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Biological effects
Due to their small size, nanoplastics (NPLs) possess specific properties which can potentiate their toxicity to-
wards aquatic organisms. As primary producers, microalgae are at the base of aquatic food chains, thus negative
impacts of NPLs will likely lead to disturbances in ecosystem productivity. The majority of data available on the
toxicity ofNPLs is limited to polystyrene and greenmicroalgae, leaving a significant lack of knowledge on impacts
of other polymer types across different taxonomic groups. So, themain objective of this studywas to evaluate the
cell responses of the red microalgae Rhodomonas baltica to plain and carboxylated poly(methyl methacrylate)
NPLs (PMMA and PMMA-COOH, 50 nm). Results showed different NPL behaviour in media over time, with
PMMA forming micro-scale aggregates and PMMA-COOH maintaining its nominal size range. PMMA caused a
higher impact in cellular and physiological parameters than PMMA-COOH, even though a decrease in algal
growth was only seen for the later. Overall, PMMA caused a significant decrease in cell viability followed by an
increase in cell size and complexity, overproduction of pigments, loss of membrane integrity, hyperpolarization
of the mitochondrial membrane, increased production of ROS and LPO, decrease in DNA content and reduced
photosynthetic capacity. Conversely, a decrease in algal growth for PMMA-COOH was connected to an impair-
ment in cell cycle and consequent decrease in cell viability, metabolic activity and photosynthetic performance,
with negligible effects in ROS formation and pigments content. This study provided a first insight into themech-
anistic understanding of the toxic impacts of PMMA and PMMA-COOH NPLs in red microalgae. Results obtained
suggest an interaction between both NPLs and R. baltica cell surface that is dependent on particle behaviour and
surface chemistry. Future experiments focusing on the in-depth characterization of the mode of action of these
particles are recommended.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction
Plastics as a form of marine litter are ubiquitous contaminants and
have been globally recognized as an environmental problem. The
nanoplastic (b100 nm, NPL) component of marine litter is of special in-
terest as its small sizemakes it available for ingestion by awide range of
marine biota (Mattsson et al., 2018). The formation of nano-sized frag-
ments from the weathering of various polymers has been proven
under controlled laboratory conditions (e.g. Lambert and Wagner,
2016). Recently, the occurrence of small size plastic particles
(100–1000 nm) in the ocean surface has been presented for the first
time within the water column of the North Atlantic subtropical gyre
(Ter Halle et al., 2017). Given their increased application in a variety
of products, their production as by-products during manufacturing, in-
creased potential release due to fragmentation/degradation of macro-
and micro-plastics and persistence, it is expected that the environmen-
tal concentrations of NPLs will increase in the coming future (Lambert
and Wagner, 2016; Paul-Pont et al., 2018; Ter Halle et al., 2017). Since
the marine environment has been suggested as the last reservoir for
plastic debris, organisms at the lowest levels of the marine trophic
web can be at highest risk of being impacted by the presence of NPLs
and be exposed to a variety of polymeric particles (Mattsson et al.,
2018).

Primary producers as microalgae are at the base of aquatic food
webs, thus any negative effects in these organisms may disturb the
productivity of an entire ecosystem. The interactions between plastic
particles and microalgae has been shown to trigger direct and indi-
rect toxicity that is highly dependent on particle type, size, surface
chemistry and charge. Nonetheless, most of available data is limited
to polystyrene (PS) NPLs and green microalgae and it is still not well
understood how NPLs properties and adaptative responses play a
role in toxicity across different taxonomic groups (e.g. Bellingeri
et al., 2019; Bergami et al., 2017; Besseling et al., 2014;
Bhattacharya et al., 2010; Nolte et al., 2017; Sjollema et al., 2016).
Limited toxicity information exists so far on the effects of other
type of nanosized polymers in microalgae species, as for example
poly(methyl methacrylate) (PMMA). To our knowledge, only one
study has described the effects of nanosized PMMA to microalgae
growth, most specifically on Tetraselmis chuii, Nanochloropsis
gaditana, Isochrysis galbana and Thalassiosira weissfloggi (Venâncio
et al., 2019). PMMA is one of the most widely used plastics in indus-
try, commonly employed as a substitute to glass due to its high light
transmission and resistance (Zeng et al., 2002). Due to its increased
use, PMMA is now one of the polymers commonly found in the envi-
ronment (e.g. Hermsen et al., 2017).

The aim of this study was to understand the behaviour and im-
pact of PMMA NPLs to marine microalgae. To achieve this, the cell
responses of the red microalgae Rhodomonas baltica were evaluated
upon 72 h exposure to plain and carboxylated PMMA (PMMA and
PMMA-COOH, 50 nm). R. baltica is a photosynthetic cryptophyte
and flagellated microalgae (5 μm to 10 μm) with an ubiquitous oc-
currence in the North Atlantic (Arias et al., 2016). Cryptophytes
are widely distributed in freshwater and marine environments,
thus considered as an important species group in primary food pro-
duction (Lafarga-De la Cruz et al., 2006). Even though R. baltica is
not a commonly used species in microalgae toxicity assays, it is
widely used as food source for different invertebrate species culti-
vated under laboratory conditions (Seixas et al., 2009). Besides
growth, several other endpoints were analysed in R. baltica using
flow cytometry (FCM), namely natural pigments content, cell size,
complexity and viability, reactive oxygen species (ROS) formation,
lipid peroxidation (LPO), mitochondrial membrane potential, and
cell cycle. Due to the importance of photosynthesis in microalgae,
photosystem II (PSII) performance was analysed using PAM fluo-
rometry for additional information on specific effects of PMMA
NPLs.
2. Material and methods

2.1. Microalga cultures

Exposure experiments were performed with the unicellular marine
microalgae R. baltica (NIVA- 5/91; Norwegian Institute for Water Re-
search, Oslo, Norway), grown in medium based on ISO 14669 (ISO
14669, 1999), with an initial number of 10 × 103 cells/mL. The cultures
were kept for 3 days in 50mL of ISO 14669media at 20± 2 °C, with or-
bital shaking at 90 rpm and under continuous illumination
(60.61–61.48 μmol.s−1.m−2) provided by day light-type fluorescent
tubes (TLD 36W/950, Philips, London, UK) in an orbital shaker incuba-
tor (Innova 1, 44R, incubator shaker series, New Brunswick Scientific,
Eppendorf AG, Germany) to ensure that cultures were in the exponen-
tial growth phase. To prevent microbial contamination, all glassware
used formedia preparation and experiments was appropriately washed
and autoclaved prior to use. Culture samples were also regularly ob-
served under the microscope to detect any microbial contamination.

2.2. Poly(methyl methacrylate) nanoplastics preparation and
characterization

Plain and negatively charged carboxylated poly(methyl methacry-
late) nanoplastics with diameter of 50 nm were purchased from
Phosphorex Inc. (Massachusetts, EUA). The particles were supplied dis-
persed in deionized water with 0.1% Tween 20 and 2 mM of NaN3 as
preservative agents.

PMMANPLs stock solutions used for characterizationwere prepared
in milli-Q water (mQW) and microalgae growth medium (ISO 14669
prepared in 0.22 μm filtered NSW, T = 20 °C, salinity 36 PSU, pH 7.8)
and contained 50 μg/mL of NPLs (plain and functionalized). Primary
characterization of PMMA NPLs (plain and COOH functionalized) in
mQW and ISO media was performed using Dynamic Light Scattering
(DLS, size distribution) and laser Doppler velocimetry and phase analy-
sis light scattering (M3-PALS, zeta potential) using a Zetasizer Nano ZSP
(Malvern Panalytical, UK). Z-average (mean hydrodynamic diameter in
nm), polydispersity index (PDI, dimensionless) and Zeta (ζ-) potential
(mV) were measured as key parameters describing NPLs behaviour.
Measurements were carried out in triplicate and data was analysed
with the Zetasizer Nano Series software, version 7.13. Secondary char-
acterization of PMMA NPLs was performed as described above in sam-
ples collected after 72 h exposure.

2.3. Algal exposures

Exponentially growing R. baltica were exposed to the two types of
PMMA NPLs in batch cultures for 72 h according to the ISO guideline
10253:2016 for marine algal growth inhibition tests (ISO 10253,
2016). Growth medium ISO 14669 (ISO 14669, 1999) was prepared in
0.45 μm filtered NSW at 20 °C, salinity 36 PSU and pH 7.8, and filtered
prior to use. Experiments were performed at an initial cell density of
10 × 103 cells/mL at the same conditions as those used for cultures
(20 ± 2 °C, orbital shaking at 90 rpm and under continuous illumina-
tion) in an orbital shaker incubator (Innova 1, 44R, incubator shaker se-
ries, New Brunswick Scientific, Eppendorf AG, Germany). Tested PMMA
NPLs concentrations ranged from 0.5 to 100 μg/mL and are similar as
those tested in previous studies using PS NPLs (Bellingeri et al., 2019;
Bergami et al., 2017). PMMA NPLs final suspensions in ISO media were
prepared from the stock solutions and quickly vortexed prior to use
but not sonicated. PMMA NPLs concentrations used in the exposure ex-
periments are reported as μg/mL and particles/mL in Table A1 in the
Supporting Information (SI). All experiments were performed two
times for each PMMA NPL, with six replicates for the control and three
replicates for each exposure concentration. After 72 h exposure, sam-
ples of algal suspensions were collected and processed for the intended
endpoints.
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2.4. Flow cytometry analysis

Flow cytometry (FCM) analysis of R. baltica cells were performed in
an Accuri™ C6 Flow Cytometer (BD Biosciences, San Jose, USA)
equippedwith argon-ion excitation lasers (488 nmand 640 nm), detec-
tors of forward (FS) and side (SS) light scatter and four fluorescence de-
tectors corresponding to different wavelength intervals: 503–563 nm
(FL1), 540-620 nm (FL2), N670 nm (FL3) and 650–700 nm (FL4), as pre-
viously described in Almeida et al. (2019). Non-algal particles were ex-
cluded from all analysis by using forward scatter and pigments
autofluorescence histograms to characterize the microalgal population.
Representative forward scatter and pigments fluorescence dot-plots
used to characterize R. baltica microalgal populations (unexposed and
exposed to PMMANPLs) can be found in Fig. A1 on the SI. All endpoints
weremeasured using an acquisition threshold set on FSC-H,where algal
cells were gated using pigments autofluorescence of control algal cells.
For each parameter, 50,000 gated cells were analysed per sample and
fluorescent measurements were obtained in a logarithmic scale. Data
was further analysed using BD Accuri™ C6 software version
1.0.264.21. All fluorescence data was expressed as fold induction com-
pared to the control. A more detailed description of the methodology
used for the flow cytometry analysis can be found on the SI.

2.4.1. Absolute cell counting, cell size and complexity and natural pigments
content

Alterations in growth were quantified from measurements of abso-
lute cell counting as a function of time and compared with control
values (R. baltica in ISO 14699 medium). Preliminary experiments
were performed to compare the flow cytometer counts with direct
counts using a multisizer counter (Beckman-Coulter Multisizer 3 Coul-
ter Counter;Miami, FL, USA) (data not shown). The inhibition of growth
was expressed as fold induction compared to the control.

Since the FS is correlated with size or volume of a cell or particle and
SS is correlated with intracellular complexity, potential alterations in
cell size and complexity of R. balticawere examined after 72 h exposure
to PMMA and PMMA-COOH NPLs. Cell size and complexity data were
collected by displaying cell counts versus FSC-A (forward scatter) and
SSC-A (side scatter), respectively. Natural pigments contents (phycoer-
ythrin, chlorophyll a and b, carotenoids, xanthophyll and peridinin)
were measured by using microalgae natural autofluorescence and by
setting the different fluorochromes according to their wavelength
(Table A2 in the SI; BD AccuriTM, 2016).

2.4.2. Cell viability and metabolic activity
Effects of PMMA NPLs on cell viability and metabolic activity for

R. baltica cells after 72 h exposure were studied using the probe fluores-
cein diacetate (FDA; Invitrogen, ThermoFisher Scientific, Eugene, OR,
USA), as previously described in Almeida et al. (2019). Briefly, algal sus-
pensions were stained with FDA at a final concentration of 25 μM for
30 min at room temperature and in darkness. Fluorescent fluorescein
was recorded in the FL1 channel and used to calculate themetabolic ac-
tivity of exposed algal cells. The cell viability index, considered a more
sensitive measure of toxicity than the percentage of non-viable cells,
was calculated as:

FDA fluorescence medianð Þ � number of stained eventsð Þ
Green autofluorescence medianð Þ � number of eventsð Þ

2.4.3. ROS formation
The formation of ROS was detected in R. baltica upon 72 h exposure

to PMMA NPLs (plain and COOH functionalized) using the probes
carboxy-2′,7′-difluorodihydrofluorescein diacetate (H2DFFDA,
Invitrogen, Molecular Probes Inc., Eugene, OR, USA) and
dihydrorhodamine123 (DHR123, Invitrogen,Molecular Probes Inc., Eu-
gene, OR,USA), as previously described in Gomes et al. (2017) and
Almeida et al. (2019). On the day of the analysis, algal suspensions
were incubated with the probes at a final working concentration of
5 μM. Algal suspensions were then incubated for 30 min under labora-
tory conditions either in the light for H2DFFDA or in the dark for
DHR123, and the resulting fluorescence was analysed in the FCM
using the FL1 channel.

2.4.4. Mitochondrial membrane potential
Themitochondrial membrane potential of R. baltica cells in response

to PMMA NPLs was measured using the fluorescence probe
tetramethylrhodamine, methyl ester, perchlorate (TMRM; Invitrogen,
ThermoFisher Scientific, Eugene, OR, USA), as previously described in
Almeida et al. (2019). Briefly, TMRM stock solution was diluted into
algal suspensions to a final working concentration of 0.2 μM. Algal sus-
pensionswere then incubated for 30minunder laboratory conditions in
the dark, and the resulting fluorescence was analysed in the FCM using
the FL2 channel. As phycoerythrin is read in the same fluorochrome, the
spectral overlap of both fluorescence signals was corrected by the
subtracting the fluorescence detected for phycoerythrin from that ob-
tained for TMRM (Hyka et al., 2013).

2.4.5. Lipid peroxidation (LPO)
Oxyl-radical induced lipid oxidation (LPO) was determined using

the lipophilic fluorescent probe 4,4-difluoro-5-(4-phenyl-1,3-
butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid or C11-
BODIPY581/591 (Invitrogen, ThermoFisher Scientific, Eugene, OR, USA),
as previously described in Almeida et al. (2019). A final working con-
centration of 5 μM was obtained by diluting the 2.5 mM stock solution
in the controls and PMMA NPLs exposed algal suspensions. Incubation
of probe-algal suspensionswas 30min in the dark at room temperature.
Fluorescence was recorded in the FL1 channel.

2.4.6. DNA content and cell cycle
The fluorochrome PicoGreen (Invitrogen, ThermoFisher Scientific,

Eugene, OR, USA) was used to quantify the DNA content of R. baltica
cells unexposed and exposed to PMMA NPLs, following the procedure
on Almeida et al. (2019). Algal cellswere stainedwith PicoGreen and in-
cubated for 30min in the dark at room temperature. PicoGreen fluores-
cence was analysed in the FL1 channel and histograms of cell number
versus fluorescence were used to define the three cell cycle stages
(G1, S, and G2), set on the distribution of healthy control cells. Repre-
sentative histograms for R. baltica cells unexposed and exposed to
PMMANPLs can be found in Fig. A2 on the SI. DNA content in the differ-
ent phases was calculated as:

Picogreen fluorescenceð Þ � number of stained events=μLð Þ
%of plot

Being the % of plot indicative of the % of the different phases of the
cell cycle.

2.5. Photosystem II performance

PSII performance in exposed microalgae were determined using a
PAM fluorometer (Underwater Fluorometer DIVING-PAM, Heinz Walz
GmbH, Effeltrich, Germany), with slightmodification adapted to the ex-
perimental conditions used in this study. A full description of the
methods used can be found in the SI. Briefly, after 72 h exposure to PS
NPLs, algal suspensions were up concentrated by centrifugation at
4200 rpm for 15 min at room temperature. The resulting supernatant
was decanted, and the pellet resuspended in ISO 14699 medium.
200 μL of each replicate was transferred to a 96-well black microplate
(Corning Incorporated, Costar®, NY, USA) in triplicate for PSII perfor-
mance analysis. Fluorescence parameters were calculated according to
the formulas expressed in Table A3 in SI.
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2.6. Statistical analysis

All experimental data obtained from both independent experi-
ments were pooled and expressed as fold induction and presented
as mean ± standard error of mean (SEM). XLStat2019® software
(Addinsoft, Paris, France) was used for statistical analyses. Data
was controlled for normality and homogeneity of variances, using
the Shapiro-Wilk test and the Levene's test, respectively. Data was
then further analysed using parametric one-way ANOVA or the
non-parametric Kruskall-Wallis test for significant differences be-
tween used concentrations for each PMMA NPL. Multiple compari-
sons were performed using the Tukey or the Dunn's test for
parametric and non-parametric analyses, respectively. A P b 0.05
was considered as statistically significant. GraphPad Prism 8 soft-
ware (GraphPad Software Inc., La Jolla, CA, USA) was used from
graphical representations and EC50 calculations (effective concentra-
tion that causes an inhibition of 50% in the responsemeasured). Non-
linear regressions using a sigmoidal dose-response curve with vari-

able slope (four parameters) were fitted according to the equation: y

¼ minþ ymax−ymin

1þ 10ððLogEC50−xÞxHillSlope
Þ, where y is the endpoint value, x

the concentration of the PMMA-COOH, y min the bottom (variable),
y max the top (variable) and EC50 the concentration giving 50% effect
between the top and bottom values.

3. Results and discussion

Ecotoxicity studies on the impact of NPLs onmicroalgae havemostly
adopted PS as model particles, with and without surface modifications,
and themajority of the data available is limited to growth inhibition and
photosynthesis damage. Furthermore, of the available studies very few
have investigated impacts on marine species, and even less focused on
effects in red microalgae (Prata et al., 2019). It has also been suggested
that standard ecotoxicological endpoints (e.g. growth) may not be ade-
quate to fully describe the effects of NPLs to microalgae and that sub-
lethal endpoints should be considered instead (Seoane et al., 2019). Ac-
cordingly, to reduce these gaps of knowledge, this study investigated
the impact of plain and carboxylated PMMA NPLs in the red marine
microalgae R. baltica through an integrative approach covering end-
points at both the physiological and cellular level (i.e., algal growth, in-
herent cell properties, oxidative stress, photosynthetic stress,
membrane effects and DNA cycle).

3.1. Characterization of NPLs

Primary characterization of PMMA and PMMA-COOH NPLs
suspended in mQW confirmed the average size provided by the sup-
plier, with Z-averages of 66.5 ± 0.5 nm for PMMA and 60.7 ± 0.4 nm
for PMMA-COOH determined using DLS (Table 1). DLS results also
showed an optimal dispersion and stability for both particles in mQW
(PDI values b0.2), showing negligible aggregation over time (Table 1).
Table 1
Characterization parameters of PMMA andPMMA-COOHnanoplastics (50 μg/mL) inmilli-Qwat
ζ-potential (mV) values are shown as average ± standard deviation of 3 measurements.

Nanoplastics Media Exposure (h)

PMMA
mQW

0
72

ISO media
0

72

PMMA-COOH
mQW

0
72

ISO media
0

72
When suspended in ISO media, PMMA NPLs presented a significant in-
crease in Z-average reaching values of 2218.0± 201.1 nm. This increase
in size is congruent with the observed increased PDI value (N0.2), indi-
cating particle aggregation (Table 1; Fig. A3 in SI). Following 72 h of ex-
posure, intensity-based distributions obtained by DLS also showed high
aggregation occurring for PMMA in ISO media (Table 1; Fig. A3 in SI)
with the formation of micro-aggregates (1618.3 ± 143.1 nm), opposed
to a better distribution in mQW, in which the Z-average remained the
same (66.1 ± 0.5 nm). On the other hand, the Z-average of PMMA-
COOH in ISO media at time 0 remained similar as that of mQW
(60.8 ± 0.2 nm and PDI b0.2), showing a high stability of this particle,
probably associatedwith the presence of carboxylated groups. Similarly
to what was seen at 0 h, PMMA-COOH Z-average remained within the
size range at 72 h, with values ranging from 59.6 ± 0.3 nm to 67.7 ±
1.4 nm formQWand ISOmedia, respectively (Table 1; Fig. A3 in SI). Re-
garding particle charge, both PMMA particles presented negative ζ-
potential in mQW and ISO media at both time points, with significant
higher values for particles suspended in ISO media (Table 1).

Overall, primary and secondary characterization of NPLs showed
that alterations in particle dimension were consistent with PDI values
and absolute values of ζ-potential indicating a broader size distribution
of PMMA in comparison with PMMA-COOH and a higher instability of
the former in microalgae exposure media in comparison with mQW.
The presence of functional groups and coatings on the surfaces of
ENPs are known to influence their stability in aqueous media (Navarro
et al., 2008). High contents of NaCl or other ions in exposure media
has been linked to alterations in NPLs stability (salinity of 36 PSU in
ISO medium in this study), as well as other compounds as proteins or
natural organic matter that can potentially interact with particles sur-
face. Accordingly, the high salinity characteristic of the media used in
this study promoted the fast aggregation of PMMA, while for PMMA-
COOH the presence of –COOH functionalization determined its stability
due to electrostatic repulsion (Paul-Pont et al., 2018).

3.2. Algal toxicity assays

3.2.1. Growth and pigments content
In this study, the two tested PMMA NPLs affected the growth of the

microalgaeR. baltica differently (Fig. 1). Exposure to PMMANPLs caused
a slight increase in growth at all tested concentrations (maximum 1.1-
fold at the 4 highest concentrations). Previous studies testing different
sized plastic particles reported little or no effect in growth for both
freshwater and marine phytoplankton, with deleterious effect seen
only at very high concentrations (Prata et al., 2019). The strong aggrega-
tion pattern seen in this study for PMMA in ISOmedia (Table 1) could be
related to a reduction in its bioavailability and explain its lack of impact
on growth, as previously hypothesized in other studies with NPLs (e.g.
Bergami et al., 2017; Gambardella et al., 2018). An increase in growth
has also been reported in two freshwater species exposed to PS and
PE microspheres and attributed to the use of MPs as substrates by
some species (Yokota et al., 2017; Canniff and Hoang, 2018). Algae has
been found to grow and develop biofilms on plastic substrates (Gross
et al., 2016; Kumar et al., 2007) and alter their physical properties as
er and ISOmedium at 0 and72 h exposure. Z-average (nm), polydispersity index (PDI) and

Z-average (nm) ζ-potential (mV) PDI

66.5 ± 0.5 −35.3 ± 1.01 0.02 ± 0.01
66.1 ± 0.5 −2.1 ± 1.0 0.04 ± 0.01

2218.0 ± 201.1 −15.3 ± 1.7 0.3 ± 0.02
1618.3 ± 143.1 −8.1 ± 0.3 0.4 ± 0.04

60.7 ± 0.4 −31.1 ± 1.5 0.08 ± 0.01
59.6 ± 0.3 −49.1 ± 1.1 0.06 ± 0.01
60.8 ± 0.2 −15.4 ± 0.4 0.04 ± 0.01
67.7 ± 1.4 −10.3 ± 2.3 0.2 ± 0.01



Fig. 1. Growth, chlorophyll a and b, carotenoids, xanthophyll and peridinin, and
phycoerythrin contents of Rhodomonas baltica exposed to poly(methyl methacrylate)
nanoplastics (plain and COOH functionalized). The experimental results (mean ± SEM)
represent 2 independent studies. Letters represent statistical differences between
concentrations for each particle and asterisks represent statistical differences between
particles (P b 0.05).
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size and density (Yokota et al., 2017). This is also the case of R. salina, an-
other cryptophyte species, that has been known to stick onto large
microplastic particles (Zettler et al., 2013).

On the other hand, PMMA-COOH significantly decreased the cell
number at concentrations higher than 25 μg/mL, with 100% inhibition
of growth at the highest concentration used (EC50 = 78.5 ±
1.4 μg/mL). As seen for PMMA, the formation of micro-scale aggregates
is an important factor when determining if interactions between
microalgae surface and NPLs occur and how they can affect growth,
with thepresence of –COOHgroups on PMMAsurface playing an impor-
tant role in determining particle behaviour and toxicity. To our knowl-
edge only one study reported the effects in microalgae growth in
response to exposure to PMMA NPLs of similar size range, in which
the reported EC50 values are the following: EC50 = 132.5 μg/mL in
T. chuii, EC50 of 116.5 μg/mL and 123.8 μg/mL for N. gaditana and
I. galbana, respectively, and EC50 = 83.4 μg/mL for T. weissflogii
(Venâncio et al., 2019), all higher than the value obtained for PMMA-
COOH in this study. While there is no other studies focusing on the im-
pacts of PMMA NPLs in phytoplankton, the effects of PMMA particles
(0–250 μm) on the growth of two freshwater microalgae, Microcystis
panniformis and Scenedesmus sp., have been reported, in which a lower
abundance was seen at 12.5 μg/mL and 125 μg/mL (Cunha et al.,
2019). In this study, the authors correlated the decrease in growth ob-
served with i) a shading effect caused by PMMA that reduced the access
of microalgae to light and/or ii) adsorption to the microalgae cells that
caused mobility reduction and consequently reduction in growth.

Even though the physical adsorption of PMMA and PMMA-COOH on
R. baltica surface has not been analysed in the present study, the possi-
bility of deposition of these particles into microalgal cell surface and/or
internalization cannot be discharged, especially considering the results
obtained for growth inhibition. Particle adhesion to algal surface has
been documented previously and associated with the production and
release of exopolymeric substances (EPS) in response to this extracellu-
lar stress (e.g. Bergami et al., 2017; González-Fernández et al., 2019).
Cryptophytes as R. baltica do not possess a rigid cell wall but a periplast
of thin and fragile rectangular plates underneath the plasmamembrane
(Thoisen et al., 2017). The production of EPS by crytophytes, in particu-
larR. salina, has been recorded in response to PSmicrobeads (2 μmsize),
promoting the formation of hetero-aggregates composed of microalgae
cells, EPS and plastic particles (Long et al., 2015). Accordingly, EPS sur-
rounding the periplast could have been produced and released by
R. baltica as a defense mechanism to limit the penetration of NPLs
through the cell surface (Kumar et al., 2007), even though not
preventing inhibition of algal growth in the case of PMMA-COOH. In
fact, a decrease in algal growth in the marine microalgae D. tertiolecta
exposed to 100 nm PS NPLs for 72 h has been associated with the use
of energy sources for detoxification processes in cells through the pro-
duction of extracellular polysaccharides, the main components of EPS
(Gambardella et al., 2018).

Chlorophyll a is the primary photosynthetic pigment, being present
in all photoautotrophic microalgae, while other pigments have accesso-
rial functions (Hyka et al., 2013). In this study, exposure to PMMA and
PMMA-COOH affected chlorophyll a and b, carotenoids, xanthophyll
and peridinin contents at different extents (Fig. 1). PMMA caused a con-
centration dependent increase in these pigments in exposed R. baltica,
up to 4.6-fold and 4.0-fold at the two highest concentrations tested.
On the other hand, chlorophyll a and b, carotenoids, xanthophyll and
peridinin contents were significantly higher than the control at all
PMMA-COOH concentrations with no differences between them (up
to 1.5-fold at 25 μg/mL), except at 50 μg/mL where a decrease to basal
levels was recorded (Fig. 1). Exposure to small plastic particles has
been shown to lead to alterations in chlorophyll content, independent
from growth inhibition and shading effect (Besseling et al., 2014), and
potentially related to a decrease in the expression of photosynthetic
genes (Lagarde et al., 2016), interference in substance exchange and al-
terations in energy demand (Bhattacharya et al., 2010). No other studies
documented alterations in carotenoids, xanthophyll and peridinin con-
tents in response to small plastic particles.

Even though chlorophyll a is the primary photosynthetic pigment
present in photosynthetic organisms (Hyka et al., 2013), phycoerythrin
(PE) is one of themain pigments found in cryptophytes. PE is a light har-
vesting pigment belonging to the phycobiliproteins, which also include
phycocyanin, allophycocyanin and phycoerythrocyanin (Thoisen et al.,
2017). Similarly to what was seen for chlorophylls, PE content signifi-
cantly increased in microalgae exposed to PMMA with increasing con-
centration, while a small increase (0.5 μg/mL to 25 μg/mL) and then
decreasewas obtained for PMMA-COOH (50 μg/mL) (Fig. 1). Nodata ex-
ists on the impacts of plastic particles on the production of PE in phyto-
plankton. However, previous studies have shown that light intensity
can also affect the content of other light-harvesting pigments, such as
phycobilins, in crypthophytes. For example, the PE content in
Rhodomonas sp. increased at low light conditions without any conse-
quent effect in growth rate and photosynthetic efficiency (Chaloub
et al., 2015). Microalgae seem to adapt rapidly to alterations in light
availability through modifications in pigment composition to optimize
photosynthesis and protect the cell against light-induced stress. This
seems to be the case for PMMA, inwhich anoverproduction of pigments
in R. baltica might to be associated with an increase in energy demand
for motility due to physical adsorption into algal surface. Previous stud-
ies have suggested that shading caused by adsorption of small plastic
particles onto algae can cause reductions in CO2 uptake and increase
respiration, and consequently stimulate the production of pigments in
cells (Besseling et al., 2014; Bhattacharya et al., 2010). The energy pro-
duced during respiration is a source for microalgal motility, so in cases
where plastic particles affect the motility of microalgae, species are



Fig. 2. Cell size, cell complexity, cell viability and metabolic activity of Rhodomonas baltica
exposed to poly(methyl methacrylate) nanoplastics (plain and COOH functionalized). The
experimental results (mean ± SEM) represent 2 independent studies. Letters represent
statistical differences between concentrations for each particle and asterisks represent
statistical differences between particles (P b 0.05).
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forced to carry out respiration faster than photosynthesis in order to re-
sume motility. In addition, adsorption of small plastic particles on
microalgae could block light from reaching photosynthetic centres and
damage the algal cell wall to induce pore formation and lead to particle
uptake (Bhattacharya et al., 2010). On the other hand, another mecha-
nism seems to be at play for PMMA-COOH, especially when considering
the increased inhibition of growth at higher concentrations. The shading
effect and alterations in respiration have been extensively studied in
photosynthetic organisms in response to other nanomaterials, however,
there is still limited mechanistic understanding on how NPLs affect
these processes in microalgae, as well as how they interconnect.

3.2.2. Cell size, cell complexity, cell viability and metabolic activity
The light-scattering properties of R. baltica obtained through FCM

(FSC and SSC) can provide useful information regarding the health sta-
tus of cells. In this study, alterations in cell size and complexity were re-
corded for PMMA (Fig. 2), with both endpoints showing a significant
increase at concentrations higher than 5 μg/mL (5.7-fold and 6.4-fold
at 100 μg/mL, respectively). Microalgae exposed to PMMA-COOH also
showed a slight increase in both cell properties at 0.5, 1, 10 and
25 μg/mL (Fig. 2) (highest 1.4-fold and 1.4-fold at 25 and 10 μg/mL for
size and complexity, respectively). Small plastic particles can induce
morphological changes inmicroalgae (e.g. unclear pyrenoid, plasma de-
tached from the cell wall, deformed thylakoids, cell wall thickening) or
be internalized during cell division (Maoet al., 2018). In fact, an increase
in both size and complexity has previously been observed inmicroalgae
exposed to PS NPLs in response to adhesion of particles to algal cell sur-
face (González-Fernández et al., 2019; Sendra et al., 2019). In this study,
the results obtained for PMMA and PMMA-COOH suggest cell surface
changes upon exposure, especially for the former. Even though the
size reported for PMMA after 72 h suspension in ISO media (Table 1)
is higher than that the diameter of the pores found across microalgae
cell walls, physical damage to the cell membrane caused by the micro-
aggregates could allow the passage of particles and/or smaller aggre-
gates (Navarro et al., 2008; Sendra et al., 2019). On the other hand, alter-
ations in cell complexity and granularity in microalgae are normally
associatedwith the immobilization of toxic elements into non-toxic de-
posits, which in this study might indicate a possible interaction/inter-
nalization of NPLs (Jamers et al., 2009).

Alterations in the physiological health of R. baltica exposed to PMMA
and PMMA-COOH were further investigated using the fluorometric
stain FDA, after which cell membrane integrity and metabolic activity
were calculated (Fig. 2). A significant decrease in cell viability was de-
tected for microalga exposed to both particles at all concentrations
tested (Fig. 2), with PMMA-COOH causing a higher effect (50% cells af-
fected at 50 μg/mL, 2.7-fold lower than the control). As previously
seen for the other cell related endpoints, the decrease observed in cell
viability is indicative of cell disruption and further confirms an interac-
tion between NPLs and R. baltica cell surface. Interactions between NPLs
and biological membranes are driven by particle size, since small parti-
cles are suspected to interact more with biological membranes, and by
particle surface properties, in particular the net surface charge (Nolte
et al., 2017). This is agreementwith the results obtained for Chaetoceros
neogracile, in which a significant impact in cell viability was recorded
after exposure to PS-NH2 and linked to particle surface charge
(González-Fernández et al., 2019; Seoane et al., 2019). In addition, as
cell viability endpoints are also dependent on exposure duration, mem-
brane integrity is only affected after other cellular parameters, such as
ROS levels or mitochondrial dysfunction, have already been strongly af-
fected (Esperanza et al., 2015).

Despite the similarities described in terms of cell viability for algal
cells exposed to PMMA and PMMA-COOH, the results obtained for met-
abolic activity showed contrasting results (Fig. 2). Exposure to PMMA
resulted in an increase in metabolic activity in exposed microalgae at
concentrations higher than 25 μg/mL, with maximum values of 2.0-
fold and 1.2-fold at 50 and 100 μg/mL, respectively. The formation of



Fig. 3.Reactive oxygen species (ROS) formationmeasured asfluorescenceofH2DFFDAand
DHR 123, lipid peroxidation (LPO) and mitochondrial membrane potential indicated by
TMRM (tetramethylrhodamine) in Rhodomonas baltica exposed to poly(methyl
methacrylate) nanoplastics (plain and COOH functionalized). The experimental results
(mean ± SEM) represent 2 independent studies. Letters represent statistical differences
between concentrations for each particle and asterisks represent statistical differences
between particles (P b 0.05).

7T. Gomes et al. / Science of the Total Environment 726 (2020) 138547
holes in the lipid bilayer and consequent permeabilization of the cell
membrane has been previously hypothesized due to absorption of PS
NPLs beads in microalgae surface (Bhattacharya et al., 2010). Accord-
ingly, the increase in metabolic activity seen in exposed R. baltica
might reflect an increased uptake of FDA in cells as a consequence of
cellmembrane hyperpolarization and/or changes in cellmembrane per-
meability. These alterations ofmembrane permeability properties could
also lead to osmotic changes and failures in the regulatory cell volume
control process, which, in turn, explain the increase in cell size observed
(Seoane et al., 2017). On the other hand, a reduction in metabolic activ-
ity was recorded for PMMA-COOH with increasing concentration,
reaching a 2.7-fold decrease at 50 μg/mL. Decrease of FDA fluorescence
is an indicator of effects on either the cell membrane or the activity of
esterases (enzymes essential for the replacement of phospholipids in
cell membranes) in the cell (Prado et al., 2009). A decrease in meta-
bolic/esterase activity was also recorded in C. neogracile exposed to dif-
ferent sized PS-NH2 and attributed to excessive cell coverage that
resulted in loss of membrane integrity (González-Fernández et al.,
2019; Seoane et al., 2019). This goes in line with was seen for PMMA-
COOH, in which such effects seem to be caused by alterations in protein
synthesis and/or other metabolic and biochemical processes that led to
a general decrease in cellular activity and consequently a reduction in
growth.

3.2.3. ROS, LPO and mitochondrial membrane potential
In microalgae, ROS are mostly generated as by-products of several

metabolic processes localized in chloroplasts, mitochondria and perox-
isomes (Ortega-Villasante et al., 2016). In this study, the probes
carboxy-H2DFFDA and DHR 123 were used to detect the formation of
ROS in R. baltica upon exposure to PMMA and PMMA-COOH NPLs
(Fig. 3). Carboxy-H2DFFDA is generally associated with ROS formation
in chloroplasts, given that the major production sites of ROS in photo-
synthetic organisms are the PSI and PSII reaction centers in thylakoids,
while DHR 123 is known for indicating ROS formation in themitochon-
dria (Ortega-Villasante et al., 2016). The results obtained for both
probes showed that PMMA caused an increase in ROS formation in
R. baltica with increasing concentration. This increase was higher for
the carboxy-H2DFFDA probe, highlighting a higher impact of PMMA in
the chloroplast than the mitochondria (maximum 7.3- fold at
100 μg/mL for carboxy-H2DFFDA and 4.0- fold 50 μg/mL at DHR 123, re-
spectively). Comparatively to PMMA, exposure to PMMA-COOH only
caused a slight an increase in ROS production in exposed microalgae.
PMMA-COOH increased the formation of ROS at all concentrations
(1.2-fold at 25 μg/mL for both probes) except for 50 μg/mL, in which
ROS levels detected by both probes were similar as those found for the
control (Fig. 3). These results point out that both NPLs are prone to dis-
play oxidative stress responses in R. baltica cellular system that depends
on particle size and surface charge. The formation of ROS has been pre-
viously observed in freshwater andmarinemicroalgae after exposure to
PS particles (nano- andmicro-sized) as a consequence of impaired pho-
tosynthesis and increased respiration (Bhattacharya et al., 2010;
González-Fernández et al., 2019; Mao et al., 2018; Sendra et al., 2019).
To the best to our knowledge, this is the first study to report the effects
of PMMA NPLs on the cellular oxidative system of microalgae.

The formation of oxyl-radicals responsible for lipid oxidation was
also detected in R. baltica exposed to PMMA and PMMA-COOH by
using the fluorescent probe C11-BODIPY581/591 (Fig. 4). Similarly to
what was seen for ROS formation, LPO levels increased with increasing
concentration for microalgae exposed to PMMA (highest 5.0-fold at
50 μg/mL), while for PMMA-COOH LPO slightly increased in all concen-
trations except for 50 μg/mL (highest 1.5-fold at 10 μg/mL). These find-
ings were supported by a previous study in which excessive ROS levels
was correlated with an increase in malondialdehyde (one of final by-
products of membrane lipid peroxidation), thus promoting cell damage
and decreased cell growth in Chlorella pyrenoidosa exposed to PS 0.1 μm
and 1 μM (Mao et al., 2018). Polyunsaturated fatty acids present in
phospholipids of cellular, chloroplast and mitochondria membranes
are particularly susceptible to attack by ROS due to its double bonds be-
tween carbon atoms. These reactions can result in the destabilization
and disintegration ofmembranes, aswell as the inactivation of enzymes
and proteins (Halliwell and Gutteridge, 2007). These findings show
that, as previously described for other nanomaterials (Navarro et al.,
2008), the formation of ROS constitute one of the main mechanisms of
toxicity of NPLs, in particular for PMMA, with negative consequences
at the physiological level, as exemplified by the increased LPO and de-
creased cell viability in exposed R. baltica.

Mitochondria play a central role in the oxidative energymetabolism,
aswell as apoptosis, by integrating death signals (Jamers et al., 2009). In
this study, the probe TMRM was used to indicate alterations in mito-
chondrial membrane potential of exposed microalgae. As seen in
Fig. 3, all concentrations tested for PMMA caused a concentration de-
pendent increase in TMRM, reaching a 10.4-fold at 100 μg/mL. For
PMMA-COOH, a significant increase in TMRM was detected for the 4
lowest concentrations tested, even though at a lower degree as that
found for PMMA (highest 1.6-fold at 1 μg/mL, Fig. 3). This increase is
most likely related to a probe uptake due to cell membrane



Fig. 4.DNA content indicated by PicoGreen in Rhodomonas baltica exposed to poly(methyl
methacrylate) nanoplastics (plain and COOH functionalized). DNA content was then used
to differentiate three cell cycle phases, G1 (Gap phase), S (Synthesis - DNA replication),
and G2 phases (growth). The experimental results (mean ± SEM) represent 2
independent studies. Letters represent statistical differences between concentrations for
each particle and asterisks represent statistical differences between particles (P b 0.05).
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hyperpolarization (i.e., net influx of probes into the cell) (Jamers et al.,
2009) caused by a loss inmembrane integrity, asmentioned previously.
Alterations on mitochondrial membrane polarization have been previ-
ously reported, where it was demonstrated that PS NPLs affected the
membrane permeability in exposed microalgae (Sendra et al., 2019).
Nonetheless, themechanistic understanding on howNPLs affect themi-
tochondria metabolism in microalgae is still limited. In addition, mito-
chondrial hyperpolarization has been linked to an increase in
respiration where a more active oxidative phosphorylation can origi-
nate a possible leak of electrons that favour the formation of ROS (as a
by-product of the ATP-generating process) (Esperanza et al., 2015).
These results are consistent to those seen for DHR 123 when looking
at effects on the mitochondria, showing an impact of both particles in
the mitochondria metabolism of exposed R. baltica, and in particular
PMMA, and linked to the results discussed previously.

3.2.4. DNA content and cell cycle
Few studies have used DNA content to analyse potential genotoxic

effects of contaminants to microalgae, and in particular NPLs. Among
the available probes to stain DNA, PicoGreen has unique characteristics
that enables the distinction of DNA peaks corresponding to cells with
different DNA content (Alberts et al., 2002). Three cell cycle phases,
G1 (Gap phase), S (Synthesis) and G2 (growth), were clearly defined
in R. baltica upon exposure to PMMA and PMMA-COOH. Results ob-
tained for G1 phase showed a concomitant effect of PMMA and
PMMA-COOH inmicroalgae (Fig. 4). A decrease in DNA contentwas ob-
served at the 3 lowest concentrations tested, followed by an increase in
the following concentrations, reaching a 1.4- fold (100 μg/mL) and 2.5-
fold (50 μg/mL) for PMMA and PMMA-COOH, respectively. R. baltica ex-
posed to PMMA presented the lower DNA content in the S phase in all
tested concentrations (55.1-fold decrease at 100 μg/mL), even though
a decrease in DNA content was also seen for PMMA-COOH (4.7-fold de-
crease at 50 μg/mL). For G2, a clear distinction between both particles
was again observed, with PMMA presenting the lowest DNA content
at all concentrations used (11.9-fold and 5.8-fold for PMMA and
PMMA-COOH at 100 and 50 μg/mL, respectively). Taken together, the
results obtained for the three cell cycle phases seems to indicate that
the DNA of exposed microalgae was damaged, hindering its capacity
to properly replicate and/or undergo nucleolar division (i.e., mitosis).
Results also show that while PMMA-COOH has more influence on the
G1 phase of exposed microalgae, being more toxic in the beginning of
the cell cycle, PMMA is more toxic at the two later stages (S and G2
phases). High DNA values at the G1 phase are known for being related
to apoptosis associated with fractional DNA content (Alberts et al.,
2002). Accordingly, the increase in DNA values observed in microalgae
exposed to PMMA-COOH, in combination to a decrease in cell viability
and growth, seem be associated with the induction of apoptosis. These
findings are in line with those obtained for P. tricornutum exposed to
PS NPs (50–100 nm), where the induction of apoptosis was linked to a
high fragmentation of DNA (Sendra et al., 2019). Contrary to the G1
phase, higher DNA values in the S and G2 phases correspond to the ex-
istence of more viable cells that are ready to proceed tomitosis (Alberts
et al., 2002). The significant decrease of DNA content in both the S and
G2 phases in PMMA-exposed microalgae suggests an impact in DNA
replication and cell division. This impact in microalgae's cell cycle after
exposure to PMMA is further evidenced by the increase in cell size
and complexity, loss of membrane integrity, decrease in cell viability
and hyperpolarization of the mitochondrial membrane. Alterations in
size in NPLs-exposed microalgae have been linked to abnormalities in
the mitotic process that leads to an uncoupling of cell division and the
formation of multinucleated cells (Bellingeri et al., 2019). This incapac-
ity of microalgae to finish cell division can lead to accumulation of pho-
tosynthetic pigments or failures in the regulation of cellular volume due
to high levels of ROS, all effects seen for PMMA-exposed microalgae
(Jamers et al., 2009).
3.2.5. PSII performance
The determination of chlorophyll a fluorescence using PAM fluo-

rometry is a rapid, non-intrusive technique to monitor photosynthetic
performance of photosynthetic organisms (Juneau et al., 2005; Kumar
et al., 2014). The chlorophyll fluorescence parameters determined
using PAM fluorometry showed a distinct pattern between both
PMMA particles, even though a complete inhibition in photosynthetic
processes was not detected for either NPL. No significant alterations
were observed in themaximum quantum efficiency (Fv/Fm) in exposed
microalgae, except for a slight decrease in PMMA at 100 μg/mL (Fig. 5).
On the other hand, the effective quantum efficiency of PSII (ΦPSII) de-
creased upon exposure to both particles, suggesting an impact in the
photosynthetic capacity of PSII. A significant decrease in ΦPSII was re-
corded for PMMA at concentrations higher than 10 μg/mL,with the low-
est value recorded at 50 μg/mL (1.9-fold decrease compared with the
control, Fig. 5). For PMMA-COOH, a significant increase in this parame-
ter was detected for the 5 lowest concentrations tested (down to 1.9-
fold at 10 μg/mL, Fig. 5). At 50 μg/mL, ΦPSII increased to levels similar
to those of the control. The impact of PMMA and PMMA-COOH in
R. baltica photosynthetic performance was further demonstrated by an
increase in the oxygen evolution complex (OEC) and a reduction in
the relative electron transfer rate (ETR), especially in the case of
PMMA (Fig. 5). OEC is one of themost sensitive components of the elec-
tron transport chain associated with the PSII donor, whose alteration is
directly connected with impacts in PSII photochemistry and conse-
quently a reduction in electron transfer between photosystems
(Kumar et al., 2014). The inhibition of PSII–PSI electron transport and/
or biochemical processes linked to photosynthesis will affect all photo-
synthetic processes and, consequently, the physiological state of
organisms.



Fig. 5. Fluorescent parameters of Rhodomonas baltica in the dark- acclimated and light-
acclimated states exposed to poly(methyl methacrylate) nanoplastics (plain and COOH
functionalized) for 72 h. Fv/Fm − Maximum quantum yield, OEC − Efficiency of oxygen-
evolving complex, ΦPSII – Quantum efficiency of PSII photochemistry, ETR – Electron
transfer rate. The experimental results (mean ± SEM) represent 2 independent studies.
Letters represent statistical differences between concentrations for each particle and
asterisks represent statistical differences between particles (P b 0.05).

Fig. 6. Coefficient of photochemical quenching (qP), coefficient of non-photochemical
quenching (qN) and non-photochemical quenching (NPQ) of PSII in Rhodomonas baltica
exposed to poly(methyl methacrylate) nanoplastics (plain and COOH functionalized) for
72 h. The experimental results (mean ± SEM) represent 2 independent studies. Letters
represent statistical differences between concentrations for each particle and asterisks
represent statistical differences between particles (P b 0.05).

9T. Gomes et al. / Science of the Total Environment 726 (2020) 138547
As seen for microalgae exposed to a variety of contaminants
(reviewed in Kumar et al., 2014), a decreasedΦPSII is expected to impact
PSII photochemistry and electron transport associated with energy dis-
sipation pathways. In fact, the impairment in ΦPSII observed for PMMA
and PMMA-COOH can be explained by a concomitant decrease in the
photochemical quenching parameter qP at the same concentrations
(lowest at 50 μg/mL and 10 μg/mL for PMMA and PMMA-COOH, respec-
tively), indicating a reduction in the fraction of open PSII reaction cen-
ters that limit the proportion of captured light energy. When the
photochemical energy-consuming pathway is partially inhibited, non-
photochemical processes are expected to be activated to dissipate
light energy to minimize the damage to the photosynthetic apparatus
(Juneau et al., 2005). This is not the case for R. baltica exposed to
PMMA and PMMA-COOH, where a reduction in both qN and NPQ
seems to reflect an inability of PSII to protect itself through both regu-
lated andunregulated thermal energy dissipation pathways. This reduc-
tion was lowest at 50 μg/mL for PMMA (3.8-fold and 5.9-fold) and
1 μg/mL (1.6-fold and 2.1-fold) for PMMA-COOH, for qN and NPQ, re-
spectively (Fig. 6).
As seen in other studies, the use of relative quenching parameters qP
(rel) and qN(rel) to complement the information given by qP and qN pro-
vides a better evaluation of the alterations in the photosynthetic process
and energy dissipation processes in microalgae exposed to a range of
stressors (e.g. Almeida et al., 2019; Gomes et al., 2017). In this study,
the dissipation energy pathways assessed using quenching analysis
demonstrated that in R. baltica exposed to PMMA, photo-chemical
quenching was promoted to dissipate excess light energy at the three
lowest concentrations used, as illustrated by the slight increase in qP
(rel) (up to 1.3-fold at 1 μg/mL. However, with increasing concentrations,
light energy was not used in photochemical and non-photochemical
processes, as showed by a decrease in qP(rel) and qN(rel), but mainly dis-
sipated via relative unquenched fluorescence (UQF(rel)). This increase in
UQF(rel) was highest at 50 μg/mL (2.5-fold), concentration at which qP
(rel) and qN(rel) levels were the lowest, 1.2-fold and 3.6-fold lower than
the control, respectively (Fig. 7). The relative distribution of the energy
dissipation processes for microalgae exposed to PMMA-COOH was dif-
ferent from that of PMMA, even though light energy was also mainly
dissipated via UQF(rel). The pattern obtained for qP(rel) seems to indicate
a reduction in the fraction of open PSII reaction centers (lowest re-
corded at 0.5 μg/mL), however, their efficiency seems to increase with
increasing concentrations, as showed by the significant increase at the
highest concentration tested (1.3-fold). On the other hand, qN(rel) was
always lower than the control at all concentrations (down to 1.6-fold
at 1 μg/mL), while UQF(rel) was always higher (up to 1.6-fold at
5 μg/mL). The clear predominance of UQF(rel) in R. baltica exposed to
both NPLs seems to indicate that PSII reaction centers are kept in a re-
duced efficiency state, consequently impairing electron transport be-
tween photosystems (Juneau et al., 2005). These alterations in
dissipation energy pathways are in line with the decreased ΦPSII and



Fig. 7. Relative distribution of dissipation energy processes through the PSII of
Rhodomonas baltica exposed to poly(methyl methacrylate) nanoplastics (plain and
COOH functionalized) for 72 h. qP(rel) – Relative photochemical quenching, qN(rel) –
Relative non-photochemical quenching, UQF(rel) – Relative unquenched fluorescence.
The experimental results (mean ± SEM) represent 2 independent studies. Letters
represent statistical differences between concentrations for each particle and asterisks
represent statistical differences between particles (P b 0.05).
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consequent ETR reduction and increase in OEC discussed previously,
and correlated to the results obtained for qP, qN and NPQ, thus
reflecting the capacity of both NPLs to influence electron transport in
microalgae, and in particular PMMA.

Overall, the concomitant decrease in ΦPSII, alterations in PSII photo-
chemistry and energy dissipation pathways, impact on the water-
splitting apparatus and reduction in the ETR rate, confirms the impair-
ment of photosynthetic processes in R. baltica exposed to both PMMA
and PMMA-COOH. Furthermore, this impairment seems to be associ-
atedwith damage to PSII reaction centers and alterations in the electron
transport process, especially for PMMA. A decrease in photosynthesis
activity has already been reported for microalgae exposed to PS plastic
particles (e.g. Bhattacharya et al., 2010; Mao et al., 2018; Sjollema
et al., 2016), however, the effects of NPLs on thephotosyntheticmachin-
ery ofmicroalgae are still poorly explored. Bhattacharya et al. (2010) re-
ported reduced photosynthesis in Chlorella sp. and Scenedesmus sp.
exposed to 20 nm PS beads, while Sjollema et al. (2016) observed re-
duced algal growth in Dunaliella tertiolecta, C. vulgaris, Thalassiosira
pseudonana treated with 50 nm PS beads, yet with no direct effect on
photosynthetic rate. Mao et al. (2018) on the other hand, described an
impairment on the electron donor side (OEC) and the reaction center
of PSII, as well as a reduction in electron transport rate in
C. pyrenoidosa exposed to PSmicroplastics, which are in linewith the re-
sults obtained in this study. A reduction in electron transport rate will
result in electron accumulation, and a subsequent formation of addi-
tional ROS and oxidative stress (Stoiber et al., 2011). Accordingly, the in-
duction of ROS by these NPLs could have damaged ormodified essential
proteins and lipid components present in the thylakoid membrane of
chloroplasts, leading to alterations in photosynthetic processes. These
alterations can be associated withmembrane lipid peroxidation, as pre-
viously described byMao et al. (2018), thus promoting cell damage and
reducing cell growth. The loss ofmembrane integrity due to impairment
of the photosynthetic machinery together with the increase in ROS
levels (even though small) could also explain the decrease in algal met-
abolic activity (esterase activity) seen in R. baltica exposed to PMMA-
COOH. In addition, NPLs adherence onto R. baltica cells could have also
enhanced light attenuation and reduced the availability of nutrient
and gas exchange, consequently triggering adverse effects on
microalgae respiration and photosynthesis, as previously seen for Chlo-
rella and Scenedesmus exposed to PS nano-beads (Bhattacharya et al.,
2010).

4. Conclusions

To our knowledge, this is the first study looking at the physiological
and cellular effects of PMMA NPLs in a red marine microalga. Particle
characterization showed a different behaviour of the NPLs in exposure
media over time, in wich PMMA formed micro-scale aggregates and
PMMA-COOH maintained its nominal size range. These contrasting re-
sults highlight the need to characterize the behaviour of plastic particles
in assay media before and after exposure to properly understand its in-
fluence on the observed toxicity. Among the two differently
funcionalized PMMA nanoplastics, PMMA-COOH caused a higher im-
pact in algal growth, connected to an impairment in cell cycle and con-
sequent decrease in cell viability, metabolic activity and photosynthetic
performance. Conversely, negligible effects were recorded in terms of
ROS formation and pigments content. For PMMA, algal growth was
the least sensisitive endpoint and impacts in sub-lethal responses as
cell viability, cell size and complexity, production of photosynthetic pig-
ments, membrane integrity, ROS formation, lipid peroxidation, DNA
content and photosynthetic capacity were more evident. The integra-
tive approach used in this study provided not only a first insight into
the mechanistic understanding of the toxic impacts of PMMA NPLs but
also supported the influence of surface chemistry andparticle behaviour
as key parameters for interaction with R. baltica cell surface. Future
studies should be directed towards a full characterization of the mode
of action of these particles, focusing on their interaction with cellular
membranes, as well as mechanisms related to metabolic activity (e.g.
respiration), DNA replication and cell division. Additional studies focus-
ing on the entire growth period of R. baltica should be conducted for a
better assessment of the ecological risks caused by these small sized
plastic particles. Given the importance of microalgae in the overall eco-
system productivity, the findings of this study validate the assessment
of the potential risk posed by NPLs across different taxonomic groups,
and in particular potential trophic transfer.
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