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Abstract :

The potential presence of nanoplastics (NP) in aquatic environments represents a growing concern
regarding their possible effects on aquatic organisms. The objective of this study was to assess the impact
of polystyrene (PS) amino-modified particles (50 nm PSNH2) on the cellular and metabolic responses of
the diatom Chaetoceros neogracile cultures at two essential phases of the growth cycle, i.e. exponential
(division) and stationary (storage) phases. Both cultures were exposed for 4 days to low (0.05 uyg mL-1)
and high (5 uyg mL-1) concentrations of PS-NH2. Exposure to NP impaired more drastically the major
cellular and physiological parameters during exponential phase than during the stationary phase. Only an
increase in ROS production was observed at both culture phases following NP exposures. In exponential
phase cultures, large decreases in chlorophyll content, esterase activity, cellular growth and
photosynthetic efficiency were recorded upon NP exposure, which could have consequences on the
diatoms life cycle and higher food-web levels. The observed differential responses to NP exposure
according to culture phase could reflect i) the higher concentration of Transparent Exopolymer Particles
(TEP) at stationary phase leading to NP aggregation and thus, probably minimizing NP effects, and/or ii)
the fact that dividing cells during exponential phase may be intrinsically more sensitive to stress. This
work evidenced the importance of algae physiological state for assessing the NP impacts with interactions
between NP and TEP being one key factor affecting the fate of NP in algal media and their impact to algal’
cells.
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Highlights

» Interaction of NP and diatoms was studied at exponential and stationary phases. » Transparent
Exopolymer Particles (TEP) alter NP fate by aggregating NP. » NP impairs major physiological traits of
diatoms at exponential phase. » Whatever the aggregation state, NP promotes oxidative stress at both
growth phases.
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1. Introduction:

Marine plastic pollution is a major environmentahcern. Plastics have an increasing
global production (>320 million tons of plasticdastic Europe 2017) and a part of this
production ends up as waste in the Oceans. Snadtiplparticles (diameter < 5mm)
called microplastics (MP) have been found in waterd sediments around the world,
reaching concentrations of 8.5 mg And 33.0 mg K§ respectively (MP sizes ranging
between 1 and 275um ) in the most polluted areasy(Bann et al., 2017; Dubaish and
Liebezeit., 2013). However, as a result of the nézdl limitation for their identification,
little attention has been paid to small microps&sc and notably the nanoplastics
fraction (GESAMP, 2016). Nanoplastics (NP) weresidered as plastic particles that
are <100 nm in the definition of engineered nanemas (Mattsson et al., 2015;
GESAMP, 2016). Primary NP are produced for a wiglege of applications such as
biosensors (Velev and Kaler, 1999), photonics (Rbget al., 2000), hanocomposites
(Merinska and Dujkova, 2012) and drug delivery somhd cosmetics (Hernandez et al.,
2017) as well as pharmaceutical products (FAO, P0&fiile secondary NP may
originate as demonstrated experimentally from meiciad fragmentation (Lambert and
Wagner, 2016), photo-degradation (Gigault et &16) or biodegradation (Dawson et
al., 2018) of larger items. NP have been estima®dne of the largest share of
nanomaterials on the market (Fabra et al., 2013handfirst report in the aquatic
environment was argued in the North Atlantic Gyrer(Halle et al., 2017).

Amongst phytoplankton, diatoms represent one ohibset abundant group, recognized
to be responsible for around 40% of global prim@angductivity in the oceans (Malviya
et al., 2016) and influencing the global carbonleyEield et al., 1998). The interaction
between MP and marine diatom aggregates has alleeely shown experimentally
(Long et al., 2015; 2017) modifying both algae &aMB settlement rates in the water
column. Due to their intrinsic characteristics, oayaterials, and more often NP, may
have higher impact than their micro-scale countéspagMao et al.,, 2018).
Phytoplankton cell walls constitute the first barrifor uptake encountered by any
substances including nanoparticles (Khowala et28l08). Nanoplastics can attach to
the cell surfaces as suggested for the green niger@Bunaliella tertiolecta (Bergami

et al., 2017; Nolte et al., 2017) while crossing ttell wall will depend on the size:
nanoplastics with larger size than cell wall pore20 nm for diatoms) will not easily
cross cell wall (Navarro et al., 2008).
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In recent years, the impact of NP on freshwateaalghysiology (e.g. photosynthesis)
has raised controversial results. On the one hstodjes revealed a decrease in algal
photosynthesis upon polystyrene nano-beads expo¢Bezgami et al.,, 2017;
Bhattacharya et al., 2010; Mao et al., 2018). Gndther hand, other studies reported
decreased algal growth with no impact on algal péyithetic rate (Sjollema et al.,
2016; Yokota et al., 2017). Due to technical limda for its characterization, the
assessment of NP behavior in natural environmentili a challenge. Nevertheless,
interactions of NP amongst themselves and with rotimacromolecules such as
polysaccharide, organic matter, proteins betweéerst have been already evidenced
under laboratory conditions (Canesi et al., 201aljdvay et al., 2017) and it is directly
related to their toxicity for organisms (reviewedHaul-Pont et al., 2018). Diatoms (and
bacteria) are well known for excreting large quaedi of Exopolymeric Substances
(EPS) during their growth. One type of EPS callednEparent Exopolymer Particles
(TEP) has received increasing attention becausieeafhigh stickiness (Passow, 2002).
Thus, TEP may interact with NP in natural environiseln fact, differential production
of carbohydrates by micro-algae was already obsefivagarde et al., 2016) depending
on the chemical composition of the MP to which tlvegre exposed. Hence, higher
carbohydrate production was related to high dengityyethylene compared to
polypropylene. In addition, TEP is not species-gmec¢Allard and Tazi, 1993) and
rather depends on the age of the strain and/ormatteonditions such as the presence of
bacteria (Corzo et al., 2000). In this context,hypothesized that physiological state of
microalgae may play a role in NP fate and toxidgpending on TEP concentration in

the culture media and their interactions with NP.

In this work, we studied the effects of NP (50 nexposure on the cellular and
metabolic responses of the diato@maetoceros neogracile during exponential and
stationary culture phases via a single experimatgsign. This has never been assessed
before and is of major importance to advance kndggan the impacts of plastic debris
in marine ecosystems. Two concentrations of NP weegl: a high concentration (5 pug
mL™) established to compare results with other lalooyagcotoxicological studie.(.
Bergami et al., 2017; Nolte et al., 2017) and a ti@@s lower concentration (0.05 pg
mL™) to get closer to suspected concentrations inljighntaminated environment
(Huvet et al., 2016; Lenz et al., 2016). Takingoirdccount the relevance of the

surrounding media on NP fate and their potentiakity (Canesi et al., 2017; Galloway
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et al., 2017), TEP concentration in the culture im&ehs quantified and NP aggregation

in algae’ media was characterized.
2. Material and methods
2.1. Batch culture setups

Batch cultures of non-motile diato@haetoceros neogracile (width: 4um, length: 7um;
strain CCAP 101033were done in 500 mL flasks containing 400 mL ofriszed
filtered (0.2 pm) seawater (FSW) including 1 mt* &f silica and Conway’s medium
(Walne, 1966) in a 24 h light cycle with a constaénsity of 100umoles photons ih

s' at adjusted room temperature of 20°C. Flasks wepein constant aeration and £0
was supplied to keep the pH between 7.5-7.9. Tw® &fecultures were prepared at 7
days interval in order to expose simultaneou3lyneogracile in exponential phase (3
days old) and in stationary phase (10 days olt§RoThe growth phases were validated
previously thanks to a calculation of a growth eumwnder same conditions of the
experiment (data not shown).

2.2. Nanoplastics characterization

Fluorescent-blue 50 nm polystyrene amino (PS$)Nkanoparticles were purchased
from Sigma-Aldrich (Saint Louis, USA) with an Exaiton/Emission: 358 nm/410 nm.
Physico-chemical characteristics of NP were cordainin ultrapure water. Size (Z-
average), charge and aggregation state (polydigpeirsdex, Pdl) of NP were

determined by Dynamic Light Scattering (DLS) usiagnano-Zetasizer (Malvern
instruments, United Kingdom). Measurements werefopmed in triplicates, each

containing 13 runs for the Z-average and 40 runZ{potential. In addition, NP shape
was also characterized in ultrapure water by tras&on electronic microscopy
(JeolJEM 100 CX II). In brief, nanoplastics weréutikd in ultrapure water (100 pg mL
1 and placed on copper grid (400 nm mesh) with @armcoated Formvar film

(Polysciences) and marked with 2% (wt/vol) urarggtate to be measured.

DLS analyses of NP were also performed in FSW dgdea spent media of both
cultures (exponential and stationary cultures)ga®&! spent media were obtained after
centrifugation of an algal culture (stationary ompenential) at 550 g for 5 min and
supernatant was collected. Data were analyzed w&t@sizer Nano Series software,
version 6.20. Results are presented as mean (nst3ntlard deviations.
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2.3. Exposure

To keep cells in the same culture exposure comdit{oe. in exponential and stationary
growths), concentrations of both batch culturesenatjusted at 4 x ¥@ells mL* by
centrifugation (550 g for 5 minutes, final volurBB0 mL) and resuspended in their
respective media (exponential or nutrient replete stationary media or nutrient
limited). This was performed to obtain the samé/ldl ratio without having to dilute
algae culture with FSW which could have introdueetias (dilution of nutriments,

exudates, etc.).

For each culture phase (stationary and exponeniiBe experimental treatments were
designed: control (no addition of NP), low NP camtcation (0.05 pg mt) and high
NP concentration (5 pg nif). All treatments (control, low and high) were perfied in
triplicates for each culture phase (exponential stationary).Chaetoceros neogracile
cultures were sampled after 4, 24, 48, 72 and @&dosure to perform the following

analyses.
2.4. Analyses
2.4.1. Scanning electron microscope visualizatioN®-diatoms interactions

For scanning electron microscopy (SEM) observatiamdy cultures in exponential
phase, which were significantly affected by NP, evanalyzed. After 72 h exposure,
one mL sample of each replicate from control arghhNP treatments was fixed in
pseudo-lugol (2% final) according to Verity et @007) protocol, which had proved to
be a good fixative for diatoms” cells and store4&C until analysis. In parallel,
additional tests were performed to compare theityuail SEM analyses between fresh
and pseudo-lugol fixed samples as we had no clutherpotential effect of pseudo-

lugol on the physical interaction between NP aradain cells.

Nevertheless, gradual or direct dehydration witiaetl from Lugol’s solution caused
gross shrinkage (Bistricki and Munawar, 1978). Thogth, fresh and pseudo-lugol
fixed samples were fixed and post-fixed, respebtjivan 0.1 M sodium cacodylate
buffer (1.75% wi/v of NaCl, pH 7.2) for 10 min at°@ before being filtered through
polycarbonate filters with a 2m pore size. Later, filters were rinsed with autoh of

sodium cacodylate 0.1 M (2% w/v of NaCl) in ultrapuvater. Samples were then
dehydrated by successive immersions in alcohob@imethyldisilazan (HMDS) (v:v):
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absolute ethanol-HMDS (3:1), absolute ethanol-HMD:2), absolute ethanol-HMDS
(1:3), and pure HMDS. Finally, samples were coatétl gold palladium before being
observed by SEM (Hitachi S-3200N).

2.4.2. Algae descriptive and physiological paramseded bacteria concentration

Flow cytometric analyses were performed in trigksain each experimental treatment
and algal stage using an EasyCyte Plus cytometaav@& Technologies, Millipore,
Billerica, MA), equipped with a 488-nm argon lasard three fluorescence detectors:
green (GRN 525/30 nm), yellow (YLW 583/26 nm), ared (RED 680/30 nm).
Parameters measured by flow cytometry (cell numdoedl descriptive parameters,
microalgal chlorophyll a content, esterase actjvitytracellular Reactive Oxygen
Species (ROS) production and Bacteria concentiaticere measured on separated

aliquots according to the following protocols:

Cell number and descriptive parameters. Cells were detected on the flow-cytometer by
their optical characteristics obtained at smalllan&orward scatter, FSC) and large
angle (Side Scatter, SSC). The flow-cytometer siggmped with an absolute counting
system (peristaltic pump, flow rate) allowing cdition of the algae’ concentration,

expressed in cell mt

Microalgal chlorophyll a content was estimated using chlorophyll autofluorescence
from the selected microalgal population (RED detecif the flow-cytometer, 680/30
nm; Long et al. 2017). Data was expressed as tlan maered fluorescence per cell in

arbitrary units (A.U.).

Esterase activity which is considered as a proxy of primary metamol{Garvey et al.,
2007) was measured using the fluorescein diacstateing (FDA; Invitrogen # F1303;
final concentration 6 pM) incubating samples formid at 18 °C in the dark. FDA is a
nonpolar compound that can permeate into the célixe inside the cells, FDA is
cleaved by esterases into acetate and fluorescelacnoies (fluorescent green) which
are retained within the cells. Intracellular fluscence increases with both metabolic
activity and time. Esterase activity was estimabgdmeasuring the level of green
fluorescence (GRN detector of the flow-cytometeryd aexpressed as mean of

fluorescence per cell in arbitrary units (A.U.)té&ase activity was measured at all time



204
205

206
207
208
209
210
211
212

213
214
215
216
217
218
219
220
221
222
223

224
225
226
227
228
229
230

231
232
233
234
235

for the stationary phase culture and after 4, &B},36 h for the exponential phase

culture.

Intracellular Reactive Oxygen Species (ROS) production was measured using 2,7-
dichlorofluorescein diacetate (DCFH-DA; Sigma-Atdrj D6883; final concentration
10 uM) after 50 min of incubation at 18 °C in therld(Long et al. 2017). DCFH is
hydrolyzed (esterase) intracellularly to form DCHieh produces green fluorescent
upon oxidation with ROS. The green fluorescencesmes (GRN detector of the flow-
cytometer) is quantitatively related to the inttadar ROS production and is expressed

as the mean of green fluorescence per cell inrarlitinits (A.U.).

Bacteria concentration (adapted from Marie et al., 1997) was measureshoh culture
flask (n=3 for each treatment) in both exponen#@all stationary cultures, at the
beginning and the end of the experiment, by fix6@0 pL of algae culture with
formaldehyde (0.35% final) for 10 minutes at rooemperature in the dark before
freezing the samples (-20 °C) until analysis. Sasplere 1/10 diluted in filtered sterile
seawater and incubated for 10 min in the dark aitielition of 5 uL of SYBR® Green |
commercial solution (Molecular Probes, #S7563) tdduat 1/100 in Milli-Q water.
SYBR® Green | was used to detect bacteria asinsfaNA which fluorescence green
and was detected by FL1 detector. Results are giseroncentration of bacteria in cells
per mL. Additionally, bacteria load (bacteria byllcaevas also calculated dividing

bacteria concentration by cell concentration.

Photosynthetic efficiency (F, / Frm) which is a proxy of PSII photochemical efficiency,
was measured by pulse amplitude modulation (PAMpriimetry with a handled

AquaPen-C AP-C 100 (Photon Systems Instrumentssdora Czech Republic)

equipped with a blue light (455 nm). For each samgptime, 3 mL sample of each

culture were dark-adapted for 30 minutes beforesomeament of fluorescence variables
(Fo, Fm, R). Ry is the initial fluorescence intensity,, Rhe maximal intensity under

saturating light conditions, and E R, - Ry (Strasser et al., 2000).

Transparent Exopolymer Particles (TEP) concentration was measured following the

method developed by Passow and Alldredge (1995)e€Tlio five replicates were

sampled from each culture before the exposure.rlatmples were prepared for
exposure as described in section 2.3. At the enthefexperiment (96 h exposure), a
concentration of 1 x fOcells mL* of each culture flask were filtered onto Quh
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polycarbonate filters under low vacuum pressure stathed with 0.5 mL Alcian blue
solution (0.02 % in aqueous solution, 0.06 % acatid, pH 2.5, filtered at 0.2 pm
before use). Polycarbonate filters were then sod&e@ h in 6 mL of 80 % EBO,
solution under agitation. The absorption of theaot®d solution was measured at 787
nm in a 1 cm cuvette and was converted in gramwh&anthan equivalent per litter
(g Xeq L) using a Gum Xanthan calibration curve fitting aworking Alcian blue

solution.
2.5. Statistical analyses

Statistical analysis was performed using STATGRAPS Icenturion XV.II (Statpoint
Technologies, Inc. Warrenton, Virginia, USA). Diféeces were considered significant
at p < 0.05. Normality and homogeneity of varianakthe data distribution were tested
by standardized skewness and standardized kuramsisLevene’s test, respectively.
One-way-ANOVA analysis was performed to establigimificant differences between
treatments at each time. A Tukey’s post hoc test wged to test differences among the
different exposure treatments. Arcsine or log tiamsation was performed when
necessary to meet the normality and homoscedgstidieria. Non-parametric analysis
(Kruskal-Wallis test) was also performed when thariables did not meet the

requirements of a parametric ANOVA.
3. Results
3.1. Nanoplastics behavior and fate in culture medi

DLS analysis confirmed the expected size of NPltrapure water, with a Z-average of
53.5 £ 0.2 nm (Figure 1A). Nanoparticle geometrianteter was also confirmed in

ultrapure water using transmission electron miarpgc(Fig. 1E). In FSW, size of NP

was similar (55.1 £ 0.5 nm; Fig. 1B). Aggregatiomsmegligible as suggested by a
PdI<0.2 for both ultrapure and FSW conditions.

Results of NP size and aggregation state monitoréide filtered spent media of algae
cultures revealed a moderate aggregation, showsigeaof 70.5 £ 2.2 nm (PdI= 0.3
0.0) and 162.4 = 3.3 nm (Pdl= 0.6 + 0.0) at exptinerand stationary phases,
respectively (Fig. 1C and 1D).
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Regarding the charge, NP resuspended in ultrapaterwad a strong positive charge
45.4 + 0.2 mV but was reduced to 14.3 = 3.5 mV wresuspended in FSW. Similarly
to FSW, NP resuspended in both exponential antbstay spent media had a positive
charge reduced down to 11.0 £ 4.4 mV and 17.5 a3 respectively.

3.2. Adhesion of nanoplastics to algae cells.

SEM observations were performed to visualise thaodi cells structure and assess
potential impacts of NP exposure on cell shape iatefrity. Fresh cells of control
cultures ofChaetoceros neogracile in exponential phase presented intact silica ditast
and setae (Figure 2A; 2B). Sometimes, the setae tmaken and situated close to the
cell as a consequence of the force exerted duritigatibn process (sampling
preparation; e.g. in Fig.2B). Control samples fixadpseudo-Lugol evidenced more

deteriorated frustules compared to fresh samplespi®mentary Figure 1).

After exposure to nanoplastics, adsorption of né&astgs onto algal’ cell surface was
observed in both fresh (Fig. 2C and 2D) and psdudokF fixed (Supp. Fig 1) samples.
Pseudo-lugol fixed samples evidenced large amodinaggregated debris in cells
exposed to NP (Supp. Fig 1), but not in controlswiver, this amount of debris was
not observed in any of the fresh samples regardbésthe experimental condition
considered (including high NP concentration), sstjgg that fixation promoted higher

debris aggregation when NP are present.
3.3. Phytoplankton responses to nanoplastics exposu
3.3.1. Cell growth

In control treatments (no addition of NP), cultgewth was higher in exponential
phase in comparison with stationary phase, withlfeellular concentrations being 2
and 19 times higher than at the beginning of theeement in stationary and

exponential growth phases, respectively (Suppleangiable 1).

Exposure to high NP concentration significantly ueed cell growth of culture in
exponential phase. Growth rate was reduced by A&an8l 62 % compared to controls
after 48, 72 and 96 h of exposure, respectivelgui@ 3A; ANOVA; p < 0.01). No

significant effect on cell growth was observed @aw INP concentration (Figure 3A).
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The low growth of cultures in stationary phase wad affected by NP exposure
regardless of the NP concentration and exposusidar(Supp. Table 1).

3.3.2. Changes in cell's optical characteristics

Exposure of culture in exponential phase to highcRcentration resulted in up to 100
% increase of cells’ optical characteristics atjéaangle (Side Scatter, SSC). After 4 h
exposure, SSC increased by 35% compared to canfiluls increase was also observed
during the rest of the experiment (ANOVA; p < 0.GdllLlexposure durations; Fig. 3B).
Conversely, cell exposed to low NP concentratiah bt show any modification of
their SSC, although a significant 5 % increaseafvard Scatter (FSC) as compared to
controls was detected after 96 h exposure (ANOVA;Q01; Fig. 3C).

3.3.3. Chlorophyll a content

In cultures in exponential phase, an 8 % decreasilorophyll a content compared to
controls was observed after 4 and 24 h exposuretatNP concentrations (ANOVA; p
< 0.05). For respectively low and high NP exposuites reductions reached 9 and 24 %
after 48 h exposure, 6 and 33 % after 72 h expoante 14 and 32 % after 96 h
exposure. For cultures in stationary phase, noifgignt effect of NP exposure was
observed on chlorophyll a content regardless efNi? concentrations and exposure
duration (Fig 3D; Supp. Table 2).

3.3.4. Photosynthetic efficiency

Photosynthetic efficiency of cells in exponentidlape decreased after 4 h exposure
with a reduction of 2 and 3 % for low and high NBncentrations, respectively
(ANOVA; p < 0.01 both NP concentrations). After A8xposure, the photosynthetic
efficiency was reduced by 13% only at high NP cotreion until the end of the
experiment (ANOVA; p < 0.001; Fig. 3E). In culturesstationary phase, a significant
decrease in photosynthetic efficiency was obseateldw NP concentration after 4 h
exposure (ANOVA; p < 0.01) being 6 % lower thantcoh No significant effect of NP
exposure was recorded on photosynthetic effici¢heyeafter (Supp. Table 2).

3.3.5. Esterase activity

A significant decrease in esterase activity wasenlexl in cultures in exponential phase
showing values of 8 % and 21 % reductions after(AMOVA; p < 0.05) for low and
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high NP exposure, respectively. A reduction of {pgsameter was also observed after
24 h exposure (24 % and 52 % decrease at low agd NP concentration,
respectively), 48 h exposure (17 % and 69 % deereatslow and high NP
concentration, respectively), and 96 h exposure%land 38 % decrease at low and
high NP concentration, respectively) (ANOVA; p <001 all times; Fig 3F). No
significant effect of NP exposure on esterase #gtof culture in stationary phase was

observed (Supp. Table 2).
3.3.6. Intracellular ROS production

Nanoplastics exposure triggered a significant iaseein intracellular ROS production
of C. neogracile at both culture phases and both NP concentra(i®opp. Table 2).
Cultures at exponential phase exposed to high Mesdration showed an increase in
ROS production by 48% after 4 h exposure (ANOVAL 09.05) and reaching 22 %
after 48 and 72 h exposure (ANOVA, p < 0.001 bothosure times; Fig 3G).

Cultures in stationary phase evidenced an incr@adeOS production at both NP
concentrations, around 12 % and 14 % at low ankl Ni§ concentrations, respectively,
compared to the control after 4 h, 48 h and 72 lexgiosure (ANOVA; p < 0.05 all

exposure times).
3.3.7. Bacteria concentration in the cultures

At the beginning of the experiment the bacteriallaas 14 times higher in cultures in
stationary phase (values bacteria tethan in exponential phase (values bacteria‘gell
(ANOVA; p < 0.001).

At the end of the experiment, bacteria concentnatvas still twice higher in culture in

stationary phase (ANOVA; p < 0.01) as comparedxjpoaential ones. At this time, a
significant reduction of bacteria concentration 3.5 % was observed at high NP
concentration in the culture in exponential phadBIQVA; p < 0.01) compared to

control. However, when normalized by the diatomil cencentration in this culture,

bacteria load at high NP concentration (4 bactegif') was two times higher than in
controls (ANOVA; p < 0.01) (Fig. 3H). Neither badte concentration nor bacteria-
diatom ratio in stationary cultures were signifitaraffected by NP exposures (Fig.
3H).
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3.3.8. Concentration of Transparent Exopolymeri€lag (TEP)

At the beginning of the experiment, TEP concerdgratvas 5 times higher i.
neogracile cultures in stationary phase than in culturesxipoaential phase (5.5x1@a
1.2x10 and 1.1x1d + 1.3x16 pg Xeq L* in stationary and exponential phases,
respectively) as presented in Figure 4A. When nbreth by the diatom cell number
(Fig. 4B), TEP were 2 times more concentrate@.ineogracile cultures in exponential
phase than in stationary phase, (~6 pg aBdug Xeq Cell in exponential and

stationary phases, respectively).

At the end of the experiment, TEP concentratioexponential phase exposed to high
NP concentration was 2.3 times reduced as comptareontrols (1.5x1band 3.5x16
ng Xeq L* for high NP exposure and control conditions, reipely, Figure 4C).
However, when normalized by the diatom cell conegin, the same final TEP
concentration per cell was observed in exponentifilres for all treatments (control,
low NP, high NP: ~ 3 pg Xeq C&ll Figure 4D). At this time for cultures in statiopa
phase, no differences in TEP concentration betweatments were observed either in
ng Xeq ! (~1.56x106 + 3.1x16 pg Xeq L) or normalized per diatom cell (~18 ug
Xeq Cell®) (Fig. 4C; 4D).

4. Discussion:

The main objective of this work was to identify tkéect of small nanoplastics (50 nm)
on the cellular and metabolic responses of a diatoimaetoceros neogracile, at two
growth phases (exponential and stationary growthses$) via a single experimental
design. This experimental approach is innovatiwe lzas been never performed before.
Moreover, the present study include the measurenmntbacteria and TEP
concentrations in algae media, as well as charaatem of NP behavior in algal
cultures, thus providing useful information abobge timpact of NP on diatoms at

different growth phases.
Transparent Exopolymer Particles (TEP) concentration influences NP fate

According to recent findings, components presemnwaer such as colloids and natural
organic matter, under a variety of physico-chemamlditions including pH and ionic
strength, affect significantly NP behavior, fatedatoxicity (Manfra et al., 2017,
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reviewed in Paul-Pont et al., 2018). Plastics hesnlproven to rapidly develop in its
hydrophobic surface diverse microbial community béterotrophs, autotrophs,
predators, and symbionts not found in other sutestrin the upper layer of oceans
(Datta et al., 2016). This specific plastic assedacommunities were termed the
“plastisphere’ by Zettler et al. (2013) and evidenced the higihesion capacity of
plastics in natural environments.

Diatoms are particularly well known for excretinggrficant quantities of
exopolysaccharides (EPS) that may rearrange to larger particles, the TEP (Mari et
al.,, 2017). TEP are essentially constituted by getgharides highly surface-active,
enriched in deoxysugars and covalently bound sulfflsitopper et al., 1995; Zhou et al.
1998), with a strong tendency to form metal iordges and hydrogen bonds (Passow
2002). These highly sticky particles trigger agatean of various organic and mineral
solid particles from natural or anthropogenic arigVari et al. 2017; Long et al. 2015;
Passow and De La Rocha, 2006; Zhao et al. 201 3piReTEP’ low density (lower
than sea-water) that sometimes lead to form asognadirticles, TEP adhesion capacity
are so high that most aggregates formed in theradadémvironment contained a large
proportion of ballasted particles associated torgjrsinking and export to deeper layer
(Azetsu-Scott and Passow, 2004; Mari et al. 20IohgLet al. 2015). This explained
why TEP can easily interact with NP, as it has beeidenced with MP (Long et al.
2017; Zhao et al. 2017). In our work, a moderatgreggation of NP was observed in
diatoms spent media, but neither in filtered seawabr in ultrapure water. This may be
linked to the formation of an environmental coatilng ‘eco-corona’ around NP as
previously described (Canesi et al. 2017; Galloetsl., 2017). Although the nature of
the eco-corona was not investigated, the influedfcEEP in the formation of moderate
aggregates is suggested here in accordance witiopsefindings (Long et al. 2015;
Lagarde et al. 2016). TEP appear to act as bindoent, holding plastic particles
together into agglomerates as it was previouslpnted for 50 nm polystyrene particles
in the presence of exopolymeric substances (EP@ntaus et al., 2018). In our work,
total TEP concentration at the beginning of theeexpent at stationary phase was 5
times higher than in exponential phase. TEP cdnagon generally increase when
nutrient limit cell growth as also occurred in mafuenvironment where TEP
accumulate in surface waters at the end of blocasg&w 2000, 2002, Mari et al. 2017).
As EPS are also excreted by bacteria, the incre$&P measured in our experiment

may also be due to the high bacteria load obseavedationary growth. This bacteria
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load not only can participate in TEP production kalso get involved in the
“plastisphere” of NP depending on plastic type and mostly oniemmental conditions
(Summers et al., 2018).

Regardless of their origin, presence of TEP inrtteglia promoted aggregation of NP.
The resulting increase in particle size may havwectdd their toxicity (Paul-Pont et al.,
2018). Indeed, previous studies reported that mscede (>1um) particles had less
impact on microalgae than nano-scale plastics (btaa., 2018; Sjollema et al., 2016).
In addition to the particle size, significant lowealues of NP zeta potential were
observed in both FSW and algae media. Decreasesitiye charges of NP in FSW has
been already reported (Bergami et al., 2016) dumttyaction of the surface groups
with high number of ions (Cole and Galloway, 2018hwever, the presence of TEP

did not appear to further alter the behavior ane ¢& NP as compared to FSW.

Altogether, NP aggregation and charge reductiordcbave minimized NP impacts as

observed in this study for cultures in stationangge.
NP affected the concentration of Transparent Exopolymer Particles (TEP)

The presence of exopolymeric substances (EPS) peddoy microalgae and bacteria is
associated to diatom cell stickiness and subseqaggtegation, which have an
important role in the redistribution and exportoofjanic carbon (Thornton, 2002, Mari
et al. 2017).

As a biological response, it is expected than Nferaiotal TEP concentration as
previously reported in presence of MP (Lagardel.e2@16). Recently, Bergami et al.
(2016) suggested that presence of NP promotesoth@fion of rounded aggregates of
PS-NH around algae” cells probably due to the presehegganic matter and/or the
EPS in the media. Nevertheless, this hypothesis lvgm®d on scanning electronic
microscopy (SEM) images of glutaraldehyde fixedscebt taking into account TEP
measurements. Based on the microscopic observaieemed in this study on fresh
and pseudo-lugol fixated cells, it seems that psdudol fixation promotes aggregation
in the media probably associated to the presenc&€Esf, not only in NP exposed
cultures but also in control ones. Then, microscapgroach could be misleading to
evidence NP influence on TEP presence and we atbérgoantifying TEP as done here
by spectrophotometric measurement. Our data redealsignificant decrease in total
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TEP (ug Xeq [Y) at high NP concentration during exponential gtov8uch decrease
could be explained by a general decrease of the@E®&&icer diatoms and bacteria: i)
we observed reduction (62 % down) of algae” cellglawth in this treatment and ii)
we observed reduction (30.5 % down) in bacteriaceatration in comparison to
control. Indeed, it is difficult to discriminatedtlorigin of TEP. Some carbohydrates are
diatoms-specific, and measurements of dissolveoobadrates in the culture would be
a way to discriminate diatom TEP from bacterial .ddewever the observed difference
between the total TEP concentrations at the enldeoéxperiment for high NP exposure
disappeared when TEP concentration is normalizedlisbom cell concentrations,
suggesting that in our experiment diatom may berthm producer of TEP.

NP impair major physiological traitsof diatomsat exponential growth

Exponential cultures are characterized by a fastwfir which leads to intense
duplication of chloroplasts, nucleus, Golgi appasaand mitochondria requiring high
amounts of energy (Tanaka et al., 2015). They @lgdicate their frustules from which
two new cells are produced (Pickett-Heaps, 199&yeflore promoting membrane
exhibition to NP which may increase their susceliyito NP exposure. The adsorption
of PS-NH onto Dunaliella tertiolecta membranes has been reported previously
(Bergami et al., 2017). Furthermore, higher adsomnptatio of PS-NH as compared to
other functionalized groups such as PS-COOH or foontionalized polystyrene
particles has been reported (Nolte et al., 201dghSigh adsorption of PS-NHilso
evidencedn vitro with mammalian cells (Anguissola et al., 2014; &laret al., 2012)
was justified by the attraction of positively chadgparticles with negatively charged
membrane lipids (Rossi and Monticelli, 2016). Nélveless, diatoms are covered by a
silica frustule, which can protect the membranesresg potential external stressors such
as NP. Recently, Walsh et al. (2017) have repdhat-NH: groups have high affinity
to frustule’s silica in diatoms. This fits with thebserved increase in FSC and SSC
suggesting cell surface changes upon NP exposuegpanential cultures. It may be
explained by a rapid adhesion of NP to algal agtfaxe as evidenced by SEM. Indeed,
increase in light diffraction upon NP adsorption e cell surface was previously
reported in other cells typese. gametes (Gonzalez-Fernandez et al., 2018). Rawticl
adhered onto the algae” cells could also enhamyteé &ttenuation and reduce the
availability of nutrient and gas exchange, whichyn@nsequently trigger adverse
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effects on algae respiration and photosynthesisg@ei et al., 2016; Bhattacharya et
al., 2010).

In this work, NP significantly impacted the photo#fyetic machinery of microalgae
cultures in exponential phase. A decrease in plotbesis activity in microalgae upon
exposure to NP was already reported (Bergami geR@lL7; Bhattacharya et al., 2010;
Mao et al., 2018). Particularly, decrease in phpttsetic efficiency was expected after
exposure to positively charged NP because theytightly absorbed on cellulosic

membranes of microalgae (Nolte et al., 2017). Theessive cell surface coverage by
PS-NH is likely to inhibit photosynthesis and/or disrugall wall (Nolte et al., 2017).

Loss of membrane integrity could also explain teerdase in algal metabolic activity
(esterase activity). Plant and other photosynthatganisms use chlorophyll to absorb
light and convert it into chemical energy. The ddspendent reduction of chlorophyll
content in cultures in exponential phase suggestsgl sensitiveness of thylakoid
photosynthetic machinery with however only a motieranpact on photosynthetic
efficiency at high NP exposure in our experimemwtahditions. Overall, it is proposed
that NP exposure may impair the diatoms energykantay affecting chloroplast

integrity.
NP triggered an increase of ROS production by algae at both growing phases

In photosynthetic organisms, ROS are continuoushdgpced as by-products through
various metabolic pathways localized in mitochoadchloroplasts and peroxisomes,
(Liu et al., 2007). Enhancement of ROS productifteraexposure to NP has been
previously observed (Bhattacharya et al., 2010; Mtaal., 2018), as well as in this
study at two culture phases strengthening its statu ubiquitous stress response.
Impairment of the electron transport chain in cbpasts may results in electron
accumulation increasing the ROS level. It is alsteworthy that ROS production was
the unigue parameter affected in stationary custuegen at low NP dose. This suggests
that ROS generation upon NP exposure may constdaugredominant mechanism
leading to nano-toxicity, as reported by Fu et (@014). The impairment of the
photosynthetic machinery together with the increaseROS levels could lead to
membrane lipid peroxidation as previously describgdVao et al. (2018) promoting
cell damage and reducing cell growth.

5. Conclusion
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In natural environments, all growing states coeximstking difficult to predict the
impact of NP on diatoms community and on organisahshigher trophic levels.
Ecological effects of NP may indeed occur higherimpghe food web, with algae-
particle interaction as the first step in the bigmécation (Nolte et al., 2017 ; Navarro
et al., 2008) as previously shown in suspensiodifge bivalves (Ward and Kach,
2009). Differences in TEP concentration accordiaggtowth phase can be a key
parameter affecting the fate and toxicity of NP roarine diatoms. This work using
fairly realistic environmental scenario of nanofitas pollution highlights the
importance of taking into account algae growingsgsawhen evaluating the impact of
plastic in phytoplankton ecotoxicological studiésurther research focusing on the
interaction of NP with cellular membranes as well the impairment of the
photosynthesis machinery are of great interestdieeply understanding the global

diatoms’ responses to plastic contamination.
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FIGURE CAPTIONS

Figure 1. Nanoplastics characterization using Dynamic Li§kattering in ultrapure water
(A), filtered seawater (B), filtered algal mediaexiponential phase (C) filtered algal media at
stationary phase (D) and Transmission Electronicrdicopy (TEM) imaging in ultrapure
water (E). Size distribution of 50 nm PS-Nhheasured in triplicates (corresponding to the
different colors: green, red, blue) using a Zewmsidhano Series software 6.2. TEM
observations of 50 nm PS-Nldre also presented. Scale bar: 20 nm.

Figure 2. Scanning electron micrographs Ghaetoceros neogracile exponential cells in
control (A, B) and after 72h exposure to high NRaantration (5 pg mtPS-NH) (C, D).

Samples were processed in fresh. Exposed celleniess high amount of PS-NHparticles
attached onto the cell surface. Scale bar: 5unCjAand 1um (B, D).

Figure 3. Diatom cellular parameters affected by PS;Nposure at exponential phase:
cellular growth (A), relative cell complexity (Sicdeatter SSC) (B), relative cell size (forward
scatter FSC) (C), chlorophyll content (red fluorsrsme) (D), photosynthesis activity (E),

esterase activity (green fluorescence) (F), inthalee ROS production (G) and bacteria

concentration (H). Data are presented as mear® hSD. Significant level marked at p<

0.05. Lowercase letters indicate differences betweeatments within the same exposure
time time (1-way-ANOVA analysis).

Figure 4. Transparent Exopolymer Particles (TEP) concemtnatheasured before exposure
(A, B) and after 96 h exposure to nanoplasticsi¥iC,A,C: TEP expressed by microgram of
Gum Xanthan equivalent per litter (g Xeg)Land B,D: TEP expressed by microgram of
Gum Xanthan equivalent per cell (ug Xeq T@liData are presented as means (n=3) + SD.
Significant level marked at p< 0.05. Lowercaseelstindicate differences between treatments
within the same exposure time (1-way-ANOVA analysis
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Highlights

1. Interaction of NP and diatoms was studied at exponential and stationary phases
2. Transparent Exopolymer Particles (TEP) alter NP fate by aggregating NP

3. NP impairs mgjor physiological traits of diatoms at exponential phase

4. Whatever the aggregation state, NP promotes oxidative stress at both growth phases





