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ABSTRACT

To investigate toxic effects of microplastic on marine microalgae Skeletonema costatum, both algal growth
inhibition test and non-contact shading test were carried out, and algal photosynthesis parameters were
also determined. The SEM images were used to observe interactions between microplastic and algae. It
was found that microplastic (mPVC, average diameter 1 pm) had obvious inhibition on growth of
microalgae and the maximum growth inhibition ratio (IR) reached up to 39.7% after 96 h exposure.
However, plastic debris (bPVC, average diameter 1 mm) had no effects on growth of microalgae. High
concentration (50 mg/L) mPVC also had negative effects on algal photosynthesis since both chlorophyll
content and photosynthetic efficiency (®PSIl) decreased under mPVC treatments. Shading effect was not
one reason for toxicity of microplastic on algae in this study. Compared with non-contact shading effect,
interactions between microplastic and microalage such as adsorption and aggregation were more
reasonable explanations for toxic effects of microplastic on marine microalgae. The SEM images provided
a more direct and reasonable method to observe the behaviors of microplastic.

© 2016 Elsevier Ltd. All rights reserved.

1. Introductions

Plastic has been a kind of essential materials in society due to its
excellent properties. It is reported that global plastic manufacture
and consumption have exceeded 300 million tons annually
(Andrady and Neal, 2009). However, about 10% of plastic products
end up in the ocean through various channels, constituting be-
tween 60 and 80% of all marine debris (Kaposi et al., 2014; Setdla
et al,, 2014). Plastic debris has been a worldwide contaminant
found throughout the marine environment (Eriksen et al., 2013). A
large number of marine species is known to be harmed by plastic
debris increasing year by year (Derraik, 2002). Larger plastic debris
can become small fragments by photodegradation and abrasion
due to wave action (Cole et al., 2013). Meanwhile, some plastic
products themselves are small for their properties such as facial
cleansers, cosmetic preparations and textile fibers (Moore, 2008).
These small plastic debris — microplastic (diameter <1 mm)
(Browne et al., 2011) — as an emerging pollution has attracted
enough attention from researchers (Barnes et al., 2009; Ivar do Sul
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and Costa, 2014).

Microplastic has a worldwide distribution on shorelines and in
the ocean (Browne et al., 2011; Derraik, 2002; Ng and Obbard,
2006). For example, the microplastic density was 0.167 + 0.138 n/
m~> in the East China Sea (offshore sea) (Zhao et al., 2014).
Meanwhile, average plastic abundance in the Northeast Atlantic
(open ocean) was calculated as 2.46 particles m—> (Lusher et al.,
2014). Except for wide distribution, microplastic of small size
make them available to a wide range of marine biota (Barnes et al.,
2009). There were many reports focusing on toxic effects of
microplastic on marine animals (Collignon et al., 2012; Derraik,
2002) such as sea urchins (Kaposi et al., 2014), mussels, crabs
(Farrell and Nelson, 2013) and fishes (Rochman et al., 2014). The
major toxic mechanism was ingestion of microplastic and sorbent
for toxic organics (Besseling et al., 2013). However, there were few
studies about toxicity of microplastic on marine phytoplankton
(Besseling et al., 2014; Bhattacharya et al., 2010; Long et al., 2015;
Sjollema et al., 2016).

Microalgae have a tremendous potential to interact with
microplastic in the ocean. As a primary producer and a matter of
marine trophic chain, microalgae are the indispensable part to
maintain marine ecosystem balance (Harris, 2012). In addition,
microalgae have much more advantages for the eco-toxicology
assay including short growth period, easy operation, easy
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observation and sensitivity to toxic substance (Clément et al., 2013).
Without ingestion process, microalgae are a better choice to detect
environmental threat caused by microplastic pollution.

To investigate toxic effects of microplastic on marine micro-
algae, algal growth inhibition tests were carried out to compare
toxicity between two kinds of microplastic on Skeletonema cos-
tatum. Shading test with a special vessel was used to detect shading
effect of microplastic under the condition of non-contact with
algae. Chlorophyll content and photosynthetic efficiency were
determined to evaluate impact of microplastic on algal photosyn-
thesis. Interactions between microplastic and algae were clearly
observed with SEM technique. The SEM images of interactions
between microplastic and algae provided a more direct and
reasonable method to explain toxic effects of microplastic on
microalgae.

2. Materials and methods
2.1. Chemicals

Microplastic (mPVC), pure polyvinyl chloride without additives
was white spherical powder (average diameter 1 pm) and obtained
by a milling process. Bulk plastic debris (bPVC) was white block
(average diameter 1 mm) and obtained by cutting thin PVC plates
into small pieces. Two kinds of plastic were both pristine chemicals
and were not environmentally aged particles. They were purchased
from Shanghai Youngling Electromechanical Technology Co. Ltd.,
China. The density of PVC was 1.4 g/cm~>. The SEM image of mPVC
and the photo of bPVC were provided in Fig. 1.

2.2. Organisms

The algal strain Skeletonema costatum (Bacillariophyta) was
obtained from the Algal Center of Key Laboratory of Marine
Chemistry Theory and Technology, Ocean University of China. The
algae were collected from Jiaozhou Bay of China and cultured in the
laboratory over one year. Glassware was acid-soaked, cleaned with
milli-Q water, and then autoclaved for culture. The microalgae were
cultivated in f/2 medium (Guillard and Ryther, 1962) made with
sterile seawater (filtered by 0.45 um membrane) from Qingdao,
China. The microalgae were cultivated in 5 L Erlenmeyer flask at
20 + 1 °C under cool continuous white fiuorescent lights (4000 1x)
with a 12-h light/dark cycle, and manually shaken twice a day to

S-4800 10.0kV 9.4mm x3.00k SE(M)

10.0um

prevent the sedimentation of algae. The incubation was lasted 5—7
days until log phase growth prevailed. Cell density was measured
by hemacytometer under inverted microscope (Leica, DM4000B)
with 400 magnification times. The initial algal density was 50x 10%
cell/mL in the beginning of the experiment.

2.3. Preparation of mPVC suspensions

Stock solution of mPVC was prepared through dispersing dry
mPVC particles into milli-Q water to the concentration of 1000 mg/
L. The well-dispersed stock solution through shaking and sonicat-
ing could be kept in storage for a week at room temperature. The
stock solution was diluted with milli-Q water to the final concen-
trations of 200, 100 and 20 mg/L, and then ultrasound bathed
15 min at 50 W for dispersion before the toxicity assay.

2.4. Algal growth inhibition test

All tests in the study complied with OECD (Organization for
Economic Cooperation and Development) Guidelines 201. Glass-
ware was acid-soaked, cleaned with milli-Q water, and then auto-
claved before test. 100 mL pre-cultured algal cells in log phase
growth were transferred into 250 mL Erlenmeyer flask, then mPVC
suspensions (5 mL) under different concentrations were added into
the test flask in triplicate respectively. The final concentrations of
mPVC in algal growth inhibition tests were 0, 1, 5, 10 and 50 mg/L.
The bPVC debris was directly added into 100 mL pre-cultured algal
solution in 250 mL Erlenmeyer flask to the bPVC concentrations of
0, 50, 500, 1000 and 2000 mg/L and shaken well. Every bPVC
treatment was in triplicate, too. The test flasks were randomly
placed in the growth incubator for 4 days under the condition in
accordance with pre-cultured condition. The cell density was
counted every 24 h and the 4 days growth curve was available.
Growth inhibition ratio (IR) was calculated as: IR(%)=(1-T/
C) x 100%, where T and C were cell density in experimental group
and control group respectively.

2.5. Shading test
Shading test was carried out in a special vessel (Aruoja et al.,
2009) (Fig. 2). The upper portion of the vessel was light-proof

except bottom. 100 mL pre-cultured algal cells were cultivated in
the upper portion. The lower portion was completely transparent

I mm

Fig. 1. The SEM image of mPVC and the photo of bPVC.
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Fig. 2. The sketch of the special vessel in shading test.

and lights could pass through the lower portion into the upper
portion. The mPVC of different concentrations (0, 5 and 50 mg/L in
triplicate) was well dispersed in f/2 medium at the lower portion.
The condition of culture was same as pre-cultured condition.

2.6. Determination of chlorophyll and photosynthetic efficiency
(PPSI1)

Chlorophyll content and photosynthetic efficiency (®PSIl) were
determined by Algae Lab Analyser based on fluorescent technique
(bbe Moldaenke GmbH, Germany). All data from the instrument
were converted to percentage of control (% control) for easy com-
parison. Chlorophyll content reflected the content of algal photo-
synthesis and ®PSIl represented the efficiency of algal
photosynthesis. The ability of algal photosynthesis was calculated
as: A (%) = C x E, where C and E were chlorophyll content and ®PSI|
under the same treatment.

2.7. Sample preparation for SEM

The interaction between microplastic and algae was observed
with scanning electron microscope (SEM, Hitachi S-4800 cold field-
emission) (Zhang et al., 2016). After 24 h exposure under 50 mg/L
mPVC treatment, algal cells were collected by centrifugation
(3000 rpm, 10 min), and cells were fixed by 2.5% glutaraldehyde at
4 °C overnight. The samples were then washed with 0.1 mol
phosphate buffer solution (PBS, pH 7.4) by centrifugation
(3000 rpm, 10 min) three times. Algal cells were fixed by 1%
osmium tetroxide at 4 °C for 1 h, and then were washed with
0.1 mol PBS (pH 7.4) by centrifugation (3000 rpm, 10 min) three
times. Samples were dehydrated successively through a series of
alcohol solutions of 30%, 50%, 70%, 80%, 90%, 95% and 100% for
20 min. After dehydration, samples were fixed with tert butyl
alcohol and then freeze-dried for final observation.

2.8. Data analysis

One-way analysis of variance with Duncan comparisons (used
software SPSS 19) was applied in order to test significant differ-
ences in effects among treatments (Unless otherwise noted,

significance level was set at p < 0.05). Data were expressed as
average + standard deviation in the study.

3. Results and discussion
3.1. Algal growth inhibition test

Two kinds of microplastic (mPVC and bPVC) were used to
investigate size effect of microplastic on toxicity to microalgae.
Meanwhile, Chlorophyll content and ®PSII under mPVC treatment
were determined to explore effects of mPVC on algal
photosynthesis.

The algae density decreased with mPVC concentration
increasing in Fig. 3A. All of treatments had a significant difference
(p < 0.05) with the corresponding control in every time except
1 mg/L treatments at 24 and 48 h. The most obvious inhibitory
effects (p < 0.05) of mPVC appeared at 96 h, at which the maximum
IR was 39.7% under 50 mgL/L treatment. The IR increased with
mPVC concentration increasing, but didn't increase with time. For
example, the IR of 50 mg/L mPVC concentration at 24, 48, 72 and
96 h was 37.9, 36.5, 35.4 and 39.7%, respectively. Some other par-
ticles such as zinc oxide and titanium dioxide particles also
inhibited the growth of microalgae, but growth inhibition effects of
these particles increased with time (Klaine et al., 2008; Zhang et al.,
2016). It was different from those particles (Klaine et al., 2008) that
the mPVC didn't have toxic accumulation effects on algae. However,
all of algae density didn't have a significant difference (p > 0.05)
with control under bPVC treatments (Fig. 3B). Even under 2000 mg/
L treatments of bPVC, the algae had the same cell density with
control in every time. The bPVC didn't have toxic effects on algal
growth within the range of concentrations in this study. The size
could affect the toxicity of microplastic on algae. Sjollema et al.
(2016) also found small sized microplastic (0.05 um polystyrene)
could obviously inhibit the growth of microalgae D. tertiolecta, but
large microplastic (6 pm polystyrene) didn't have a significant ef-
fect on algae. The bPVC could keep out some light from above with
floating on the surface of the medium, but light could go through
the transparent wall of flask into the medium. Light from both sides
of the incubator also satisfied the needs of algal growth. Moreover,
the mPVC could exist in the medium under a stable and uniform
condition. The floating bPVC could not enter into the medium and
interact with algae just as mPVC. It could be one of the major
reasons why the bPVC didn't have toxicity on algae.

Microplastic had some influence on algal photosynthesis in
previous studies (Besseling et al., 2014; Bhattacharya et al., 2010).
Negative effects of mPVC on algal photosynthesis were investigated
under 5 and 50 mg/L mPVC treatments (Fig. 4). Chlorophyll content
just decreased 7% under 5 mg/L mPVC treatment at 72 h and 96 h
(Fig. 4A). However, chlorophyll content decreased 20% from 24 h to
96 h under 50 mg/L mPVC treatment. Algal chlorophyll content
under mPVC treatment of high concentration (50 mg/L) had greater
decrease (independent sample t test, p < 0.05) than that under low
concentration (5 mg/L). About ®PSI|, it decreased 5% under 5 mg/L
mPVC treatment at 1 and 24 h (Fig. 4B). ®PSII decreased 32% at 1 h
under 50 mg/L mPVC treatment. The value of ®PSll increased with
time but still lower than control (100%). As the same to results of
chlorophyll content, high concentration of mPVC had more effects
on algal ®PSII. The similar result was found in previous study that
0.5 pm microplastic of 25 and 250 mg/L had a negligible effects on
algal OPSII after 72 h exposure (Sjollema et al., 2016). It was
probably the same situation with this study. The variation trend of
two parameters of photosynthesis was different, so the ability of
photosynthesis — product of chlorophyll content and ®PSIl — was
calculated to show effects of mPVC on algal photosynthesis
(Table 1). Minor effects (< 8%) of mPVC under 5 mg/L treatment on
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Fig. 3. Toxic effects of mPVC and bPVC of different concentrations on growth of microalgae with time. Square, circle, triangle and inverted triangle represented cell density under
different mPVC concentrations at 24 h, 48 h, 72 h and 96 h, respectively. A: mPVC B: bPVC.
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Fig. 4. Effects of mPVC of 5 and 50 mg/L concentrations on photosynthesis of microalgae with time. * represented significant difference (p < 0.05) with control (100%). A: chlorophyll

B: ®PSII.

Table 1
The ability of algal photosynthesis with time in algal growth inhibition tests.

mPVC concentration Photosynthesis ability (%)

1h 24h 48 h 72 h 96 h
5 mg/L 95.3 + 1.5¢ 934 + 2.6 96.8 + 0.8 922 +39 92.0 + 4.2
50 mg/L 676 +2.4 654 + 3.1 724 + 14 742 +2.9 804 +2.4

2 Results were expressed as average + standard deviation.

algal photosynthesis ability were observed in every time. Photo-
synthesis ability under 50 mg/L mPVC treatment had a significant
difference (independent sample ¢ test, p < 0.05) with control in
every time. Effects of 50 mg/L mPVC on algal photosynthesis could
not be ignored. However, these negative effects were maximum at
first and weakened with time. It was possible that microalgae was
vulnerable in initial period of exposure and adaptive to the invasion
of microplastic at the end of exposure. Microplastic was not a highly
toxic substance. Microalgae might be resistant to toxic effects of
microplastic and better grow under microplastic exposure with

time. The future study should pay more attention to effects of
microplastic on algal photosynthesis in adaptive phase of invasion
by microplastic.

In a word, the size of microplastic could affect their toxic effects
on microalgae. The mPVC significantly (p < 0.05) inhibited the
growth of algae while the bPVC had no effects on growth within the
range of concentrations in this study. The mPVC had negative ef-
fects on algal photosynthesis though the effects weakened with
time.
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3.2. Shading test

Shading effect was one of the reasons for toxic effects of parti-
cles on algae as usually (Schwab et al., 2011). A special vessel (Fig. 2)
keeping non-contact between microplastic and microalgae was
used to investigate shading effect of microplastic on algae. The algal
density had no significant difference (p > 0.05) with control in
every time (Fig. 5). Shading effect had no influence on algal growth.
Meanwhile, chlorophyll content had no significantly decrease (p >
0.05) with control (Fig. 6A). ®PSII also had no significant decrease
(p > 0.05) with control under most treatments except under 50
mg/L mPVC treatment at 1 h (Fig. 6B). Shading effect also had
negligible influence on algal photosynthesis. The probable reason
was that though some light was blocked by microplastic, the rest
still satisfied the needs of photosynthesis or the concentration of
mPVC was not enough high. Sjollema et al. (2016) found the similar
results in their study. Though the light intensity was reduced up to
34% by shading effect of 250 mg/L microplastic, there was no in-
hibition of photosynthesis found. In a word, shading effect was not
one reason for toxic effects of microplastic in this study.
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3.3. Interactions between microplastic and algae

Shading effect was not one possible reason for toxicity of
microplastic and further microplastic could not release toxic sub-
stance to microalgae in a short period. Interactions between
microplastic and algae and physical damage may be the probable
reason for toxic effects of microplastic on algae. There were many
caveolaes on the surface of healthy algal cells and silicic thorns in a
round were also fixed on the surface (Fig. 7A). Algae could adsorbed
mPVC on the surface of cells and these mPVC could wrap up cav-
eolaes on the surface (Fig. 7B). It could limit the transfer of energy
and substance between cells and environment and lead to decrease
of nutrition, light, CO2 and O, from medium into cells. The harmful
metabolite of algae also had the potential to be locked in the cell to
disturb the algal growth. Bhattacharya et al. (2010) also considered
adsorption of microplastic hindered algal photosynthesis, because
light and air could be blocked by the plastic particles. Meanwhile,
the hetero-aggregation of particles and algae could make algae
precipitate to affect the algal growth (Ma et al., 2014). The mPVC
embedded in the cell wall of algae and even caused physical
damage on the surface which also had negative influence on the
growth of microalgae (Fig. 7C and D).

The small mPVC particles well dispersed in the medium had
high surface reactivity. These small particles would aggregate to a
large whole to keep the stable condition. Aggregation of mPVC was
observed in Fig. 7E and F. The size of the aggregation was similar to
the algal cell (5 pum), which had a potential to increase with time
(Jiang et al., 2009). The aggregation could not be adsorbed on the
healthy algae for its big size. Small algal fragments generated from
damaged and dead algal cells could be adsorbed on aggregate
mPVC (Fig. 7E). Hazardous substances adsorbed on aggregate mPVC
could precipitate and then leave algal living system with aggregate
process, which also indirectly reduced the toxicity of microplastic
(Long et al., 2015). As mentioned earlier, the mPVC didn't have toxic
accumulation effects on algae and the negative effects of mPVC on
photosynthesis decreased with time. Aggregation of mPVC was a
possible process resulting in detoxication in above experiments.
Redispersion of microplastic by sea wave and degradation of
microplastic in a long period which could produce new toxic effects
were need be further studied in the future. In brief, compared with
non-contact shading effect, interactions between microplastic and
microalgae were the major reason for toxic effects of microplastic
on algae.
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Fig. 6. Effects of mPVC of 5 and 50 mg/L concentrations on photosynthesis of microalgae in shading tests. * represented significant difference (p < 0.05) with control (100%). A:

chlorophyll B: ®PSII.



C. Zhang et al. / Environmental Pollution 220 (2017) 1282—1288

4.00um J S4800 5.0kV 9.4mm x8.00k SE(M,LAO)

o ™

S4800 5.0kV 9.4mm x10.0k SE(M,LA0)

S4800 5.0kV 9.4mm x7.00k SE(M,LAO) 0 S4800 5.0kV 9.4mm x9.00k SE(M,LA0)

Fig. 7. The SEM images of the interaction between mPVC and microalgae after 24 h exposure. A: control without mPVC B: mPVC adsorbed on algal cells C: mPVC embedded in algal
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4. Conclusion bPVC) were applied to conduct algal growth inhibition test. Non-
contact shading test was carried to detect shading effect of mPVC,

To investigate toxic effects of microplastic on marine microalgae and algal photosynthesis parameters were also determined. The
Skeletonema costatum, two different sized microplastic (mPVC and interaction between microplastic and algae was observed with SEM
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technique. The mPVC had obvious inhibition on growth of micro-
algae though the toxicity was not accumulated, and the maximum
growth inhibition ratio (IR) reached up to 39.7% after 96 h exposure.
However, bPVC had no effects on growth of microalgae. The size of
microplastic could influence toxic effects of microplastic on
microalgae. High concentration (50 mg/L) mPVC also had negative
effects on algal photosynthesis since both chlorophyll content and
photosynthetic efficiency (®PSIl) decreased under mPVC treatment.
The negative effects of mPVC on photosynthesis could decrease
with time. The mPVC had negligible influence on microalgae in the
shading test. Interactions between microplastic and microalage
such as adsorption and aggregation were observed in the SEM
images. Compared with non-contact shading effect, they were
more reasonable explanations for toxic effects of microplastic on
marine microalgae.
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