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A B S T R A C T

Plastic wastes are among the major inputs of detritus into aquatic ecosystems. Also, during recent years the
increasing use of new materials such as nanomaterials (NMs) in industrial and household applications has
contributed to the complexity of waste mixtures in aquatic systems. The current effects and the synergism and
antagonisms of mixtures of microplastics (MPLs), NMs and organic compounds on the environment and in
human health have, to date, not been well understood but instead they are a cause for general concern.

The aim of this work is to contribute to a better understanding of the cytotoxicity of NMs and microplastics/
nanoplastics (MPLs/NPLs), at cell level in terms of oxidative stress (evaluating Reactive Oxygen Species effect)
and cell viability. Firstly, the individual cytotoxicity of metal nanoparticles (NPs) (AgNPs and AuNPs), of metal
oxide NPs (ZrO2NPs, CeO2NPs, TiO2NPs, and Al2O3NPs), carbon nanomaterials (C60fullerene, graphene), and
MPLs of polyethylene (PE) and polystyrene (PS) has been evaluated in vitro. Two different cellular lines T98G
and HeLa, cerebral and epithelial human cells, respectively, were employed. The cells were exposed during
24–48 h to different levels of contaminants, from 10 ng/mL to 10 µg/mL, under the same conditions. Secondly,
the synergistic and antagonistic relationships between fullerenes and other organic contaminants, including an
organophosphate insecticide (malathion), a surfactant (sodium dodecylbenzenesulfonate) and a plasticiser
(diethyl phthalate) were assessed. The obtained results confirm that oxidative stress is one of the mechanisms of
cytotoxicity at cell level, as has been observed for both cell lines and contributes to the current knowledge of the
effects of NMs and MPLs-NPLs.

1. Introduction

During the last century, technological developments triggered the
promotion of new materials such as plastics which, due to their ex-
cellent mechanical properties, versatility and low cost impelled their
consumption. Therefore, since the 1940s, when the first production of
plastics at the industrial scale took place, their manufacture has steadily
grown (Al-Salem et al., 2010). In addition, from 2000 to 2010 a massive
growth of the world's yearly consumption was produced in relation to
the growing demand in developed economies such as the EU, Canada
and the USA, together with the new demand and enhanced con-
sumerism in emerging economies such as China. However, this ex-
pansion comes with the generation of tonnes of waste, some of which
are non-biodegradable and toxic by-products, resulting in new un-
desirable impacts on the environment (Tongesayi and Tongesayi,

2016). Moreover, to date, the environmental fate and time of total
degradation have not been well understood. In particular, microplastics
(MPLs), defined as small particles at the millimetre to sub-millimetre
size range with high densities, are a new environmental risk (da Costa
et al., 2017; Horton et al., 2016). The origin of MPLs can be from the
manufacturing of micro-beads that are used in cosmetic facial cleansers
(Fendall and Sewell, 2009). Alternatively, secondary MPLs can result
from the fragmentation and erosion of plastic items (Aueviriyavit et al.,
2014). During recent years, the presence of plastics and MPLs in marine
and coastal areas has been a cause for concern (Cole et al., 2011), at-
tracting the attention of both researchers and the general public. Low
density MPLs contaminate the sea surface and due to their small size,
which is similar to plankton, they could be introduced into the food
chain (Wright et al., 2013). Another important uncertainty is whether
these compounds can act as vector for transferring pollutants to biota,
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thus leading to their bioaccumulation (Llorca et al., 2014; Cedervall
et al., 2012).

On the other hand, during the last decade, developing nano-
technology has promoted a new series of materials and opportunities
for different industrial and consumer products. Nanomaterials (NMs)
are characterized by their dimensions in the range of 1–100 nm. Key
factors driving the fact that NMs differ significantly from pollutants at
the macro-scale are their high surface area and quantum effects (Farré
and Barceló, 2012). These factors can modify some properties such as
electrical or optical reactivity and strength, thereby altering the fun-
damental physical and chemical properties of conventional materials.
Current applications in nanotechnology span from electronics (Sanchez
et al., 2011), household products, food additives and food packaging
(Eleftheriadou et al., 2017; Ranjan et al., 2014), personal care products,
nanomedicine (Marchesan and Prato, 2013), sports equipment, textiles
(Contado, 2015), among many others. With the ongoing commerciali-
zation of NMs, human exposure to nanoparticles will dramatically in-
crease, and evaluation of their potential toxicity is essential (Holden
et al., 2016).

During recent years, a high number of studies have evaluated the
ecotoxicological effects on NMs (Yan et al., 2011; Fu et al., 2014) as
well as the environmental fate and behaviour of NPs (Nickel et al.,
2014). In particular, NMs and NPs, which currently have an extensive
range of applications such as metal and metal oxide NPs (among which
there are silver nanoparticles (AgNPs), gold nanoparticles (AuNPs), and
titanium dioxide nanoparticles (TiO2), and more) have been studied
more by using in vivo and in vitro approaches (Johnston et al., 2010;
Wijnhoven et al., 2009). For instance, due to the antibacterial proper-
ties of AgNPs, they are exploited in an increasing number of consumer
and medical products such as packaging materials (Aueviriyavit et al.,
2014), clothing, wound dressings, deodorants and spray rooms
(Vigneshwaran et al., 2007; Lee et al., 2007). Regarding Au-NPs, they
are used in current biomedical applications including diagnostics,
photo-thermal and photodynamic therapies and delivery of target mo-
lecules such as drugs or peptides (Austin et al., 2015; Dykman and
Khlebtsov, 2012). On the other hand, recent research has investigated
the uptake in plants of some metal oxide NPs such as nCeO2 (nano-
scaled cerium oxide) and the introduction of these into the food chain
(Rico et al., 2011). On the other hand, other NMs such as fullerenes and
carbon nanotubes (CNTs) have recently been considered in different
toxicological and bioaccumulation studies (Maes et al., 2014) because,
firstly, in addition to nanotechnology they can be emitted by incidental
and natural sources into the environment. Secondly, because of their
adsorption/desorption capabilities, they could influence the toxicity of
other co-contaminants (Sanchís et al., 2016).

The lack of information on the toxicology of NMs under certain
scenarios of exposure has led to the restricted use of some of them for
certain applications that are directly in contact with humans, such as
inclusion in cosmetics, detergents and food, in the prevention of their
potential toxicity or long-term secondary adverse effects (Yoo-Iam
et al., 2014; Khanna et al., 2015). But, due to the impact of anthro-
pogenic activities, the concentrations of some NPs in the aquatic en-
vironment increase and organisms can uptake them by ingestion or
through the skin. Therefore, the increasing bioconcentration of these
substances in the tissue of organisms leads to successively higher levels
that move along the food chain. However, this field continues being in
an initial phase of development and most of the current data are re-
garding high concentrations of exposure and the effects of NPs and NMs
at low concentrations of exposure in complex mixtures that, to date,
have not been well understood (Holden et al., 2016).

The aim of this study is to contribute to the better understanding of
toxicity of NMs including AgNPs, AuNPs, ZrO2NPs, CeO2NPs, TiO2NPs,
Al2O3NPs, C60 fullerene, graphene, and MPLs (polyethylene and poly-
styrene) at cell level in terms of oxidative stress and cell viability. The
cytotoxic responses of two different cell lines T98G and HeLa, cerebral
and epithelial human cells, respectively, that were exposed to the same

conditions, were evaluated. Moreover, the synergistic and antagonistic
relationships between fullerenes and other organic contaminants, an
organophosphate insecticide (malathion), a surfactant (sodium dode-
cylbenzenesulfonate) and a plasticizer (diethyl phthalate) were as-
sessed. The selection of these three organic compounds was based on
their use, their presence and their toxicity in the aquatic environment,
as well as their physicochemical properties. Malathion is a commonly
used insecticide and in different studies has been related with oxidative
stress induction. Sodium dodecylbenzenesulfonate is a commonly de-
tected surfactant in rivers and coastal waters. Furthermore, diethyl
phthalate is a widely used plasticizer.

Most of the reported works have explored the cytotoxicity at much
higher concentrations in relation to, for example, their applications as
drug carriers or nanomedicine. Here, we consider much lower levels,
such as those that can be considered by incidental exposure.
Notwithstanding, in the case of MPLs almost no data have been re-
ported to date.

2. Materials and methods

2.1. Chemicals

To the best of our knowledge, the standards and mediums used in
this study were of the highest purity available. Dulbecco Modified
Eagle's Media (DMEM) and trypsin-EDTA were supplied by Sigma-
Aldrich. Fetal Bovine Serum (FBS) and Penicillin/Streptomycin
Solution were obtained from Invitrogen™ (Thermo-Fisher Scientific).
Dulbecco's phosphate-buffered saline (PBS), dimethyl sulfoxide
(DMSO), Hoechst 33258 (bisBenzimide H 33258≥98%) and dihy-
droethidium (DHE) (≥ 95%) were purchased from Merck Millipore
(Darmstadt, Germany). Salts and analytical standards silver nitrate
(ACS reagent, ≥ 99%), trisodium citrate (≥ 98%), gold nanoparticles
(10 nm particles size, stabilised suspension in 0.1 mM PBS), zirconium
(IV) oxide (suspension 10% wt in H2O,< 100 nm particles size), cerium
(IV) oxide (suspension 10% wt in H2O,< 25 nm particles size), tita-
nium (IV) oxide (~21 nm particles size, ≥ 99.5% trace metals basis),
fullerene-C60, fullerol and fullerene soot (76% of C60 fullerene, 22% of
C70 fullerene and 2% of higher-order fullerenes) produced by the
Krätschmer−Huffman method (Kratschmer et al., 1990) was purchased
from Sigma-Aldrich (Steinheim, Germany). Aluminium oxide 90 active
neutral (0.063–0.200 mm particle size) was purchased from Merck
Millipore (Darmstadt, Germany). Graphene nano-powder consisting of
1.5–10 µm particles (4.5 µm mean size) composed of 12 nm graphene
flakes (equivalent to 30–50 graphene layers) was supplied by Graphene
Supermarket (Reading, MA, USA). The organic compounds used, such
as malathion (≥ 99%), diethyl phthalate PESTANAL® (DEHP) (≥
99.5%) and sodium dodecylbenzenesulfonate (C12-LAS) (~80%), were
purchased from Sigma-Aldrich.

Silver nanoparticles (AgNPs) were synthetized using trisodium ci-
trate as a reducing agent (Rashid et al., 2013). In brief, all solutions of
reacting materials were prepared in HPLC water. Fifty (50) mL of
0.001 M AgNO3 was heated to its boiling point and then 5 mL of 1%
trisodium citrate was added, drop by drop. The solutions were heated
and stirred vigorously until there was a change of color to pale yellow.
Then, the obtained suspension was allowed to reach room temperature.
The silver colloid suspension was characterized by nanoparticle
tracking analysis (NTA) using a NanoSight LM10 (NanoSight Ltd.,
Salisbury, UK). This technique allows visualizing particles in liquids,
relating Brownian motion and particle size. For this characterization,
measurements were carried out in static mode. To adjust camera level
and threshold, a pre-scan was carried out.

Polyethylene (PE) microspheres (3–16 µm) accompanied by NPs
with sizes between 100 and 600 nm were purchased from Cospheric
LLC (Santa Barbara, CA, USA) and polystyrene (PS) (10 µm, 1% solids)
accompanied by NP with sizes between 40 and 250 nm were obtained
from PolySpherex™ Polystyrene microspheres which are purchased
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from Phosphorex (Hopkinton, MA, USA). The presence of NPs in each
case was validated by NTA (see Fig. S1 of Supporting Information
section). The cell lines employed in these experiments were human
glioblastomamultiforme T98G cells and human cervical carcinoma
HeLa cells that were kindly provided by Dr. Gemma Fabriàs from the
Institute for Advanced Chemistry of Catalonia (IQAC-CSIC).

2.2. Standard suspension and solutions

Dry powder of metal oxide NPs (ZrO2, TiO2, CeO2, Al2O3), metal NP
(Au and Ag), fullerol, and MPLs of PE and PS microspheres were
weighed and diluted in PBS in order to obtain a mother solution of
100 mg/L and then with the cellular medium DMEM. While AuNPs and
AgNPs were diluted from stable suspensions. Mother solutions were
subsequently diluted in the assay range of 50 µg/L to 1–10 mg/L.

2.3. Carbon NMs dispersion procedure

Fullerenes (C60 76%, C70 22%, with the remainder being higher-
order fullerenes) and graphene standard had been aged during 40 d in
mesocosms, simulating the aging of materials under real estuary con-
ditions with controlled salinity, pH and organic matter content (Sanchís
et al., 2015). The use of artificial dispersing agents as solvents was
avoided in order to reproduce relevant environmental conditions (Fig.
S2). Mother solutions were subsequently diluted in the assay range of
50 µg/L to 10 mg/L.

2.4. Binary mixture

Binary mixtures containing fullerene soot and organic contaminant
were prepared at different concentration ratios. In each experiment,
increasing concentrations of organic contaminants (0−60 mg/L) were
tested in triplicate. Each series was prepared with a constant con-
centration of fullerene soot suspension 0, 1.0 and 5.0 mg/L.

2.5. Cell culture

The cell lines employed in this experiment were T98G and HeLa
cells, which are both human cells that are commonly used in research.
Both cell lines were grown in cell culture flasks containing DMEM
supplemented with 10% FBS and 1% antibiotics (100 U/mL penicillin
and 100 μg/mL streptomycin). The cells were incubated at 37 °C in a
humidified incubator set at 5% CO2. Cells were subcultured according
to standard cell culture protocols prior to cytotoxicity assays.

2.6. In vitro cytotoxicity assay

T98G and HeLa cells were seeded in 96-well plates at 25,000 cells/
well. After 24 h, the medium was removed and cells were exposed for
24–48 h to the different NMs, polymers and mixtures at concentrations
from 10 ng/mL to 10 µg/mL. At the end of exposure, the tested solu-
tions were removed and the cells were stained with two fluorescent
biomarkers for 30 min at 37 °C in a 5% CO2 atmosphere. Fluorescent
biomarkers were (1) 2-[2-(4-hydroxyphenyl)−6-benzimidazolel-6-(l-
methyl-4-piperazyl)-benzimidazole trihydrochloride (Hoechst 33258),
which is a fluorescent compound that interacts with DNA (Excitation/
Emission maxima = 352/461 nm). A 10 µM Hoechst 33258 solution
was used as an indicator of cell viability, and (2) DHE solution 25 µM
was used as a superoxide (O2

-·) generation indicator.
Then, the labeling solutions were aspirated and cells were rinsed

with PBS. Fluorescence measures were determined at 485 nm (Hoechst)
and 549 nm (DHE) emission wavelengths using CellInsight™ NXT High
Content Screening (HCS) Platform (Thermo Scientific).

However, DHE is a colourless compound but it is cell-permeable. If
there is the presence of superoxide anion (O2

-·) in the cytoplasm, DHE is
oxidated to ethidium which intercalates into the DNA in the nucleus

and fluoresces red color (Excitation/Emission maxima = 510/595 nm).

2.7. High-content analysis

The cell viability and the oxidative stress were measured via High-
Content Analysis (HCA). This technique combines automated micro-
scopy and cell fluorescence-tagging with Hoechst 33258 and DHE. The
acquisition was performed with a 10 × lens using two channels with
two different wavelengths (λ1 = 485 nm and λ2 = 549 nm) that are
close to the Hoechst and DHE emission maximum, respectively. Optics
focus and acquisition brightness were optimized. The obtained micro-
graph is a result of a magnified image of the well, which permits to
recognise automatically the cells stained with fluorescent compound.
Primary objects were validated or rejected according to the following
criteria: emplacement in the micrograph, shape, area and light in-
tensity; see Fig. S3 of Supporting information section on the micrograph
of T98G cells.

2.8. Statistics

The data were expressed as mean± SD of three independent ex-
periments. Wherever appropriate, the data were subjected to statistical
analysis using a one‐way analysis of variance (ANOVA) test, followed
by Dunnett's test to compare all data with the control values. A value of
P<0.05 was considered to be statistically significant only for a high
concentration of contaminant. GraphPad 4.0 Software was used for the
statistical analysis.

3. Results and discussion

3.1. Cell viability

The effects of NMs and MPLs on T98G and HeLa cells survival were
evaluated using Hoechst 33258 as staining solution. Different con-
centrations between 50 μg/L and 10 mg/L of the selected NMs and
MPLs in this work were studied individually. To obtain information
regarding cell viability, the channel with 485 nm was selected in the
HCA. However, no well-differentiated images were obtained for cells
stained with Hoechst 33258 compared to those stained with DHE, as
can be seen in Fig. S3 in Supporting Information. The main results of
the cell viability study showed that none of the NMs or MPLs studied
here did lead to a significant reduction of cell viability, as shown in
Fig. 1. Therefore, cytolysis was not produced.

3.2. Oxidative stress of nanomaterials

A cytotoxic assay using DHE as staining solution was used to obtain
information about the oxidative stress of selected NMs and MPLs on
T98G and HeLa cell lines after 24 h of exposure.

As can be seen in Fig. 2A, in general, dose-dependent effects were
obtained, with the exception of fullerol and ZrO2-NPs in T98G cultured
cells. In the case of fullerol, formation of aggregates drove the limita-
tion of ROS production. On the other hand, in the case of ZrO2-NPs,
these were the biggest metal dioxide NPs studied here, and when the
concentrations were over 0.5 mg/L, they tended to aggregate, and the
ROS effects were modulated. Meanwhile, the greatest effects for T98G
cells were produced by fullerene soot followed by TiO2-NPs. It is no-
teworthy that cytotoxicity is highly influenced by the size and shape of
NMs. For cytotoxicity comparison purposes, the particular character-
istics of assayed NMs should be considered. The cells uptake biomole-
cules through endocytosis or can involve and entrap them by clathrin or
caveolin pits or some proteins, and cell uptake and sub cellular dis-
tribution depend on their size (Shang et al., 2014). In addition, the
medium can influence the size of NPs because of a change of ionic
strength (Wyrwoll et al., 2016). In this study, the maximum of ROS
production was shown to be limited by the aggregates generation in the
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cases of Fullerol and ZrO2-NPs. However, the aggregation was pre-
viously characterized by NTA and in was shown stable during exposure,
as in previous works. For example, Guadagnini et al., showed that the
size of NPs in the cellular medium normally do not change at least 1
day, indicating the feasibility of in vitro testing without influence from
potential agglomeration (Guadagnini et al., 2015).

Graphene is a two-dimensional layer of sp2-hybridised carbon
atoms. In previous studies, pristine graphene has been found to increase
ROS and apoptosis. For example, in murine RAW 264.7 macrophages,
the depletion of mitochondrial membrane potential (MMP) and ROS-
triggered apoptosis was produced by the activation of the mitochon-
drial pathway (Li et al., 2012; Sasidharan et al., 2012). In another work,
the potential influence of graphene on cell morphology, mortality,
membrane integrity and cell viability was studied using the human
glioblasoma U87 and U118 cells. In this study, it was found that gra-
phene sheets had a strong tendency to localize close to the cells, but not
enter inside the cells (Jaworski et al., 2013). However, in our findings,
the exposure of cultured T98G and HeLa cells to fullerene soot led to an
increase of intracellular reactive oxygen species only in HeLa cells and
this effect was not very pronounced. It is noteworthy that previous
studies showing a stronger ROS effects used, in general, graphene flakes
composed of around 10 layers, and here we have used flakes composed
of 30–50 layers. Both types of graphene are currently on the market,
however, their effects are highly influenced by their particular char-
acteristics. In addition, as already noted the most obvious difference
between T98G cells and HeLa, which can induce DNA synthesis in se-
nescent nuclei, is that T98G cells exhibit normal G1 growth regulation,

whereas HeLa cells do not. We assume that this factor can influence on
the major ROS response in HeLa cells.

While the graphene assayed here produced only effects at con-
centrations higher of 5 mg/L in HeLa cells, the results were contrary in
the case of fullerol and fullerene soot, producing effects only on T98G
cells. Fullerene soot was the NM producing the greatest effect on T98G
cells in this study, while in HeLa cells no effects were observed.

In HeLa culture cells, major effects were produced byTiO2-NPs fol-
lowed by ZrO2-NPs. In general, cytotoxicity of the metal oxide NPs
depended on the particle composition and their uptake. Consequently,
their incorporation into the cell could alter the membrane properties
due to the generation of the ROS. The subcellular location in endosomal
and caveolae compartments, or the lysosomes accumulation, could
generate several effects such as organelle clumping, oxidative cell in-
jury, mitochondrial depolarisation, cytokine release and cytotoxicity
(Zbyszewski et al., 2014). Consequently, membrane fluidity decreases
with relative modification of membrane-bound proteins and other ra-
dical species could also be generated (Cabiscol et al., 2010). Serum
proteins and lipids present in the cellular medium improve NP disper-
sion or solution (Sager et al., 2007). In fact, the change from aqueous
medium (PBS) to cellular medium (DMEM) during the standard pre-
paration may influence NP size and consequently intracellular diffu-
sion.

We have observed that TiO2-NPs have induced ROS generation in
both cell lines. Moreover, it was the NMs producing higher effects in
HeLa cells. Previous studies on TiO2-NPs toxicity provided conflicting
results. The toxic effects have been reported by several studies, for
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Fig. 1. Data obtained from HCA assay for metal oxide NPs,
metal NPs, carbon NMs (A) and microplastics MPLs (B) on
cerebral (T98G) and epithelial (HeLa) human cells. Data
represented as live cells content. The y-axis represents the
percentage of cell viability compared to the control. The x-
axis represents the compounds used in the assay after a time
period of 24 h of incubation. The different colors of the bars
identify the concentration of the compounds. The values
represent the mean± standard deviation (SD) of three ex-
periments.
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example, anatase TiO2 nanoparticles were found to induced oxidative
DNA damage, lipid peroxidation, micronuclei formation in a human
bronchial epithelial cell line, in the absence of photo-activation (Gurr
et al., 2005). Conversely, TiO2-NPs in dark conditions were found not
cytotoxic and not causing ROS generation in different studies (Hou
et al., 2015; Tong et al., 2017; Zhang et al., 2014). For both type of
results, it should be mentioned that the concentrations were much
higher than those employed in the present study. In summary, cyto-
toxicity and oxidative stress of TiO2 nanoparticles have been shown
dependent on physicochemical properties as their structure or photo-
catalytic potency (Park et al., 2011). However, the concentration and
aggregation could also be a modulation factor. In the present work, the
maximum of ROS generation was obtained at 1 mg/L, and at higher
concentrations, the ROS generation was not observed. This behaviour,
observed in both cell lines, could be explained by the possibility of
aggregates formation and the consequent depletion of cellular uptake at
higher concentrations in dark conditions. The increase of ROS genera-
tion has been observed in several studies, under UV irradiation because
of the photo-catalytic potential of TiO2-NP, but also, probably, because
the number of individual excited NPs able to be up-taken is increased by
UV radiation. For example, Park et al. (2011) compared the cellular
effects of TiO2-NP with different photo-catalytic potential in human
keratinocyte, HaCaT cells (Park et al., 2011) at concentrations from 50
to 150 mg/L, and much higher values of ROS effect was encountered
after UV-irradiation. Consistent with these results, are the reported ef-
fects by irradiated TiO2-NPs in HeLa cells by Zhang et al., but also with
more recent studies on toxicity and ROS generation by irradiated TiO2-
NPs (Lu et al., 2017; Tong et al., 2017; Wang et al., 2014; Yamada et al.,

2016). Therefore, the present finding can complement previous the
information and underpinned the need to assess the effects at en-
vironmental concentrations since the behaviour of NPs is very much
influenced by their aggregation and in general is not directly propor-
tional to concentration.

Regarding metal NPs, at the highest concentration (1 mg/L) of
AgNPs, ROS generation was increased in both cell lines. The toxicity of
AgNPs is related to their surface charge (El Badawy et al., 2011), which
varies according to the type and medium used during their synthesis. In
this study, AgNPs were coated by the citrate functional group, which
gives a negative surface charge. Therefore, citrate-AgNPs were repelled
by the negative charge of cellular membranes. However, once the
electrostatic barrier is overcome, at high concentrations of NPs, NPs can
penetrate cellular membranes and interact physically or chemically
with the mitochondria, resulting in oxidative stress. Cytotoxicity of NPs
can be an effect of alteration of mitochondrial function, expressly with
an uncoupling oxidation of the phosphorylation membrane system.

However, there was no significant variation in T98G neither in HeLa
cells exposed to AuNPs, which is in agreement with previous studies
with different cell lines (Austin et al., 2015; Ristig et al., 2015; Connor
et al., 2005). With respect to general trends, the ROS generation in both
cell lines followed a different trend.

It is noteworthy that at the low concentrations assayed (low in
comparison to those that are, in general, studied for the use of NPs in
nanomedicine), a different picture was obtained. For example, in the
case of AgNPs, strong effects are, in general, reported as being obtained
at higher concentrations, while in the case of carbon NMs the associa-
tion of aggregates inhibits their bioavailability.
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Fig. 2. Data obtained from HCA assay for metal oxide NPs,
metal NPs, carbon NMs (A) and microplastics MPLs (B) on
cerebral (T98G) and epithelial (HeLa) human cells. Data re-
presented as Reactive Oxygen Species (ROS) effect. The y axis
represents the percent ROS effect compared to the maximum
effect observed after a time period of 24 h of exposure. The x-
axis represents the compounds used in the HCA assay. The
different colors of the bars identify the concentration of the
compounds. The values represent the mean± standard devia-
tion of three experiments.
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As second step, both cells lines were exposed for 48 h to the con-
taminants that showed a more notorious cytotoxic effect, such as
AgNPs, ZrO2, graphene, and fullerene soot. Moreover, the maximum
concentration assayed was at least 10 times greater. The dose response
curves were fitted (Fig. 3) and the half maximal effective concentrations
(EC50) were calculated (Table 1). As can be shown in T98G cells, in the
two periods of exposure, fullerene soot presented the lower EC50 but the
maximum effect was at the 60%. This indicates that over a concentra-
tion the hydrophobicity of fullerenes drives to auto-aggregation

limiting their ROS generation. While, in the case of AgNPs ROS gen-
eration is slowly produced.

It should be highlighted that we have studied the potential effects at
concentrations that can be the result of bioaccumulation from the en-
vironment. Therefore, higher than environmental reported or estimated
concentrations and much lower than concentrations previously ex-
plored when the potential toxicity of NMs for it use as drug carriers was
studied, in occupational exposure studies, or when what is explore it's
the elucidation of the general mode of action.
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Fig. 3. Dose response curve showing the
ROS effect (%) of T98G and HeLa cell lines
exposed for 48 h to increasing doses of metal
oxide NPs, metal NPs, carbon NMs (A). Dose
response curve showing the ROS effect (%)
of T98G and HeLa cell lines exposed for a
time period of 24 h to increasing doses of
microplastics (B). The data presented are the
mean±SD of three independent experi-
ments.

Table 1
EC50 values for the exposure of AgNPs, ZrO2, graphene and fullerene soot to cerebral (T98G) and epithelial (HeLa) human cells for 72 h, as determined by HCA assay.

EC50 (mg/L)
(95% confidence intervals)

Compounds T98G HeLa

1° day 2° day 1° day 2° day

AgNPs 101.5
(54.9–187.6)

0.4
(0.3–0.5)

20.4
(9.9–41)

10.8
(4.1–29)

ZrO2 1831
(938.7−3572)

1265
(398.4−3824)

1257
(711.9−2221)

1730
(791.9−3781)

Graphene 64.56
(35.7–116.7)

18.13
(17−193.2)

39.92
(20.4–78)

36.36
(15.7–84.1)

Fullerene soot 14.16
(6.7–29.8)

13.13
(2.5–40)

68.76
(33.9–139.4)

61.60
(20.5–185.3)
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3.3. Oxidative stress of microplastics

In the case of PE, ROS generation was only significant on T98G.
However in both cell cultures PS presented a higher ROS generation.
Probably, this effect can be related to the smaller size of PS particles
(Fig. 2 B, Table 2). After control substraction, no significant ROS gen-
eration was observed in some cases when cells were exposed to PE.

3.3.1. Trojan Horse effect
The synergistic and antagonistic relationships between fullerenes

and three selected organic contaminants (malathion, C12-LAS and
DEHP) were assessed. The ROS generation of a range of different
nominal concentrations of these contaminants (malathion between 5
and 30 mg/L; C12-LAS between 5 and 50 mg/L and DEHP between 0.5
and 50 mg/L) was assessed with and without fullerenes. In the mixtures
with fullerene soot, two concentrations (1 and 5 mg/L) were tested. The
experimental results were compared with the theoretical values ac-
cording to a simple additive model.

As can be seen in Fig. 4, in the case of malathion, this compound has
been related to ROS generation at concentrations around 40 mg/L in
PC12 cells. In our study using T98G cell, also almost no ROS generation
(around 5%) was observed for concentrations of exposure inferior to
30 mg/L. Therefore, according to a simple additive model, the ROS
generation in this mixture should be attributed mainly to fullerenes.

Due to the hydrophobicity of malathion (log Kow= 2.7 at 25 °C), in
a first step fullerene soot will adsorb malathion and tend to be de-
posited onto the membrane cells. When fullerene soot concentrations
were high enough, malathion was efficiently retained and probably
assisted in the formation of bigger fullerene aggregates. This can con-
tribute to decreasing the bioavailability in agreement with the observed
antagonistic effect. Whereas, in those binary mixtures where fullerene
aggregates surface was saturated, loosely attached malathion molecules
were released directly on membranes surface and the synergistic effect
was then produced. The same behaviour was observed in the case of D.
magna exposed to mixtures of malathion and fullerene soot (Sanchís
et al., 2015).

A similar behaviour was observed in the case of C12-LAS. This
surfactant alone did not present ROS generation on T98g cells. Again,
ideally, the ROS generation of the mixture should be only the con-
tribution of fullerene soot following a simple additive model. However,
for the lower concentrations of C12-LAS between 5 and 25 mg/L we
have observed antagonism. And, this effect was clearly more pro-
nounced when the ratio between fullerene soot and C2-LAS was higher.
In a first step, fullerenes are sequestering C12-LAS from solution and
when fullerene soot concentrations were high enough, C12-LAS was
efficiently retained. The surfactant character of C12-LAS contributes
again to the formation of hetero-aggregates contributing to the bioa-
vailability decrease. However, in one case, when the concentration of
fullerenes was 50 mg/L and the concentration of fullerene soot was
1 mg/L, synergism was produced. In this case, fullerenes surface was
saturated, free C12-LAS surfactants did not reach their critical micelle
concentration (100 mg/L) for auto-aggregation and, therefore, tended
to be associated to membrane cells and membrane solubilisation.

Notwithstanding, for the same concentration of C12-LAS, but with 10
times more fullerene soot, then C12- is attached to fullerene surface,
hetero-aggregates are favored, bioavailability is decreased and an an-
tagonistic effect was observed.

Finally, DEHP presented ROS generation that was directly propor-
tional with concentration. Once again, DEHP molecules tended to be
adsorbed on the fullerene aggregate surface and hetero-aggregates and
synergistic effects were shown. Only when concentrations of DEHP
were high enough was 100% of effect reached, as expected.

These results are a pioneer observation of the Trojan-Horse me-
chanism at cell level and they underpin the necessity of assessing the
presence and effect of carbon nanomaterials in the marine environ-
ment, since they are active agents, which are changing the bioavail-
ability of xenobiotics.

4. Conclusions

HCA has proven to be a powerful, robust, reliable technique for the
simultaneous observation and toxicity assessment of cells exposed to
nanoparticles and common organic contaminants, and it has allowed
assessment of the toxic effects of nanomaterials and two types of mi-
croplastics of two different types of cell. The data provided in this work
complement previous studies conducted and much higher concentra-
tions, which is important since toxicity of NPs is not always dose-de-
pendent. Also, these results are focussed on potential toxicity produced
by bioaccumulation in the environment offering data relevant for pos-
terior risk–assessment studies evaluating the risks for human health.
For example, considering that it has been widely reported that ROS
generation had a critical role in the growth and proliferation of cancer
cells (Tang et al., 2011; Manda et al., 2015; Poillet-Perez et al., 2015).
During the recent years, the use of in vitro approaches has to gain in-
terest for assessing the risks of chemicals and drugs in a more me-
chanistic and high throughput manner than in vivo tests. Different
models have been developed in recent years for the quantitative in-vitro
to in-vivo toxicity assays, in particular, in the case of cell-lines. Phy-
siologically based pharmacokinetic (PBPK) modelling provides a prac-
tical framework for conducting quantitative in vitro to in vivo extra-
polation (Yoon et al., 2012; Wetmore, 2015).

The obtained results contribute to the current knowledge of the
cytotoxcity of both nanomaterials and microplastics, whereby oxidative
stress is one mechanism that explains the toxicity of these emerging
contaminants at cell level, as has been observed for both T98G and
HeLa lines.

In addition, carbon nanomaterials have the potential to interact in a
complex way with the co-occurring contaminants, changing the bioa-
vailability and, therefore, their resulting toxicity in either a synergistic
or an antagonistic way. The result of this study showed that fullerene
soot presented a predominantly antagonistic effect in binary mixtures
with other organic contaminants. To the best of knowledge, this fact
agrees with previous results obtained in ecotoxicological studies.

In general, these phenomena have been overlooked during risk as-
sessments of these substances and more attention should be paid to
them in the future. Other nano-structured materials, such as nano-sized
plastics or metal-oxide nanoparticles, may modulate the toxicity of co-
contaminants (Sanchís et al., 2015). In the same manner, recent studies
(Vidali et al., 2016) provide evidence that the toxic behaviour of NMs
such as carbon nanotubes could be altered with unknown effects on
humans, and the environment by environmental factors and these to-
pics must be further studied.
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EC50 (mg/L)
(95% confidence intervals)

Compounds T98G HeLa

Polyethylene 41.22
(12.8–133)

40.96
(17.8–178.8)
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