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Abstract

Due to their remarkable properties, the applications of carbon-based nanomaterials (CNMs) such as graphene and function-
alized multi-walled carbon nanotubes (f-MWCNTs) are increasing. These CNMs can enter the freshwater environment via
numerous routes, potentially exposing various organisms. The current study assesses the effects of graphene, f-MWCNTs,
and their binary mixture on the freshwater algal species Scenedesmus obliquus. The concentration for the individual materials
was kept at 1 mg L~!, while graphene and f-MWCNTSs were taken at 0.5 mg L~! each for the combination. Both the CNMs
caused a decrease in cell viability, esterase activity, and photosynthetic efficiency in the cells. The cytotoxic effects were
accompanied by increased hydroxyl and superoxide radical generation, lipid peroxidation, antioxidant enzyme activity (cata-
lase and superoxide dismutase), and mitochondrial membrane potential. Graphene was more toxic compared to f-MWCNTs.
The binary mixture of the pollutants demonstrated a synergistic enhancement of the toxic potential. Oxidative stress genera-
tion played a critical role in toxicity responses, as noted by a strong correlation between the physiological parameters and
the biomarkers of oxidative stress. The outcomes from this study emphasize the significance of considering the combined
effects of various CNMs as part of a thorough evaluation of ecotoxicity in freshwater organisms.
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Introduction

Carbon-based nanomaterials (CNMs), such as graphene and
functionalized multi-walled carbon nanotubes (f-MWCNTs),
have great promise in developing novel materials. Gra-
phene has excellent thermal conductivity and mechanical
properties, a large specific surface area, and perfect cata-
lytic activity. Their unique properties make them potential
candidates for biomedical applications (including drug
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delivery), photovoltaic devices, electrochemical devices,
energy storage, and catalytic applications (Malhotra et al.
2020). Increasing production and usage of graphene lead to
their uncontrolled release into aquatic systems endangering
the underwater flora and fauna (Arvidsson et al. 2013; Segal
2009). f-MWCNTs find applications in various fields like
electronics, nanomedicine, catalysis, and water purification
(Pikula et al. 2020). Carbon-based nanoproducts are becom-
ing more popular, with estimates predicting worldwide out-
put could reach 10,500-20,000 tonnes by 2020 (Saxena et al.
2020). The rapid growth in the usage of CNMs leads to their
release into the aquatic environments, posing a severe threat
to aquatic organisms (Freixa et al. 2018; Markus et al. 2016).

Comparing the EC5, toxicity data reported in the lit-
erature, algae form the most sensitive group of organisms
to CNMs (Freixa et al. 2018). Current literature regarding
the ecotoxicity of the CNMs centers around single species
studies with the least number of reports available on algae.
Scenedesmus sp. is a common unicellular green alga in
freshwater bodies worldwide (Zhou et al. 2012). Due to its
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easy cultivation and intense sensitivity to aquatic pollutants,
Scenedesmus obliquus is widely used for risk assessment.
It has been used in past studies to examine the toxicity of
carbon-based nanomaterials like graphene (Guo and Mei
2014) and carbon nanotubes (Stanley et al. 2016). Consid-
ering this information, Scenedesmus sp. was selected as a
model organism to study CNM toxicity in the current work.
Though there are quite a few studies on the toxic effects
of Fullerenes, MWCNTs, and SWCNTSs in aquatic organ-
isms, the toxicity of graphene needs to be better studied.
There are only a handful of previous studies on graphene
toxicity in aquatic organisms, even less in algae (Freixa et al.
2018). The toxicity of graphene depends on the concentra-
tion, variations within the graphene family (two-dimensional
size, three-dimensional structure, and thickness), manufac-
turing methods, and the types of functional groups (Guo and
Mei 2014). In a previous study, it was observed that expos-
ing freshwater algae (Chlorella pyrenoidosa) to graphene
led to a significant reduction in the membrane integrity of
the cells (Zhao et al. 2014). Wang et al. (2016) also reported
that graphene inhibited growth in Scenedesmus obliquus in a
concentration-dependent manner. Guo et al. (2016) observed
dose-dependent toxicity of graphene in another species,
Chlorella pyrenoidosa.f-MWCNTs are known to impose a
shading effect and inhibit algal growth (Long et al. 2012).
They also generate oxidative stresses like ROS and malon-
dialdehyde, which ultimately affects DNA in aquatic organ-
isms (Manna et al. 2005; Thurnherr et al. 2011). Different
algal species may have differences in sensitivities to CNTs.
When exposed to f-MWCNTs, growth inhibition in Chlo-
rella vulgaris (ECsy= 1.8 mg L™') was quite different than
that in Pseudokirchneriella subcapitata (ECsy=20 mg L")
(Schwab et al. 2011). In another study, significant growth
inhibition (EC5,=17.95 mg L~!) by CNTs was noticed in
Pseudokirchneriella subcapitata (Lukhele et al. 2015).
Generally, a natural aquatic environment would consist
of multiple types of nanomaterials. As a result, the risk and
impact assessment strategy of nanomaterials in aquatic envi-
ronments should consider the presence of a diverse range
of co-occurring pollutants with varying cytotoxicity poten-
tials (Bundschuh et al. 2018). Multi-walled CNTs increased
the photosynthesis inhibition effect of diuron in Chlorella
vulgaris by fivefold (Schwab et al. 2013). The mixture of
MWCNTs and phenanthrene increased the immobilization
of D. magna compared to the individual pollutants (Zindler
et al. 2016). In another work, O. niloticus exposed to Pb**
mixed with MWCNTSs showed severe histopathologic altera-
tions in the gills and decreased oxygen consumption and
ammonium excretion (Barbieri et al. 2016; Martinez et al.
2013). Though there have been prior studies on the com-
bined toxic effects of a mixture of the CNMs with inorganic
and organic pollutants, the mixture effects of different CNMs
are yet to be explored in algae or other aquatic organisms.

In this study, we hypothesized that f-MWCNTs and gra-
phene exerted cytotoxicity on the algal cells by inducing
oxidative stress. Their effects were further enhanced in
their binary combinations. According to the best of the
authors’ understanding, this is the first work to analyze
the combined effects of two frequently occurring CNMs,
f-MWCNTs and graphene, in an equi-concentration mix-
ture in aquatic organisms and compare the mixture effects
with that of the pristine materials. The EC,,, ECs,, and
ECy, values were determined (Table S1) for - MWCNT
and graphene in Scenedesmus sp. The recent literature
review observed that the predicated environmental con-
centrations of CNT and graphene were approximately
2x107°-1.82 ng/L (Zhao et al. 2021). Hence, a suble-
thal dose of 1 mg L™' (less than ECs,) was selected for
pristine CNMs in this study which was also found to be
environmentally relevant according to previous studies
(Zhao et al. 2021). The mixture contained 0.5 mg L~! of
both the CNMs keeping the total concentration at 1 mg
L~!. Natural freshwater (filtered and sterilized before use)
was employed as the test medium to simulate the natural
exposure conditions. Since both the treatment and control
groups were incubated in the same lake water matrix, the
natural organics and other physiochemical factors found in
the lake water can be ruled out. Cell viability, superoxide
and hydroxyl radical generation, membrane damage, and
antioxidant enzyme activity were measured in Scenedes-
mus obliquus to determine the overall toxicity of the indi-
vidual and binary mixture of graphene and f-MWCNTs.
Additionally, the metabolic activity and photosynthetic
efficiency were also assessed.

Materials and methods
Chemicals used

The chemicals used for this study’s different experi-
ments, including fluorescein diacetate (FDA) and Rhoda-
mine 123 (Rh123), were purchased from Sigma Aldrich.
Hydroxylamine hydrochloride, thiobarbituric acid (TBA),
dimethyl sulfoxide, and trichloroacetic acid (TCA) were
obtained from Hi-Media Pvt. Ltd. (Mumbai, India). Ami-
nophenyl fluorescein (APF) and dihydroethidium (DHE)
were acquired from Invitrogen™, Molecular Probes®,
CA, USA. Hydrogen peroxide solution (H,0,—30%
w/v) and nitro blue tetrazolium chloride (NBT) were
purchased from SDFCL, Mumbai, India. Functionalized
multi-walled carbon nanotubes (f-MWCNT) and graphene
nanoparticles used in this study were acquired from the
DRDO lab (Centre for Fire, Explosives and Environment
Safety, Timarpur, Delhi 110,054, India).
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Isolating and sustaining the culture

For the current study, an environmentally dominant and
easy-to-grow alga, Scenedesmus obliquus, was used for all
the experiments after isolating it from the lake in VIT, Vel-
lore (latitude—12°58'10" N, longitude—79°9'37" E). This
isolated algal culture was then subcultured using the sterilized
BG-11 medium purchased from Hi-Media Pvt. Ltd. This sub-
culture was maintained in a temperature-controlled chamber
(I.L.E. Co., India) at 23 +2 °C. A photoperiod of 16 h was
maintained specifically by illuminating the cultures using
a white fluorescent lamp with the illumination of 3000 Ix
(Philips TL-D Super 80, linear fluorescent lamp, India) to
facilitate the proper growth of the cultures (Roy et al. 2018).

Lake water collection and filtration

To mimic environmental conditions, the analysis utilized
freshwater as an interaction medium. For the current
study, the water came from the lake at VIT University,
Vellore, Tamil Nadu, India. This lake water was subjected
to a series of filtration processes before being used as an
interaction medium. At first, the collected lake water was
passed through blotting paper thrice to remove most of the
large particulate matter and debris. Following this, the col-
lected filtrate underwent filtration through Whatman no. 1
(pore size 11 pm) filter paper to remove all possible sus-
pended particles. Finally, after the filtrations, the collected
filtrate was sterilized in an autoclave at 121 °C for 15 min.
This collected lake water followed a series of filtrations,
and sterilization was referred to as the freshwater medium
in the study and was henceforth used for all the interac-
tion experiments (Roy et al. 2020). Table S2 represents
the physiochemical characteristics of lake water before
and after filtration and sterilization. Natural organics and
other physiochemical factors in lake water cannot affect
the treatment or control groups since both were incubated
in the same lake water matrix.

Stock solution preparation of CNMs

For the current study, the stock solutions were prepared
in deionized water. The individual nanoparticles (NPs),
namely, graphene and f-MWCNTs, were dispersed in
lake water at the concentration of 1 mg L™'. To secure the
proper dispersion of the particles, the suspensions were
ultrasonicated for 30 min (130 W, 20 kHz: Sonics, USA).
To prepare the binary mixtures, 0.5 mg L™! of graphene
and 0.5 mg L™! of -MWCNT were mixed and ultrasoni-
cated. The intended working concentration for the mixture
was held constant at 1 mg L™

@ Springer

Physicochemical characterization

To determine the surface characteristics of the nanoparticles,
the suspensions of graphene and f-MWCNT were subjected
to a super-resolution field emission scanning electron micro-
scope (FE-SEM). The sample suspensions were coated on a
glass slide and sputter coated with gold for proper viewing
under the scanning electron microscopes Thermo Fisher FEI
Quanta 250 FEG for f-MWCNT and Carl Zeiss EVO/18
Research for graphene. To determine the aggregation pattern
of the nanoparticles after 72 h, the suspensions of graphene
and f-MWCNT were subjected to FE-SEM analysis (Thermo
Fisher FEI Quanta 250 FEG). An X-ray diffractometer was
used to confirm the crystallinity of the NPs (Advanced D8,
Bruker, Germany). Fourier-transform infrared spectroscopy
(FTIR) was done for the graphene and f-MWCNT samples
to confirm the significant functional groups present in the
samples.

The sedimentation study of f-MWCNT, graphene, and
their binary mixture was performed to monitor the colloidal
stability of the nanoparticles in the lake water medium. After
dispersing the nanoparticles in the medium, the solution was
held on a stable platform for 72 h. The samples were col-
lected every few hours from the top layer of the solution.
The absorbance of the collected samples was determined
using a UV-Vis spectrophotometer at 260 nm and 270 nm
for -MWCNT and graphene, respectively.

Algal interactions with NPs

For the interaction studies, late log phase algal culture was
centrifuged and set at the optical density of 0.5. After set-
ting the optical density of the algal cells at the optimum,
these cells were kept for a 72-h interaction with the nano-
particles. For individual interactions, the concentration of
graphene and f-MWCNT was maintained at 1 mg L~!, and
for the binary mixture, both the nanoparticles (f-MWCNT
and graphene) were kept at 0.5 mg L', Finally, the total
volume was made up to 5 mL by adding filtered, sterilized
lake water. These interactions were carried out under vis-
ible light conditions at 23 °C for 72 h (Roy et al. 2021). The
OECD guidelines (2004) were strictly followed during toxic-
ity testing. The algal sample was kept for the experiments in
each combination with an appropriate control that did not
include the contaminant mixtures. They were all performed
in triplicates to get statistically significant results from any
of the experiments (n=3) (OECD 2004).

The effect of light shading by nanoparticles on algal
growth suppression and photosynthetic efficiency was exam-
ined following a previous study (Zhao et al. 2017). Figure S6
depicts the experimental setup of the shading effect. Briefly,
100-mL conical flasks containing exponentially devel-
oping algal cells were put in 500-mL beakers containing
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nanoparticle suspensions (1 mg L™!) previously prepared in
the lake water medium. The nanoparticle suspension level
in the beaker was maintained at the same level as the algal
suspension level in the conical flask. After 96 h of shad-
ing in nanoparticle suspension, the number of algal cells in
conical flasks was determined. Treatment with the lake water
medium without the nanoparticles was taken as a control.

Cell viability evaluation

The cell numbers (without morphological damage) were
obtained after 72 h of exposure by loading 10 pL of algal
cell suspension for all the control and treated samples into a
Neubauer counting chamber placed under an optical micro-
scope (Zeiss Axiostar Microscope, USA). At last, the per-
centage of viable cells for samples treated with graphene,
f-MWCNT, and their binary mixture was calculated with
respect to control using the formula below (Thiagarajan
et al. 2019).

(No. of cells in control sample — No. of cells in test sample)

intensity of the incubated algal samples was measured
at excitation and emission spectra of 490 and 515 nm,
respectively.

Lipid peroxidation and antioxidant enzyme assay

The damage to algal cell membranes caused by lipid peroxi-
dation induced by the nanoparticles was estimated indirectly
by measuring malonaldehyde (MDA) production. The algal
cultures, after the interaction, were centrifuged at 4 °C for
10 min at 7000 rpm. The obtained cell pellet was treated
with 0.25% TBA (prepared in a 10% TCA solution) and
heated in a water bath at 95 °C for 30 min. The heated sam-
ple mixtures were quickly placed on ice to stop the reaction.
The sample mixture was centrifuged at 7000 rpm for 10 min,
and the supernatant’s absorbance containing the released
MDA enzyme was measured at 530 nm. By subtracting the
absorbance at 600 nm, the nonspecific turbidity was rectified
(Piotrowska-Niczyporuk et al. 2012).

% Cell viability =

x 100

No. of cells in control sample

Analyzing oxidative stress
Superoxide radical generation

Dihydroethidium (DHE), a fluorescence dye, was utilized to
detect the superoxide radical produced by algal cells. The blue
fluorescent dye dihydroethidium (DHE) detects superoxide
radicals produced within algal cells by reacting with the radi-
cals and converting them to red fluorescent ethidium (Owusu-
Ansah et al. 2008). Our previous investigations describe the
procedure fully (Natarajan et al. 2020). Interacted algal sam-
ples were incubated in the dark with DHE dye (10 mM) for
30 min. Following incubation, a fluorescent spectrophotom-
eter was employed to measure the fluorescence intensity of the
interacted algal samples at excitation and emission spectra of
480 and 570 nm, respectively (Cary Eclipse fluorescence spec-
trophotometer, model G9800A; Agilent Technologies, USA).

Hydroxyl radical generation

Aminophenyl fluorescein (APF) is a dye that was used to
measure the generation of hydroxyl radicals by reacting
with high reactive oxygen species (hROS), specifically
the hydroxyl radical (¢OH) (Setsukinai et al. 2003). The
experimental approach used to calculate OH- radical genera-
tion was based on previous studies (Natarajan et al. 2020).
The APF dye interacted with the treated algal pellets and
was kept for 30 min of dark incubation. The fluorescence

The comprehensive method for analyzing superoxide
dismutase (SOD) activity may be found in Kono (1978).
After incubation, the algal cells were collected by cen-
trifugation at 7000 rpm for 10 min at 4 °C; they were
then washed, homogenized in 0.5 M phosphate buffer,
and subjected to the second round of centrifugation at
13,000 rpm for 20 min at 4 °C. After the supernatant had
been collected, it was then mixed with a variety of other
chemicals. These contained hydroxylamine hydrochlo-
rides at a concentration of 20 mM, nitro blue tetrazolium
chloride at a concentration of 96 mM, Na,CO; buffer at
a concentration of 50 mM with a pH of 10, and Triton
X-100 at a concentration of 0.6 percent. After being illu-
minated with light for a time span of 20 min, the reaction
mixture was analyzed using a UV-Vis spectrophotometer
reader (xMARK microplate absorbance spectrophotom-
eter, BIO-RAD) at a wavelength of 560 nm.

The catalase (CAT) activity was measured using a
modified protocol described previously (Chakraborty
et al. 2021). Following treatment for 72 h, the algal cells
were centrifuged at a temperature of 4 °C for 10 min at
7000 rpm. The cells were washed and homogenized with
sterile 0.5 M PBS before being centrifuged again to iso-
late the supernatant. Using a spectrophotometer (Hitachi
U-2910 Japan), the absorbance decrease was recorded at
240 nm for 3 min after adding 1 mL of freshly made H,O,
solution (10 mM) to 2 mL of supernatant. The reaction
solution lacking H,0, was treated as a blank.
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Esterase activity and mitochondrial membrane
potential (MMP)

Esterase activity and mitochondrial membrane potential
were measured to evaluate the metabolic activity of the algal
cells. The procedure used fluorescein diacetate (FDA) to
quantify the esterase activity produced inside the algal cells
for all the control and treated samples. A stock suspension of
the fluorescent dye, FDA (169 mM), was prepared in acetone
and stored at— 20 °C. For 7 min at room temperature, 400
pL of the algal sample was incubated with 300 pL of FDA
(0.96 mM) solution. The fluorescent intensity of the treated
samples was measured using a fluorescence spectrophotom-
eter after incubation at excitation and emission wavelengths
of 485 and 530 nm, respectively (Rudi et al. 2002).

The fluorescent dye Rhodamine 123 was used to measure
the mitochondrial membrane potential (MMP). After the inter-
action, the algal cell pellet was separated using centrifugation
(2500 g for 5 min), suspended in a 0.1 mol L~! PBS buffer,
and stained using a 2.5 mmol L™! dye solution in the dark at
25 °C for 30 min. Following the staining process, the cells
were washed before being suspended in PBS. A fluorescence
spectrophotometer was then used to measure the fluorescence
intensity at excitation and emission wavelengths of 485 nm and
530 nm, respectively. As a reference, the data was plotted using
untreated control samples (Machado and Soares 2015).

Determination of photosynthetic yield

To determine the toxicant’s stress on algal photosystem II, a
photosynthetic yield analyzer was used to detect chlorophyll
fluorescence as well as the electron transport rate (ETR) in
the treated algal samples (PS II) (Mini PAM, Heinz Walz,
Germany). The samples were kept in the dark for 30 min
before being analyzed. 200 pL of the interacted algal sam-
ples was loaded into the Photosynthesis Yield Analyzer
(Mini PAM) chamber, and the Fv/Fm ratio and the ETR max

value were measured using a high-intensity actinic light.
Variable fluorescence is Fv, while maximum fluorescence is
Fm. The results were represented graphically with respect to
control samples (Romanowska-Duda et al. 2019).

Statistical analysis

All experiments in the study were run in triplicate (n=3) to dem-
onstrate statistical significance. Each experiment was repeated at
least twice to ensure reproducibility. The data are all presented as
mean=+ SD (standard deviation). A two-way ANOVA test with a
Bonferroni post-test was used in GraphPad Prism 6 to test statisti-
cal significance for different test samples versus controls. Data
with p < 0.05 was considered statistically significant (p < 0.05
denoted significance at the 95% confidence level).

Abbott’s statistical model assessed nanoparticle inter-
actions in the binary mixture, such as synergism, antago-
nism, or addition. Abbott’s modeling is extensively utilized
to evaluate the effect of toxicants in the context of a natu-
ral mortality cause. In the case of binary mixes, it is also
the best technique to compare observed inhibitions with
expected growth inhibitions (Iswarya et al. 2015).

Results
Characterization of the carbon nanomaterials

The morphology and the size of the f-MWCNT and graphene
particles were analyzed using the FE-SEM images given in
Fig. 1. From the images, the f-MWCNT particles were long and
fibrillar, whereas the graphene particles were amorphous, form-
ing a multi-layered sheet structure. The width of the f-MWCNT
particles was around ~34 nm, but the multi-layered structure of
graphene made it challenging to estimate the exact size of the
graphene particles. Agglomeration between the nanoparticles
was observed when dispersed in Milli-Q water (Fig. S1).

A

EHT = 500kV
WD = 10.0 mm

Fig. 1 FE-SEM images of A functionalized multi-walled CNTs (f-MWCNTs) and B graphene nanoparticles in the filtered lake water medium

@ Springer



Environmental Science and Pollution Research (2023) 30:70246-70259

The aggregation of nanoparticles was analyzed using FE-
SEM images shown in Fig. S2. From the images, pristine
f-MWCNT particles aggregated after 72 h of incubation
(Fig. S2A). Similarly, pristine graphene also showed aggre-
gation after 72 h (Fig. S2B). The binary mixture formed
heteroaggregation between f-MWCNT and graphene. A het-
eroaggregation between f-MWCNT and graphene was also
observed when mixed together (Fig. S2C).

The XRD spectra (Fig. S3A) of the -MWCNTSs showed
a broad diffraction peak at 260 =25.5° corresponding to
the (002) plane of graphite carbon atoms and 20 =43.5°
matched to the (100) planes of the MWCNTs. The FTIR
spectra (Fig. S3B) showed four bands: a band at 3418 cm™!
corresponding to O—H stretching mode, a band at 2980 cm™!
for C-H stretch, a band at 1550 cm™! corresponding to C=C
stretching mode, and 950 cm™! for C—C-C bending mode of
the inherent MWCNT structure (Li et al. 2003). The XRD
for graphene particles (Fig. S4A) shows peak observed
(120) can be attributed to graphene at 20 =22.52°, confirm-
ing the compound to be graphene. Figure S4B represents
the FTIR spectra of graphene nanoparticles. The peaks at
1040 cm™" and 1160 cm™' correspond to the vibrational
mode of the C-O group. The peak at 1530 cm™" arises from
the vibration mode of the amide linkage group (CO-NH).
The peak observed at 1730 cm™! was assigned to the car-
boxyl group (C=0). The peak at 3026 cm™! was attributed
to the presence of the C-H bond. Peaks at 3417 cm™! in the
high-frequency area are attributed to the stretching mode
of the O—H bond, which reveals the presence of hydroxyl
groups (Saravanan et al. 2014). Absorption spectra for both
f-MWCNT and graphene were shown to decrease with
time in the sedimentation study (Fig. S5). The sedimenta-
tion point was found to be achieved at the end of 24 h for
f-MWCNT, but for graphene, it took somewhat longer than
24 h. The sedimentation point of f-MWCNT in a binary
mixture was achieved after 12 h, whereas that of graphene
was reached after 16 h.

Cell viability assessment

The impact of graphene and f-MWCNT nanoparticles on
the algal cells was determined by evaluating their cell via-
bility. Figure 2 gives a graphical representation of the cell
viability assessment compared to the control group. Notably,
f-MWCNTs showed minimal toxicity, decreasing viability
by ~6%. Conversely, graphene showed comparatively higher
toxicity, reducing cell viability by ~15%. The toxic potential
was enhanced in the binary mixture. In this case, the drop in
cell viability was ~25%.

The algal growth was significantly reduced by the shad-
ing effect of -MWCNT, graphene, and graphene + f-MWC-
NTs (Fig. S7). Pristine f-MWCNT and pristine graphene
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Fig.2 The comparison of cell viability of Scenedesmus obliquus cells
exposed to individual and binary mixtures of -MWCNT and gra-
phene nanoparticles. The level of significance with respect to control
was represented by “***” and “o” (p <0.001)

shading caused 0.56% and 4.03% of the total growth inhibi-
tion, respectively. The binary mixture caused 1.88% of the
total growth inhibition, as calculated from the algal growth
results. The contribution of the shading effect to the total
toxicity was then calculated as 15.57% for f-MWCNT,
24.39% for graphene, and 6.96% for a graphene-f-MWCNT
mixture.

Abbott’s modeling used the growth inhibition results to
determine the type of nanoparticle interactions in the binary
mixture. The results found that the ratio of inhibition (RI)
was 1.376, which is> 1. Hence, we can conclude that the
interactions in the binary mixture of graphene and MWCNT
were synergistic.

Oxidative stress analysis

The effect of graphene and f-MWCNT on superoxide and
hydroxyl radical generation in the treated cells is shown in
Fig. 3A, B. Both f-MWCNT and graphene had no impact on
the production of superoxide radicals compared to the con-
trol. However, the binary mixture of graphene and f-MWC-
NTs showed a significant increase in the radical generation
by approximately ~1.3 times compared to the control.
Hydroxyl radical generation, on the other hand, showed
a different trend. The increase in hydroxyl radical followed
this order—f-MWCNT* graphene ° binary mixture of
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Fig.3 Oxidative stress caused
by individual and binary
mixture exposure to f-MWCNT
and graphene nanoparticles
(presented in RFU, relative
fluorescent units). A Superoxide
radical production. B Hydroxyl
radical production. The level

of significance with respect

to control was represented by
“kE (p<0.01), “*” and “y”
(p<0.05). The data are the
averages of at least three inde-
pendent experiments (n> 3); the
standard deviations are shown
(vertical error bars). The mean
values were represented using

[>]

-
o
|

Fluorescence intensity (a.u ml'1)

-
o
]

Fluorescence intensity (a.u ml'1)

a two-way ANOVA test with a «'
Bonferroni post-test ° 0‘\

graphene and f-MWCNT. The radical generation increase
compared to control was approximately ~1.08 times for
f-MWCNT treatment, ~1.3 times for graphene, and finally
~1.36 times for binary mixture.

Lipid peroxidation and antioxidant enzyme activity

The amount of malonaldehyde (MDA) generated on treat-
ment with the CNMs is graphically represented in Fig. 4.
This MDA generation was correlated significantly to oxida-
tive stress generation. It can be considered a direct measure
of membrane damage. The lowest MDA production com-
pared to the control was observed in the f-MWCNT-treated
algal cells, approximately ~1.34 times the control value.
It was followed by the graphene-treated cells, which were
almost ~1.61 times higher than the control. Lastly, the most
increased MDA generation was observed in the binary mix-
ture of -MWCNT and graphene, which showed ~2.18 times
increment compared to the control.

The SOD and catalase activity in the CNM-treated cells
is graphically represented in Fig. SA, B. SOD activity results
followed a similar trend as the oxidative radical generation
and MDA production results. The increase in the SOD activ-
ity of the various CNM-treated samples followed the order
f-MWCNT © graphene © binary mixture. f-MWCNTSs showed
an increment in SOD activity by almost ~1.25 times com-
pared to the control, followed by graphene, which showed a
rise in activity by ~1.32 times. Finally, the binary mixture
showed the maximum increase in SOD activity (~1.5 times
in comparison with the control).
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Catalase activity results also showed a similar trend as
the SOD activity. The lowest catalase activity was found
in f-MWCNT-treated samples, which were approximate
~1.13 times higher than the control. This was followed
by graphene particles, which were ~1.37 times more than
the control values. The binary mixture of f-MWCNT and
graphene significantly showed the maximum catalase
activity, which was ~1.84 times higher than the control
samples.

Metabolic activity analysis

The metabolic activity in the algal cells determined by
mitochondrial membrane potential and esterase activity is
shown in Fig. 6A, B. The mitochondrial membrane poten-
tial increased compared to the control after treatment with
CNMs. The increase was the highest in the binary mixture of
graphene and f-MWCNT. The mixture showed a significant
rise in ~3.95 times compared to the control. Whereas sam-
ples treated with f-MWCNT showed the lowest mitochon-
drial membrane potential, almost ~1.37 times with respect
to the control.

The esterase activity significantly decreased the treated
samples compared to the control. The activity was the high-
est for the samples treated with f-MWCNT nanoparticles,
which were ~0.66 times lower compared to control samples.
This was followed by graphene nanoparticles whose activ-
ity was ~0.63 times lower than control samples. The lowest
activity was found in the samples treated with the binary
mixture of graphene and f-MWCNTSs, which was ~0.57
times lower in comparison to the control samples.
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Photosynthetic activity

The effects of the CNMs on the maximum quantum yield of
PS II (®m) and the electron transport rate in the algal cells
are represented in Fig. 7A, B. There was an overall decrease
in both ®m and electron transport rate for all the treated
samples compared to the control samples. Among them, the
f-MWCNT-treated samples had the highest ®m and electron
transport rates, which were ~0.78 times and ~0.91 times
lower than the control samples. Consecutively, graphene and
binary mixture treated samples showed a similar decline in
both ®m and electron transport rates, which were ~0.8 times
and ~0.7 times lesser than the control samples.

The PS II activity and electron transport rate were sig-
nificantly reduced by the shading effect of f-MWCNT,
graphene, and graphene + f-MWCNTs (Fig. S8). The con-
tribution of the shading effect to the total PS II inhibition
was observed to be 8.46% for f-MWCNT, 16.87% for gra-
phene, and 11.98% for a graphene-f-MWCNT mixture.
Similarly, the contribution of the shading effect to the elec-
tron transport rate inhibition was observed to be 19.47%
for f-MWCNT, 28.99% for graphene, and 23.24% for the
binary mixture.
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Fig.4 Impact of the individual and binary exposure to f-MWCNT
and graphene nanoparticles on the MDA content of Scenedesmus
obliquus. The level of significance with respect to control was rep-
resented by “***” and “o” (p <0.001). The data are the averages of
at least three independent experiments (1> 3); the standard deviations
are shown (vertical error bars). The mean values were represented
using a two-way ANOVA test with a Bonferroni post-test

Discussion

Graphene caused higher growth inhibition than f-MWCNT
in Scenedesmus obliquus. In previous work, Zhao et al.
(2017) observed graphene as more toxic than CNTs. FE-
SEM images revealed aggregation of the nanoparticles after
72 h of incubation. After 24 h, nanoparticles aggregated
similarly, as sedimentation experiments showed. Agglomer-
ates are formed due to the high attachment ability between
nanoparticles, which is caused by the Brownian motion
of the nanoparticles as they move through the lake water
medium (Christian et al. 2008). These aggregated nano-
particles may sink to the bottom of the beakers due to the
effects of gravity and might form heteroaggregates with
algae, thereby increasing toxicity (Lv et al. 2016). Previous
researchers also observed single-walled carbon nanotube
sediment at the bottom of the vessel, increasing the toxic-
ity to microalgae and other aquatic organisms (Parks 2013).
As stated in the literature, the nanomaterials’ sedimentation
was likely accelerated because sediment in the system can
affect the ionic strength of the surrounding water phase. The
presence of natural organic matter (NOM) in the water bod-
ies also helps to modify the nanomaterials’ sedimentation
rate (Politowski et al. 2021). It was observed in the present
study that the presence of considerable amount of NOM
in the water medium leads to the aggregation of particles
within the medium, thereby causing them to sediment out
of the medium.

Several previous studies on CNM toxicity highlighted the
role of shading effects. The dispersed NPs in the medium
can lessen light availability to the algal cells (Long et al.
2012). Thus, indirect toxicity through the shading effect of
the CNMs was studied in this work (Fig. S4, S5). Though
graphene caused a minimal decrease in algal growth through
shading effects, -MWCNT and the mixture showed almost
negligible impact. Graphene’s hydrophilic surface and
high electrostatic repulsion between the individual gra-
phene sheets might explain its shading effect (Zhao et al.
2017). Although f-MWCNT was less potent than graphene,
it caused growth suppression. This may be attributed to
nutrient depletion and heteroaggregation with the algal
cells (Kwok et al. 2010; Wei et al. 2010). The toxicity of
MWCNT in algae has also been mentioned in several previ-
ous studies (Long et al. 2012; Schwab et al. 2011).

The mixture of -MWCNT and graphene induced higher
toxic effects than the individual constituents. The enhanced
toxic effects of the mixture might be related to the inter-
nalization of f-MWCNT through the already damaged
cell membranes by graphene (Roy et al. 2021). Since both
nanomaterials used in the study are from the same family,
i.e., carbon materials, they were expected to show the same
mode of action, i.e., synergistic, to induce toxicity in algal
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Fig.5 Antioxidant enzyme
activity in Scenedesmus
obliquus exposed to indi-
vidual and binary mixtures

of -MWCNT and graphene
nanoparticles. A SOD activity.
B Catalase activity. The level
of significance with respect

to control was represented by
k3 and “o” (p<0.001), “y”
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cells. Hence, Abbot’s modeling determined their interac-
tions in a binary mixture. Even though it was thought that
the effects of CNTs were caused by the clustering of cells
around nanoparticles, this was often not the case (Schwab
et al. 2011). Increased heteroagglomeration of the algal cells
with the CNMs in the mixture could be another reason for
decreased cell viability (Freixa et al. 2018; Guo et al. 2011).
The agglomerated CNMs could get adsorbed onto the algal
cells, impeding the movement of nutrients and electrolytes

Fig. 6 Metabolic enzyme activ-
ity in Scenedesmus obliquus
exposed to individual and
binary mixtures of f-MWCNT
and graphene nanoparticles.

A Mitochondrial membrane
potential. B Esterase activ-

ity. The level of significance
with respect to control was
represented by “***” and “o”
(p<0.001). The data are the
averages of at least three inde-
pendent experiments (n > 3); the
standard deviations are shown
(vertical error bars). The mean
values were represented using
a two-way ANOVA test with a
Bonferroni post-test
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across the cell membrane (Lin 2008). One of the key factors
that contributed to the toxicity of the binary combination
was the interfacial interactions between the components
of the algal cell wall and the CNMs. This can potentially
damage the cell wall and promote the internalization of the
nanoparticles (Zhang et al. 2015). It was observed that het-
eroagglomeration with other NPs (such as CNTs and Ag
NPs) led to algal cell growth inhibition (Zhang et al. 2016).
A recent study showed that MWCNT and CuO nanoparticles
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Fig.7 Photosynthetic param-
eters in Scenedesmus obliquus
exposed to individual and
binary mixtures of f-MWCNT
and graphene nanoparticles. A
Maximum quantum yield of PS
II (®m). B Electron transport
rate. The level of signifi-

cance with respect to control
was represented by “F**”
(»<0.001), “**” (p<0.01), and
“*¥” (p<0.05). The data are the
averages of at least three inde-
pendent experiments (n> 3); the
standard deviations are shown
(vertical error bars). The mean
values were represented using
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combined caused growth inhibition and cell membrane dam-
age to Tetradesmus obliquus by getting adsorbed onto the
cell surface (Fang et al. 2022).

Photosynthetic organisms constantly generate free radi-
cals as by-products of several metabolic processes in mito-
chondria, chloroplasts, and peroxisomes (Hu et al. 2023).
The production of oxidative radicals is exacerbated by
various environmental stressors such as infections, drought,
intense light, and pollutants (Liu et al. 2007; Rezayian et al.
2019). When the algal cells were treated with pristine and
combined CNMs, an increase in free radical (superoxide and
hydroxyl) production was noted. These effects were more
predominant in the graphene-treated samples compared to
the f-MWCNT-treated samples. Graphene can function as
an electron suppressor, producing excess superoxide and
hydroxyl radicals (Begum & Fugetsu 2013). Intracellu-
lar ROS production in graphene-treated cells can also be
attributed to its sp> hybridized electron structure, which can
directly accelerate the electron transfer between the edges of
graphene and bio-membranes (Zhao et al. 2014). The shad-
ing effect might also contribute to the generation of oxida-
tive stress. The nanoparticles prevent light from reaching
the algal cells; thus, the photosynthetic activity gets dis-
rupted, leading to increased oxidative stress (Vargas-Estrada
et al. 2020; Wang et al. 2023). Long et al. (2012) observed
a decrease in cell viability and increased oxidative stress of
Chlorella sp. due to the shading effects of MWCNT, which
corroborates our findings. Similarly, another study found
that the primary toxic mechanism of graphene oxide to algae
Scenedesmus obliquus was due to oxidative stress caused by
the shading effects (Yin et al. 2020b).

The reactive oxygen species may cause damage to the
cell membrane by reacting with polyunsaturated fatty acids
(Borza et al. 2013). Oxidative radical generation leads to
lipid peroxidation (Kim et al. 2022). Lipid peroxidation
results in the formation of pores and increased membrane
damage (Van der Paal et al. 2016). Higher cytotoxicity by
graphene than the f-MWNTs can be related to the enhanced
cell membrane damage caused by graphene. Yin et al.
(2020a) also observed graphene-induced cell membrane
damage in Scenedesmus obliquus. An investigation using
molecular dynamics demonstrated that a graphene sheet
could destructively extract lipid molecules from a double
membrane layer by either (1) directly penetrating the mem-
brane when the appropriate geometric orientation is present
or (2) lying flat on the surface of the bilayer and producing
a patch of upturned phospholipids (Dallavalle et al. 2015).
Like our study, Yin et al. (2020b) observed increased MDA
content in freshwater algae S. obliquus when treated with
graphene oxide. The present work enhanced LPO production
when the algal cells were treated with the binary mixture of
graphene and f-MWCNT. A previous study on the effects
of f-MWCNT combined with copper oxide in freshwater
algae Tetradesmus obliquus also reported increased lipid
peroxidation (Fang et al. 2022). Oxidative stress generation
is considered one of the significant contributors to direct
algal toxicity of CNTs (Hu et al. 2015b; Zhu et al. 2016).

To keep ROS and radical generation at a reasonably
steady level and to protect organisms from oxidative stress,
antioxidant enzymes (such as SOD and CAT) could selec-
tively catalyze the transformation of O,e and H,0, into
oxygen and water. As a result, the antioxidant enzymes are
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considered the most sensitive indicators for various environ-
mental stressors (Hu et al. 2015a; Liu et al. 2022). With an
increase in oxidative stress, the activity of the antioxidant
enzymes would also increase (Finaud et al. 2006). Increased
activities of SOD and CAT reveal an improved capacity of
S. obliquus to scavenge the O,e and H,O, radicals gener-
ated in response to graphene and the binary mixtures (Zhang
et al. 2019). A recent study by Zhu et al. (2022) observed
increased SOD activity in microalgae Gymnodinium treated
with graphene quantum dots and graphene quantum dots-
ZnO mixtures. Similarly, increased CAT activity was
observed by Zhang et al. (2019) when Scenedesmus obliquus
was treated with graphene oxide for 72 h. In another work,
after treating Chlorella vulgaris with silver-reduced gra-
phene oxide (Ag-rGO) mixture, an increase in SOD and
CAT activities was noticed (Nazari et al. 2020).

The photosynthetic activity decreases with the increase
in oxidative stress for graphene, f-MWCNT, and the binary
mixture. The electron transport rate also declines with the
increase in oxidative stress, following the same trend as
photosynthetic activity (Wang et al. 2020). Damage to the
cell membrane and the subsequent internalization of the
graphene nanoparticles may explain why graphene affected
the photosynthetic activity of the cells more severely than
f-MWCTs. Decreased cell viability and reduced photosyn-
thetic activity were observed in marine alga Picochlorum sp.
due to the internalization of graphene oxide (Hazeem et al.
2017). f-MWCNT-interacted algal samples also showed a
minor decrease in photosynthetic activity. This might be due
to indirect toxicity like light shading effects (Freixa et al.
2018). In the current study, the treatments with the binary
mixture significantly lowered photosynthetic activity and
electron transport rate in the algae. Presumably, the CNMs
in the mixture may adsorb on the surface of the algal cells
and prevent light from reaching photosynthetic centers. This
would harm the electron transport rate and photosynthetic
activity (Li et al. 2023). According to Sousa et al. (2018),
NiO nanoparticles adsorbed on the surface of the algal cells
(Pseudokirchneriella subcapitata) caused a reduction in the
flow rate of electrons through the photosynthetic chain. Sim-
ilar to our study, Cruces et al. (2021) also observed a decline
in the photosynthetic activity of Microcystis aeruginosa,
when treated with the combination of graphene oxide and
oxidized multi-walled carbon nanotubes. The shading effect
also affected the electron transport chain, which affected the
photosynthetic centers and decreased photosynthetic activ-
ity. According to Hu et al. (2015a), the shading effect gener-
ated by graphene oxide resulted in the growth suppression of
Euglena gracilis via a reduction in its photosynthesis. Simi-
lar to our study, Nogueira et al. (2015) observed a decrease
in cell viability of Raphidocelis subcapitata due to light
blockage and, in turn, affected the photosynthetic centers
by shading effects caused by graphene oxide.
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It has been hypothesized that nanoparticle exposure
promotes ROS production by disrupting the mitochon-
drial electron transport chain. The MMP of the algal cells
treated with graphene alone and binary mixes of graphene
and f-MWCNT showed a noticeable increase. A slight
increase in MMP was also observed when the algae were
treated with f-MWCNT alone. The buildup of intracellular
ROS may lead to a rise in MMP, which would then impair
the functioning of the mitochondria (Amado and Monser-
rat 2010). Mikhailov et al. (2003) found that nanoparticles
may attach to the beta subunit of ATP synthase, which can
amplify mitochondrial membrane depolarization, disrupt
the electron transport chain, and generate reactive oxy-
gen species. A recent study by Wang et al. (2021) noted
an increase in the mitochondrial membrane potential of
the freshwater algae Chlorella pyrenoidosa when exposed
to graphene oxide (GO) alone and combined with nano-
zirconium oxide.

The esterase activity was significantly reduced when the
algae were exposed to graphene, f-MWCNT, and graphene-
f-MWCNT mixture. This can be related to the disruption of
the cells by oxidative stress and a decrease in cell metabo-
lism activity (Melegari et al. 2013). Martin-de-Lucia et al.
(2018) observed decreased esterase activity and increased
oxygen species of algae Chlamydomonas reinhardtii when
treated with graphene oxide and graphene oxide-wastewa-
ter combined. Cruces et al. (2021) exposed the algal cells
Microcystis aeruginosa to graphene oxide and graphene
oxide-oxidized multi-walled carbon nanotube mixture. They
observed increased oxidative stress and a decrease in pho-
tosynthetic and esterase activities. They also noted that a
reduction of esterase activity could be attributed to oxidative
stress, cell structure damage, or damage to the photosyn-
thetic centers.

Conclusion

In this study, we investigated the toxic effects of graphene,
f-MWCNT, and the combination of these two carbon nano-
materials in a freshwater alga. We note that graphene and the
binary mixture generated cellular oxidative stress, activated
antioxidant defense systems, and disrupted photosynthetic
activity in S. obliquus, whereas f-MWCNT did not cause
severe stress. Increased radical generation led to membrane
disruptions and reduced the photosynthetic efficiency and
the flow of electrons, interfering with the cell’s ability to
function normally. The results also emphasize that the binary
combination of graphene and f-MWCNT caused increased
damage to the algal cells than the individual nanomateri-
als. To better comprehend the ecological risks of various
CNDMs, future studies should include combinations of mul-
tiple CNMs and CNMs with other inorganic and organic
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pollutants. The effects of natural organic materials in the
aquatic environment on the toxic effects also need to be
examined to extrapolate the outcomes to real environmen-
tal situations. Future toxicity studies should also account for
additional environmental parameters such as pH, water flow
velocity, and different nanoparticle concentrations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-023-27367-6.
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