in the extracellular carbohydrates and in the EPS
production was studied. The presence of nano- and microplastics induced a negative effect on the
microalgal growth (of up to 47%). The results show that the EPS produced by Cyanothece sp. exhibits high
bioflocculant activity in low concentrations. Also, the EPS displayed very favourable characteristics for
aggregation, as the aggregates were confirmed to consist of microalga, EPS and both the nano- and
microplastics. These results highlight the potential of the microalgal-based biopolymers to replace
hazardous synthetic flocculants used in wastewater treatment, while aggregating and flocculating nano-
and microplastics, demonstrating to be a multi-purposed, compelling, biocompatible solution to nano-
and microplastic pollution.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Plastic pollution has become a concern due to the increased
plastic production every year, which tends to accumulate in the
environment (Geyer et al., 2017). Plastic particles can come in a
variety of sizes and types, one being microplastics commonly
defined as plastic particles with sizes below 5 mm (Andrady, 2011).
There is still no general consensus regarding the size of nano-
plastics, but it is generally defined as particles below 0.1 um in
diameter (Mattsson et al., 2018). Microplastics can be divided by
origin into two main categories: primary and secondary micro-
plastics. Primary microplastics originate from the intentional pro-
duction of commercialized products such as microbeads, which are
used in personal care products. Secondary microplastics enter the
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environment via ‘leakage’ during manufacture, transportation or
use (Andrady, 2017), as a result of the fragmentation of macro-
plastics, mainly caused by UV-induced degradation or physical
abrasion (GESAMP, 2016). Thus, the process results in the release of
increasingly smaller sized low-molecular-weight polymer frag-
ments. It is therefore crucial to understand the interaction of nano-
and microplastics with the aquatic microbiota. Given the nature
and small dimensions, the ingestion of such products by marine
organisms has had a subsequent impact on marine life, including
the transfer of biological or chemical contaminants (Wright et al.,
2013). This is especially true when considering transfer along the
trophic chain and possible translocation, for which the hazards are
less well understood (Chae and An, 2017; Paul-Pont et al., 2018).
While large plastics can be easily removed during water pro-
cessing, the currently used technologies are unable to retain
neither nano- nor microplastics (Mintenig et al., 2016), since these
are too small and cannot be detected and eliminated cost-
effectively (Andrady, 2017). Regarding microplastic pollution in
wastewater treatment plants (WWTPs), a recent overview by Sun
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et al. (2019) has highlighted that microplastic concentrations in the
effluents can be as high as 447 particles L~!, with PS being one of
the most detected polymers. Data from over 70 WWTPs has shown
that although the inclusion of tertiary treatment processes (TTPs)
highly reduces the average amount of microplastics in the effluents,
this can still be as high as 51 particles L=, and only approximately
24% of WWTPs incorporate TTPs. The total discharge of micro-
plastics is even higher and more worrisome; the same study re-
ported that the median value of microplastic discharge in the
WWTPs studied was 2 x 10° particles/day, which raises concerns
with respect to WWTPs-derived microplastic pollution. On the
other hand, concerns were raised regarding the urgency of devel-
oping microplastic-targeted treatment technologies to avoid this
massive emission of microplastics.

For the past years, the attention given to extracellular polymeric
substances (EPS) has increased due to their potential applications
within different industries, such as the food, cosmetic, aquaculture
and pharmaceutical ones. More recently, recognition of the po-
tential of EPS producing microorganisms in bioremediation has led
to a greater focus on EPS producing bacteria (Sheng et al., 2010;
Wang et al.,, 2014), cyanobacteria (Philippis and Vincenzini, 1998;
Pereira et al., 2011) and microalgae (Kaplan, 2013; Ge and
Champagne, 2016; Xiong et al., 2018). EPS are biodegradable
(Nouha et al., 2018) and range from gels to fully dissolved states
(Decho, 2000), displaying viscous gel-like structures (Cunha et al.,
2019) in which the polymer molecules are assembled to form
tangled networks or covalently crosslinked networks (Decho,
2000). EPS are already used in industries mainly as gelling and
thickening agents suspending or stabilizing the aqueous phase
(Philippis and Vincenzini, 1998), further exhibiting an excellent
property of gelation that can be exploited for nano- and micro-
plastic removal. Also, due to their anionic properties, EPS have a
large metal-binding potential owing to the abundance of negatively
charged amino acids like aspartic and glutamic acid (Decho and
Gutierrez, 2017). These complex molecules can also establish Lon-
don forces, electrostatic interactions and hydrogen bonding in the
adhesion and cohesion of suspended solids (Nouha et al., 2018),
making them potential candidates for bioalternative solutions to
hazardous bioflocculant salts and synthetic polymers used in
wastewater treatment, which also constitute a source of environ-
mental pollution (Deng et al., 2003). Bioflocculants are also regar-
ded as safe and biodegradable, with less sludge generation and no
secondary toxin production (Mohammed & Dagang, 2019).

The freshwater microalga Cyanothece sp. has been used in
bioremediation processes of industrial effluents (Dubey et al,
2011), especially in phycoremediation linked to its nitrogen/metal
removal capabilities (Reddy et al., 1993; Shah et al., 2000) and
bioflocculation activity (Patil et al., 2010), due to its ability to
secrete EPS (Ohki et al., 2014) mainly constituted by species-
specific exo-heteropolysaccharides (Mota et al., 2013).

Thus, the present study evaluates the EPS production by Cya-
nothece sp. under nano- and micro-PS exposure conditions and
describes the phenomenon of gel formation, which can have the
potential to affect the bioavailability of nano- and microplastics.
The influence of PS nano- and microplastics, at low and high con-
centrations (1 and 10 mg L™ 1), on microalgal growth, extracellular
carbohydrates, EPS and hetero-aggregate formation was also
evaluated.

2. Materials and methods
2.1. Microalga selection and culture conditions

In the present study the freshwater microalga Cyanothece sp.
(Class Cyanophyceae; 5—10 um) was selected. Cyanothece sp. was

obtained from the Spanish Bank of Algae (BEA) of the University of
Las Palmas de Gran Canaria (Spain) and was grown in Waris-H + Si
medium [0.1 g L~! KNO3; 0.02 g L~' MgS047H,0; 0.02 g L}
(NH4)HPO,: 0.1 g L1 Ca(NO3)2.4H,0; 0.24 ¢ L~ ! HEPES; PII Metals
(0.003 g L~! Titriplex IlI; 0.001 g L~! H3BOs3; 0.00014 g L~}
MnCl,.4H,0; 0.00021 g L~ ZnS04.7H,0; 0.000004 g L~1); Fe-EDTA
(0.0052 g L~ Tritiplex II; 0.0049 g L~ FeS04.7H,0; 0.054 mL L~!
KOH; 0.1421 g L™! Silica; Vitamins (0.0002 mg L™! Vitamin B12;
0.001 mg L~! Biotin; 0.1 mg L~! Thiamine-HCl; 0.0001 mg L~
Niacinamide); 10 mL L' Soil Extract]. The initial selected cell
concentration was 4.24 x 10° cells mL~! to ensure that the culture
could grow exponentially throughout the experimental period. The
cultures were then maintained for 14 days (experimental period) at
25 + 1 °C, under the irradiance of 1738 lux (HOBO® Pendant® MX
Temp MX2201) supplied by a cool white Osram L 18W 840 Lumilux
lamp, with a 14/10 h (light/dark) photoperiod (Aralab CP500
growth chamber). The culture conditions were not altered to
enhance EPS production but to evaluate the microalgal EPS pro-
duction in standard culturing conditions.

During the experimental period, the growth was monitored
using a spectrophotometer at 730 nm (UV-6300PC Double Beam
Spectrophotometer). A calibration curve (R? = 0.993) plotting cell
density (cells mL~!) against absorbance was used to determine cell
density.

Microalgal cell abundance was used to determine the potential
effects of nano- and microplastic exposure. The coefficient of
variation was calculated for the plastic exposed conditions against
the control, as:

Acell=[(x—y)/y] x 100

where X is the microalgal cell abundance in the plastic exposed
conditions (cells mL~!) and y is the microalgal cell abundance in the
control (cells mL™1).

2.2. Plastic particles

Two sizes of polystyrene (PS) plastic particles were used: 1-
pristine 0.1 um PS nanoplastics (orange fluorescent, spherical, un-
charged, density of 1.05 g mL~!) solution in deionised water con-
taining 0.1% Tween 20, obtained from Phosphorex; 2- pristine
10 um PS microplastics (green fluorescent, spherical, uncharged,
density of 1.06 g mL™!, solution in deionised water containing 0.1%
Tween 20), obtained from Thermo Scientific.

Four stock solutions (nano- and microplastics) were prepared at
two concentrations: 1 mg L' and 10 mg L. Both PS nano- and
microplastics solutions were vortexed before application, to guar-
antee homogeneity. The solutions were prepared in Waris-H + Si
medium, in glass flasks in order to minimize losses of nano- and
microplastics due to the possible establishment of electrostatic
bonds to the flask walls.

2.3. Exposure conditions of microalga to plastic particles

Five experimental groups were made in triplicate: a control
group, with the selected microalga grown in Waris-H + Si medium,
and four other experimental groups in which the microalga was
subjected to two distinct concentrations of PS nanoplastics:
1 mg L~! (named NP1) and 10 mg L' (named NP10) and PS
microplastics: 1 mg L~! (named MP1) and 10 mg L~! (named
MP10).

Cultures were kept without medium renewal during the
experimental period and were manually stirred 3 times a day.
Nutrients (nitrate and phosphate) were verified every day to ensure
that the culture provided enough nutrients.
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2.4. Extracellular carbohydrates determination

Extracellular carbohydrates were determined using the phenol-
sulfuric acid method, according to DuBois et al. (1956), with slight
modifications: 0.5 mL of 5% (w/v) phenol aqueous solution was
added to supernatant (1 mL) of the centrifuged culture (13400 rpm,
4 min). This was promptly followed by 2.5 mL of concentrated
sulfuric acid and left for 10 min to react, before being vortexed and
spending another 20 min at 21 + 1 °C (room temperature) for
colour development. Absorbance was measured at 490 nm in a UV-
6300 PC Double Beam Spectrophotometer. A calibration curve was
made with D-(+)-Glucose (99.5%, Sigma Aldrich®), using a freshly
prepared stock solution (500 mg L) diluted to 5, 10, 15, 20, 25 and
50 mg L' (R? = 0.997).

2.5. Viscosity determination

Dynamic viscosity measurements were performed using a
BROOKFIELD RVDV-III Ultra Programmable Rheometer (Brookfield
Engineering Laboratories) at 25 °C, spindle 1 and 200 rpm. During
the experimental period, viscosity was monitored for the control
and all the nano- and microplastic exposed conditions.

2.6. EPS determination

Mota et al. (2013) method with modifications were used to
determine the microalgal EPS production across all treatments.
After the 14 experimental days, the cultures were centrifuged at
6000 rpm for 30 min, at 21 + 1 °C to remove microalgae and other
debris. The supernatant was concentrated, and methanol was
gradually added for the EPS precipitation, kept at 4 °C for 12 h.
After, the precipitate was centrifuged at 6000 rpm for 20 min at
room temperature, washed with ethanol and re-dissolved in Milli-
Q water. The dissolved EPS were dialysed (MWCO: 12—14 kDa,
Spectra/Por®, USA) against distilled water for 2 days to remove ions
and salt. The dialysed EPS were frozen at -20 °C and freeze-dried.
The EPS yield was determined gravimetrically as dry EPS mg per
mL of medium.

2.7. Fluorescent microscopy analysis

Hetero-aggregates were collected from the bottom of the
experimental flasks using a pipette. The different hetero-
aggregates were individually analysed, under the microscopic 13
filter (excitation 450—490 nm, emission 515 nm). Observations
were performed with a Leica DM2700P coupled with a CoolLED’s
pE-300'* LED fluorescent illumination system.

2.8. Bioflocculant activity determination

Two EPS solutions recovered from the control conditions were
tested: 1- raw supernatant EPS, collected directly from the control
culture medium treatment; 2- centrifugated EPS solution, obtained
after culture centrifugation (microalga removal). The bioflocculant
activity and bioflocculant rate (%) were determined using a modi-
fication of the Sanayei et al. (2010) method. Briefly, at 21 + 1 °C and
with pH 7.0, 10 mL of 4 g L~ ! clay (<140 mesh) was used as the
suspended solid; 1 mL of EPS solution (supernatant or cen-
trifugated) and 1 mL of CaCl, 1% (w/v) solution were mixed. The
mixture was gently shaken to ensure homogeneity. 1 mL of the
mixture’s upper layer was collected at 10, 20, 30 and 60 min and
measured at 550 nm, using a UV-6300 PC Double Beam Spectro-
photometer. The absorbance of a blank sample was also measured,
replacing the EPS sample with distilled water. All assays were
performed in triplicate. The bioflocculant activity and bioflocculant

rate (%) were calculated using the following equations:

1

Bioflocculant = —_—
f ODss50x

_1 _
ODss
Bioflocculant rate = [(ODss50x — ODs50) / ODs5505]*100

where ODss5p and ODs50, represent the absorbance of the EPS and
the blank samples, respectively.

2.9. Statistics analysis

Statistical analysis was performed using IBM SPSS statistics
software (V.25). Differences in growth rates, extracellular carbo-
hydrate production, medium viscosity and bioflocculant activity
between different experimental conditions were assessed by one-
way analyses of variance (ANOVA), with a level of statistical sig-
nificance of p-value < 0.05.

3. Results and discussion
3.1. Microalgal growth

The microalgal growth for the control and the polystyrene (PS)
nano- and microplastic exposed conditions are shown in Fig. 1.
Results of the daily cell abundance of the PS nano- and micro-
plastics exposed conditions compared with the control group are
presented in Table 1. The results show that after the adaptation
phase of approximately 2 days, Cyanothece sp. grew exponentially
through the entire experimental period in all conditions.

Still, Fig. 1 and Table 1 also reveal that cell abundance was
significantly lower (p< 0.05) in all experimental groups compared
to control group throughout the entire experimental period. Until
day 4, however, statistically different cell abundance differences
were not too pronounced, as all cultures were still starting the
exponential phase. From day 4 onwards, as the control group grew
faster, cell abundance variation was more evident (Table 1), with
the steepest difference being observed at day 9 (46% in NP1 con-
dition and 47% in MP10 condition). Literature reports are in
agreement with the current results, showing that different types,
sizes and concentrations of nano- and microplastics influence
microalgal growth: nano- (0.05 pm) and micro-PS (0.5—400 pm) at

35

—+—Control NP1 NP 10 MP 1 MP 10

3.0
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Cells (x109) mL-!

Time (days)

Fig. 1. Growth curves for the control and each of the PS nano- and microplastic
exposed conditions. Initial Cyanothece sp. cell abundance was 4.24 x 10° cells mL~".
Distinct letters represent significantly different means of the correspondent day
(p< 0.05). NP1: 1 mg L' nanoplastics; NP10: 10 mg L~ nanoplastics; MP1: 1 mg L™
microplastics; MP10: 10 mg L~! microplastics.
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Table 1
Microalgal cell abundance variation (A¢e) for each experimental condition studied.

Day Acen (%)

NP1 NP10 MP1 MP10
2 —17.57 + 1.64 —3.47 + 246 —13.32 + 2.05 -12.36 + 1.16
4 -30.94 + 3.15 —21.46 + 1.82 —26.14 + 4.14 —27.56 + 1.16
7 -35.81+1.79 —27.09 + 2.68 —3291 +0.18 —36.41 + 1.41
9 -46.31 + 1.10 —38.07 £ 0.34 —43.64 + 4.86 —47.05 + 0.86
11 —28.18 + 0.85 —22.09 + 3.16 —33.15 + 5.56 —33.70 + 2.61
14 —35.16 + 4.89 -39.19 = 1.15 —34.80 + 6.13 —39.19 + 4.40

The values are mean of three replicates + SD. NP1: 1 mg L~! nanoplastics; NP10:
10 mg L' nanoplastics; MP1: 1 mg L~' microplastics; MP10: 10 mg L'
microplastics.

0.004—1100 mg L' micro-PMMA (<106—400 pm) at
12.5—125 mg L~! and micro-PVC (1 pum) at 1-50 mg L~! have been
shown to affect the growth of microalgae like Chaetoceros neo-
gracile, Heterocapsa triquetra, Tisochrysis lutea, Scenedesmus obli-
quus, Dunaliella tertiolecta, Microcystis panniformis and Skeletonema
costatum, with tests ranging from 72 h to 27 days (Besseling et al.,
2014; Sjollema et al., 2016; Long et al., 2017; Zhang et al., 2016;
Cunha et al, 2019). The mechanisms of nano- and microplastic
growth inhibition have been largely linked to: shading effects,
actively reducing microalga light exposure (Sjollema et al., 2016);
mobility reduction due to particle adsorption (Davarpanah &
Guilhermino, 2015); inducing morphological changes, with dam-
age to the pyrenoids, thylakoids, plasma and cell wall (Mao et al.,
2018); interference in cell division, by attachment to the surface
of zoospores (Chae et al., 2018); and even changes in genes related
to the chloroplast and extracellular polymeric substance (EPS)
biosynthesis (Lagarde et al., 2016).

The obtained results highlight the sensitivity of microalgae
when exposed to nano- and microplastics in the lower range of
concentrations usually tested.

3.2. Bioflocculant capacity

Flocculation of clay suspension is a widely applied assay to
explore the flocculation capacity of biopolymers (Prasertsan et al.,
2006; He et al., 2010; Xiong et al., 2010; Okaiyeto et al., 2013;
Tang et al., 2014; Chen et al., 2017). Fig. 2 and Table 2 present the
bioflocculant activity and rate measurements performed at 10, 20,

0.20 A a B Blank @ Supernatant O Centrifugated
a
b
a
0.15 A
B b
s ) b a
8 0101
b
0.05 A
0.00 - T T
10 20 30

Time (min.)

Fig. 2. Absorbance at 550 nm (ODssg) of the EPS solutions (supernatant and cen-
trifugated) and the blank for 30 min. Distinct letters represent significantly different
means of the correspondent time period (p< 0.05).

Table 2
Bioflocculant activity and bioflocculant rate of Cyanothece sp. raw supernatant EPS
and centrifugated EPS solution, against the blank (distilled water).

Raw supernatant EPS Centrifugated EPS solution

Bioflocculant Bioflocculant

activity rate (%) activity rate (%)
10 min 1.58 + 0.58 23.20 + 7.29 3.08 + 0.05 37.40 + 1.26
20 min 2.55+0.20 29.10 + 0.02 3.65 + 2.06 35.78 + 15.12
30 min 2.07 +0.35 22.61 + 1.58 10.80 + 4.66 59.04 + 12.57

The values are mean of three replicates + SD.

and 30 min, at room temperature. At minute 10, the centrifugated
EPS solution displayed a significantly higher bioflocculant capacity
compared to the raw supernatant EPS, both displaying higher
(p< 0.05) clay flocculant capacity when compared to the blank. By
minute 20, no significant differences were found between the EPS
samples (raw and centrifugated), but still displayed higher bio-
flocculant activity against the blank condition. After 30 min, only
the centrifugated EPS solution displayed a significantly higher
flocculation of the clay suspension. The raw supernatant EPS and
the centrifugated EPS solution were used to compare the bio-
flocculant activity of the culture medium with and without
microalga. This ensures the results show that the key player in the
bioflocculant process is characteristics of the EPS and not the
microalgae. The highest decrease (60%) in turbidity (flocculation)
was achieved by the centrifugated EPS solution at 30 min (Table 2).
The estimated concentration of the EPS in the supernatant is
0.122 mg mL~! (Fig. 5), which is considerably lower than previously
tested concentrations of EPS (0.5—0.7 mg mL~!) by Patil et al.
(2010).

To the best of our knowledge, these are the first set of results
that assess both the bioflocculant and the nano/microplastic ag-
gregation capacity (see section 3.4) of any microalgal-derived
biopolymer.

The use of traditional flocculants in wastewater treatment
plants, such as inorganic-based salts and organic synthetic poly-
mers, raises a series of environmental and health concerns, leading
to a ban in several countries (Xiong et al., 2010). It has been re-
ported that these flocculants are toxic towards higher plants (Kuboi
and Fuji, 1983) and aquatic biota (Albassam et al., 1987; Takigami
et al., 1998; Buczek et al., 2017). Also, several authors have shown
high toxicity and inflammatory activity of wastewater samples
treated with organic flocculants (Makene et al., 2019) and the in-
fluence on the development of cancer and neuro-related diseases
(Nwodo & Okoh, 2012). On the other hand, it has been suggested
that public water supplies are likely to be the most affected by
potential microplastic pollution, as suppliers use wastewater or
surface water as direct and indirect raw water resources (Storck
et al., 2015) for water production, which have been shown to be
contaminated across the globe (Cole et al., 2011; Eerkes-Medrano
et al,, 2015; Wezel et al., 2015). This hypothesis has been recently
confirmed as several studies have focused on understanding the
magnitude of microplastic-related pollution in both water sources
and raw/treated drinking water (Pivokonsky et al., 2018; Mintenig
et al., 2019). Therefore, the search for a biocompatible solution for
both the use of hazardous bioflocculants and microplastic pollution
is imperative. A recent study has highlighted the potential of EPS-
based polymers as cheap and eco-friendly alternatives to waste-
water treatment (Lotti et al., 2019). Thus, after our results showed
the high bioflocculant ability in relation to the low concentration of
EPS used, the nano- and microplastic aggregation potential was
studied (see section 3.4).
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3.3. Extracellular carbohydrates production and medium viscosity

The production of extracellular carbohydrates was evaluated for
the control and each of the nano- and microplastic exposed con-
ditions, on the 1st, 7th and 14th day of the experiment. The results
shown in Fig. 3 display a significantly higher production of extra-
cellular carbohydrates, on day 7, of the NP10 condition when
compared to the control. On day 14, the production of carbohy-
drates in the NP1, NP10, MP1 and MP10 conditions, in relation to
the control, were significantly higher. It is noteworthy that the
carbohydrate production increases dramatically upon exposure to
nano- and microplastics, suggesting a self-defence mechanism as
the EPS are produced to aggregate the microparticles, likely due to
selective overexpression of genes involved in the EPS biosynthesis
pathway (Lagarde et al., 2016).

The extracellular carbohydrate production results follow the
culture viscosity trend displayed in Fig. 4, showing that in the nano-
and microplastic exposed conditions there was a parallel between
higher extracellular carbohydrate production and higher culture
viscosity values. The correlation between higher viscosity values at
higher EPS concentration solutions has been demonstrated by
Tuinier et al. (1999), so the results displayed for the microalgae
cultures fall in line with related field reports in the literature.
Further, some major structure-function relationship between EPS
composition and flocculation capacity have been established.

The importance of the carbohydrate and protein fractions of EPS
regarding flocculation potential is not yet fully understood, but
some reports claim that EPS with high carbohydrate fractions
exhibit high flocculating abilities (Deng et al., 2005). Also, Kavita
et al. (2014) showed that the decrease in monosaccharide per-
centage in the carbohydrate fraction resulted in a decrease in
flocculation ability. Still, the flocculation ability of the EPS is also
highly linked to the protein fraction, with the hydrogen bonding
made possible by negatively charged amino acids being crucial to
the EPS ability to agglomerate suspended particles (Nouha et al.,
2018). Our results show that, in the control condition, the carbo-
hydrate fraction accounted for 47% of the EPS extracted (see section
3.4.). In contrast, in the nano- and microplastic exposed conditions,
the percentage of carbohydrates was, except for the NP10 condi-
tion, higher than the EPS extracted: 141% for the NP1 condition, 91%
for the NP10 condition, 147% for the MP1 condition and 163% for the
MP10 condition. These results are likely due to differences in the

BControl @NP1 BNP10 OMP1 OMP 10
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b
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a a,b|ja,b a,b Z
oo Lobmdact bt el N7
0 7
Time (days)

Fig. 3. Carbohydrates production (mg mL™!) of the control and each of the PS nano-
and microplastic exposed conditions, throughout the experimental period. Distinct
letters represent significantly different means of the correspondent day (p< 0.05). NP1:
1 mg L nanoplastics; NP10: 10 mg L' nanoplastics; MP1: 1 mg L™ microplastics;
MP10: 10 mg L' microplastics.
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Fig. 4. Culture dynamic viscosity of the control and each of the PS nano- and micro-
plastic exposed conditions, throughout the experimental period. Distinct letters
represent significantly different means of the correspondent day (p< 0.05). NP1: 1 mg
L' nanoplastics; NP10: 10 mg L' nanoplastics; MP1: 1 mg L™' microplastics; MP10:
10 mg L' microplastics.

production ratios of tightly bound EPS and loosely bound EPS as a
result of nano- and microplastic exposure, as it has been reported
that genetic expression modulation of the EPS biosynthesis
pathway in microalgae is affected upon microplastic exposure
(Lagarde et al., 2016). Still, these differences are likely linked to
limitations of the extraction method, since distinct EPS fractions
require different extraction methods, which vary from physical to
chemical ones (Aguilera et al., 2008; Nouha et al., 2018). The car-
bohydrate measurement is performed on the supernatant, so the
losses from extraction are absent. Still, it is important to note that
different extraction methods greatly vary the concentration and
composition (carbohydrates/proteins ratio, humic acids and DNA
content) of the EPS (Nouha et al., 2018). Therefore, further inves-
tigation is needed to fully understand the impact of the extraction
method on the composition and, consequently on the bioflocculant
and nano- and microplastic aggregation ability of the EPS.

3.4. EPS and hetero-aggregates formation

The results regarding the EPS production of the control and each

0.25
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b
1
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g 0104 , 1
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Fig. 5. EPS production (mg mL™) for the control and each of the PS nano- and
microplastic exposed conditions. Distinct letters represent significantly different
means of the correspondent day (p< 0.05). NP1: 1 mg L'! nanoplastics; NP10: 10 mg L
nanoplastics; MP1: 1 mg L' microplastics; MP10: 10 mg L™ microplastics.
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of the nano- and microplastic exposed conditions are presented in
Fig. 5. The freshwater Cyanothece sp. is known to be an EPS pro-
ducing microalga (Ohki et al., 2014), and to the best of our knowl-
edge, these are the first results regarding the specific EPS
production from a freshwater strain of Cyanothece. Results from the
current study showed that the microalgae in all experimental
conditions produced EPS, though a significantly higher EPS pro-
duction was found for the high nanoplastics concentration treat-
ment (NP10). While handling the cultures, it was also possible to
macroscopically infer that the EPS produced by Cyanothece sp. were
visible, as well as stable and not easy to disaggregate. The EPS yield,
size and stability has been shown to positively influence the ag-
gregation capabilities of microalgae (Cunha et al., 2019). According
to Mota et al. (2013), the EPS produced by a marine strain of Cya-
nothece has been shown to be composed of mannose, glucose,
galactose, xylose, rhamnose, fucose, arabinose, galacturonic acid
and glucuronic acid, with galactose and xylose accounting for over
25% of the total molar composition. However, possible strain-
related variations in monosaccharidic composition cannot be
ruled out. Polymer type-dependent large overexpression of genes
involved in the synthesis of xylose and galactose when exposed to
microplastics (Lagarde et al., 2016) might help to explain the
considerably higher EPS production by the microalgae in study
when exposed to high concentrations of PS nanoparticles. This
phenomenon suggests a dependence on concentration when
determining the variation in gene’s expression involved in the EPS
biosynthesis pathway. It has been shown that the ratios of sugar
monomers play an important role in the cohesive properties of EPS
(Zhoul et al., 1998), indicating that higher production of mono-
saccharides may enhance the ability of microalgae to form hetero-
aggregates. Therefore, the higher expression and overproduction of
these sugars might directly correlate with higher EPS production,
resulting in a higher aggregation potential.

Fig. 6 exhibits the macroscopic photographs of the aggregates
formed at the bottom of the culture flasks, throughout the exper-
imental culture period. A comparison between cultures, on the
same day, shows that Cyanothece sp. displayed similar formation of

aggregates across all nano- and microplastic exposed conditions.
The evolution of the aggregation process is visible within each
condition. The aggregates formed at the bottom of the flasks were
considerably large, but since the nano- and microplastics were too
small to be detected macroscopically, and to confirm if the aggre-
gates formed on the bottom of the flasks were homo-aggregates
(microalga + EPS) or hetero-aggregates (microalga + EPS + PS
nano/microplastics), they were further analysis by fluorescence
microscopy was performed, with results being shown in Fig. 7.

This technique has also been used to confirm the hetero-
aggregation of 2 um PS microplastic particles by Chaetoceros neo-
gracile (Long et al., 2017) and 106—250 pm of PS and poly(methyl
methacrylate) (PMMA) microplastic particles by the freshwater
microalgae Microcystis panniformis and Scenedesmus sp. as well as
by the marine microalgae Tetraselmis sp. and Gloeocapsa sp. (Cunha
et al., 2019). In the present study, fluorescence micrographs (Fig. 7)
confirmed the hetero-nature (microalga + EPS + PS nano/micro-
plastics) of the aggregates collected from the bottom of the culture
flasks, revealing nano- and microplastic aggregation. Fig. 7a dis-
plays a bright field micrograph of the abundant hetero-aggregates
in the NP1 condition, in which both the microalgae and the EPS
are visible. Fig. 7b displays a magnified image of the aggregates,
revealing the adhesion of the polystryene nanoplastic particles.
Regarding the higher nano-PS exposure condition (NP10), Fig. 7c
and d displays the bright field micrograph and the corresponding
fluorescence micrograph, showing the abundance of aggregates.
The micrographs of Cyanothece sp. exposed to the lowest concen-
tration of micro-PS (MP1) are shown in Fig. 7e and f. Abundant and
sizeable aggregates are found in Fig. 7e, with the exposure under
fluorescent I3 filters, in Fig. 7f, confirming the aggregation of the
micro-PS particles. In the higher micro-PS exposed conditions
(MP10), the hetero-aggregation of the microplastic particles is
shown to be vast and abundant, both in individual hetero-
aggregates (Fig. 7f and h) and in larger hetero-aggregation net-
works (Fig. 7i and j).

These results confirm, for the first time, both the hetero-
aggregation capabilities of nano- and microplastics and by the

Fig. 6. Photographs of the different nano- and microplastic exposed Cyanothece sp. cultures, as observed from below the culture flasks, throughout the experimental period, using a
digital camera. NP1: 1 mg L' nanoplastics; NP10: 10 mg L™ nanoplastics; MP1: 1 mg L' microplastics; MP10: 10 mg L™ microplastics.
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Fig. 7. (a) Bright field micrograph of the NP1 condition (low nanoplastics concentration: 1 mg L!) Cyanothece sp. hetero-aggregates (x20). (b) Amplified micrograph seen in (a), but
under I3 filters (excitation 450—490 nm; emission 515 nm) (x100), making visible the presence of the orange fluorescent PS nanoplastics in the hetero-aggregates. (c) Bright field
micrograph of the NP10 condition (high nanoplastics concentration: 10 mg L), displaying aggregates of cells and EPS (x40). (d) Same micrograph observed in (c) but under I3
filters, showing the abundant nanoplastics aggregation (x40). (e) Bright field micrograph of the MP1 condition (low microplastics concentration: 1 mg L) hetero-aggregates of
Cyanothece sp. (x10). (f) Same micrograph taken in (e) under I3 filters, exhibiting aggregation of the PS microplastics (fluorescent green). (g) Bright field micrograph of an MP10
condition (high microplastics concentration: 10 mg L'!) considerably sized hetero-aggregate (x10). (h) Same micrograph seen in (g), but under I3 filters, showing hetero-aggregates
composed of microalga, EPS and PS microplastics (fluorescent green) (x10). (i) Bright field micrograph of Cyanothece sp. abundant aggregation (high microplastics concentration)
(x10). (j) Micrograph seen in (i) under I3 filters, revealing vast hetero-aggregation of the PS microplastics. Scale 0—8 um. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

freshwater Cyanothece sp. EPS. Aside from the incorporation of
nano- and microplastics in the aggregates, microalgae have also
shown the potential to colonize, adsorb and adhere these particles
(1400 pm), which was confirmed using scanning electron mi-
croscopy (Zhang et al., 2016; Lagarde et al., 2016; Cunha et al,,
2019). Fig. 6 shows that the EPS produced by Cyanothece sp.
ranged from 40 to 80 um, limiting the aggregate potential to par-
ticles under the size of the EPS produced. In terms of the issue
regarding microplastic pollution in WWTPs addressed in the
introduction, these results are remarkable since it has been sug-
gested that conventional mechanical, chemical and biological
processes in wastewater treatment plants are able to remove 99.9%
of the microplastics >300 pm, but display low retention for
microplastics <300 pm (Storck et al., 2015). Also, aggregate size is

known to influence the stickiness of the EPS (Passow, 2002; Long
et al., 2015), increasing the likelihood of collisions between
microalgae/EPS and nano- and microplastics (Engel, 2000), conse-
quently increasing the hetero-aggregation potential. The nano/
microplastics aggregation quantification was not performed due to
aggregate sampling that removes most of the particles from the
culture, effectively altering it. Nonetheless, since it has been shown
that EPS are able to aggregate morphologically irregular micro-
plastics within a wide spectrum of sizes (Cunha et al., 2019), further
studies should focus on confirming the EPS aggregation potential of
fibers, since these are widely found when analysing microplastic
profiles in WWTPs (Estahbanati & Fahrenfeld, 2016; Murphy et al.,
2016; Lares et al,, 2018) and, as a consequence, in marine envi-
ronments (Cesa et al., 2017; Graca et al., 2017; Tsang et al., 2017).
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3.5. Call for research

Regarding the growing environmental and health-related con-
cerns due to microplastic pollution, it is expected that new data will
emerge in upcoming years concerning the harmful effects of
microplastic exposure on humans. As the population evolves to
have an ever more demanding need for biological alternatives to
fossil fuels and harmful synthetic products, microalgae represent a
very versatile and viable alternative to many of the problems we
face today. The microalgal-based EPS are biodegradable, heavy
metal adsorbents and sources of carbon substrate. Also, they
display excellent bioflocculant properties along with nano- and
microplastic aggregation capabilities, these being key properties for
biopolymer application. All these characteristics make for a
possible solution to many of the wastewater treatment steps, giving
EPS the potential to play various roles in the process. Further
research should focus on investigating more microalgal-based
biopolymers. There is a need to assess the most optimized set of
methodologies to obtain the EPS with the carbohydrate/protein
ratio that would improve the bioflocculant activity, while main-
taining all its anionic characteristics. Also, the surface charges of
both the EPS and the particles being flocculated play an important
role in the aggregation and consequent flocculation, as it has been
reported by Bezawada et al. (2013). Since the surface charges were
not evaluated here, further studies would be needed to understand
the importance of charge neutralization as a possible mechanism of
nano- and microplastic aggregation. The study of hydrophobic and
hydrophilic interactions should also be taken into account when
designing further studies. Another crucial aspect is the need to
optimize culture conditions and possible symbiosis with other
microorganisms towards enhancing biopolymer cost-production
efficiency for future industrial use, with the main focus being its
bioflocculant capacity and nano- and microplastic aggregation
potential. Finally, and based on the results of this pilot study,
further well-structured and critical studies should aim to report the
EPS interactions with the complex matrices of wastewater samples,
with a clear emphasis on stratifying and characterizing the hetero-
aggregates based on polymer type and morphology.

4. Conclusions

The aim of the current study was to evaluate the ability of the
extracellular polymeric substances (EPS) produced by Cyanothece
sp. to aggregate nano- and microplastics, as well as the influence of
the exposure to these plastic particles on the production of extra-
cellular carbohydrates and EPS. The results showed that poly-
styrene nano- and microplastics (at 1 and 10 mg L) had a
significant negative impact on the growth of this freshwater
microalga. The production of extracellular carbohydrates was
shown to be largely enhanced in the presence of nano- and
microplastics. Also, EPS production was significantly higher when
exposed to 10 mg L! of PS nanoplastics, likely acting as a self-
protecting mechanism, due to selective overexpression of genes
involved in the EPS biosynthesis pathway. Cyanothece sp. produces
EPS with high bioflocculant activity in relation to the low concen-
tration tested, which is suitable for nano- and microplastics ag-
gregation, displaying hetero-aggregation potential at 1 and 10 mg
L' of both nano- and microplastics. The results of this investigation
highlight the promising potential for microalgal-based bio-
polymers to replace the hazardous bioflocculants used in waste-
water treatment, in addition to the ability to aggregate the
<300 pm microplastics fraction that conventional removal methods
in wastewater treatment are unable to remove. Thus, the results in
this work show the potential for microalgal-based biopolymers to
be further explored as a possible bio-compelling and -compatible

solution to nano- and microplastic pollution in wastewater treat-
ment plants.
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