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HIGHLIGHTS

e Carbon nanotubes and graphene ox-
ide interact differently with cyano-
bacterial cells.

e Both carbon nanomaterials inhibit
growth, photosynthesis, and esterase
activity.

e No oxidative stress or membrane
damage was observed for both car-
bon nanomaterials.

e Both carbon nanomaterials induced
similar  toxicity to  Microcystis
aeruginosa.
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ABSTRACT

In photosynthetic microorganisms, the toxicity of carbon nanomaterials (CNMs) is typically characterized
by a decrease in growth, viability, photosynthesis, as well as the induction of oxidative stress. However, it
is currently unclear how the shape of the carbon structure in CNMs, such as in the 1-dimensional carbon
nanotubes (CNTs) compared to the two-dimensional graphene oxide (GO), affects the way they interact
with cells. In this study, the effects of GO and oxidized multi-walled CNTs were compared in the
cyanobacterium Microcystis aeruginosa to determine the similarities or differences in how the two CNMs
interact with and induce toxicity to cyanobacteria. Using change in Chlorophyll a concentrations, the
effective concentrations inducing 50% inhibition (ECsg) at 96 h are found to be 11.1 pg/mL and 7.38 pg/mL
for GO and CNTs, respectively. The ECsy of the two CNMs were not found to be statistically different.
Changes in fluorescein diacetate and 2’,7’-dichlorodihydrofluorescein diacetate fluorescence, measured
at the ECsp concentrations, suggest a decrease in esterase enzyme activity but no oxidative stress.
Scanning and transmission electron microscopy imaging did not show extensive membrane damage in
cells exposed to GO or CNTs. Altogether, the decrease in metabolic activity and photosynthetic activity
without oxidative stress or membrane damage support the hypothesis that both GO and CNTs induced
indirect toxicity through physical mechanisms associated with light shading and cell aggregation. This
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indirect toxicity explains why the intrinsic differences in shape, size, and surface properties between
CNTs and GO did not result in differences in how they induce toxicity to cyanobacteria.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanomaterials (CNMs) are a family of carbon nano-
structures that include the 0-dimensional fullerene, 1-dimensional
carbon nanotube (CNTs), and 2-dimensional graphene (Mauter and
Elimelech, 2008; Perreault et al.,, 2015a,b). The exceptional me-
chanical, electrical, and thermal properties of this class of nano-
materials (NMs) have led to their applications in a wide range of
commercial and industrial applications in fields as diverse as
electronics (Jariwala et al., 2013), sensors (Pena-Bahamonde et al.,
2018), medicine (Loh et al., 2018), photovoltaics (Jariwala et al.,
2013), construction (Sanchez and Sobolev, 2010), or water treat-
ment (Perreault et al., 2015a,b; Smith and Rodrigues, 2015). How-
ever, this widespread use may ultimately lead to an increased
release of CNMs in the environment (Gottschalk et al., 2013). To
mitigate the potential risks associated with CNM exposure, a
fundamental understanding of the interactions of CNMs with bio-
logical systems is needed to guide a safer, more sustainable CNMs
development in nano-enabled products (Du et al., 2013; Falinski
et al., 2018; Gilbertson et al., 2015).

For CNTs, toxic effects have been shown for a range of organ-
isms, including bacteria, microalgae, invertebrates, and fishes
(Falinski et al., 2019; Petersen et al., 2009; Sanchez et al., 2012). In
aquatic photosynthetic microorganisms, which are commonly used
for ecotoxicological assessment due to their sensitivity, ease of
maintenance, and relevance in the aquatic trophic chain, CNTs have
been shown to induce growth inhibition and cell death through a
variety of mechanisms. Youn et al. showed that gum arabic-
stabilized single-walled CNTs inhibit the growth of the green alga
Pseudokirchneriella subcapitata at concentrations > 0.5 mg/L in a
96 h exposure assay (Youn et al., 2012). Wei et al. showed that, at
concentrations ranging between 1 and 10 mg/L, oxidized multi-
walled CNTs induced oxidative stress and inhibited photochem-
ical processes at the photosystem II (PSII) level in the green alga
Dunaliella tertiolecta (Wei et al., 2010). On the other hand, Schwab
et al. observed a 96 h ECsp value of 1.8 mg/L and 20 mg/L for
Chlorella vulgaris and P. subcapitata exposed to CNTs; however,
growth inhibition was primarily (>85%) attributed to a self-shading
effect due to light absorption by CNTs, which limited photosyn-
thetic activity (Schwab et al., 2011). Similarly, Long et al. showed
that in green alga, Chlorella sp., exposed to a concentration inducing
a 50% decrease in cell growth (ECsgp) after 96 h, physical interactions
associated with agglomeration and self-shading explained ~50% of
the growth inhibition. These results highlight the complexity and
variability of CNTs’ toxicity in photosynthetic microorganisms,
which is attributed to the intrinsic variability in CNTs’ properties,
such as tube length, diameter, purity, and chirality, differences in
the dispersion and exposure conditions, as well as the sensitivity of
the different biological models (Bennett et al., 2013; Jiang et al.,
2020; Liu et al.,, 2009).

Similarly, graphene and graphene oxide (GO) have been shown
to induce toxicity to multiple biological models (Ahmed and
Rodrigues, 2013; Barrios et al., 2019; Falinski et al., 2019; Li et al,,
2019). Like CNTs, their toxicity in microalgae appears to be driven
by mechanisms associated with oxidative stress, inhibition of
photosynthesis, and physical interactions leading to cell death.
Tang et al. reported growth inhibition of Microcystis aeruginosa at

GO concentrations above 10 mg/L, an effect that was associated
with the adhesion of GO sheets on the cell surface, the induction of
oxidative stress, and the inhibition of the photosynthetic electron
transport (Tang et al., 2015). In Raphidocelis subcapitata, the growth
inhibition 96 h ECsg value was found to be ~20 mg/L and was
characterized by cell membrane damage, oxidative stress, chlorosis,
and physical interactions between the GO sheets and algal cells
(Nogueira et al., 2015). Likewise, reduced GO (rGO) exposure in
Scenedesmus obliquus led to growth inhibition characterized by the
cellular deposition of rGO sheets, the inhibition of PSII electron
transport, oxidative stress, and lipid peroxidation (Du et al., 2016).
However, this effect was observed at much higher concentration
than the oxidized form (i.e. GO), with a 72 h EC5¢ value of 148 mg/L.
Like for CNTs, differences in the GO properties (Barrios et al., 2019;
Faria et al., 2018), exposure conditions, and biological models led to
a high variability in the measured toxicity thresholds reported in
the literature.

The similarities in toxicological interactions between the 1-D
and 2-D forms of CNMs can be explained by their similarities in
chemical structure. Indeed, CNTs are essentially rolled-up graphene
sheets. However, this morphological change results in important
differences in physicochemical properties (Biswas and Lee, 2011;
Kauffman and Star, 2010), particularly in water or when the
oxidized forms of these materials, such as GO, are considered. For
example, GO is an insulating, hydrophilic material that is highly
stable in water while CNTs are typically more conductive with
reduced stability in water (Dreyer et al., 2010; Qi et al., 2016). Ag-
gregation in aqueous conditions will lead to aggregates of different
density, with GO having a more open house-of-cards structure
(Ersan et al., 2017). For toxicological interactions, edges and defects,
which are found all along the edges in 2-D materials but mainly at
the tubes’ tip in 1-D CNTs, have been shown to be the main reactive
sites for oxidative interactions (Faria et al., 2018; Liu et al., 2011).
The distribution of edge sites was also shown to change how CNMs
interact with cell membranes, with the penetration of graphene
and GO into cell membranes being facilitated by the abundance of
sharp irregular edges in the 2-D form (Li et al., 2013; Shi et al,,
2011). However, no side-by-side comparison of the toxicity of 1-D
CNT and 2-D GO was made for photosynthetic organisms. The
variability in doses, materials, and organisms used in toxicity
studies makes it hard to determine if the two carbon allotropes
share the same mechanisms of toxicity. Similarities can be expected
based on their composition, but important differences are also
likely due to their different morphologies and physicochemical
properties.

In this study, we aimed to determine if the mechanisms of
interaction between CNMs and aquatic photosynthetic organisms
differ between 1-D and 2-D CNMs. The cyanobacterium
M. aeruginosa was used as a model organism for toxicity assays due
to its ease of culture, sensitivity to environmental contaminants,
and frequent use as a model for nano-ecotoxicological studies (Luo
et al., 2018; Tang et al., 2015; Wang et al,, 2011; Yang et al., 2018).
Cyanobacterial cells were exposed to different concentrations of
the oxidized forms of two CNMs, oxidized multi-walled CNTs and
GO, to provide a better stability in aqueous media. The two CNMs
were evaluated at the same biological endpoint, the EC5qg value, and
compared on the basis of change in pigment content,
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photosynthetic activity, membrane integrity, and oxidative stress in
order to distinguish each CNMs’ respective mechanism of toxicity.
The results of this work indicate that, despite important differences
in how they interact with cells, both GO and CNTs have similar
impacts on the physiology of M. aeruginosa.

2. Materials and methods
2.1. Chemicals and reagents

A modified Hummer's powdered single layer GO (~99% pure)
was purchased from ACS Materials LLC (Medford, MA, USA) and
used as received. Multi-walled CNTs (>95% pure) were purchased
from CheapTubes (Cambridgeport, VT, USA). The pristine material
was acid-treated with nitric acid (HNO3, 70%) for 4 h under reflux to
increase surface oxygen concentrations (Falinski et al., 2019). The
fluorescent dyes fluorescein diacetate (FDA), BODIPY™ 493/503
(4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-inda-
cene), and 2',7’'-dichlorodihydrofluorescein diacetate (H,DCFDA),
were obtained from Thermo Fisher Scientific (Molecular Probes,
Eugene, OR. All other chemicals were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Unless specified, all chemicals were dissolved
in deionized (DI) water obtained from a GenPure UV xCAD plus
ultrapure water purification system (Thermo Scientific, Waltham,
MA).

2.2. Physicochemical material characterization

The morphology and surface chemistry were characterized for
each material. For GO sheets, the morphology of the material was
visualized by scanning electron microscopy (SEM) using an Amray
1910 FE-SEM operating at an acceleration voltage of 10 eV. Samples
were prepared by drop-casting 3 uL of a diluted 50 pg/mL GO stock
solution on a 1 cm x 1 cm silicon wafer previously cleaned via UV-
ozone treatment for 20 min (UV/Ozone ProCleaner, BioForce
Nanosciences, Ames, IA). SEM images were analyzed using the
Image] v1.50i software to obtain GO dimensions. For CNTs, sizing
was done using transmission electron microscope (TEM) images
acquired on a Philips CM12 TEM (Philips, Eindhoven, Netherlands)
operated at 80 kV. Micrographs were acquired with a Gatan model
791 CCD camera. For TEM imaging, 5 uL of a 50 pug/mL CNTs stock
suspension was added to a #160 mesh copper grid (Ted Pella,
Redding, CA) and dried under hood conditions.

The surface chemistry of both CNMs was determined by X-ray
photoelectron spectroscopy (XPS). For XPS analysis, the sample
holder was covered with double-sided copper tape and dusted with
enough GO powdered material to cover the surface. The sample
was then loaded into a Thermo Scientific ESCALAB 250Xi that uses a
monochromatic Al Ka X-ray source with the following parameters:
1486.7 eV, spot size of 650 um. Survey spectra were collected using
a 1.0 eV step size and 150 eV pass energy. Three measurements in
different locations were collected per sample. The CasaXPS soft-
ware version 2.3.23 was used for peak fitting and to calculate the
atomic percentage.

The colloidal properties of both CNMs were measured in the
Bold Basal Medium (BBM) used for cyanobacterial growth. Sus-
pensions of GO and CNTs were made at a concentration of 180 pg/
mL in BBM (pH 6.8) and bath sonicated for 24 h (M3800 Branson
Ultrasonic Corporation, Danbury, CT) at a sonication intensity
known not to affect the GO sheet size (Perreault et al., 2015a,b).
Surface zeta potential and particle hydrodynamic diameter were
determined by electrophoretic mobility measurements and dy-
namic light scattering (DLS) using a NanoBrook ZetaPALS Potential
Analyzer  (Brookhaven Instrument  Corporation).  Both
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hydrodynamic diameter and zeta potential were measured imme-
diately after addition of the CNMs (t = 0 h) or after 96 h, which is
the duration of the toxicity experiments.

2.3. Growth inhibition assays

The freshwater cyanobacteria Microcystis aeruginosa (UTEX LB
3037) was cultivated in autoclaved Bold Basal Medium (BBM, see
Table S1 for composition) at a constant illumination of
4.85 + 0.31 mW/cm? (Thorlabs, NJ, USA) and a controlled temper-
ature of 28 + 2 °C. This temperature falls within the optimal growth
temperature for M. aeruginosa (Xu et al.,, 2012; You et al., 2018).
Constant aeration was provided by air bubbling, filtered with a
0.22 pm sterile cellulose filter (VWR, USA), using an aquarium
pump (Whisper Air Pump, Tetra, USA). The culture was diluted
weekly with fresh BBM medium to maintain a constant algal
growth in the stock culture. During culture growth, the relationship
between optical density at 750 nm and the cell density was
measured by counting cells with a Leica DM6 epifluorescence mi-
croscope (Leica Microsystems Inc. Buffalo Grove, IL) in bright field
mode with a hemocytometer. The culture was not found to form
colonies in the experimental conditions used for toxicity assays.

For CNMs exposure, the algal culture was diluted to
5 x 10° cells/mL and allowed to grow until mid-exponential phase
(monitored by optical density at 750 nm). Cells were washed three
times by centrifugation and resuspension in fresh BBM. Then, the
cells were diluted to a final concentration of 2 x 108 cells/mL in
BBM and 18 mL of culture were added per flasks. From a stock
suspensions of GO and CNTs made in deionized (DI) water
(2000 pg/mL) and bath sonicated for 72 h (M3800 Branson Ultra-
sonic Corporation, Danbury, CT), different volumes were added to
the cells suspension to reach final CNMs concentrations of 1, 5, 10,
25, 50, and 100 pg/mL. Then, flasks were supplemented, as needed,
with fresh autoclaved DI water to have a final total volume in each
flask of 20 mL. A negative control (no CNMs) was made by adding
2 mL of sterile DI water into the 18 mL algal dilution. Flasks were
kept at a constant temperature (28 + 2 °C) on a shaker at 60 rpm for
96 h.

2.4. Quantification of photosynthetic pigments

After the 96 h exposure time, 1.5 mL of the algae-CNMs sample
was placed in a 2 mL Eppendorf tubes, centrifuged for 10 min at
5000xg, and the supernatant was removed. A 0.5 mL volume of
methanol was added to the Eppendorf tubes, vortexed, placed on a
digital dry bath (Fisher Scientific Waltham, MA) at 70 °C for 10 min,
and centrifuged again to pellet the cell debris. A 0.2 mL volume of
the supernatant was placed in a transparent microplate to measure
chlorophyll a, chlorophyll b, and total chlorophyll concentrations
on a 96 well microplate reader (Synergy H4, BioTek) according to
Lichtenthaler (1987).

2.5. Measurement of photosynthetic activity

The polyphasic rise of chlorophyll a (Chl a) fluorescence in
samples (JIP-test) were recorded using a fluorometer (AquaPen-C
AP-C 100, Photon Systems Instruments, The Czech Republic). A
3 mL volume of algal sample was placed in cuvettes and kept in
darkness for 15 min before Chl a fluorescence transient acquisition.
Rapid fluorescence induction curves were recorded in the time
range between 50 ps and 2 s from the onset of a 3000 pmol photon
m~2% s~ 'saturation light, provided by a red-orange light emitting
diode at 620 nm. The data obtained from the kinetic curves are:
initial fluorescence (F,), fluorescence yield at 50 ps in which all
reaction centers (RCs) in PSIl are open, and Fy (maximal
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fluorescence), the peak of the fluorescence induction curve where
all RCs are closed connecting to accumulation of Q~4Q% g (Strasser
et al., 1995). The maximal PSII quantum yield was evaluated with
the parameter F,/Fy, calculated as F,/Fn= (Fy, - Fo)/Fm, where F, is
the variable fluorescence (Fy, - Fo). The operational PSII quantum
yield was evaluated with the parameter F,’/F,’ calculated as F,’/
F'= (Fm — Fs)/Fm, where Fs is the fluorescence at the steady-state of
electron transport, measured under continuous illumination, and
Fn' is the maximum fluorescence induced by a saturating light
pulse in illuminated steady-state samples. Both the F,/Fy, and the
F,'/[Fm’ are measured as noted as Qy - Quantum Yield in the Aqua-
Pen instrument, with Qy in dark- and light-adapted samples being
equivalent to F,/Fy, and F,’[Fy’, respectively.

The photosynthetic characteristics were assessed by electron
transport rate (ETR) based on photosynthesis vs. irradiance curves
(P—I curves) where Qy is measured as a function of the intensity of
actinic irradiance (red-light diode) according to principles
described in (Jakob et al., 2005):

ETR = Qy x E x Fy (1)

where E is the irradiance, Fy is the fraction of absorbed quanta
directed to PSII (0.5), which was estimated by determining the
fraction of the Chl a associated with PSII and its corresponding light
harvesting complex. A modified nonlinear function (Jassby and
Platt, 1976) was fitted to obtain ETRax (the maximal ETR), o (the
initial slope of the P—I curve as an indicator of photosynthetic ef-
ficiency) and Ey (the saturating irradiance of photosynthesis).

2.6. ECsg determination

The software OriginPro 8.5.1 was used to calculate the half
maximum effective concentration (ECsg). Data fitting was done
using a sigmoidal fit using the dose-response function with the
following equation (Chen et al., 2013):

A2 — Al

y=Al+7 + 1000g 0-x)p

(2)

Where A1 = bottom asymptote, A2 = top asymptote, logs0 = center,
p = hill slope, and ECsq is given by:

ECsg = 1080 (3)

2.7. Fluorescent dye assays

Changes in esterase activity, oxidative stress, and lipid peroxi-
dation were evaluated using the fluorescein diacetate (FDA), 2/, 7’-
dichlorodihydro fluorescein diacetate (H,DCFDA), BODIPY™ 493/
503 (BODIPY) fluorescent dyes. Stock solution of FDA, HDCFDA,
and BODIPY were prepared at a concentration of 10 mM (FDA and
H,DCFDA) or 2 mM (BODIPY), according to the manufacturer
specification (Molecular Probes™, Thermo Fisher, Waltham, MA),
and kept at —20 °C in the dark. After the 96 h exposure, 1 mL of the
cyanobacteria cells was stained with a final concentration of 5 mM
of FDA, 0.2 mM H,DCFDA, or 2 mM BODIPY. The samples were
incubated for 30 min in the dark before pipetting 200 pL of each
sample in a 96 well plate. The fluorescence of FDA and H,DCFDA
were measured on a multi-mode microplate reader (Synergy H1,
BioTek) using an excitation wavelength of 490 nm and an emission
wavelength of 526 nm, while BODIPY fluorescence was measured
using an excitation wavelength of 488 nm and an emission wave-
length of 510 nm. Data was expressed as the mean fluorescence
intensity and the results as a percentage with respect to the control.
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2.8. Electron microscopy of exposed cells

The effect of CNMs exposure on cell morphology was evaluated
using SEM and TEM imaging. Cultures were prepared as for the
toxicity assays using the 96 h ECsg concentration for GO and CNTs.
At the end of the 96 h exposure, cells were collected by centrifu-
gation (5000xg, 1 min) and the pellet fixed in Karnovsky’s fixative
(2% paraformaldehyde, 2.5% glutaraldehyde in 0.2 M Sorenson’s
buffer, pH 7.2) overnight at 4 °C.

For SEM imaging, the fixed cells were washed once with Dul-
becco’s Phosphate Buffered Saline (DPBS), adhered to poly-L-lysine
coated coverslips, and then washed two additional times with
DPBS. Secondary fixation was done with 1% OsO4 in DPBS for 1 h at
room temperature, followed by three washes with DI water. Cells
were dehydrated with an ascending series of ethanol solutions
followed by critical-point drying using a CPD-020 unit (Balzers-
Union, Principality of Liechtenstein) with liquid CO; as the transi-
tion fluid. The dried samples were mounted on aluminum stubs
and coated with 10—12 nm of gold-palladium using a Hummer II
sputter coater (Technics, San Jose, CA). Imaging was done on a JSM
6300 SEM (JEOL USA, Peabody, MA) operated at 15 kV and images
were captured with an IXRF Systems model 500 digital processer
(IXRF System, Austin, TX). An average of 20 pictures were taken for
each condition, enabling the visualization of over 100 cells per
condition.

For TEM imaging, the fixed cells were pelleted and entrapped in
0.8% agarose before washing three times with DPBS. Cell pellets
were then fixed with 1% OsO4 in DPBS for 2 h at room temperature
and rinsed four times with deionized water. The cells were stained
overnight at 4 °C using 1% aqueous uranyl acetate and washed the
following morning with 4 changes of DI water. Cells were dehy-
drated with an ascending series of ethanol concentrations (20, 40,
60, 80, 100% ethanol), rinsing three times with 100% ethanol. Then,
the 100% ethanol was replaced twice with propylene oxide before
infiltrating the samples in increasing concentrations of Spurr’s
standard mixture epoxy resin (Ann Ellis, 2006) using 25% in-
crements. Embedded samples were polymerized at 60 °C for 24 h.
Resin blocks with microtomed to 70 nm sections with a Leica
Ultracut-R microtome (Leica Microsystems, Buffalo Grove, IL) and
collected on formvar-coated copper slot grids. Microtomed sections
were stained with 2% uranyl acetate in 50% ethanol for 6 min fol-
lowed by Sato’s lead citrate (Hanaichi et al., 1986) for 3—4 min.
Images were obtained using a Philips CM12 TEM (Philips, Eind-
hoven, Netherlands) operated at 80 kV. Micrographs were acquired
with a Gatan model 791 CCD camera. An average of 10 pictures
were taken for each condition, enabling the visualization of over
100 cells per condition.

2.9. Data analysis and statistics

Experiments were done in triplicates and data is shown as
means and standard deviation, calculated for each treatment. A
one-way analysis of variance (ANOVA) followed by a Tukey Hon-
estly Significant Difference (HSD) post-hoc test with p < 0.05 was
done to determine significant differences between treatments.
Significant differences are indicated with lowercase letters in the
figures.

3. Results and discussion
3.1. Characterization of carbon nanomaterials
Thorough NM characterization in nanotoxicology studies is

essential to understand how the properties of the material can
influence its toxicity as well as to make the toxicological data
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Fig. 1. Characterization of CNMs. Scanning electron micrograph of GO (A); transmission electron micrograph of CNT (D); size distribution of GO (B) and CNTs (E); X-ray photo-

electron spectroscopy wide scan spectra of GO (C) and CNTs (F).

generated relevant for other researchers and regulators (Fadeel
et al., 2015; Petersen and Henry, 2012). Therefore, the composi-
tion, morphology, and size of the GO and CNTs used in this work
were characterized using SEM, TEM, and XPS analyses (Fig. 1). SEM
imaging of GO showed a material with a typical heterogeneous
sheet morphology (Fig. 1A) and an average lateral sheet dimension
of 1.14 + 0.7 um (Fig. 1B). For CNTs, TEM imaging revealed bundled
CNTs with an average tube diameter of 16.8 + 4.8 nm and a variable
tube length of ~0.224 + 0.083 um (Fig. 1D and E). For both CNMs,
oxidative treatments were used to enhance the dispersibility of the
material in the test medium, which is due to the negative charge
introduced on the CNTs surface by oxidation. XPS analyses indicate
the presence of oxygen in both materials with a C/O ratio for the GO
and CNTs of 2.02 and 6.27, respectively (Fig. 1C and F). It should be
noted that, due to their structural differences, the same C/O ratio in
multi-walled CNTs as in GO is not possible since oxidation affects
primarily the outer carbon layer (Datsyuk et al., 2008; Langley et al.,
2006). Both CNMs showed initially good dispersibility in the test
medium after 24 h of bath sonication. The initial hydrodynamic
diameters of GO and CNTs in the BBM medium were of
507 + 126 nm and 1531 + 243 nm, respectively (Table 1). Electro-
phoretic mobility measurements confirmed the negative surface
charge of both CNMs, with a zeta potential of —25.81 + 1.71 mV
and —22.49 + 1.32 mV for GO and CNTs, respectively. This zeta
potential value is in the range of previously measured values for
these CNMs in complex medium where divalent cations are present
(Chowdhury et al., 2015; Skwarek et al., 2016). Divalent cations
have been shown to reduce the colloidal stability of NM in sus-
pension, which may lead to their aggregation in the test medium

Table 1

(Chowdhury et al., 2015). This is evidenced by the increase in hy-
drodynamic diameter after 96 h, the duration of the toxicity tests, in
the BBM. For both CNMs, the hydrodynamic diameter is found to
increase by one order of magnitude, suggesting high level of ag-
gregation (Table 1). It should be noted that the hydrodynamic di-
ameters shown in Table 1 are calculated based on a spherical
particle and therefore are not representative of the real particle size
since the intrinsic shape of the materials as well as their aggregate
shape are not spherical (Amaro-Gahete et al., 2019; Story et al.,
2020). However, the change in hydrodynamic diameter can be
used as an indicator of the relative aggregation of CNMs in the
medium.

3.2. Growth inhibition dose-response characterization

The toxicity of both CNMs to M. aeruginosa was characterized by
the decrease in cyanobacterial biomass, measured as extractable
Chl a concentration, at two different time points, 24 h and 96 h. The
use of Chl extraction to measure growth inhibition was due to the
optical artefacts introduced by CNMs at high concentrations. Pre-
liminary experiments showed that the presence of the dark-colored
CNMs in the test medium led to an artificial decrease in Chl a
autofluorescence that was not correlated with change in biomass,
as evidenced by the significant decrease in Chl a autofluorescence
at time 0, immediately after addition of CNMs to the cell culture
(Fig. S1). This shading effect on Chl a autofluorescence was signif-
icant at concentrations beyond 10 pg/mL. Similarly, cell counts
done by bright field microscopy or flow cytometry were unreliable
due to CNMs-cell aggregation (Fig. S1). However, the Chl extraction

Characterization of the colloidal behavior of the CNMs suspensions in the BBM medium used for toxicity assays. Asterisks indicate statistical dif-

ference between materials, according to a Student’s t-test (p = 0.05).

Material Zeta potential (mV) Hydrodynamic diameter, 0 h (nm) Hydrodynamic diameter, 96 h (nm)
GO -25.81 +1.71 507 + 126 5022 + 1020
CNTs —22.49 + 1.32* 1531 + 243* 18988 + 10080*
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Fig. 2. Change in Chl a concentration for M. aeruginosa exposed for 24 h (A,B) or 96 h (C,D) to different concentrations of GO (A,C) or CNTs (B,D). Exposures were done under
constant illumination and agitation. Data is shown as mean + standard deviation (n = 3). Letters above the bars represent statistically significant differences between groups, as

determined by ANOVA and Tukey’s HSD tests (p = 0.05).

procedure separates the pigments from the CNMs (and cells),
making this approach more reliable to quantify cyanobacterial
biomass in the presence of CNMs.

Exposure of M. aeruginosa to CNMs concentration of up to
100 pg/mL did not result in any significant growth inhibition for GO
exposure after 24 h of treatment (Fig. 2A). In fact, a small hormetic
response, characterized by a stimulation of growth at low exposure
concentration, can be observed at 5 and 10 pg/mL. Hormesis is a
phenomenon commonly observed in cells exposed to nano-
materials (Agathokleous et al., 2019). However, this effect was not
significant due to the variability observed in the treatments, a
phenomenon that can be attributed to the complex dynamics of
CNMs aggregation in the test media. For CNTs, significant decrease
in Chl a concentrations was observed at concentrations higher than
25 pg/mL (Fig. 2B). However, Chl a concentration decreased to only
60% of the control value and plateaued at this value for up to the
highest concentration of 100 pg/mL (Fig. 3B). While this data in-
dicates that CNTs may be more toxic to M. aeruginosa after 24 h of
exposure, it does not allow for a complete characterization of the
dose-response relationship. Therefore, exposure was prolonged to
96 h, where significant growth inhibition could be observed for
both GO and CNTs (Fig. 2C and D). Based on the decrease in Chl a
content at 96 h exposure, ECsg values of 11.1 + 2.4 and 7.38 + 3.3 pg/
mL were calculated for GO and CNTs, respectively (see Fig. S2 for
fitted data). Although the ECsq value of CNTs is slightly lower than
the ECsg value of GO, the difference in EC5g values is not significant
(p < 0.05). Therefore, both materials are found to be equally toxic to
M. aeruginosa after 96 h of exposure.

The ECs5q values measured in M. aeruginosa for GO and CNTs are

consistent with previous studies evaluating the toxicity of CNMs to
M. aeruginosa. For CNT, Wu et al. found a 96 h ECsg value of 22 mg/L
for single-walled CNTs while, for GO, Xin et al. reported a 96 h ECsq
value of 52.34 mg/L (Wu et al., 2018; Xin et al., 2018). In a different
cyanobacteria model, Synechococcus elongatus, the 72 h ECsq values
for different GO materials ranged from 9.4 to 27.2 mg/L (Malina
et al., 2019). When compared to green algae, the ECsg values ob-
tained in cyanobacteria are comparable, although there is a large
degree of variation between studies. For example, 96 h ECsg values
of 0.82, 1.8 mg/L and 20 mg/L were found for Dunaliella tertiolecta,
C. vulgaris, and R. subcapitata exposed to CNTs (Schwab et al., 2011;
Wei et al.,, 2010). Long et al. found 96 h ECsg values ranging from 8
to 45 mg/L for multi-walled CNTs of different lengths and purity in
Chlorella sp. (Long et al., 2014). For GO, 96 h ECsg values ranging
from 10-20 mg/L was found in R. subcapitata or S. obliquus (Hu et al.,
2016; Nogueira et al., 2015; Yin et al., 2020; Zhang et al., 2018,
2019). The variability observed in these different studies is
explained by the differences in material properties (size, oxygen
content, purity, etc.) as well as differences in the biological models
and growth conditions used.

3.3. Effect of carbon nanomaterials on photosynthetic activity

To understand how CNMs induced growth inhibition in
M. aeruginosa, the effect of CNMs exposure on the photosynthetic
electron transport, as the primary physiological pathway respon-
sible for biomass production in cyanobacteria, was investigated
using Chl a fluorescence measurements. Chl a fluorescence has
been shown to be a sensitive indicator of stress induced by a wide
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range of contaminants, including NM, in photosynthetic microor-
ganisms (Chalifour et al., 2016; Dewez et al., 2018; Nguyen et al.,
2018a, 2018b; Oukarroum et al., 2017; Zhou et al., 2006). Because
of the potential optical artefacts caused by CNMs on Chl a fluo-
rescence emission discussed in the previous section, the concen-
tration range was limited to up to 10 pg/mL, which is the threshold
concentration beyond which Chl a autofluorescence was signifi-
cantly impacted by light absorption by CNMs (Figure S1).
Exposure of M. aeruginosa to both GO and CNTs led to a decrease
in photosynthetic electron transport after 96 h of exposure. The
effect of both GO and CNTs was less important on the PSII activity
than for parameters associated with the steady-state photosyn-
thetic electron transport, which is influenced by processes beyond
PSII, such as Photosystem I (PSI) electron transport, CO, fixation,
and light capture by the light harvesting complexes of PSII and PSI
(Cadoret et al., 2004; Harbinson and Foyer, 1991; Miller and Canvin,
1989; Perreault et al., 2009). For example, the PSII maximal quan-
tum yield (F,/Fy,), which indicates the proportion of PSII that are
photochemically active, was not significantly affected by GO
exposure of up to 10 pg/mL, where it decreased by 35% compared to
the control (Fig. 3A). The lack of statistically significant change in F,/
Fmn before 10 pg/mL suggests that photoinhibitory damage to the
PSII RCs was not the primary mechanism of inhibition (Schansker
and Van Rensen, 1999). Conversely, the light saturation curve for
M. aeruginosa exposed to GO or CNTs revealed that both CNMs had
a significant inhibitory effect on the maximum PSII electron
transport rate (ETRmax) at lower concentrations than F,/Fy. The
ETRmax is measured at the steady-state of photosynthetic electron

transport and is influenced by changes in PSI electron transport and
the carbon fixation pathways (White and Critchley, 1999). In GO,
the ETRpax decreased by 29% and 40% compared to the control
value for 5 and 10 pg/mL, while for CNTs, ETR,1x decreased to 29%
and 49% compared to the control (Fig. 3B). The photosynthetic ef-
ficiency, a, decreased by 26% and 19% after 96 h of exposure to
10 pg/mL GO and CNTs, respectively (Fig. 3C), with a significant
effect only at 10 pg/mL. Finally, the minimum light demand for the
saturation of photosynthesis, Ey, decreased by 22% and 40% for GO
and CNTs, respectively, for the same exposure conditions, and was
significantly different for the control only for the CNT treatment
(Fig. 3D). Altogether, changes in these photosynthetic indicators
show less efficient photosynthetic electron transport in
M. aeruginosa cells in the presence of >5 pg/mL of GO or CNTs. The
effect of CNTs on M. aeruginosa was slightly more pronounced than
for GO, in agreement with the lower ECsg value for CNTs.

Changes in photosynthetic activity in microorganisms exposed
to CNMs have been attributed to different mechanisms associated
with light shading, physical interactions between CNMs and cell
leading to agglomeration, membrane damage, and oxidative stress.
In the green alga P. subcapitata, the toxicity of CNT was primarily
driven by agglomeration of algal cells with CNTs as well as a
shading effect that decreased the amount of light reaching the light
harvesting complexes (Schwab et al.,, 2011). In GO, it has been
observed that the degree of toxicity in algae depends on the
internalization through the cell membrane and the generation of
reactive oxygen species (Du et al., 2016; Tang et al., 2015).
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3.4. Effect of carbon nanomaterials on cellular integrity and
oxidative stress

To evaluate the differences in how GO and CNTs induce toxicity
to M. aeruginosa, the effect of the two materials on M. aeruginosa’s
physiological response was investigated by comparing both CNMs
at their ECsp concentration (11.1 + 2.4 and 7.38 + 3.3 pg/mL for GO
and CNTs, respectively). By doing so, any differences in toxicity that
could arise from differences in bioavailability of the CNMs to the
cells, such as aggregation and settling, were not considered. The
effect of GO and CNTs at their ECsg concentration was evaluated
using two different fluorescent dyes, H,DCFDA and FDA, which
probe intracellular ROS levels and esterase activity, as a general
indicator of cell viability, respectively. Compared to the control
samples, both GO and CNTs induced a decrease in the fluorescence
emission of FDA and H,DCFDA suggesting a decrease in metabolic
activity and cellular oxidative stress in M. aeruginosa cells exposed
to CNMs.

Previous studies on the effects of CNMs on microalgae have
indicated oxidative stress as one of the interaction mechanisms for
both GO and CNTs (Nogueira et al., 2015; Tang et al., 2015; Wei et al,,
2010). Therefore, further validation was sought to confirm the trend
of lower oxidative stress in CNMs-exposed M. aeruginosa. It should
be noted that HoDCFDA fluorescence is dependent on the initial
hydrolysis of the dye by the esterase enzymes and a decrease in
esterase enzymatic activity, noted by the decrease in FDA fluores-
cence, may affect the H,DCFDA fluorescence emission indepen-
dently of oxidative stress (Barhoumi et al., 2015). Therefore, we
used another fluorescent dye, BODIPY, to evaluate potential
changes in lipid peroxidation induced by CNMs (Cheloni and
Slaveykova, 2013). Using this alternative assay, the absence of
oxidative stress in M. aeruginosa cells exposed to GO and CNTs is
confirmed since the BODIPY fluorescence is not changed compared
to the control samples, indicating no change in oxidative damage to
the lipids in the presence of CNMs (Fig. 4). The discrepancy be-
tween the previous studies mentioned above showing the induc-
tion of oxidative stress and this study may be explained by
differences in the CNMs’ properties, as differences in size, surface
chemistry, oxygen content, or presence of oxidation debris (Barrios
et al., 2019; Faria et al., 2018; Liu et al., 2011; Perreault et al.,
2015a,b; Wang and Gilbertson, 2017) were all shown to influence

T
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Fig. 4. Change in esterase activity, intracellular oxidative stress, and lipid peroxidation
at the 96 h ECso conditions in M. aeruginosa exposed to GO or CNTs. Data was
normalized to the fluorescence of the control (no NM added) values and error bars
represent standard deviation (n = 4). Letters above the bars represent statistically
significant differences between groups, as determined by ANOVA and Tukey's HSD
tests (p = 0.05).
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biological reactivity.

The decrease in FDA fluorescence induced by CNMs may suggest
a decrease in metabolic activity or a disruption of the membrane
integrity (Gala and Giesy, 1990; Regel et al., 2002). Because FDA is
initially a non-fluorescent apolar molecule that crosses cell mem-
branes passively to be hydrolyzed into the polar and fluorescent
fluorescein, it has been considered an indicator of membrane
permeability and associated with cell viability in the same way that
other polar dyes are used to mark live/dead cells, such as propidium
iodide or trypan blue (Altman et al., 1993). However, several studies
have shown that changes in the cell metabolism will also affect
esterase enzymes activity and consequently FDA fluorescence. For
example, FDA fluorescence was found to be correlated with CO;
fixation and photosynthetic activity in algae (Dorsey et al., 1989).
Physiological stresses such as light deprivation or nutrient defi-
ciency can also affect FDA fluorescence by changing the metabolic
activity of the cells (Li et al,, 2011). Here, the decrease in FDA
fluorescence could be explained by the decrease in photosynthetic
activity, as shown in Fig. 3, or membrane damage caused by CNMs.
Therefore, cellular integrity was evaluated by morphological char-
acterization of CNMs-exposed M. aeruginosa cells using electron
microscopy imaging.

Cell morphology was evaluated for M. aeruginosa cells exposed
96 h to the EC5¢ concentration of GO or CNTs using SEM imaging.
When compared to the control cells, which appeared as round and
healthy (Fig. 5A), cells exposed to GO sheets show a layer of GO
material deposited on the cell surface, which gives the cells a
wrinkled surface morphology. All cells visualized on the SEM mi-
crographs of GO-exposed M. aeruginosa showed this wrinkled
pattern, indicating homogeneous interaction of GO with the cells.
On the other hand, CNTs-exposed M. aeruginosa cells were not
found to be covered in CNTs; instead, the cells appear to be attached
to large CNTs aggregates. For both GO- and CNTs-exposed
M. aeruginosa cells, the cells do not appear to have the collapsed
structure indicative of membrane disruption and cell damage that
has been observed in previous studies involving the interactions of
bacteria with CNMs (Faria et al., 2018; Lu et al., 2017; Perreault et al.,
2013) (Fig. 5B and C). This difference may be attributed to the
different cell wall architecture between bacteria and cyanobacteria.
Indeed, despite being a gram negative prokaryote, M. aeruginosa
cells possess a thicker peptidoglycan layer that can offer additional
protection against membrane damage (Hoiczyk and Hansel, 2000).

The effect of CNMs exposure on the cell morphology was further
investigated by analyzing the cellular ultrastructure by TEM im-
aging (Fig. 5D—F). As in the SEM images, most cells appear to have
intact cell membranes for all treatments, although some cells can
be seen as having a disrupted cell membrane when in contact with
GO or CNTs (Fig. 5E and F, inserts). The control cells have a normal
cell physiology with the thylakoids, osmophilic lipid droplets,
cyanophicean starch granules, and carboxysomes clearly visible
and defined (Fig. 5E) (Martinez-Ruiz and Martinez-Jerénimo, 2018;
Song and Qiu, 2007). In comparison, cells exposed to GO or CNTs
show a denser and less defined cellular structure and an overall
smaller cell size, which suggest reduced metabolic activity. GO
sheets are visible around the cyanobacterial cells while, for CNTs,
the NM is mostly concentrated in aggregates. Cells are noticeably
smaller in CNTs-exposed M. aeruginosa samples, supporting an
impact on the cell metabolic activity that would impair cell growth.

The absence of significant cell damage, in combination with the
limited effect of GO or CNTs on cellular oxidative stress, suggests
that a decrease in metabolic activity was the main reason for the
reduced growth in CNMs-exposed M. aeruginosa. Previous studies
using bacterial models have also reported a decrease in microbial
activity in GO-entraped cells (Liu et al., 2012; Perreault et al,,
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Fig. 5. Scanning electron microscopy (A—C) and transmission electron microscopy (TEM) of control M. aeruginosa cells (A,D) or cells exposed to the ECso concentration of GO (B,E) or
CNTs (CF) for 96 h. Inserts in D, E, and F are enlarged pictures of cells representative of the interaction observed.

2015a,b). Reduced metabolic activity is likely due to a decrease in
photosynthetic activity, since the cultures were grown photoauto-
trophically, with photosynthesis as the only source of cellular en-
ergy for cell division and growth. Since steady-state photosynthetic
electron transport, which is dependent on metabolic activity
beyond the photosynthetic electron transport chain, was more
sensitive to CNMs' effects than the PSII maximal quantum yield,
photoinhibition of PSII may not be a primary mechanism of toxicity
of GO and CNTs in cyanobacteria. These results support the findings
of Schwab et al., where most of the toxicity of CNTs could be
explained by physical mechanisms leading to reduced cell growth,
such as aggregation, cell entrapment, and light shading (Schwab
et al., 2011). The discrepancies between the current findings and
previous reports that suggested that oxidative stress was a major
mechanism of interaction for GO or CNTs in microalgae may be
explained by differences in the cell architecture of the different
models considered, which may have a significant impact on how
CNMs interact with cellular systems. Differences in the CNMs sur-
face reactivity, associated with their different size or surface
chemistry (Barrios et al., 2019; Perreault et al., 2015a,b; Wang and
Gilbertson, 2017), may also explain some of the differences
observed between studies, particularly those using the same or-
ganism (Tang et al., 2015). To better understand this discrepancy,
further studies providing a systematic investigation on the effect of
cellular properties and CNMs’ surface chemistry will be needed.

4. Conclusion

Despite different physicochemical properties, GO and CNTs
appeared to have similar level of toxicity and mechanisms of
interaction with the cyanobacterium M. aeruginosa. Toxicity of both
CNMs was characterized by a decrease in photosynthetic electron
transport rate and a decrease in FDA fluorescence, suggesting a
reduction in cell metabolic activity. The absence of CNMs-induced
oxidative stress and membrane damage in cells exposed to CNMs
support the hypothesis of physical interactions leading to reduced
photosynthetic and metabolic activity. These physical effects are

less dependent on the intrinsic biological reactivity of CNMs than
on the way they interact with cells in suspensions, making the
differences in surface chemistry or physicochemical properties
between the two CNMs less important for their toxicity to cyano-
bacteria. These findings may be used to develop a general frame-
work to better understand and predict the toxicity of CNMs of
different morphologies to cyanobacterial cells.
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