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Microplastics are regarded as ubiquitous pollutants in the ocean and have attracted
worldwide concerns. Benzo[a]pyrene (B[a]P), one of typical polycyclic aromatic
hydrocarbons (PAHSs), is commonly detected in marine environment. Once coexisted,
the microplastics and B[a]P may interact with each other and result in combined
toxicity to organisms, and these remain to be systematically elucidated. Thus, this study
aims to investigate (i) the effects of single micro-sized polystyrene (MPS), polyethylene
terephthalate (mPET), and B[a]P on cell growth of Chaetoceros muelleri; and (i) the
interaction of microplastics and B[a]P, and their combined effects on C. muelleri. The
results showed that both single microplastics and B[a]P at a high concentration of 150
ng/L inhibited the growth of C. muelleri. For single treatment of microplastics, stronger
inhibition effects on microalgae was caused by mPET than that of mPS, with the highest
IR of 25.23 and 11.17%, respectively. This may be attributed to the obvious surface
roughness of mMPET. By comparison, the combined effects of microplastics and B[a]P
significantly inhibited the growth of C. muelleri as compared with the single treatment
of Bla]P (P < 0.05). Synergistic effect was found in the combination of microplastics
with B[a]P at high concentrations of 150 wg/L. Interestingly, the antagonistic effect
on C. muelleri was observed in the combined treatment of microplastics and B[a]P
at low concentrations of 10 pg/L. In addition, the pollutants reduced the content of
photosynthetic pigments in microalgal cells. The SOD and MDA content of microalgae
increased in the early stage of exposure to pollutants (e.g., Days 1 and 5), but decreased
in the later stage (Day 15) compared with the control group. The decreased superoxide
dismutase (SOD) and catalase (CAT) activity in single and composite systems may
indicate that the antioxidative enzymatic system of microalgae has been inhibited
or destroyed. This study will be helpful to further explore the ecological threats of
microplastics and PAHs to the marine ecosystem.
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INTRODUCTION

Large quantities production (3.59 trillion tons in 2018) of plastics
(EuropePlastics, 2019) would result in the accumulation of
ubiquitous microplastics (<5 mm) in the environment (Jambeck
et al., 2015; Fu et al, 2020). Microplastics are characterized
as small size, large surface-to-volume ratio, mostly porous,
rough surface, and abundant functional groups, and these
features enable them to easily adsorb other contaminants such
as polycyclic aromatic hydrocarbons (PAHs), heavy metals,
pathogens, and others (Wright et al., 2013; Fu et al., 2019). The
interaction of microplastics and other pollutants may alter their
environmental behavior, toxicity, bioavailability, and may pose
threats to the ecosystem and even human beings (Zhang et al.,
2018; Yang et al., 2020).

Recently, more and more attention has been paid on the
combination of microplastics and coexisting pollutants and their
toxicological effects on marine organisms. For instance, some
previous studies pointed out that microplastics (e.g., micro-
sized polystyrene, polyethylene and polyamide) can strongly
adsorb nonylphenol and therefore alleviate its toxicity to
Chlorella pyrenoidosa (Yang et al., 2020). Moreover, a low
level of mPS (10 wm, 2 ug/L) could decrease the toxicity of
phenanthrene on the marine medaka Oryzias melastigma at
its early developmental stage (Li Y. et al., 2020). Similarly,
polystyrene divinylbenzene microspheres at a size of 97 pm did
not magnify the acute effect of pyrene on the tropical fish Lates
calcarifer (Guven et al., 2018). However, some contrary results
were reported in other studies, for example, it was found that
mPS significantly enhanced the bioaccumulation and toxicity of
phenanthrene on Daphnia magna (Ma et al., 2016). Meanwhile,
synergistic toxicities on microalgae were demonstrated in
the combination of microplastics (red fluorescent polymer
microspheres), procainamide, and doxycycline mixtures (Prata
et al., 2018). Various factors may contribute to the difference, for
example, the physical and chemical properties of microplastics,
the tolerance of model organisms to pollutants, and the
octanol water distribution coefficient and concentration of other
pollutants (Zhu et al, 2018; Li et al, 2019; Yi et al, 2019;
Yang et al., 2020). Under such circumstances, more systematic
studies are required to elucidate the different combined toxicity
of microplastics and coexisting pollutants on aquatic organisms.

B[a]P has a strong ability to enter and accumulate in the
cells of aquatic organisms and causing various abnormalities
and disorders due to its aromatic fused ring and lipophilicity
(Derakhshesh et al, 2019). Previous studies showed that
B[a]P is capable of influencing cell growth, effective quantum
yield, and photosynthesis of phytoplankton (Li et al., 2021).
For example, after 72 h of exposure to B[a]P (1-10 pg/L),
the growth of Skeletonema costatum decreased significantly.
However, Akashiwo sanguinea is more sensitive to B[a]P, and its
growth decreased significantly at a quite lower concentration of
0.1 pg/L (Kim et al., 2004). Moreover, the interaction of coexisted
B[a]P and microplastics would occur, especially the lipophilic
B[a]P has strong affinity to suspended materials and sediments
in the aquatic environment (Yu et al, 2018). Therefore, the
microplastics in the environment are likely to become perfect

carriers of B[a]P, increasing the bioavailability of B[a]P and
enrichment in organisms along the food chain (Wang et al,
2021). However, further research on their combined toxicity to
aquatic organisms is needed.

Microalgae are widely applied in ecotoxicological analytical
tests due to their short generation time, easy operation and
sensitivity to pollutants (Prata et al., 2019). Marine diatom
Chaetoceros muelleri, as one of the most diverse phytoplanktons,
was selected as the model organism to elucidate the single and
combined effects of B[a]P, microplastics polystyrene (mPS) and
polyethylene terephthalate (mPET). The parameters such as cell
number, growth inhibition rate, scanning electron microscope
(SEM), superoxide dismutase (SOD) and catalase (CAT) of
C. muelleri were measured to clarify the toxic effects of
microplastics, B[a]P and their combined effects on microalgae.

MATERIALS AND METHODS

Preparation of Microplastics

The microplastics (i.e., mPS and mPET) were purchased from
Aladdin industrial corporation (Shanghai, China) and No. 8863
Huarun (Changzhou, China). The surface structure of mPS
and mPET were observed using scanning electron microscopy
(SEM, S3000). The functional groups of mPS and mPET were
determined by using a Fourier Transform Infrared Spectrometer
(FTIR, TENSOR?27), respectively. The size of microplastics was
measured by using a laser particle size analyzer (Masterizer 3000,
Malvern Instruments Ltd., United Kingdom).

Microalgal Strain and Medium

Microalgae C. muelleri was obtained from the College of
Oceanography, Hainan University. The f/2 Guillard medium
(Guillard, 1975) was prepared with natural seawater (filtered by
0.45 um membrane) that was collected from the Xinbu Island in
Hainan. The medium and flasks used in this study were sterilized
at 121°C using an autoclave for 30 min (LDZM-60L-II, Shanghai
Shenan Medical Instrument Factory). The initial microalgal
concentration was maintained at approximately 1 x 10> cells/mL.
Microalgae were cultivated in an Erlenmeyer flask (250 mL)
under cool continuous white fluorescent lights (5,000 1x) with
a light/dark cycle of 12 h/12 h. All the cultures were randomly
placed in an incubator to achieve equal illumination. The
temperature was kept at 25 & 1°C, and all cultures were shaken
every 12 h to prevent the aggregation and sedimentation of cells.

Toxicity Test of Pollutants on Microalgae

The concentration range of B[a]P was based on the pollution
in the partial sea area of China, for example, an average
concentration of B[a]P was 663 ng/L in Daya Bay (Shenzhen,
China) while the total PAHs could reach up to 10, 984 ng/L (Qiu
et al., 2004). Therefore, 10 pwg/L Bla]P was selected to simulate
the baseline of PAHs concentration in the natural environment,
and also as the lowest concentration of toxicological tests to
C. muelleri in the preliminary experiment of this study. Higher
concentrations of 50, 100, and 150 pg/L B[a]P were set to
simulate severely polluted areas. The preliminary results showed
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TABLE 1 | Experimental design in this study.

Test Pollutants Concentration
Control - _
Single toxicity mPS 200 mg/L
mPET 200 mg/L
Bla]P 10 and 150 pg/L
Combined toxicity mPS + Bla]P 200 mg/L + 10 ng/L
200 mg/L + 150 pg/L
mPET + Bla]P 200 mg/L + 10 pg/L

200 mg/L + 150 pg/L

“~” indicates that there is no contaminant.

that B[a]P at concentrations of 10, 50, and 100 pg/L did not
significantly inhibit the growth of C. muelleri, while B[a]P at
150 pg/L reached an obvious inhibitory effect. Therefore, the
concentration of B[a]P was set at 10 and 150 g/L while
microplastics at 200 mg/L (was determined by our previous
study) were used for the following experiment. More details are
presented in Table 1.

Completely dissolved B[a]P (Shanghai Aladdin Biochemical
Technology Co., Ltd., AR) in dimethyl sulfoxide (DMSO, AR,
Xilong Science Co., Ltd.) was used to produce a concentrated
stock solution (2 g/L). The solution used for the toxicology test
was obtained by adding an appropriate volume of the stocks
into filtered seawater (0.45 pwm). In the chronic toxicity test,
the DMSO content is less than 0.005% and has no inhibition
on microalgae (Gong et al., 2017). In addition, our preliminary
experiments also demonstrated that the same volume of DMSO
has no effect on the cell growth of C. muelleri.

The microplastics solution (200 mg/L) was prepared by
weighing 0.03 g and adding them to the medium (150 mL) and
then reaching evenly distributed state via ultrasonic treatment.

Toxicity Test of Single Microplastics and B[a]P on
Microalgae

Microalgal inoculum was added to the medium supplemented
with microplastics (i.e., mPS and mPET) and B[a]P, respectively,
and then the cultures were placed in a light incubator for 15 days
of cultivation. The experimental design is summarized in Table 1.
All cultivation conditions were the same as those in Section
“Microalgal Strain and Medium.” All treatments were tested
in replicates, and sterile conditions were maintained to avoid
contamination in the test.

Combined Effects of Microplastics and B[a]P on
Microalgae

The combined effects of mPS or mPET at 200 mg/L and B[a]P at
concentrations of 10 and 150 pg/L were investigated (Table 1).
All cultivation conditions were maintained the same as those in
Section “Microalgal Strain and Medium.”

Analytical Methods

Cell Number Density and Growth Inhibition Ratio
According to the guideline 201 of the Organization for Economic
Cooperation and Development (OECD), the IR of C. muelleri

was determined by counting cell numbers. The cell number
density of C. muelleri was determined every 2 days, at 400x
magnification using a hemocytometer under the microscope
(OLYMPUS, DP71). Each sample was counted three times to
obtain the mean value.

The microalgal growth inhibition ratio was calculated based
on cell number density (Equation 1):

Cci - Cei

ci

Igi (%) =

X 100% (1)

where I; is the growth inhibition rate at the time i; C; and C,; are
the cell number density of the control and the treatment at the
time i.

Assessment of Microplastics and B[a]P Interactive
Effects on C. muelleri Growth

Abbotts model is commonly used to evaluate the potential
interactions between microalgae and B[a]P combined system,
which assumes the independent effects of components in the
mixture. The model treats any deviation from this assumption
as a symbol of the interaction between the mixture components
(Gisi, 1996; Mwamba et al., 2016). Based on the measured
individual toxicity of microplastics (Tpmps) and Bla]P (Tppap),
Abbott’s model was used to predict their combined toxicity (Tpre),
assuming an independent action of microplastics and B[a]P
occurs in the mixture (Equation 2):

(TMPs X TB[a]P)

100 @)

Tpre = TMPs + TB[a]P -

where Tp. is the combined toxicity of microplastics and B[a]P
predicted using Abbott’s model; Thps and Tgp,p is the measured
individual toxicity of microplastics and B[a]P, respectively.

Then, the ratio of the combined toxicity measured in the
experiment (T,p) and the value predicted by Abbott’s model
(Tpre) will be further calculated to check the existence of potential
interaction between microplastics and B[a]P. For example, if the
ratio of Tops and Tpre (i€, Tops/ Tpre) is equal to 1, indicating
an additivity effect is achieved between microplastics and B[a]P,
while the value of Typs/Tpre > 1 or <1 indicates a synergistic or
antagonistic effect is achieved for their combination, respectively.

Content of Photosynthetic Pigment

The content of photosynthetic pigment such as chlorophyll a,
b, and carotenoid was measured by using the method of Song
et al. (2020). Briefly, 2 mL of 90% methanol was added in some
microalgal cells (2 mL) collected by centrifugation (10 min,
5,000 rpm). Then, the mixture was placed in the refrigerator
overnight at 4°C for 24 h. Finally, the supernatant was obtained
by centrifugation (10,000 rpm, 10 min) for measuring the
absorbance at wavelengths of 470, 652, and 665 nm by using
an ultraviolet-visible spectrophotometer (UV1800, Aoxi). The
content of chlorophyll a, chlorophyll b and carotenoid was
calculated according to the following formula.

Ca (mg/L) = 16.82A665—9.28A652 (3)

Cb (mg/L) = 36.92A652—16.54A665 (4)
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TABLE 2 | Size distribution of microplastics used in this study.

Type Distribution of size (u m)

Dv10 Dv50 Dvo0
mPS 173 258 376
mPET 177 281 425

Dv10, Dvb0, and Dv90 indicates 10, 50, and 90% of particles with the
size, respectively.

1000A470—1.91C,—95.15C,
Cc (mg/L) = s k (5)

where C,;, Cp, and C, represents the content of chlorophyll
a, chlorophyll b and carotenoid, respectively; Agss, Ags2, and
Ayz0 indicate the absorbance of C. vulgaris at 470, 652, and
665 nm, respectively.

Antioxidant Enzyme

Antioxidant enzymes such as SOD and CAT of microalgae
were determined using test kits (Solarbio Science & Technology
Co., Ltd.). The samples were taken on the Days 1, 5, and 15.
Briefly, some microalgal cells collected by centrifugation (10 min,
5,000 rpm) were added with extraction solution (~5 x 10° cells
were added with 1 mL extraction solution) for further break cells
by ultrasound (200 W, 3 s, 30 times). Finally, the supernatant was
obtained by centrifugation (8,000 g, 10 min, 4°C) for measuring
the absorbance at wavelength of 560 nm for SOD and 240 nm for
CAT. The content of SOD and CAT was indicated as U/10% cells.

Interaction Between Microplastics and C. muelleri
The coexisting microplastics with microalgae in the culture were
observed by naked eyes and recorded every day, while the surface
structures of microplastics were measured using SEM at Day
15. Briefly, the microplastics were collected by centrifugation
(8,000 rpm, 10 min) and resuspended in a phosphate bufter (0.05
M, pH 7.2) (Mao et al.,, 2018). Then, the microplastics were fixed
using 2.5% glutaraldehyde for 24 h and were further observed
and measured using SEM. Cell damage was determined by using
the Calcein/PI cell viability and cytotoxicity test kit (Beyotime
Biotechnology Co., Ltd.).

Statistical Analysis

Excel 2010 and Origin 2018 were used for data analysis and
plotting. The data were expressed as average =+ standard
error in the study. Different treatments were tested
significantly through one-way analysis of variance with Duncan
comparisons (SPSS 23.0).

RESULTS

Properties of Microplastics

The size distribution of microplastics is shown in Table 2,
and the average size of mPET was slightly greater than that
of mPS. As shown in Figures 1A,B, mPS floated on the
surface of culture, while mPET sank to the bottom. The

| B)PET |

A (r) PET

FIGURE 1 | Morphology of (A) mPS and (B) mPET in the culture of
Chaetoceros muelleri observed by naked eyes; C. muelleri cells attached to
(C) mPS and (D) mPET observed by SEM; SEM images of (E) mPS, and (F)
mPET.

precipitation of mPET results from a larger density as compared
to mPS. Figures 1C,D showed that many microalgal cells
adhered to the surface of microplastics and form heterogeneous
aggregations. The coexisting microalgal cells may affect the
structures and characteristics of microplastics (Endo and
Koelmans, 2016). The mPS is a glassy polymer with a weakly
polar and weak m electron donor, and concave structure can
be observed via SEM (Figure 1E). By comparison, mPET
is a crystalline polymer with more amorphous regions, and
plenty of micro-pores can be observed on the rough surface
(Figure 1F). Moreover, the functional groups of the two
microplastics are different, for example, mPS has a stronger
intensity of hydroxyl groups (—OH, ~3,400 cm~!), carbon-
carbon double bond (C = C, ~1,642 cm™!), carbonyl group
(C = 0, ~1,710 em™!) and C-O stretching of phenolic
(C-0, ~1,260 cm™!), but with a weakened intensity of
methylene (CH,, ~2,926 cm™!) as compared with those of
mPET (Figure 2).

Effects of Microplastics and B[a]P on
Microalgae

Effects of Microplastics on Cell Growth of C. muelleri
As shown in Figures 3, 4, both microplastics have negative
impacts on microalgae, with an increasing IR at the
beginning of growth and then decreased in the later
stage. The cell density of C. muelleri exposed to mPET
(2.42 x 10° cells/mL) is less than mPS (2.55 x 10° cells/mL),
and both were lower than the control (2.6 x 10° cells/mL).
In addition, no significant difference (P > 0.05) was
reached for the cell density of microalgae in the control

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 8 | Article 779321


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Suetal.

Toxicity of Microplastics and Benzo[a]pyrene

1.5

c-0ic=C: \c=0
(~1260){~1642): g(~1710)

CH, |-OH
(~2926) |(~3400)

T T
1 3 5 7 9 11 13 15
Exposure time (days)

X
5]
[3)
=
<
£
£
w
=
g
=
mPET
0-0 T T T T T T | T T T T T T T T T | T T T T T T T T lI | T T T T T T T T T
1000 2000 3000 4000
Wavenumbers (cm™)
FIGURE 2 | Infrared absorption spectrum of mPS and mPET.
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FIGURE 3 | The single and combined effects of microplastics [(A) mPS and (B) mPET] and B[a]P on the cell density of C. muelleri.
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and the treatment with mPS. However, a significant
difference (P < 0.05) was found with mPET as compared
with the control.

Overall, mPET has stronger inhibition on the growth of
microalgae than mPS, for example, the highest IR caused by
mPET was 25.23% on the third day, which was significantly
(P < 0.05) higher than that of mPS (11.17%) (Figure 4).

Effects of B[a]P on Cell Growth of C. muelleri

As also shown in Figure 3, in the 15 days of cultivation, the cell
growth in terms of cell density (Figure 3) of C. muelleri was
slightly inhibited by B[a]P at a concentration of 10 pg/L, but
significantly inhibited at 150 pg/L (P < 0.05) compared to the

control. The maximal cell density obtained in the treatment with
B[a]P of 10 and 150 pg/L were 2.53 X 10° and 2.10 x 10° cells/mL
(Figure 3), respectively. Correspondingly, the IR increased with
the concentration of B[a]P on microalgae under the investigated
condition, for instance, the IR caused by 10 and 150 g/L B[a]P
reached their own maximum value of 15.32 and 43.24% on Day
3, respectively (Figure 4).

Combined Effects of Microplastics and B[a]P on Cell
Growth of C. muelleri

As shown in Figures 3, 4, the cell density of all combined
treatments of microplastics and B[a]P was lower than that of
the single treatments. For instance, the highest IR of 55.18% was
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caused by the combined group of 150 pug/L Bla]P + 200 mg/L
mPS, which was higher than that of single 150 wg/L B[a]P
(IR = 40.34%) and mPS (IR = 1.26%) after 15-day cultivation,
respectively (Figure 4). Similarly, the IR reached up to 52.66% in
the combined group of 150 pwg/L B[a]P + 200 mg/L mPET, which
was also higher than that of single 150 ug/L B[a]P (IR = 40.34%)
and mPET (IR = 4.36%) (Figure 4).

Furthermore, the combined toxicities of mPET and B[a]P on
microalgae were greater than the combinations of mPS and B[a]P
in terms of cell density and IR. It is consistent with the toxicity
of microplastics to C. muelleri (Figures 3, 4). Additionally,
the combined inhibitory effects on the growth of C. muelleri
increased with the concentration and single toxicity of pollutants
(e.g., mPET, mPS, and B[a]P). For instance, the maximal cell
density (1.98 x 10 cells/mL) achieved in the combined group
of 150 wg/L B[a]P + 200 mg/L mPS, was significantly lower
than that of combination of 10 wg/L B[a]P + 200 mg/L mPS
(2.47 x 10° cellsymL) (P < 0.05). The IR of the combined
group of B[a]P and mPS was less than the combined group
of B[a]P and mPET.

Photosynthetic Pigment Content of
Microalgae

Overall, the content of photosynthetic pigment was decreased
when the microalgae exposed to either single or combined
microplastics and B[a]P (Figure 5 and Supplementary Figure 1).
For single system, the inhibitory effect of high concentration
of B[a]P was greater than that of low concentration of B[a]P.
In addition, the inhibitory effect of PET was greater than
that of PS. This is consistent with the results of growth
inhibition. In the combined system, it is strange that the
addition of microplastics alleviated the inhibitory effect of B[a]P
on photosynthetic pigment of microalgae. For example, the
photosynthetic pigment content of the culture exposed to single

B[a]P (150 pg/L) was 1.97 mg/L, which was lower than that of
cultures exposed to combined pollutants of PS + B[a]P 150 pg/L
(2.19 mg/L) and PET + B[a]P 150 pg/L (3.36 mg/L) on Day
15 of cultivation.

Antioxidant Enzymes of Microalgae
The antioxidative defense system of C. muelleri in terms of
SOD and CAT was also determined on the Days 1, 5, and 15
of cultivation in this study (Figure 6). In the early stage of
pollutants exposure (Days 1 and 5), the pollutants stimulated
the production of SOD and CAT of microalgae compared
with the control group. As shown in a single toxicity test,
the SOD and CAT content of the culture exposed to B[a]P
increased with its concentration. For single microplastics, the
SOD content of microalgal culture exposed to mPET was higher
than that of mPS, but the CAT content of microalgal culture
exposed to mPET was lower than that of mPS. The results
may indicate that the type of microplastics was one of the
important factors affecting the secretion of SOD and CAT by
microalgae. As compared with the control, the SOD contents
of the cultures exposed to the four combined treatments were
significantly increased (P < 0.05) on Day 5, and the CAT
on Day 1 was significantly increased (P < 0.05). Besides, the
SOD and CAT content in the combined of microplastics and
B[a]P was higher than that of single microplastics or B[a]P.
Moreover, it should be mentioned that, for the combined
treatment, the production of enzymes such as SOD and CAT
was mainly affected by the concentration of Bla]P at the early
period of pollutants exposure (Days 1-5), that is, the higher
the concentration of B[a]P, the higher the enzyme content
can be achieved.

On the contrary, in the late period of pollutants exposure
(Day 15), the pollutants slightly inhibited the production of
oxidative response kinase such as SOD and CAT, but no
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FIGURE 5 | The single and combined effects of microplastics (mPS and mPET) and B[a]P on the photosynthetic pigment of C. muelleri in (A) day 1, (B) day 5, and

control (P < 0.05).
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FIGURE 6 | (A) SOD and (B) CAT activity of C. muelleri to single microplastics, B[a]P, and their combinations. * indicates that significant differences compared to the

significant difference (P > 0.05) was reached as compared with
that of the control.

DISCUSSION

Effects of Microplastics and B[a]P on

Cell Growth of Microalgae

Single Microplastics

The growth of C. muelleri exposed to microplastics can be
generally divided into two stages. At the first stage (e.g.,
Days 1-3), the cell density of the cultures supplemented
with microplastics decreased with time, corresponding to an
increasing IR. This may be attributed to that unfavorable

environmental conditions caused by microplastics (Zhang et al.,
2017). Meanwhile, it can also result in damaged microalgal cell
membrane in terms of some holes and hollows in this study
(Figure 7 and Supplementary Figure 2). At the second stage
(e.g., Days 4-15), the IR of microalgae decreased since the
cells gradually adapted to the existence of microplastics and the
unfavorable environment. Therefore, the microalgal biomass and
photosynthesis can be restored via thickening cell wall during
the later exposure period of microplastics. These can effectively
alleviate the cell damage caused by microplastics accordingly
(Mao et al., 2018).

Meanwhile, this study found that mPET exhibited stronger
inhibitory effect on microalgal growth compared to mPS. The
toxicity may be derived from the differences in the physical and
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FIGURE 7 | (A) mPS and (B) mPET cause cell damage to microalgae.
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FIGURE 8 | Toxicity mechanism of microplastics on C. muelleri.

chemical properties of microplastics. For example, the mPET
has greater surface roughness than that of mPS, and this would
result in stronger toxic effects on microalgae. Previous study also
reported that the surface roughness of microplastics can inhibit
microalgal growth, and a rougher surface would lead to stronger
inhibition to microalgae (Wang et al., 2021). Meanwhile, this
study also found that mPET was completely immersed in the
culture, offering a wider contact area to microalgal cells. This was
confirmed by the intensive contact between microplastics with
cells that can be observed via the SEM images (Figure 1). This
would limit the mass transfer of microalgae with extracellular
environment and further aggravate cell damage.

The main inhibition mechanism of microplastics on
microalgae is shown in Figure 8. In general, microplastics may
be led to damages to the cell wall and membrane structures,
lipid peroxidation, toxicities to organelles and even DNA,
which is commonly indicated by an increase of SOD enzyme,
CAT enzyme, reactive oxygen species (ROS), malondialdehyde
(MDA), respectively (Mao et al., 2018; Nava and Leoni, 2021).

Furthermore, it is reported that the presence of microplastics
can increase the expression levels of microalgae genes involved
in the sugar synthesis pathway, and trigger microalgal cells
to secrete extracellular polymeric substances (EPS). Then, it
can promote the heterogeneous aggregation between microalgae
and microplastics, through establishing hydrogen bonds or
electrostatic interactions (Chen et al., 2012; Fu et al., 2019). These
aggregates would further limit the light transfer and mass transfer
between cells and the environment. Thus, the photosynthesis
of microalgae will be restricted in terms of a decreased
chlorophyll fluorescence parameter (F,/F,,) or photosynthesis
pigment (Bhattacharya et al, 2010; Li S. et al, 2020; Lang
et al., 2022). Additionally, the contaminants adsorbed or the
additives released by microplastics can transfer to microalgal cells
when they interact or aggregate. They can negatively impact the
growth of microalgae particularly when the cell damage occurred
(Prata et al., 2018).

Single B[a]P

In this study, B[a]P at low concentration (10 pg/L) did not
inhibit the growth of C. muelleri, which may relate to that
microalgal cells can adapt to the toxic environment with low
concentration. Particularly, the cells in the growth stable period
could gradually adapt to the presence of pollutants. For example,
Olmos-Espejel et al. (2012) found that B[a]P was metabolized
by Selenastrum capricornutum and the concentration of B[a]P
in the solution gradually decreased with time. It may be inferred
that the potential capacity of microalgae for detoxifying organic
pollutants can be enhanced by bioabsorption, bio-uptake and
biodegradation (Sutherland and Ralph, 2019). However, once
reaching a high concentration of B[a]P, the ability of microalgae
for alleviating pollutants (e.g., B[a]P) would be restricted and
therefore the growth of microalgae can be inhibited (Wu
et al, 2019). For example, B[a]P at high concentration (e.g.,
150 pg/L) result in obvious inhibitory effects to C. muelleri in
this study, which was consistent with the results of previous study
(Shen et al., 2012).

Combined Toxicity of Microplastics and B[a]P
This study found that the presence of microplastics could
enhance the toxicity of B[a]P on microalgae as compared with
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TABLE 3 | Interactive effects of microplastics and B[a]P on cell density in 15 days
treated in C. muelleri.

Treatment Toxicity ratio (Tobs/Tpre)?
Cell density

PS (200 mg/L) + Bla]P (10 pg/L) —-0.10+£1.25

PS (200 mg/L) + Bla]P (150 pg/L) 1.43+0.34

PET (200 mg/L) + Bla]P (10 ng/L) —1.50+£5.18

PET (200 mg/L) + Bla]P (150 ng/L) 1.19+0.18

aToxic effects of metals mixture were measured experimentally (Tops) and were
predicted using Abbot’s model (Tpre). Tons/Tpre Value = 1 indicated additivity of
BlaJP and MPs individual effects, value >1 indicates synergism and value <1
indicates antagonism.

the single toxicity caused by B[a]P. The results of Abbotts
model indicated that the single pollutants (i.e., microplastics,
B[a]P) and their combinations induced different toxicities
to microalgae (Table 3). Synergistic effect (ie., exceeding
the additive effects of single pollutants that is predicted by
Abbotts model) was observed between microplastics with
B[a]P at high concentrations, but antagonistic effect was
observed at low exposure level of B[a]P. In general, the
degree of combined toxicity is associated with the amount
of B[a]P accumulated in microalgae (Mwamba et al., 2016).
Correspondingly, microplastics may also drive the toxic effect of
B[a]P on microalgae.

On the one hand, microplastics can provide space for the
colonization of microalgae, and meanwhile offer active sites
for the adsorption of B[a]P (Gao et al, 2021). Under such
circumstances, their coexistence may lead to close contact
between microalgae and B[a]P on microplastics, resulting in
cell damage to microalgae (Mao et al., 2018). Particularly, the
absorption and/or toxicity of B[a]P to cells can be greatly
aggravated when the cell structure is destroyed, owing to no
protective shield to cells. Similar results were observed in some
previous studies (Prata et al., 2018; Yi et al., 2019).

Furthermore, it should be mentioned that some studies
reported that the combination of some organic pollutants
with microplastics could decrease their combined toxicities on
microalgae (Zhu et al., 2018) (Table 4). While the biotoxicity and
bioaccumulation may be attributed to the tested species, polymer
type, the type and concentration of pollutants (Bellas and Gil,
2020). Take the concentration of pollutants as an example, Li
et al. (2019) demonstrated that the combined effect of mPS
(0.1 wm) and dibutyl phthalate (DBP, 0.25-16 mg/L) on Chlorella
pyrenoidosa varied with their concentration ranges, reaching an
antagonistic effect between all the tested concentrations of mPS
and DBP at low concentrations (e.g., 0.25 mg/L). However, the
combined effects changed with the increasing concentrations of
DBP, reaching synergistic effect between DBP and mPS less than
10 mg/L, while antagonistic effect for the combination of DBP
with mPS exceeding 10 mg/L.

To further explore the toxicity mechanisms, the functional
groups of microplastics were tested and analyzed, it is found
that mPS is more aromatic and this would increase its
affinity for pollutants (Fu et al, 2019). Other studies also

reported that mPS offered a greater adsorption capacity of
sulfamethoxazole (12 mg/L) than that of mPET, however,
the mechanisms were not specified (Guo et al., 2019). This
further explained the fact that mPS exhibited stronger toxicity
to cells compared to mPET. Besides, it is interesting that
the combined toxicity of mPET and B[a]P on cell growth
of microalgae was more serious than that of mPS in this
study. This may be attributed to that the weak adsorption
capacity of mPET leading to a higher concentration of B[a]P
in the environment (Fu et al, 2019), and therefore causing
a strong inhibitory effect. It should be mentioned that the
elucidation of specific toxic mechanisms requires further studies
on other factors such as the crystallinity of microplastics,
surface chemical structure and surface charge properties, and the
types of pollutants.

Effects of Microplastics and B[a]P on
Photosynthetic Pigment

Photosynthetic pigments play an important role in the
photosynthesis of microalgae. In addition, the content of
chlorophyll a can reflect environmental stress and toxicity
(Lang et al., 2022). Therefore, this study determined the content
of photosynthetic pigment (chlorophyll a, chlorophyll b and
carotenoids) in microalgae. Previous studies have shown that the
pollutants can inhibit the synthesis of chlorophyll a. For example,
Lang et al. (2022) found that after 96 h of exposure, the inhibition
ratio of PS (25-200 mg/L) on the content of chlorophyll a
reached 20.11, 22.34, 22.10, and 25.45%, respectively. Triclosan
(TCS) (0.7 pg/mL) significantly reduced the chlorophyll content
of cyanobacterium (Anabaena sp. PCC7120) (Verdu et al., 2021).
The above findings are consistent with this study. The inhibitory
effect on the photosynthetic pigment of microalgae may also be
the cause of the inhibitory effect on the microalgal growth.

For single microplastics or B[a]P, the content of
photosynthetic pigment may be related to the concentration and
type of pollutants, in other words, the higher the concentration
of pollutants, the greater their inhibition on C. muelleri. Similar
results were also reported in previous studies. For instance, Liu
et al. (2021) found that triphenyl phosphate (TPhP, 0.08, 0.4,
and 0.8 mg/L) have the greatest inhibition to chlorophyll a at
high concentration (0.8 mg/L) on marine diatom Phaeodactylum
tricornutum. In addition, the inhibition of PET on photosynthetic
pigment was greater than PS, which may be because the light
transmittance of PET is less than that of PS (Li, 1996), and this
may be also weaken the synthesis of photosynthetic pigment. The
combined of microplastics and B[a]P had a stronger inhibitory
effect on C. muelleri, but their inhibitory effect on photosynthetic
pigment was weakened compared with single microplastics or
B[a]P. This may be attributed to that when the external pressure
on the microalgae reaches a certain critical point, the microalgae
cells would trigger a regulatory mode of defense to adapt to
adverse conditions by reducing chlorophyll degradation or
inhibiting biosynthesis (Agathokleous et al., 2020). Similarly,
Chae et al. (2019) found that micro-sized polyethylene spheres
had a slight inhibitory effect (no significant effect, P > 0.05)
on the chlorophyll content of microalgae at low concentrations
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TABLE 4 | The combined toxicity influence of microplastics and organic pollutants on microalgae.

Polymer Polymer size (n Polymer Contaminations  Contaminations  Microalgae Combined References
m) concentrations concentrations toxicities
(mg/L) (mg/L)
PE, PA, PS, 150,13 50 Nonylphenol 2 Chlorella Antagonistic Yang et al., 2020
PE1000, PA1000 pyrenoidosa
PE, PS, PVC, 74 (PE, PS, PVC), 1 50 Triclosan 0.3 Skeletonema Antagonistic Zhu et al., 2018
PVC800 (PVC800) costatum
Red fluorescent 1-5 1.5 Pharmaceuticals 4-256 Tetraselmis chuii Synergistic Prata et al., 2018
polymer procainamide and
microspheres doxycycline
mPS 0.1 10 Dibutyl phthalate 0.25-16 Chlorella Antagonistic at low Lietal., 2019
pyrenoidosa concentrations of
DBP, synergistic at
relatively high
concentrations of
DBP
PS 0.55 0.05-5 Triphenyltin chloride 0.03 Chilorella Synergistic Yietal, 2019
pyrenoidosa
PE 2-6 5 Chlorpyrifos 0-3 Isochrysis galbana  Antagonistic Garrido et al., 2019
PE, PVC 150 (PE), 250 (PVC) 1000 Phenanthrene 0.8 Phaeodactylum Antagonistic Guo et al., 2019
tricornutum
nPS-NHz 0.2 5 Glyphosate 5-15 Microcystis Antagonistic Zhang et al., 2018
aeruginosa
mPS, mPET 173-376 (MPS), 200 Bla]P 0.01 Chaetoceros antagonistic In this study
177-425 (mPET) 0.15 muelleri synergistic

(50-150 mg/L), but it significantly promoted (P < 0.05) the
chlorophyll content at high concentrations (200-350 mg/L).

Effects of Microplastics and B[a]P on

Antioxidant Enzymes

In general, SOD plays the role in antioxidant via transforming
the O,7 into HyO; in cells (Mittler, 2002). The stimulatory
effect results from short-term exposure to the low dosage of toxic
substances (Calabrese et al., 2012), is commonly characterized
as hormesis response in terms of increasing SOD activities.
For instance, some studies reported that the SOD content
of microalgae would increase when they were exposed to
microplastics (Yang et al., 2020; Wang et al., 2021). This may
be due to the production of ROS stimulated by rough surface
structure of microplastics (Song et al., 2020). This study also
found that the single or combined pollutants (e.g., mPS, mPET,
and B[a]P) actually increased the SOD of microalgae as compared
with the control in the first 5 days of cultivation. By comparison,
the pollutants inhibited the SOD content on the last day of the
experiment. This may be attributed to the stimulating effects to
microalgae from the evolution of large amount of ROS under the
stressed condition (Bellingeri et al., 2020). Once the accumulation
of ROS in microalgal cells reached a super high level, the
cellular ability to remove ROS via producing enough oxidative
response kinases (i.e., SOD and CAT) would be restricted and
even destroyed. Thus, the antioxidative enzymatic system may
collapse accompanying with abnormal secretion of antioxidative
enzymes. This was also demonstrated by a previous study that
some organisms can eliminate excess ROS via increasing the
production of SOD to cope with mild stress from copper, but

the content of SOD would decrease when the stress is further
aggravated (Papadimitriou and Loumbourdis, 2002).

Furthermore, CAT can be used to remove H,O, from cells
when H;0; is at a high level (Mittler, 2002). Some studies
pointed out that the CAT of microalgae can be increased when
the cells being exposed to copper and microplastics (Manimaran
et al, 2012; Zhang et al, 2021). However, the CAT content
of microalgal cultures exposed to either single or combined
pollutants increased in the first 5 ays, but decreased on Day 15
of cultivation compared with the control in this study, which was
consistent with the results of SOD content. Similar results were
observed in the study of Lozano et al. (2014), which the CAT
activity in Cylindrotheca closterium was slightly decreased when
being exposed to copper, but no details about the mechanisms.
Overall, more profound studies are required to further elucidate
the role of antioxidative enzymes and their fluctuations with the
changes of stressed conditions in the future.

CONCLUSION

This study investigated the single and combined effects of
microplastics (mPS and mPET) and B[a]P on microalgae
C. muelleri. The results showed that single mPET or B[a]P at high
concentration (i.e., 150 pg/L) have significantly inhibition on cell
density of microalgae, but mPS or B[a]P atlow concentration (i.e.,
10 pg/L) have no significant inhibition to cells. The aggregation
of mPET and microalgal cells was observed in the culture,
which may be one of contributors to the negative impact on
microalgae. The interaction between microplastics and B[a]P
is closely related to the concentration and toxicity of single
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pollutants. The synergistic effect of microplastics and B[a]P at
high concentrations might be partially attributed to the ability
of microplastics to be vector of B[a]P entering microalgal cells.
This work would help to improve the understanding of the
combined toxicity of microplastics and organic pollutants such
as B[a]P in the marine environment. More studies regarding the
interaction mechanisms of microplastics with B[a]P are required
to be elucidated in the future.
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