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ARTICLE INFO ABSTRACT

Keywords: Micro- and nanoplastics (MNPs) have been found to occur intensively in aquatic environments, along with other
H§3VY metal conventional pollutants (Po) such as heavy metals, pesticides, pharmaceuticals, etc. However, our understanding
Microalgae of how MNPs and Po interact on aquatic primary producers is fragmented. We performed a quantitative meta-
x;;?;ist?:: analysis based on 933 published experimental assessments from 44 studies to examine the coupled effects of
Pesticide MNPs and Po on microalgae. Although the results based on interaction type frequency (the proportion of each

interaction type in all results) revealed dominantly additive interactions (56%) for overall physiological per-
formance, an overall antagonistic effect was observed based on the mean interaction effect sizes. A higher
proportion of antagonistic interaction type frequency was found in marine species compared to fresh species. The
antagonistic effects were particularly significant for growth, oxidative responses, and photosynthesis, which
could be attributed to the adsorption effect of MNPs on Po and thus the decreasing concentrations of pollutants in
the medium. Larger-sized, negatively charged or uncharged and aged MNPs had higher proportions of antago-
nistic effects compared to smaller-sized, positively charged and virgin MNPs, due to their stronger adsorption
capacity to Po. This study provides a comprehensive insight into the interactive effects of MNPs and Po on
microalgae.

Physiological performance

1. Introduction

The development of plastics has brought great convenience to human
society, and they have been increasingly used in all kinds of fields since
the 1950s (Barnes et al. 2009). However, the constant input of plastics
from land via rivers and rainfall run-off has allowed MNPs (micro- and
nanoplastics) to distribute and accumulate in aquatic environments,
both freshwater and marine (Shahul Hamid et al., 2018). Microplastics
can exist in the water column for a long time due to their low-density
and hard-to-degrade characteristics, although they can evolve into
more forms, such as smaller sizes, different shapes, differently charged
states, roughened surfaces etc., after undergoing a range of physical and
chemical processes (Burrows et al., 2020; Davidson, 2012). Micro-
plastics can pose a threat to aquatic organisms regardless of their
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existence in the water column or sediments and can be transferred to
humans through, but not limited to, seafood (Alimi et al., 2018; Feng
etal., 2019; Feng et al., 2020b). Most studies of the effects of plastics on
the environment have focused on aquatic animals because they can
ingest microplastics (Gao et al., 2021b). Meanwhile, there are increasing
concerns about the effects on microalgae because they contribute about
half of global primary productivity and Oy production (Caroppo and
Pagliara, 2022). Many existing laboratory studies have demonstrated
the negative effects of microplastics on microalgae as well as neutral and
positive effects (Bergami et al., 2017; Mao et al., 2018; Zhao et al.,
2019b). For instance, polystyrene (PS) decreased the growth rate,
chlorophyll content and lipid concentration of the marine microalgae
Tetraselmis suecica and Amphora subtropica (Raju et al., 2021). Polyvinyl
chloride (PVC) (5-100 mg L) exerted adverse effects on Karenia
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mikimotoi growth, chlorophyll content and photosynthetic efficiency
(Zhao et al., 2019b). In contrast, it was also reported that PS enhanced
the growth and maximum quantum yield of stationary phase cells of
Chlorella pyrenoidosa (Mao et al., 2018). As for neutral results, those
studies using environmental relevant concentrations were usually found
to cause limited harm to microalgae (Niu et al., 2021; Phuong et al.,
2016).

Before MNPs attracted a lot of attention, more conventional pollut-
ants (Po, e.g., heavy metals, pharmaceuticals, nanoparticles, pesticides)
had attracted much research attention because of their wide distribution
in aquatic environments and potential harm to aquatic ecosystems (Pal
et al., 2010; Petrie et al., 2015). Conventional pollutants mainly come
from domestic sewage or industrial wastewater, and thus there are
relatively high concentrations in estuaries or along the coast (Batool
et al., 2016). Both freshwater and marine organisms, e.g., phyto-
plankton, zooplankton, fish, shrimp and shellfish, are threatened by
these pollutants (Zhang et al., 2016). Conventional pollutants usually
negatively influence the physiological parameters of microalgae, such as
growth, oxidative responses, photosynthesis and pigment content
(Miguez et al., 2021). For example, nonylphenol and octylphenol exer-
ted an inhibitory effect on growth, photosynthesis, and PSII activity of
C. pyrenoidosa and Scenedesmus obliquus (Yang et al., 2021) and sulfon-
amides also reduced the growth of C. vulgaris (Chen et al., 2020).

In the natural environment, MNPs and Po usually occur together.
Therefore, there has been increasing research interest in investigating
the interactive effects of MNPs and Po on microalgae. The most inves-
tigated physiological indicators include growth, photosynthesis, oxida-
tive response and pigment content. The combined effects exhibited a
range of responses, including synergistic (Tunali et al., 2020; Yi et al.,
2019), antagonistic (Fu et al., 2019; Gunasekaran et al., 2020) and ad-
ditive effects (Bellingeri et al., 2019; Gonzalez-Pleiter et al., 2021). Due
to the variability in reported responses, a quantitative meta-analysis of
the interactions between these two stressors on microalgae is needed.
Meta-analysis allows us to exclude the interference of details like
inconsistent experimental conditions and provides us with a more
comprehensive understanding. Herein, we gathered and integrated
published literature through a quantitative meta-analysis to facilitate
bridging the knowledge gap involving the combined effects of MNPs and
conventional pollutants on microalgae. The findings presented here
supply new insights into the combined impacts of MNPs and Po exposure
on microalgae, which can support decision-making processes for envi-
ronmental sustainability and ecosystem well-being.

2. Materials and methods
2.1. Literature search

We conducted a systematic review of the literatures sourced from ISI
Web of Science (v.5.35) and Google Scholar, focusing on studies that
explore experimental responses of microalgae to both micro-/nano-
plastic and conventional pollutants. Our search was driven by the
following keywords: microplastic, nanoplastic, pollutant, contaminant,
chemical, and microalgae. These investigations were carried out until 23
April 2023. Initially, we found 419 papers, which were then trimmed
down to 933 published assessments from 44 published reports upon
further scrutiny (refer to Supplementary Table S1 for more details).

2.2. Study selection criteria

We evaluated each piece of literature for its relevance, retaining only
those studies that focused on the responses of microalgae to both MNPs
and conventional pollutants through an exhaustive factorial experiment.
This particular approach involved testing the MNPs and conventional
pollutants individually and in synergy. This experimental design resul-
ted in four independent treatments: control (C), micro-/nanoplastics
(MNPs), conventional pollutants (Po), and a blend of micro-/
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nanoplastics and conventional pollutants (MNPs + Po). Only researches
satisfying this criterion proceeded to the next level of analysis. Any study
that failed to provide or made it impossible to figure out data variation
(like standard deviation, standard error, confidence intervals or vari-
ance) or sample size (absence or pseudo-replication) was not taken into
consideration, as per the guidelines outlined by the Preferred Reporting
Items for Systematic Reviews and Meta-analyses guidelines (PRISMA)
(O’Dea et al.,, 2021). We followed the PRISMA checklist for
meta-analyses and reviewed papers/experiments to maintain high
standards in reporting meta-analyses.

2.3. Data collection

We procured means, error estimates (standard deviation or standard
error of mean), and sample sizes from published figures and tables. Data
exhibited in tables was straightforward to extract. For graphical data, we
asked for the primary data from the corresponding authors. For those
data that could not be obtained through the above approaches, we uti-
lized GetData Graph Digitizer (version 2.24) for data acquisition. For
meta-analysis purposes, all harvested error estimates were converted
into standard errors. To comply with the statistical principle of inde-
pendence among observations in the meta-analysis (Hedges et al.,
1999), we gathered data at the endpoint stages (e.g., cell numbers) or
derived them via time trend, a rate (e.g., growth) reported at multiple
time intervals throughout the study. If an experiment reported identical
biological responses through various metrics at several time points, only
the most comprehensive metric for that response variable was consid-
ered to preclude pseudo-replication (Kroeker et al., 2013). Data
normalization was carried out as needed to maintain internal consis-
tency within each response.

Assessments of literature on different biological responses to
stressors encompassed: growth, cell abundance, pigment content,
photosynthesis, concentrations of biochemical compounds, and enzy-
matic rates. These responses were segregated into five categories as
outlined by Jin et al. (2019) with slight modifications, including (1)
growth (based on cell abundance or chlorophyll level per volume
water); (2) motility (based on swimming speed); (3) oxidative response
(e.g., antioxidant enzymes activities, superoxide dismutase, SOD;
oxidative stress biomarkers, malondialdehyde levels, MDA and reactive
oxygen species content, ROS); (4) photosynthesis (e.g., maximum
photochemical efficiency, Fy/Fy,); (5) pigment (e.g., the content of ca-
rotenoids and chlorophylls a, b, ¢ per cell). In addition to biological
responses, data were subdivided into subcategories based on (1) tax-
onomical classifications (Bacillariophyta, Chlorophyta, Cryptophyta,
Cyanophyta, Euglenozoa and Haptophyta), as per AlgaeBase (www.alga
ebase.org); (2) habitats (freshwater and marine); (3) exposure time (24
h, 48 h, 72 h, 96 h and >96 h); (4) the polymer type of MNPs (poly-
amide-PA, polyacrylonitrile polymer-PAN, polyethylene-PE, poly-
ethylene terephthalate-PET, polylactic acid-PLA, polyoxymethylene-
POM, polystyrene-PS, polyurethane-PU and polyvinyl chloride-PVC);
(5) the characteristic of MNPs, including size (microplastic and nano-
plastic), charge conditions (negative, neutral and positive), and aging
conditions (‘virgin’ and aged); (6) and type of conventional pollutants
(heavy metal, nanoparticle, natural organic matter, pesticide, pharma-
ceutical and plastic additive). Comprehensive details on the extracted
data can be found in Table S2.

2.4. Effect size calculation

We determined individual, main, and interactive effect sizes for each
test employing Hedge’s d (Hedges, 1984) in accordance with method-
ologies stated by Gurevitch et al. (2000). The choice of Hedge’s d over
other available measures of effect size (e.g., natural logarithm of
response ratio (InRR)) was based on the following reasons (1) it aligns
with the ANOVA model utilized in numerous publications where a sig-
nificant interaction effect size indicates deviation from the null model of


http://www.algaebase.org
http://www.algaebase.org

J. Ge et al.

additive effects (Gurevitch et al., 2000); (2) it remains unaffected by
unequal sampling variances in the associated groups and includes a
correction factor (J(m), see below) for small sample sizes; and (3) it is
frequently used as a metric for meta-analyses, thus facilitating com-
parisons with findings reported elsewhere (Jin et al., 2021, 2022).

Individual effects denote the response when a singular stressor is
present relative to the control, while main effects contrast the net effect
of a stressor in the presence and absence of another stressor. The indi-
vidual effects of MNPs (d;,) and conventional pollutants (d,,) were
calculated with respect to the control (d;) using this equation (Crain
et al., 2008; Gurevitch et al., 1992):

where Y, Ypo, and Y, are means of a variable in the treatment groups of
MNPs, conventional pollutants, and the control correspondingly; s and J
(m) signify pooled standard deviation and correction term for small
samples, which were calculated using the equations below:

o (n.—1)s2 + (nm,,fl)sfnp + (n,,ofl)slzm + (ﬂmp+pa*1)53,,p+,,0
’ ne + nmp + npo + nm/7+p074

where ne, Ny, Mo, and Ny, o o represent the sample sizes, and sc, Smp, Spos
and Sy 4 po are the standard deviations in the control and experimental
groups of MNPs, Po and their combination (MNPs + Po), respectively; m
denotes the degree of freedom (m = n¢ + Nyp + NMpo + Nmp + po — 4). The
main effects of MNPs (dyp), Po (dpo), and their interaction (dyp + po)
were deduced as follows:

(Yup + Yuprro) — (Ypo + Yc)

de = 25 J(m)
Y — Y
dpo =110 Yorer0) = Wi 7€) 5,
S
Y, —Ypo) — (Yup — Yo
dMP+P0 _ ( MP+PO PO) ( MP C) J(m)

2s

For an individual effect d, (where z is mp or po), the sampling vari-
ance is (Gurevitch et al., 2000):

p et ne &
T onne  2(n. +ne)

and for a main effect dz (where Z is MP or PO), the sampling variance is
(Gurevitch et al., 2000):

111 1 1 &

vg== —4+—
2(nyp + npo + nuprpo + nc)

4 |nup  npo  nupipo  Nc

The variance vz (where Z is MP + PO) for interaction was computed
as:

11 11 &

Vg =— +—+
nyp  Npo 2(nyp + npo + nyprpo + nc)

nyprpo  Nc

If the response traits indicate stress (e.g., activities of superoxide
dismutase (SOD), contents of malondialdehyde (MDA) and reactive
oxygen species (ROS)), the above-calculated effect sizes were trans-
formed using the formula: 0-d, where d represents the main or individual
effect of MNPs, conventional pollutants, or their interaction.

Consistent with Crain et al. (2008), we utilized individual effect sizes
to categorize the interactions of MNPs and Po into one of three types, i.
e., additive, synergistic or antagonistic. If the 95% CI of the interaction
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term overlapped with zero, it was interpreted as an additive interactive
effect. Where individual effects were either both negative or one positive
and one negative, interaction effects <0 were seen as synergistic while
effects >0 were deemed antagonistic. If both stressors had a positive
individual effect then interaction types were interpreted the opposite
way, i.e., interaction effects <O were antagonistic and >0 were syner-
gistic (Piggott et al., 2015).

2.5. Statistical analyses

All analyses were performed with the statistical software R (R
version 4.1.3), utilizing the function rma. mv (meta-analysis via multi-
variate/multilevel linear mixed-effects models) available in the metafor
package (Viechtbauer, 2010). Initially, the escalc function was used to
perform a weighted meta-analyse for estimating the mean interaction
effect sizes and variances across diverse studies. In each analysis, we
considered “Observation ID” as a random-effect to account for the
random component of effect size variation among observations (Gur-
evitch and Hedges, 1993) (refer to Supplementary Table S3 for equa-
tions and model details). Additionally, with the application of
random-effects meta-analyses, we then applied a series of mixed ef-
fects meta-analyses where selected categorical moderators (e.g., taxon,
habitat, response trait, exposure time, characteristic of MNPs and type of
conventional pollutants) were considered fixed effects to assess mean
interactions at each category level (refer to Table S3 for model terms).
To ascertain the frequency of interaction types, we calculated the pro-
portion of each interaction type within all results, compared these using
a chi-square test across different groups within the same category. For
maintaining the robustness of the analysis, categories with fewer than
four samples (n < 4) were not included in the analysis. Within these
analyses, heterogeneity between (Qy) and within (Qg) moderator levels
(e.g., taxon, response trait, habitat) was compared using mixed models
to ascertain the significance of each categorical moderator (Borenstein
et al., 2011). A notable Q7 (total heterogeneity) suggests that the vari-
ance of effect sizes across different studies surpasses what would be
expected from sampling error, hinting a possible inherent data structure.
Qu describes the amount of heterogeneity, which can be attributed to
the chosen categories (refer to Table S3 for model structure). A signifi-
cant Qy implies that the categorical moderator exerts a substantial ef-
fect. Qg describes the amount of heterogeneity, which remains
unexplained when the model is considered. Thus, a significant value of
Qg signifies the presence of additional variance within effect sizes that
requires explanation.

Methodological factors such as MNPs concentration, Po concentra-
tion, MNPs size and experimental duration could potentially influence
the effect size. Therefore, we determined a range of continuous variables
above for each data point where viable. Subsequently, a continuous
random-effects meta-analysis was conducted to examine the influences
of these factors on the effect size, treating MNPs concentration, Po
concentration, MNPs size and duration of experiment as distinct
continuous variables (Kroeker et al., 2013). Linear or quadratic re-
gressions were utilized to quantify the relationship. Moreover, since the
ranges of MNPs/Po concentration and MNPs size varied largely among
different studies, we calculated the log base 10 of these variables as x
axis. Additionally, separate random-effects meta-analyses were con-
ducted for each response trait to analyse these data more detailed.

We tested for publication bias through Rosenthal’s fail-safe numbers
method to assess the reliability of observed effects (Rosenthal, 1979).
Rosenthal’s fail-safe number denotes the number of non-significant ef-
fect sizes required to alter the significance level (p-value) as reported by
the model. We calculated a fail-safe number of 294,600 noticeably
exceeding the minimum threshold suggested based on our sample size
(294,600 > 5n+10, where n representing the total number of observa-
tions). Additionally, the trim and fill method (Duval and Tweedie, 2000)
was employed to estimate any missing studies required to restore sym-
metry in the funnel plot for the overall dataset, which failed to identify
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ultimately (missing studies = 0). After passing these two tests, we
concluded that our data set showed no signs of publication bias.

3. Results and discussion
3.1. Overview of the datasets

Forty-four articles reporting 933 assessments of microalgal responses
to MNPs and Po were analysed in this study, and the data sources can be
found in Supplementary Table S1. The majority of observations were
from Chlorophyta (n = 549, 59% of total observations) and Cyanophyta
(n = 278, 30% of total observations), with approximately 1~6% of the
assessments recorded for Bacillariophyta, Cryptophyta, Euglenozoa and
Haptophyta (Table S3). Most of the data points stem from studies with
microalgae from freshwater habitats (n = 672), with 261 observations
from marine habitats (Fig. 1a). Based on the selection criteria, our
analysis included five different response traits, which were growth (n =
382), motility (n = 10), oxidative response (n = 341), photosynthesis (n
= 84) and pigments (n = 90) (Fig. 1b). Most studies (475) used poly-
styrene (PS), and accounted for 78% of all polymer materials (Fig. 2a).
In addition, the data with smaller-sized, uncharged and virgin MNPs had
higher proportions (55%, 69% and 93%, respectively) compared to
smaller-sized, positive or negative charged and aged MNPs (Fig. 2b).
Short-term experiments (<96 h) dominated the assessments (89%)
(Fig. 1b), with a maximum study duration of 28 days (S’ anchez-Fortiin
et al., 2022). Finally, our analysis also included six different conven-
tional pollutants according to specific type, which were heavy metals (n
= 237), nanoparticles (n = 167), natural organic matter (n = 30), pes-
ticides (n = 248), pharmaceuticals (n = 206), and plastic additives (n =
35) (Fig. 3).

Globally, our results showed a significant (i.e., the 95% CIs did not
overlap with zero) negative effect of both MNPs, dyp (Hedge’s d =
—2.875, 95% CI = [—3.328, —2.423], Z = —12.460, p < 0.001) and
conventional pollutants, dpo (Hedge’s d = —4.146, 95% CI = [—4.669,
—3.624], Z = —15.546, p < 0.001) alone on microalgae, which is
consistent with most previous studies (Chen et al., 2020; Yang et al.,
2021). However, the 95% CI of the overall interaction term, dyp -+ po
showed a positive effect (Hedge’s d = 1.918, 95% CI = [1.570, 2.266], Z
=10.812, p < 0.001) (Fig. 1a & Table S3). These results suggested that
the negative effects of both MNPs and Po on microalgae were reversed
by their combination, leading to a positive effect. Although adverse ef-
fects of conventional pollutants have been widely found (Chen et al.,
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pollutants at low concentrations could enhance microalgal growth (Gu
et al., 2020; Lozano et al., 2014). This could explain how the combi-
nation of MNPs and Po stimulated the physiological performance of
microalgae as the adsorption of Po by MNPs can lead to decreases in the
concentrations of Po to stimulatory levels.

Regarding the interaction type frequency, our results showed that
additive effects dominated (56%), followed by over a quarter of antag-
onistic effects (37%) and a small fraction of synergistic effects (7%)
(Fig. 1a). The relatively smaller proportion of antagonistic interactions
outweighed additive and synergistic interactions, which led to opposite
responses when MNPs and Po acted together (Fig. 1a). This antagonistic
interaction has also been reported in previous studies. For instance, the
strong adsorption capacity of MNPs for glyphosate resulted in antago-
nistic effects when combined, reducing their ability to inhibit the growth
of Microcystis aeruginosa (Zhang et al., 2018). Furthermore, growth of
C. vulgaris was inhibited by Cu?*, but was stimulated by the combination
of Cu?* and MNPs (Fu et al., 2019). The adsorption of Cu?" by MNPs
may explain the stimulating effect since some studies show that MNPs
can adsorb other environmental pollutants due to their hydrophobicity
and large specific surface area (Holmes et al., 2014; Liu et al., 2022).

3.2. Response of different microalgae phyla and habitats to MNPs and Po

Overall, significant differences among microalgal taxonomic groups
were found when assessing their responses to MNPs (Qy = 53.804, p <
0.001) and Po (Qy = 72.834, p < 0.001) (Table S3 and Fig. 1a). MNPs
showed negative effects on Bacillariophyta (Hedge’s d = —2.158, 95%
CI = [—4.033, —0.282], Z = —2.255, p = 0.024), Chlorophyta (Hedge’s
d = —1.936, 95% CI = [-2.509, —1.364], Z = —6.633, p < 0.001) and
Cyanophyta (Hedge’s d = —5.339, 95% CI = [—6.149, —4.529], Z =
—12.916, p < 0.001), while Po exerted negative effects on Chlorophyta
(Hedge’s d = —2.906, 95% CI = [-3.560, —2.252], Z = —8.713, p <
0.001), Cyanophyta (Hedge’s d = —7.428, 95% CI = [—8.352, —6.504],
Z = —15.757, p < 0.001) and Euglenozoa (Hedge’s d = —2.933, 95% CI
= [-5.763, —0.102], Z = —2.030, p = 0.042), suggesting that Chlor-
ophyta and Cyanophyta are sensitive to both MNPs and Po (Fig. 1a). No
significant effects of either MNPs or Po were found for Cryptophyta or
Haptophyta (all p > 0.05) (Fig. 1a). This could be attributed to motility
of algae in these two phyla because algal motility can help them escape
from environmental stress (Margalef, 1978). In addition, the limited
number of data sets (n = 3 for Cryptophyta and n = 22 for Haptophyta)
may also contribute to the large variance, leading to statistical insigni-
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Fig. 1. Mean effect sizes (Hedge’s d) of micro- and nanoplastics (MNPs) (red), pollutants (Po) (blue) and their interaction (green) observed for the overall dataset,
different phylum, habitats (a), and microalgal response trait and exposure time (b). Error bars indicate 95% confidence intervals. Significant effects are denoted by
asterisks. For interactions, confidence intervals overlapping 0 indicate additive effects; those >0 or <0 indicate a significant antagonistic (highlighted with the letter
“a”) or synergistic interaction, respectively. Pie charts indicate the frequencies (%) of additive (black), synergistic (gray) and antagonistic (white) interaction types.
Numbers inside pie charts indicate the number of observations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Bacillariophyta (Hedge’s d = 2.180, 95% CI = [0.727, 3.632], Z = 2.941,
p = 0.003), Chlorophyta (Hedge’s d = 2.390, 95% CI = [1.930, 2.851],
Z =10.168, p < 0.001) and Cyanophyta (Hedge’s d = 1.415, 95% CI =
[0.799, 2.032], Z = 4.499, p < 0.001) all showed significant positive
responses, while the remaining taxonomic groups were tolerance (all p
> 0.05). In terms of interaction type frequency, additive interactions
were prevalent in all taxonomic groups (47-91%), followed by antag-
onistic interactions (9-47%) (Xz =77.481,p < 0.001, df =10, n = 933,
Fig. 1a & Table S4). However, there were more synergistic interactions
than antagonistic interactions for Euglenozoa (Fig. 1a). Algal species in
Euglenozoa can ingest MNPs like zooplankton and thus the antagonistic
interactions between MNPs and Po are reduced but the synergistic in-
teractions were enhanced (Sun et al., 2021).

Microalgae from either freshwater or marine habitat showed signif-
icant negative responses to MNPs (both p < 0.05) (Qu = 2.796, p =
0.095) (Fig. 1a & Table S3). Exposure to conventional pollutants also
exerted negative effects on microalgae both from freshwater (Hedge’s d
= —4.998, 95% CI = [-5.602, —4.394], Z = —16.216, p < 0.001) and
marine habitats (Hedge’s d = —1.912, 95% CI = [—2.883, —0.941], Z =
—3.859, p < 0.001). Effect size was different for freshwater and marine
microalgae, with freshwater microalgae being more sensitive to the
stress of Po (Qy = 27.981, p < 0.001) (Fig. 1a & Table S3). When MNPs
and Po acted together, however, both freshwater and marine microalgae
were positively impacted (both p < 0.001), with a larger effect size for
marine species (Qy = 21.157, p < 0.001). There were also significant
differences in the frequency of interaction type between two habitats (32
= 36.631, p < 0.001, df = 2, n = 933), and the antagonisms showed a
higher proportion in marine (52%) than freshwater (32%) habitats
(Table S4). Our results could be well explained by Liu et al. (2020), who
argued that the salinity of water could influence the aggregation of

MNPs and Po and thus affect their toxicity. As solid evidence, Vocken-
berg et al. (2020) had proved that the sorption capacity of MNPs to
amine micropollutants increased with increasing salinity. Additionally,
pH (Holmes et al., 2014) and temperature (Fonte et al., 2016) are also
critical environmental factors that could influence the interaction be-
tween MNPs and Po, which should be considered in further research. To
sum up, the present study demonstrates that microalgae from different
phyla respond differentially to individual effects of MNPs or Po and their
combined effects, which suggests that the responses of microalgae to the
combination of MNPs and Po are species and habitat dependent.

3.3. Response of different physiological parameters to MNPs and Po

There was high variability of effect sizes among different response
traits when exposed to MNPs (Qy = 33.620, p < 0.001) or conventional
pollutants (Qy = 68.358, p < 0.001) (Fig. 1b & Table S3). Growth pa-
rameters showed a significant negative response to MNPs or Po alone
(MNPs: Hedge’s d = —4.464, 95% CI = [-5.173, —3.755], Z = —12.342,
p < 0.001; Po: Hedge’s d = —6.598, 95% CI = [-7.399, —5.797], Z =
—16.142, p < 0.001). Oxidative parameters responded similarly but to a
relatively smaller extent (MNPs: Hedge’s d = —2.264, 95% CI =
[-3.011, -1.516],Z = —5.937,p < 0.001; Po: Hedge’s d = —1.935, 95%
CI = [-2.780, —1.091], Z = —4.493, p < 0.001) (Fig. 1b). It is not
surprising that MNPs or Po alone exert negative effects on growth and
oxidative response of microalgae as many previous studies have shown
these phenomena (Chen et al., 2020; Gao et al., 2017). It has been
documented that growth and oxidative response may be the parameters
most sensitive to environmental pollutants (Fu et al., 2019; Liao et al.,
2020). Our results confirmed this conclusion by analysing 933 sets of
data. In addition, exposure to conventional pollutants rather than MNPs
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dramatically decreased algal photosynthesis (Hedge’s d = —2.356, 95%
CI = [-4.050, —0.662], Z = —2.726, p = 0.006) and pigment content
(Hedge’s d = —4.736, 95% CI = [-6.391, —3.080], Z = —5.607, p <
0.001) (Fig. 1b). However, when MNPs and Po acted together, growth
(Hedge’s d = 1.558, 95% CI = [1.028, 2.089], Z = 5.758, p < 0.001),
oxidative parameters (Hedge’s d = 3.344, 95% CI = [2.749, 3.938], Z =
11.021, p < 0.001) and photosynthesis (Hedge's d = 2.104, 95% CI =
[0.961, 3.247], Z = 3.608, p < 0.001) had significant positive responses,
indicating that MNPs and Po had an antagonistic effect (Fig. 1b). This
may also be related to the adsorption of conventional pollutants to
MNPs, which leads to the decreased availability of Po in waters. It has
been reported that Po at low concentrations could stimulate the oxida-
tive response (e.g., enhanced SOD) of microalgae (Gunasekaran et al.,
2020). The enhanced oxidative response can reduce the harm caused by
ROS, alleviating the negative effects on growth. Elevated enzyme ac-
tivity could indirectly promote the performance of photosynthesis and
growth in the cellular level. Additionally, Po at low concentrations could
stimulate the growth of microalgae directly through providing necessary
elements (Gu et al., 2020; Lozano et al., 2014), e.g., Cu and Fe ions were
important components for relative photosynthetic proteins; the leaching
out of few MNPs additive is also confirmed to slightly stimulate algal
growth, known as “Hormesis” phenomenon (Chae et al., 2019). Po also
reduced pigment content of microalgae while MNPs or MNPs + Po did
not show significant effects (Fig. 1b). Neither MNPs nor Po showed in-
fluences on microalgal motility (Fig. 1b), indicating microalgal motility
is tolerant to these two environmental stressors. Meanwhile, more
studies are needed to justify this conclusion because there are only 10
data sets available for motility.

There were significant differences in the frequencies of interaction
types among various physiological traits (y*> = 118.569, p < 0.001, df =
8, n = 907) (Fig. 1b). Although additive interactions were prevalent in
all physiological traits, their proportion varied: 43% for oxidative
response and 100% for motility. Growth had a middle antagonistic
interaction type frequency (27%) with oxidative response most (53%)
and motility least (0%), which suggests that growth is the integrated
result of other parameters after regulation and trade-off between them.
Synergistic interactions were the least frequent type in all physiological
traits (0-24%) (Fig. 1b).

3.4. The effects of MNPs with different characteristics on effect size

Regarding the polymer type of MNPs (Fig. 2a), only PS showed
negative effects on physiological performance of microalgae (PS: Hed-
ge’sd = —3.612, 95% CI = [—4.144, —3.080], Z = —13.302, p < 0.001).
PS is recognized as more toxic than other types of MNPs (Podbielska and
Szpyrka, 2023). There were also significant differences among MNPs
polymer types when evaluating the interaction of MNPs and Po (Qy =
16.358, p = 0.038). The combination of PA, PE, PS, or PVC with Po had a
positive effect on microalgae while the combination of other polymer
types with Po did not show significant effects. Different frequencies of
interaction type were also found among MNPs polymer types, with PA
(63%), PVC (58%) and PE (39%) having higher proportion of antago-
nistic interaction (X2 =72.936, p < 0.001, df = 16, n = 902) (Fig. 2a &
Table S4). Different polymer materials of MNPs possess different abili-
ties to adsorb smaller-size matters or molecular-form pollutants. It was
reported that PE possesses the highest adsorption ability, followed by PP
and PVC (Alimi et al., 2018; Teuten et al., 2009), which could partially
explain the higher proportions of antagonism for PVC or PE with Po.

As for MNPs size (Fig. 2b), both microplastics and nanoplastics
exerted negative effects on microalgae (MP: Hedge’s d = —0.990, 95%
CI = [-1.636, —0.344], Z = —3.005, p = 0.003; NP: Hedge’s d =
—4.436, 95% CI = [-5.030, —3.842], Z = —14.642, p < 0.001).
Meanwhile their combined effects with Po appeared to be positive (both
p < 0.05) and microplastics (Hedge’s d = 2.276) showed larger positive
effect than nanoplastics (Hedge’s d = 1.578) in combination with Po.
There were significant differences in the frequencies of interaction type
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between the two scales of MNPs (X2 =16.515, p < 0.001, df = 2, n =
933), and the proportion of antagonism in microplastics (44%) was
higher than in nanoplastics (32%). The results above suggest that the
size of MNPs also plays a decisive role when MNPs act with Po. Previous
work based on transcriptomic analysis has also revealed that Cd + PS-
NPs is more toxic than Cd + PS-MPs to Euglena gracilis (Liao et al., 2020).
As for a lower proportion of antagonistic interactions between nano-
plastics and Po, the main reason may be that nanoparticles could destroy
the cytoplasmic membrane of microalgae by contact and enhance its
permeability so that more free-form Po can enter cells (Cao et al., 2022;
You et al., 2021). It has been documented that higher intercellular Cu
content in Platymonas helgolandica could be found while cultured with
nano PS compared to micro PS (Gao et al., 2022).

For MNPs charge conditions (Fig. 2b), negatively charged (Hedge’s d
= —5.742, 95% CI = [-7.437, —4.047], Z = —6.640, p < 0.001),
neutrally (Hedge’s d = —1.032, 95% CI = [-1.540, —0.523], Z =
—3.976, p < 0.001) and positively charged (Hedge's d = —7.504, 95%
CI = [-8.360, —6.648], Z = —17.181, p < 0.001) MNPs all presented
negative effects on microalgae. Also, there was a consistent result when
MNPs acted with Po, revealing a positive effect on microalgae (all p <
0.05). The frequencies of interaction type among these three categories
showed significant differences (X2 =33.453,p < 0.001, df =4, n = 904),
where negatively charged MNPs had the highest proportion of antago-
nistic interactions with Po (67%), followed by neutral MNPs (39%), and
positive charged MNPs being the lowest (28%). Previous studies showed
that carboxylated (negatively charged) polystyrene microplastics
decreased the TiOy nanoparticles toxicity to Chlorella sp. (Thiagarajan
etal., 2019; Thiagarajan et al., 2021). This finding is consistent with our
results, which could be attributed to the negatively charged cell mem-
brane and cell wall of microalgae, so it is harder for negatively charged
MNPs that trap pollutants to make contact with microalgae because the
same charges repel each other. There were also some exceptions; for
example, PS-SOsH combined with tetracycline enhanced the toxicity of
single negatively charged PS-SOsH or tetracycline alone on S. costatum
(Feng et al., 2020a). As such, special exceptions such as this should also
be taken into consideration and need further exploration.

For MNPs of different aged conditions (Fig. 2b), both virgin and aged
MNPs exposure showed significant negative effects on microalgae
(Virgin: Hedge’s d = —2.913, 95% CI = [-3.382, —2.445], Z = —12.185,
p < 0.001; Aged: Hedge’s d = —2.356, 95% CI = [—4.105, —0.606], Z =
—2.639, p = 0.008). And the combination of MNPs and Po had positive
effects on microalgae for both virgin and aged MNPs (both p < 0.001).
However, there existed significant differences in frequency of interac-
tion type (x? = 28.243, p < 0.001, df = 2, n = 933), and the proportion of
antagonism in aged MNPs (60%) was largely higher than that in virgin
MNPs (36%). Aged MNPs have more rough surface areas and more
micropores, which could adsorb more other pollutants and thus may
reduce their toxicity (Fu et al., 2019; Wang et al., 2021).

3.5. The effects of different conventional pollutants on effect size

Although the adsorption of Po to MNPs has been widely reported (Li
et al., 2022; Santana-Viera et al., 2021; Wang et al., 2020c; Wang et al.,
2020a), there are few comparisons of different pollutant types when
acting together with MNPs on microalgae. Chemical bonding could be
found between MNPs and the antibiotic sulfamethoxazole while elec-
trostatic force interaction was reported to be the main adsorption
mechanism between heavy metals and microplastics (Liu et al., 2022;
Zhang et al., 2022). According to the various properties of different
conventional pollutants, we hypothesized that they may have differen-
tial effects on microalgae when interacting with MNPs. Our results
showed that except for natural organic matter (e.g., humic acids), the
physiological performances of microalgae were negatively impacted
when exposed to other conventional pollution, especially pesticides
(Hedge’s d = —6.628, 95% CI = [-7.165, —5.641], Z = —13.168, p <
0.001), pharmaceuticals (Hedge’s d = —5.664, 95% CI = [—6.749,
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—4.579], Z = —10.236, p < 0.001) and plastic additive (Hedge’s d =
—5.358, 95% CI = [-7.966, —2.750], Z = —4.027, p < 0.001) that
showed more significantly negative effects (Fig. 3). After combining
with MNPs, high variability among pollution types was found (Qu =
67.255, p < 0.001) (Table S3); MNPs positively impacted the physio-
logical performances of microalgae with heavy metals, nanoparticles,
pesticides, pharmaceuticals and plastic additives (all p < 0.05) but had
neutral effects for natural organic matter (Fig. 3). Similarly, we found
that the frequencies of interaction types differed significantly among
various conventional pollutants (X2 =133.018,p < 0.001, df =10, n =
923) (Table S4). Additive interaction accounted for 56-93% of obser-
vations for most pollutant types. In terms of antagonistic interaction,
highest proportion was found in nanoparticles (71%) followed by plastic
additives (48%), heavy metals (37%) and pesticides (31%), with the
least in pharmaceuticals (21%). The highest proportion of antagonistic
interaction in nanoparticles may be attributed to the strong aggregation
between MNPs and nanoparticles (Li et al., 2021; Thiagarajan et al.,
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2021). Po that has lower proportions of antagonistic interaction usually
has weaker adsorption ability to MNPs. For instance, the adsorption
amounts of pharmaceuticals (34—111 ng g~ 1) to MPs are lower than that
(61-963 ng g’l) for pesticides (Santana-Viera et al., 2021; Wang et al.,
2020a). Synergistic interaction was the least frequent (0—11% of ob-
servations) for all pollutant types (Fig. 3).

3.6. The effects of continuous variables on the effect size of microalgal
physiology

To assess whether MNPs and Po concentration, MNPs size and
exposure time influence effect size, we mined data on these factors with
different magnitudes, and tested their relationship with effect size using
general linear models or nonlinear models.

For MNPs concentration, it has been reported that the negative ef-
fects of MNPs on microalgae increased with increasing MNPs concen-
tration in several physiological responses (e.g., growth, F,/Fp and
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pigment) (Gao et al., 2021b). The present study showed a similar trend,
where the negative effects became larger with the increase of MNPs
concentration (Fig. 4a & Table S5). In contrast, the relationship tended
to be positive from neutral when MNPs acted with Po, although there
was insignificant in statistical analysis (Fig. 4c & Table S5), indicating
that their combined effects were likely to be buffered or antagonistic.
Enhanced aggregation could reduce the concentration of MNPs and Po
and thus the positive effects of MNPs combined with Po became more
apparent with the increase of MNP concentration. For Po concentration,
negative effects firstly decreased with enhanced Po concentration in the
low concentration scale (<~4.395 mg/L) and then increased with Po
concentration (quadratic regression, y = —32.16x> - 41.36x - 5.08, p =
0.031) (Fig. 4e). Nevertheless, there was a flat trend when MNPs acted
with Po, and the value of Hedge’s d close to zero all the time (Fig. 4f &
Table S5), suggesting MNPs alleviate the negative effects no matter at
low or high concentrations of Po.

It was not surprising that the physiological performances of micro-
algae to MNPs alone were positively correlated, from minus tend to zero,
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with increasing MNPs size (Fig. 4g & Table S5), suggesting that negative
effects of MNPs on microalgae were buffered with increasing MNPs size.
Meanwhile, persistent negative values under Po treatment were adjusted
to neutral in the nearly all MNPs size (Fig. 4h, I & Table S5). Exposure
time did not show significant effects on physiological performances of
microalgae cultured under any conditions (Fig. 4 j-1 & Table S5).

3.6.1. The effects of continuous variables on the effect size for growth
After analysing the dataset of growth, nearly the same patterns as the
overall parameter were found (Fig. 5), although the linear or nonlinear
trends are not statistically significant (all p > 0.05, Table S6). The
negative effects of MNPs or Po on growth showed a rising trend with
increasing concentration of MNPs or Po (Fig. 5a and d), while an
increasing positive effect and a flat trend were found respectively, when
MNPs and Po combined (Fig. 5c and f). The positive effect turned to
become a negative effect on microalgal growth with the increase of
MNPs concentration (Fig. 5a). This positive effect is consistent with that
of Song et al. (2020) who showed that the activity of microalgae could

Interaction

50- ¢
25-

0-

-25-

_50 L 1 1 L} ] 1
-50 -25 00 25 50
Log MNP concentration (mg L‘1)

S
° [ ]
25- .
o
o-ﬂ'wwiﬁ#“
_25-
[ ]
_50_

-30 -15 00 15 30
Log Po concentration (mg L’1)

50-

1 1 1 ] _50 L 1
100 200 300 400 0
Exposure time (h)

100 200 300 400
Exposure time (h)

Fig. 5. The effect of MNP concentration (mg LY (a-0), pollutant concentration (mg LY (d-f), MNP size (pm) (g-i) and exposure time (hour) (j-1) on the effect size
(Hedge’s d) of micro- and nanoplastics (MNPs), pollutants (Po) and their interaction in growth. The data were fitted with linear regressions or binomial regressions.



J. Ge et al.

be stimulated by low levels of additives leaching from MNPs. Mean-
while, harms of MPs was generally observed with further increasing
MNPs concentration (Zhao et al., 2019a). However, an opposite trend is
found under the treatment of MNPs + Po (Fig. 5¢). The adsorption of Po
to MNPs was attributed to this phenomenon.

3.6.2. The effects of continuous variables on the effect size for oxidative
response

Microalgal oxidative response increased firstly with increasing MNPs
concentration for MNPs treatment and then decreased after the MNPs
concentration reached approximately 1 mg L™} (Fig. 6a & Table S7)
(quadratic regression, y = 24.47x% - 0.02x - 2.63, p = 0.014); however, it
showed an opposite trend for MNPs + Po treatment (Fig. 6¢ & Table S7)
(quadratic regression, y = —78.43x> - 3.19x + 9.32, p = 0.012), sug-
gesting the negative effects of MNPs or Po alone on the oxidative
response of microalgae would turn to be positive when they acted
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together with increasing MNPs concentration. In the beginning,
increasing positive results under MNPs + Po treatment could be
explained with effective adsorption of MNPs to Po; however, the toxicity
of MNPs tended to appear with further increasing MNPs concentration.
Similar trends were also found with increasing Po concentration
(Fig. 6d, f & Table S7) (quadratic regression, y = —99.47x> + 0.50x +
9.56, p = 0.001), suggesting that low concentration of Po benefits the
positive feedback of oxidative response firstly, and then reduced.

For MNPs size, the negative effects of MNPs on microalgal oxidative
response declined with increased MNPs size (Fig. 6g) while an opposite
trend was found for Po treatment (Fig. 6f). For MNPs + Po treatment, the
positive effects on oxidative response increased with MNPs size (Fig. 6i
& Table S7) (quadratic regression, y = 29.86x2 - 88.50x + 9.32, p =
0.012). NPs (600 nm), approaching to MPs, could reduce the oxidative
stress induced by ibuprofen by accelerated the degradation of ibuprofen
in Chlorella pyrenoidosa (Wang et al., 2020b). Liao et al. (2020) also
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reported that the combination of MPs (5 pm) with Cd imposed lower
inhibition on growth of Euglena gracilis compared to the combination of
NPs (100 nm) and Cd, which could be attributed to smaller harm from
MPs to photosynthesis-related pathways. In addition, negative effects
under MNPs alone and positive effects under MNPs + Po treatment after
short-term culture both tended to be neutral as culture time extended
(Fig. 6j and 1), indicating algal recovery and acclimation to MPNs and
Po.

3.6.3. The effects of continuous variables on the effect size for
photosynthesis

Photosynthesis is an important index to evaluate the state of algal
cells (Hartmann et al., 2014). The photosynthetic response to either
MNPs or Po alone did not significantly change with increasing MNPs
concentration, as well as MNPs + Po treatment (Fig. 7a—c & Table S8).
The negative effect of Po alone on photosynthesis increased obviously
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with increasing Po concentration (Fig. 7e & Table S8), suggesting the
apparent harm from Po to photosynthesis. Our results showed that the
negative effect of Po was alleviated in the presence of MNPs, and their
joint effect with Po was not significantly affected by Po concentration
(Fig. 7e, f & Table S8).

The effect size of MNPs on microalgal photosynthesis changed from
negative to zero with increasing MNPs size (Fig. 7g). However, there was
no significant trend for MNPs + Po treatment (Fig. 7i & Table S8). The
individual effect of Po on photosynthesis was significantly affected by
exposure time; the negative effect increased first and then decreased
with extended exposure time (Fig. 7 & Table S8) (quadratic regression,
y = 4.48x2 + 7.51x - 2.37, p = 0.028), which could be attributed to rapid
toxicity of Po in short term and recovery after a longer period of accli-
mation. No significant relationship between the effects of MNPs alone or
MNPs + Po treatment on photosynthesis and exposure time was found
(Fig. 7j, 1 & Table S8).
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3.6.4. The effects of continuous variables on the effect size for pigments
The individual effect size of MNPs on pigment content of microalgae
turned to negative values and then levelled off gradually with increasing
MNPs concentration (quadratic regression, y = 6.92x - 14.48x - 1.59, P
= 0.001). However, Po alone or their joint effect was not obviously
affected by MNPs concentration (Fig. 8a—c & Table S9). Similarly, the
response of pigments to Po alone (quadratic regression, y = —31.02x? -
48.55x - 6.13, p < 0.001) was negatively correlated with increasing Po
concentration, but this phenomenon disappeared in the combined
interaction (Fig. 8e & Table S9), suggesting joint action greatly reduced
the toxicity of MNPs or Po to pigment despite at their respective higher
concentrations. However, it has also been observed that microplastics-
pharmaceutical mixtures led to a reduction in pigment content of Tet-
raselmis chuii to a larger degree than the pharmaceuticals alone, which
was explained by the acceleration of uptake of the pharmaceuticals
induced by microplastics (Prata et al., 2018). Our results indicate that
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antagonistic interaction due to the adsorption of Po to MNPs dominates
their effects on pigment content of microalgae although there are also
some exceptions.

For MNPs size, no significant relation between the effect size of MNPs
or Po on pigment content and MNPs size was found (Fig. 8g, h and
Table S9). Nevertheless, the effect size of MNPs + Po tended to negative
firstly and then turned to neutral with increasing MNPs size (quadratic
regression, y = 18.09%% - 4.23x - 1.16, p < 0.001, Fig. 8i), suggesting
MNPs may have the most destructive power to cell membrane so that
more Po can enter cells (Thiagarajan et al., 2019) when the cell size is
around 1.3 pm. MNPs can influence the cell membrane protein function
and generate a gap between the cell wall and cell membrane, which
induces the damage of Po to the internal biochemical composition,
including protein and pigment content (Huang et al., 2019; Wang et al.,
2023). The specific reasons for this tipping point remain unknown and
more studies are needed to confirm this result and explore potential
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mechanisms. In addition, we did not observe a changeable trend for
exposure time in pigment content when exposure to MNPs, Po alone or
their combined effect (Fig. 8j-1 & Table S9).

4. Conclusions and future research needs

This study is the first to systematically analyse the interaction be-
tween MNPs and Po on physiological performance of microalgae using
meta-analysis. The findings demonstrate that the overall negative effects
of MNPs or Po alone disappear when they act together, and even turn to
positive effects, suggesting antagonistic effects between MNPs and Po
when acting on microalgae. This may be caused, to a large extent, by the
adsorption of Po to MNPs. Therefore, if there are techniques that can
capture MNPs effectively from waters, they can also remove a large
number of Po adsorbed by MNPs at the same time. It is worth noting that
the overall antagonistic effect between MNPs and Po does not mean that
the input of MNPs and Po into aquatic environments can be ignored
because there are still many studies showing substantial additive, and a
fraction of synergistic, effects of MNPs and Po on microalgae. There are
actually more studies showing additive effects although the smaller
proportion of antagonistic interactions outweigh additive actions based
on the mean interaction effect sizes (Hedge’s d) and variances.
Furthermore, MNPs could act as vectors or carriers to concentrate and
transport biological and chemical pollutants, which can be ingested by
microalgae in small MNPs size and more easily for aquatic animals,
aggravating the toxicity of Po. In terms of future research needs, we put
forward some suggestions.

4.1. Experiment design and date presentation

Full factorial experimental design is recommended. The data of
Control, micro-/nanoplastics alone (MNPs), conventional pollutants
alone (Po), and a mixture of micro-/nanoplastics and conventional
pollutants (MNPs + Po) are needed for satisfying the requirement of
meta-analysis. Raw data is encouraged to be deposited in a publicly
accessible repository so that they can be reused easily.

4.2. Environmental reality

It is suggested that the setting of concentrations and characteristics
of MNPs and Po should be taken into account in an environmentally real
manner. This means that research should consider the real-world levels
and behaviours of these substances within natural environments, mir-
roring their actual occurrences and impacts on ecosystems. By doing so,
the results derived from such experiments will have higher ecological
validity and applicability, providing a more accurate understanding of
the ongoing environmental challenges related to MNPs and Po.

4.3. Noteworthy pollutants

Other common conventional pollutants, including mercury, chro-
mium, phthalates, perfluorochemicals, etc., should be adopted and
applied to coupling researches with MNPs. Currently, these pollutants
are significantly underrepresented in the previous studies. Mercury and
chromium, two toxic heavy metals known for its harmful effects on the
environment and human health, require further examination with
MNPs. Additionally, phthalates and perfluorochemicals, widely used in
various industries and known for their potential endocrine-disrupting
properties, must be included in future studies. Phthalates, commonly
found in plastics, and perfluorochemicals, often used in non-stick
cookware and stain-resistant fabrics, are ubiquitous in our daily lives.
These pollutants’ interaction with MNPs could provide valuable insights
into the combined impacts of emerging pollutants on aquatic
ecosystems.
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4.4. Noteworthy marine algae

There was a scarcity of studies involving dinoflagellates and espe-
cially macroalgae, which deserves our attention. For instance, di-
noflagellates are known for their ability to form harmful algal blooms
(HABs), which can lead to significant economic losses and potentially
devastating impacts on human health (Zhang et al., 2023). Likewise,
macroalgae play an important in carbon sequestration, nutrient cycling,
providing food and shelter for aquatic life (Gao et al., 2021a). Therefore,
studies on these algae exposed to MNPs and Po are particularly
necessary.

4.5. The mechanism of combined effects of MNPs and Po

The mechanisms involved in the combined effects of MNPs and Po
present an intricate area of investigation that warrants further explo-
ration. This refers to the interaction among MNPs, Po and microalgae
and the acclimation of microalgae with exposure time. Another critical
aspect of this exploration should be understanding the molecular re-
sponses of microalgae to the combination of MNPs and Po. These could
include any potential damage or alteration to cell structures and func-
tions, as well as the examination of cellular responses such as apoptosis.
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