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Engineered nanoparticles (NPs) occur as mixtures in the environment, making the study of their combined
toxicity more realistic than the assessment of individual NPs. Interactions between NPs can alter toxicity profiles,
producing synergistic, antagonistic, or additive effects, yet current environmental assessments often overlook
these cocktail effects. This study investigated the effects of titanium dioxide NPs (TiO2-NPs) and cerium dioxide
NPs (CeO2-NPs) mixtures on the green alga Raphidocelis subcapitata compared individual NP exposures. Four
mixtures with varying NP ratios were designed based on the toxicity units (TUs) concept and ECso growth-
inhibition values for TiOo-NPs of 28.3 + 1.16 mg L™}, and ECsq for CeO2-NPs of 13.6 + 0.57 mg L™}. Growth
inhibition, reactive oxygen species (ROS) generation, and membrane damage were assessed using flow cytometry
(FCM), while uptake was analyzed by single-cell inductively coupled plasma mass spectrometry (SC-ICP-MS).
Single-particle (SP) -ICP-MS distinguished NP size distribution and dissolution in mixtures.

Results revealed antagonistic interactions in mixtures, with growth inhibition lower than expected based on
individual treatments. The difference between predicted and measured TUs in the mixture treatments, used as a
measure for the extent of antagonistic interaction ranged from 0.66 to 1.76. Cells with elevated ROS generation
showed a two- to four-fold reduction in the mixtures versus single NP treatments. SC-ICP-MS indicated reduced
bioavailability of NPs in mixtures: intracellular TiO>-NP content decreased from 15.7 to 24.3 fg cell™! (single) to
12.9-15.9 fg cell ! (mixture), and CeO:-NP content dropped from 3.6 to 8.6 fg cell ! to 2.7-3.8 fg cell L. This
study demonstrates the importance of assessing NP mixture toxicity using advanced single-event techniques,
such as FCM, SP- and SC-ICP-MS, to discriminate the fate and bioavailability of NPs present in mixtures and to
better understand their environmental impacts.

1. Introduction were synergistic and 22 % were additive (Zhang et al., 2022). Studies

have compared the effects of NPs in mixtures to single NPs, highlighting

Aquatic organisms are typically exposed to complex mixtures of
environmental pollutants, including engineered nanoparticles (NPs) (Li
et al.,, 2020; Zhang et al., 2022). Assessing the combined effects of
multiple NPs and predicting the toxicity of NPs mixtures are essential for
a more realistic evaluation of their ecological risks (Keller and Sla-
veykova, 2025). Indeed, the co-existence of different types of NPs in
aquatic environment can lead to a variety of interactions - antagonistic,
synergistic, or additive - resulting in effects that differ from those
observed with individual NP exposure (Li et al., 2020; Martinez et al.,
2022; Wang et al., 2024b). A review of 86 studies on the ecotoxicity of
NPs mixtures found that 53 % of interactions were antagonistic, 25 %
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the complexity of interactions and their variable outcomes (Das et al.,
2023b; Das et al., 2022; Ghariani et al., 2025; Huang et al., 2019; Huang
et al., 2021; Iswarya et al., 2015; Ko et al., 2018; Liu et al., 2018; Pikula
et al., 2022; Rana and Kumar, 2023a, 2023b). For instance, the combi-
nation of SiO2-NPs and ZnS-NPs exhibited an antagonistic effect on the
mixotrophic alga Heterosigma akashiwo, likely due to the scavenging of
Zn?" and interactions between ZnS-NPs and SiO»-NPs (Pikula et al.,
2022). Similarly, the interactions between SiO,-NPs and AlyO3-NPs led
to the formation of hetero-aggregates, which reduced their bioavail-
ability to green alga Chlorella vulgaris and consequently decreased the
toxicity of Al;O3-NPs (Huang et al., 2021). Antagonistic effects of
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mixtures of ZnO-NPs and CuO-NPs to biomass of Scenedesmus obliquus
were observed at concentrations of 1 and 10mg L™! over a 35 day period
(Rana and Kumar, 2023b). Antagonistic effect was also observed when
Ag-NPs were combined with hematite nanoparticles (He-NPs), as Ag™"
was adsorbed onto He-NPs, reducing Ag bioavailability and toxicity to
golden-brown microalga Ochromonas danica (Huang et al., 2019).
Mixture of Ag-NPs and Hg exhibited an antagonistic effect on diatom
Chaetoceros muelleri (Mosleminejad et al., 2024). Similarly, TiO2-NPs
significantly mitigated the impact of Hg?* on the growth and photo-
synthesis of green alga Chlamydomonas reinhardtii (Li et al., 2020).
Antagonistic interaction was also observed in another green alga
Raphidocelis subcapitata, where exposure to SiO2-NPs in combination
with pesticides, such as paraquat, pentachlorophenol, and diflufenican,
reduced toxicity (Book et al., 2022). Conversely, exposure to some NP-
containing mixtures resulted in additive effects, such as the combina-
tion of TiO2-NPs and bisphenol A on green alga Scenedesmus obliquus
(Das and Mukherjee, 2024). On the other hand, synergistic interactions
have also been reported, for example, TiO2-NPs enhanced the toxicity of
tetracycline (Roy et al., 2021). A mixture of SiO2, Fe3sO4 and ZnO-NPs
synergistically affected the S. obliquus (Das et al., 2023a), as well as
mixture of polystyrene NPs increased toxicity in O. danica and
C. reinhardtii (Huang et al., 2019). Despite notable advancements in our
understanding, as illustrated by the selected examples, a significant
research gap persists in unravelling the complexity and variability of the
effects of NP mixtures on aquatic biota (Zhang et al., 2022) including the
long-term and sublethal effects of mixtures, species-specific responses,
lack of predictive, mechanistic models (e.g., based on Toxic Units (TUs)
or concentration-addition frameworks) that consider both NP-NP in-
teractions and species variability. Gaining deeper insights into how NP
mixtures interact with phytoplankton species is essential for developing
effective environmental regulations and management strategies to
mitigate their potential ecological impact.

In such a context, the present study aims to explore the interactions
of four different mixtures of TiO-NPs and CeO2-NPs on Raphidocelis
subcapitata and compares the observed effects with treatments involving
individual NPs. TiO2-NPs and CeO5-NPs were selected because they
exhibit contrasting redox and surface properties and are among the most
widely used NPs (Dar et al., 2020; Pansambal et al., 2022). TiO2-NPs are
commonly utilized in paints, personal care products and photocatalytic
applications (Musial et al., 2020). CeO2-NPs find applications in pho-
tocatalysis as well as in biological context, serving as antibacterial,
antifungal, antioxidant, antidiabetic, or anticancer agents (Pansambal
et al., 2022).

Raphidocelis subcapitata was chosen as a representative primary
producer in freshwater ecosystems, contributing to oxygen generation,
nutrient cycling, and food web support (Machado and Soares, 2024).
R. subcapitata responds rapidly to changes in water chemistry and
pollutant exposure, making it a recognized standard test organism for
evaluating chemical and nanomaterial toxicity and a reliable bio-
indicator of aquatic ecosystem health.

To evaluate mixture toxicity, various ratios of TiO2-NPs and CeO-
NPs in the mixtures were selected using the TU framework. While TU-
based models are widely used in chemical ecotoxicology to quantify
synergistic or antagonistic interactions (Vilela et al., 2023), they remain
underused in studies of NP mixtures. Biological endpoints, such as
growth rate, reactive oxygen species (ROS) generation, and membrane
damage were assessed using flow cytometry (FCM). Additionally, NPs
bioavailability was investigated using single cell inductively coupled
plasma mass spectrometry (SC-ICP-MS) as it allowed to distinguish be-
tween cellular Ce and Ti in mixture exposures. NPs characterization was
performed using single-particle inductively coupled with plasma mass
spectrometry (SP-ICP-MS). The use of SP-ICP-MS allowed the differen-
tiation of NP size distributions within the mixtures, providing unique
insights into their behavior and potential effects, when present in mix-
tures. Based on existing literature, our initial hypothesis was that the
toxicity of TiO2-NPs and CeO»-NPs mixtures would likely be reduced due
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to specific physicochemical interactions between the NPs, such as
hetero-aggregation, which are expected to limit the extent to which NPs
contact or enter algal cells, thereby reducing the observed toxic effects in
mixture exposures compared to individual NPs exposures.

2. Materials and methods
2.1. Nanoparticles and suspension preparation

The nano-powders of TiOy (NM-102-JRCNM10202) and CeO, (NM-
212-JRCNMO02102) were acquired from the Nanomaterials Repository at
the European Commission Joint Research Centre, Ispra, Italy. Detailed
information on the characteristics of these NPs, including their compo-
sition, primary size, water solubility, zeta potential, agglomeration/ag-
gregation behavior, coating and surface chemistry, photocatalytic
activity, and redox potential can be found in previous publications for
TiO2-NPs (Rasmussen et al., 2014) and for CeO-NPs (Singh et al., 2014).
Both NPs are comparable in nominal sizes but exhibit markedly different
physicochemical and redox properties that could influence their
behavior and effects on algae.

The stock suspensions of 3000 mgL ™! were prepared by adding 15
mg of TiO2/CeO2-NPs to 5 mL of ultrapure water (Milli-Q Advantage,
Molsheim, France) in glass vials. Then, the suspensions were sonicated
for 15 min (40 KHz) (Branson 5510 MT Ultrasonic Cleaner, Branson
Ultrasonics Corporation, Danbury, USA). In addition, ionic Ti at a con-
centration of 998 + 2 mg L7! (Fluka Analytical, Buchs, Switzerland) was
used for analysis by ICP-MS. Gold nanoparticles (Au-NPs) with a size of
50.2 nm and a concentration of 0.5 mg Lt (Nanocomposix, San Diego,
CA, USA) were employed to determine the transport efficiency (TE) in
SP-ICP-MS and SC-ICP-MS analyses.

2.2. Characterization of suspension of TiO2-NPs and CeO2-NPs and their
mixtures

The suspensions of TiO2-NPs, CeO,-NPs and their mixture in ultra-
pure water and exposure medium were characterized in terms of size
distribution, aggregation and dissolution to ensure a comprehensive
understanding of their behavior at 72 h. The size distribution of the NPs
and their mixtures was analyzed using SP-ICP-MS (Agilent 7700 ICP-MS,
Morges, Switzerland). The acquisition parameters are shown in
Table S1, Supplementary Information (SI). Prior to analysis, instrument
performance was optimized with 1 pg L1 of Ce, Co, Li, Mg, T, Yin 2 %
HNO3. The sample flow rate, determined by gravimetry, and the trans-
port efficiency (TE) were obtained prior to analyzing the samples. TE
was calculated using the frequency method (Pace et al., 2011) with a
suspension of 50 nm AuNPs with a concentration of 4.36 x 107 particles
mL L. For the analysis of TiO,-NPs, a calibration curve between 0 and 5
g L1 of ionic Ti in 1 % of HNO3 was used. For the analysis of CeOy-NPs,
a calibration curve between 0 and 5 pg L™ with the same particles was
utilized since the behavior of NPs and the ionic form is different
(Sanchez-Garcia et al., 2016). In addition, the hydrodynamic size dis-
tribution and zeta potential values were obtained by dynamic light
scattering (DLS, Zetasizer Nano, Malvern Panalytical, Netherlands).

2.3. Bioassays with green alga R. subcapitata

2.3.1. Algal culture

R. subcapitata was cultured in Tris-acetate-phosphate (TAP) medium,
pH of 7.0, whose composition is in Table S2 in S, starting with an initial
cell density of 5 x 10* cell mL™!. The culture was carried out in a
specialized incubator (Infors HT Multritron, Infors, Basel, Switzerland)
maintained at 20.1 °C with shaking at 100 rpm and a 16:8 h light-dark
cycle (light intensity 60 pmol photons m~2s™1). After 72 h, at the middle
of the exponential growth phase, the algal culture was gently centri-
fuged at 1300 xg for 10 min (Multifuge X Pro Series centrifuge, Thermo
Fisher, New Jersey, USA). The resulting pellet of the cells was collected
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and resuspended in TAP exposure medium, whose composition is in
Table S3, supplemented with varying concentrations of TiO2-NPs, CeO»-
NPs and their mixtures. The initial cell concentration of the exposure
experiment was adjusted to 3 x 10° cells mL ! (Bakir et al., 2024). The
exposure was carried out in the same conditions as the culture of the
algae described before.

2.3.2. Assessment of the mixture toxicity

To study the effect of the mixture of TiO-NPs and CeO»-NPs, a
methodology based on the conversion to TUs was employed. TUs
concept provides a standardized and quantitative framework for
assessing mixture toxicity (Wang et al., 2020; Ye et al., 2018). The ECsg
determined from the individual exposure to TiO5-NPs and CeO-NPs
were used for calculating the TU, following Eq. 1:

" ECsy,

TU (€Y

where C; is the concentration of the NPs i and ECsy, is the corresponding
ECsg of the NPs i. Therefore, when TU is 1, this corresponds to the ECsg.
Besides, the TU of the mixture is TUpixture = TU; + TUj with i and j
corresponding to different materials used in the mixture. Various ratios
of NP concentrations, all designed to achieve a TUpjxwure Of 1 were
employed. The ratios were calculated based on the ECs( values obtained
from individual treatments with TiO5-NPs or CeO,-NPs as presented in
Fig. S1 and in our previous study (Bakir et al., 2025). ECs¢ concentration
obtained for TiO2-NPs was 28.3 + 1.16 mg L’l, while for CeO,-NPs was
13.6 & 0.57 mg L. The following mixtures of TiOy and CeO5-NPs have
been tested: 14.2 mg L~! TiOy-NPs + 6.73 mg L~ CeO5-NPs (C1
mixture), 28.3 mg L! TiO2-NPs + 13.6 mg Lt Ce0,-NPs (C2 mixture),
18.8 mg L1 TiOy-NPs + 4.6 mg L. ™! CeO»-NPs (C3 mixture), 9.41 mg L~}
TiO2-NPs + 9.27 mg L1 CeO2-NPs (C4 mixture). Although the con-
centrations tested in this study are considerably higher than those
typically found in natural environments (e.g. <100 ng L~ for Ce-NPs;
and < 10 pg L~ for Ti-NPs) (Azimzada et al., 2021), they were cho-
sen based on regulatory and ecotoxicological relevance.

2.3.3. Ecotoxicity testing

The choice of alga Raphidocelis subcapitata was based on the recom-
mendation of the Organization for Economic Co-operation and Devel-
opment (OECD) for conducting ecotoxicity tests (OECD, 2011). The tests
were carried out in glass flasks. The effects of TiO2-NPs, CeO,-NPs and
their mixtures on R. subcapitata were evaluated based on their impact on
algal growth, intracellular ROS generation and membrane integrity.
Growth rate inhibition was determined by measuring cell numbers using
FCM (BD Accuri C6 Plus flow cytometer, BD, New Jersey, USA) after 72
h of exposure. A threshold of 20,000 events within the algae gate in the
chlorophyll autofluorescence cytogram was applied. The gating strategy
allowing the distinction between the algae and NPs aggregates of com-
parable size is detailed in SI (Fig. $2). Exposure to 10 pg L™} Ag* as a
AgNO3 was used as a positive control and resulted in 100 % growth
inhibition.

The effect of the treatments on the membrane integrity of the algal
cell was determined using FCM following staining with propidium io-
dide (PI) following an optimized procedure (Beauvais-Fluck et al., 2017;
Santos et al., 2024). After 72 h of exposure to the NPs and their mixtures,
PI was added to the algae to a final concentration of 7 pM. The samples
were incubated in the dark for 30 min before analysis using FCM on
channel FL-2. Cells heated at 90 °C for 30 min in the dark served as
positive control. Unexposed cells treated identically to the samples were
used as negative controls.

The effect of the NPs and their mixtures on the intracellular ROS
level was assessed using Synergy H1 microplate reader (Biotek, Santa
Clara, USA). Algal cells were stained with 10 pM CellROX® Green re-
agent (Thermo Fisher Scientific, Waltham, MA, USA) and incubated in
the dark at 37 °C for 1 h. Cells exposed to 20 % hydrogen peroxide for 30
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min were used as positive controls and resulted in more than 80 % of
affected cells. Following exposure and reagent addition, fluorescence
was measured with an excitation wavelength of 488 nm and an emission
wavelength of 530 nm.

2.3.4. Bioavailability of the NPs and their mixtures to algae

The bioavailability of the NPs and their mixtures was assessed in
terms of the adsorbed (ethylenediaminetetraacetic acid (EDTA)-
extractable) and intracellular (EDTA non-extractable) amount of Ti and
Ce in each cell determined by SC-ICP-MS (Perkin Elmer NexION 2000
(Perkin Elmer, Toronto, Canada) with an Asperon™ linear pass spray
chamber (Perkin Elmer, Toronto, Canada) and a flow-focusing nebulizer
(Ingeniatrics, Sevilla, Spain)). For the sample introduction, a pDx Single
Cell Autosampler (Elemental Scientific, Omaha, NE, USA) was used,
which operated with a syringe pump at a rate of 10 pL min~!. To
determine transport efficiency, the frequency method was used. Since it
is not possible to obtain reference material of size comparable with those
of algae, 50 nm AuNPs have been used to determine the mass of the
element per cell (Suarez-Oubina et al., 2023).

Following 72 h of exposure, the algae were centrifugated (1300 xg
for 10 min) and the cell pellets were collected. The pellets were rinsed
with 0.02 M EDTA to discriminate between adsorbed and intracellular
metal (Kosak Nee Rohder et al., 2018). To do that, the cell pellets were
resuspended in 0.02 M EDTA, and the suspensions were centrifuged. The
resultant supernatant was discarded, and the pellet was washed with
TAP exposure medium. This procedure was repeated 5 times. The rinsed
cell pellets were lyophilized and resuspended in 50 mL of ultrapure
water. Before the analysis, the instrument was optimized with a solution
of 1 pg L™ ! of Be, Ce, Fe, In, Li, Mg, Pb and U, provided by the manu-
facturer. Subsequently, the acquisition parameters for both elements
were optimized to get the maximum sensitivity with a solution of 5 pg
L' of Tiin 1 % of HNO3 and 1 pg L' of CeO,-NPs. For the analysis of
algae exposed to TiOy-NPs, due to the likely Ca and P interferences,
ammonia was used as a reaction gas in the reaction cell. The parameters
of the reaction cell were optimized before the analysis. To avoid the
interferences, the m/z ratio 131, corresponding to 48Ti(NH)(NH3)4) was
measured since no interferences were observed with this adduct (Suarez-
Oubina et al., 2022). The interferences with Ca were also studied with
suspensions of 5 pg L™ of Ti and an increasing concentration of Ca from
10 pg L ™! to 10 mg L™}, confirming non-relevant interferent effects from
1 mg L~! of Ca. Since no interferences were expected for CeO,, mea-
surements were performed in standard mode. Since the behavior of the
ionic Ce is different from that of CeO2-NPs (different slopes for the
calibration curves: 5.55 x 10* for ionic Ce and 3.02 x 10* for CeO4-NPs),
a calibration curve of CeO2-NPs was used for the quantification. The
acquisition parameters are in Table S4. Additionally, untreated cells and
cells treated with TiO2-NPs, CeO5-NPs and their mixtures were visual-
ized using a digital microscope (VHX-X1, Keyence, Mechelen, Belgium).

2.4. Data analysis

All the experiments were carried out in triplicate. A one-way analysis
of variance (ANOVA) was performed to test significant differences be-
tween the treatments. Prior to performing ANOVA, the assumptions of
normality were tested using the Shapiro-Wilk test. Tukey’s Honestly
Significant Difference (HSD) test was applied as a post hoc comparison
to determine pairwise differences between means. All analyses were
performed using OriginPro 2023 (v. 9.6.5.169; OriginLab Corporation,
Northampton, MA, USA), and differences were considered statistically
significant at p < 0.05.
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3. Results and discussion

3.1. Characterization of the suspension of TiO2-NPs, CeO2-NPs and their
mixtures

For TiO2-NPs suspension in exposure medium, SP-ICP-MS indicated a
particle size of 52 + 8 nm (LODj;,e of 30 nm) but bigger aggregates with
sizes until 400 nm were also detected (Fig. 1a), like the ultrapure water
suspension (Fig. $3). The zeta potential obtained for TiO,-NPs was
—9.50 + 2.37 mV. For CeO,-NPs suspension in exposure medium, SP-
ICP-MS (Fig. 1b) indicated a mean particle size of 77 + 9 nm, with ag-
gregates around 100-200 nm. These values align with previous litera-
ture, which reported primary particle sizes of 28 nm detected by
transmission electron microscopy (TEM), with aggregates around 100
nm (Singh et al., 2014). The obtained LODys;,e was 24 nm, confirming the
presence of smaller particles. No dissolution was observed at any of the
concentrations studied (from 10 to 30 mg L) as the measured dissolved
concentrations were below the dissolution limit of detection (LODgjss) of
5.14 ng L1, Similarly, no dissolution was found in the CeO,-NP sus-
pensions LODygjss of 0.44 ng L7L. The zeta potential was - 6.55 + 2.30
mV. No dissolution was detected in either of the mixtures.

For mixtures suspended in TAP medium, SP-ICP-MS detected mean
most frequent particle sizes: 92 + 8 nm for TiO2-NPs and 78 + 6 nm for
CeO2-NPs (Fig. 1). For TiO2-NPs, the size distribution shifted toward
larger sizes in the mixtures in comparison with individual treatments,
indicating that aggregation was more likely when the TiO3-NPs were
combined with CeO»-NPs. For CeO,-NPs, the distribution for the mixture
remained like the one obtained for the individual suspension. DLS
measured larger apparent hydrodynamic sizes than SP-ICP-MS (Fig. S3)
because DLS reflects intensity-weighted hydrodynamic diameters
influenced by particle-medium interactions, whereas SP-ICP-MS pro-
vides element-specific, number-weighted particle sizes. Because DLS
cannot distinguish between Ti- and Ce-containing particles, it cannot
resolve the aggregation behavior of each component in the mixed sus-
pension. Therefore, quantitative assessment of aggregation in the
exposure medium and in mixtures relied on the element-specific reso-
lution of SP-ICP-MS.

Studies have shown that when metal oxide NPs are mixed, they tend
to interact through van der Waals forces, electrostatic interactions, and
bridging via ions in the medium (Keller et al., 2010). In particular, TiO»-
NPs and CeO2-NPs have been reported to form hetero-aggregates,
leading to increased hydrodynamic sizes in mixtures compared to indi-
vidual suspensions, which was dependent on CeO,-NPs/TiO2-NPs ratio
(Luo et al., 2017). Additionally, CeO,-NPs, which can have higher af-
finity for binding due to surface oxygen vacancies and variable charge
states (Ce3*/Ce**) (Mohajeri et al., 2025), may act as “nucleation
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centers,” promoting aggregation with TiO2-NPs. Such aggregation shifts
the size distributions toward larger size for TiO2-NPs in mixtures, could
result in limiting direct contact with algal cells and decreasing their
bioavailability and effects.

3.2. Effects of TiO2-NPs, CeO2-NPs, and their mixtures on algae

The effects of TiO2-NPs, CeO2-NPs, and their mixtures on algae were
evaluated in terms of growth inhibition, ROS generation, and membrane
damage. Except for the exposure to C2 mixture, where the TUe, is 2
(indicating 100 % of growth inhibition), the expected growth inhibition
for all other exposures is 50 % since TUpixture Value of 1. Opposite to this
expectation, antagonistic interactions were observed, as the growth in-
hibition was lower than expected based on TUs. Specifically, when the
algae were exposed to mixture of NPs, the induced growth inhibition
decreased compared to the effects observed with the individual NPs
(Fig. 2a). Although the ECso of TiO»-NPs alone was 28 mg L_l, a
hormesis effect was observed (Fig. S1) when algae were exposed to
concentrations ranging from 10 to 20 mg L~!. The factors driving
hormesis response remain largely unexplored (Keller and Slaveykova,
2025); however, mild stress induced by TiO2-NPs can trigger adaptive
cellular mechanisms, including the accumulation of ROS, production of
antioxidant metabolites, and increased activity of antioxidant enzymes
(Agathokleous et al., 2019; Agathokleous et al., 2022). When exposed to
28 mg L7 of TiO»-NPs combined with 14 mg L ~! CeO,-NPs (C2
mixture) the growth inhibition was 12.3 + 4.5 %, despite the expecta-
tion of complete growth inhibition (TU pixture Of 2).

To assess the strength of antagonistic interaction, or deviation from
additivity, ATU (TU_exp-TU_obs) was calculated among different
treatments (Table S5). When comparing expected inhibition with ATU,
C2 mixture, which had the highest expected inhibition (100 %), also
exhibited the largest ATU (1.76). The other mixtures (C1, C3, C4), all
with expected inhibition of 50 %, showed intermediate ATU values
ranging from 0.66 to 1.0, indicating a moderate positive relationship
between expected inhibition and ATU. These antagonistic effects can be
attributed to the interactions between the NPs, which may result in the
formation of hetero-aggregates, potentially reducing the bioavailability
of the NPs to algae (Schiavo et al., 2018). This explanation aligns with
the shift in size distribution toward larger sizes observed in the mixtures
for TiO2-NPs (Fig. 1).

It is worth noting that the control growth rate in TAP medium (0.85
+ 0.07 day’l) was lower than the OECD 201 guideline minimum (>1.4
day 1) due to reduced nutrients and light to maintain NPs stability.
Slower algal growth can alter the NPs-to-cell ratio and increase
adsorption or hetero-aggregation at the cell surface, as seen for CeOo-
NPs (Schiavo et al., 2018). While the absolute magnitude of effects may

(b)
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Fig. 1. Size distribution of NPs in mixture and individual suspensions obtained by SP-ICP-MS in exposure medium (a) Ti signal - 0.6 mg L' of TiO,-NPs and C4

mixture; (b) Ce signal - 0.6 mg L7t of Ce0,-NPs and C4 mixture.
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Fig. 2. Effect of different mixtures and single exposures of TiO,-NPs and CeO,-NPs on (a) growth inhibition, (b) ROS generation, and (¢) membrane damage in the
green alga R. subcapitata (X+SD). Exposure duration of 72 h. Tested mixtures: 14.2 mg L™ TiO2-NPs + 6.73 mg L™ CeO,-NPs (C1 mixture), 28.3 mg L ™! TiO,-NPs +
13.4 mg L~! CeO,-NPs (C2 mixture), 18.8 mg L~! TiO,-NPs + 4.6 mg L~! CeO,-NPs (C3 mixture), 9.41 mg L~! TiO,-NPs + 9.27 mg L~! CeO,-NPs (C4 mixture). The
letters indicate the significant differences between the exposures, as obtained by one-way ANOVA followed by a Tukey test (p < 0.05, n = 3). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

differ from standard OECD conditions, all treatments were performed
under identical conditions, so the observed antagonistic interactions
between TiO,-NPs and CeO,-NPs reflect particle interactions under
particle-stable conditions.

The above observations align with the literature reporting antago-
nistic effects in mixtures of TiO2-NPs, ZnO-NPs and CeO,-NPs on bac-
terium Nitrosomas europea, where TiO,-NPs reduced the bioavailability
and consequently mitigated the toxicity of CeO2-NPs (Yu et al., 2016b)
or ZnO-NPs (Yu et al., 2016a). A similar reduction in bioavailability was
also identified as the cause of the antagonistic interactions of TiO2-NPs
and CeO,-NPs on human hepatic cells (Rosario et al., 2022). Zebrafish
embryos exposed to a combination of TiO-NPs and CeO2-NPs also
exhibited antagonistic interactions, with no noticeable developmental
effects, contrasting with the results from single exposures (Pecoraro
et al., 2023). A reduction in the influence of ZnO-NPs by TiO,-NPs was
also seen in zebrafish embryos (Hua et al., 2016). For green algae,
antagonistic effects have been observed in Chiorella sp. exposed to
different crystalline forms of TiO2-NPs (anatase and rutile) (Iswarya
et al., 2015), suggesting that similar bioavailability-based mechanisms
may operate across diverse organisms. However, differences in the
observed effects among the organisms likely reflect species-specific
sensitivity and exposure pathways. For example, algae are primarily
affected via direct particle-cell interactions in the aqueous phase,
whereas fish embryos may experience additional uptake and internali-
zation pathways, influencing the manifestation of antagonism. The
present results contrast with the synergistic effect observed in other
studies. For example, a mixture of TiO-NPs, SiO2-NPs and ZrO-NPs
caused oxidative stress and mitochondrial damage in the alga S. obliquus

(Liu et al., 2018), while fluorescent nanoplastics enhanced the toxicity
of TiO2-NPs in S. obliquus by reducing photosynthetic yield (Das et al.,
2022). Synergistic effects were also reported for binary mixtures of TiOy-
NPs with CdS, ZnS or SiO»-NPs in another alga H. akashiwo attributed to
the “Trojan horse” mechanism of TiO,-NPs increasing the bioavailability
of the other metal NPs (Pikula et al., 2022). In contrast, additive effects
were observed for a mixture of TiO5 -NPs and nanotubes in S. obliquus
(Wang et al., 2020).

The formation of ROS and oxidative stress are major toxicity mech-
anisms (von Moos and Slaveykova, 2014) which have been reported for
individual treatments with CeO.-NPs (Angel et al., 2015; Liu et al.,
2024) or TiO2-NPs and different microorganisms (Fu et al., 2015; Li
et al., 2015; Liu et al., 2022; Neale et al., 2015; Xia et al., 2015). In the
present study, an excessive ROS generation was observed in both
mixture and individual treatments (Fig. 2b). The values in mixtures were
statistically significantly lower than in the individual treatments,
exhibiting antagonistic interactions as was observed in algal growth
inhibition tests. Given that CeO2-NPs are known for their redox cycling
between Ce3' and Ce*' states, which confers intrinsic antioxidant
properties (Dhall and Self, 2018; Mohajeri et al., 2025), it can be hy-
pothesized that, in mixed exposures, CeO,-NPs may scavenge ROS,
thereby mitigating the oxidative stress induced by TiO2-NPs and
reducing cellular oxidative damage and membrane disruption. TiO»-
NPs, commonly in mixed anatase/rutile crystalline form, possess a band
gap in the range of ~3.0-3.2 eV and display strong photocatalytic ac-
tivity, producing ROS (Gatou et al., 2024) and thus acting as oxidative
stress inducers. The above observations are consistent with previous
studies reporting a decrease in the ROS levels induced by a mixture of
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TiO2-NPs and TiO5 nanotubes compared with the single exposure for
S. obliquus (Wang et al., 2020). TiO2-NPs decreased the oxidative stress
and the membrane damage caused by Hg in C. reinhardtii (Li et al.,
2020). However, for C. pyrenoidosa, the value obtained was higher for
the mixture than for the single exposure (Wang et al., 2020). This in-
crease in ROS could lead to peroxidation of the lipid membrane, which
could cause damage to the membrane (Liu et al., 2024), allowing the
internalization of the NPs. Indeed, individual exposure to TiO3-NPs,
CeO,-NPs and their mixtures resulted in a significant increase of the
algal cells with damaged membranes in comparison with untreated
controls (Fig. 2¢). For the single TiO,-NPs exposure, the percentage of
cells with membrane damage was between 13 and 17 %, meanwhile, for
CeO2-NPs, the values were between 14 and 21 %. When the algae were
exposed to the mixture of the NPs, the percentage obtained was between
9 and 19 %. The higher percentage corresponded to the mixtures where
there was significant growth inhibition (C2 and C4 mixtures). For C4
mixture, the percentage of membrane-damaged cells (12.3 + 0.1 %) was
lower than that for a single exposure of CeO3-NPs (21.3 + 2.0 %),
confirming the observed antagonistic interactions on growth inhibition
and ROS generation. For the remaining mixtures, no significant differ-
ences were observed between the mixtures and their corresponding
concentrations in the single exposures.

3.3. Bioavailability of TiO2-NPs, CeO2-NPs and their mixtures

The bioavailability of TiOo-NPs and CeO,-NPs was determined for all
mixture and individual treatments by measuring the intracellular (EDTA
non-extractable) titanium and cerium concentrations by SC-ICP-MS
(Fig. 3a). For TiO2-NPs, single exposures yielded 15.7-24.3 fg Ti
cell !, while mixtures decreased to 12.9-15.9 fg Ti cell L. CeO,-NPs
showed 3.6-8.6 fg Ce cell ™! in single exposures, dropping to 2.7-4.4 fg
Ce cell™! in mixtures. Specifically, the highest single-exposure intra-
cellular masses observed under single NP exposure (24.3 fg Ti cell ™! and
8.6 fg Ce cell™), decreased to 13.1 fg Ti cell ™! and 4.4 fg Ce cell %,
respectively, when NPs were present in C2 mixture.For exposure to C2
and C4 mixtures, the intracellular mass of Ce was lower than the one
obtained for exposure to individual NPs. In the case of Ti, a differences in
the mean intracellular mass was observed only in the C4 mixture
exposure compared with the other mixtures. This increase in the Ti
intracellular concentrations could explain the inhibition of the growth
found for C4 mixture exposure (Fig. 2a). However, for algae exposed to
C2 mixture, another mechanism should be the reason since the values of
the intracellular contents were the same as the ones obtained for the
other two mixtures. These findings indicate that the presence of one NP
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type can influence the internalization of the other, highlighting the
importance of considering NPs interactions in mixed exposure studies.

The adsorption of NPs on the cell may also affect the growth inhi-
bition. To explore this hypothesis, the cells before the EDTA washing
cycle were also analyzed (Fig. 3b). C2 and C4 mixtures had higher values
of cerium adsorbed, which corresponds to the mixtures which produced
toxicity on the cells, although no correlation between the mass of Ce and
the growth inhibition values was obtained (Fig. S4). Although C2
mixture presented higher values of NPs attached to the cells, for C4
mixture, only 13 % of the total Ti was absorbed on the cells. This sug-
gests that the toxicity of these mixtures is not directly correlated with the
mass of the internalized or adsorbed element (Fig. S4).

Adsorption of NPs to the algal surface was also evident in the
brightfield images (Fig. 4), where large aggregates were observed. In the
mixture of Cl1, a slightly lower amount of cellular Ti was detected
compared to the single exposure. Conversely, for the C2 mixture, the
bioavailability of both Ti and Ce was lower than in the single exposure,
which may explain the competitive and antagonistic interactions
observed for growth inhibition, ROS generation and membrane damage.
Since the cells were rinsed prior to analysis, it can be inferred that the
measured Ti and Ce were internalized within the cells. However, these
values should be interpreted with caution, as the distinction between
intracellular and surface-adsorbed NP fractions is operationally defined
by the EDTA rinse step. The internalization was identified previously as
a mechanism of toxicity for R. subcapitata exposed to 20-40 nm TiO»-
NPs (Ozkaleli and Erdem, 2018). However, for CeOy-NPs, our results
differ from the literature, where no internalization in algal cells was
observed. Instead, rapid adsorption to the membrane, causing
morphological changes in the cells, was reported (Kosak Nee Rohder
et al., 2018; Mackevica et al., 2023; Manier et al., 2013). In contrast, for
other green alga C. reinhardtii, internalization of uncoated 4 nm-sized
CeO2-NPs was observed due to damage in the cell wall/ membrane,
enabling NPs internalization (Pulido-Reyes et al., 2019).

The inhibition of the growth due to the entrapment of the cells in
aggregates of both NPs was also described (Ghazaei and Shariati, 2020;
Hund-Rinke et al., 2020; Liu et al., 2024; Manier et al., 2013; Xia et al.,
2015). For example, for TiOo-NPs single exposure, the entrapment of
algae in NPs aggregates was the cause of the damage to the cell mem-
branes (Ghazaei and Shariati, 2020; Wang et al., 2024a). For CeQ2-NPs,
cell damage was also obtained because of the adsorption of NPs to
R. subcapiatata (Angel et al., 2015). For Chlorella vulgaris exposed to
10-20 nm CeO,-NPs, the membrane damage was caused by oxidative
stress and physical damage (Liu et al., 2024). In the present study,
particles attached to the cells were observed in both single and mixture
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Fig. 3. Bioavailability of titanium and cerium by SC-ICP-MS (fg cell™) to the green alga R. subcapitata (X£SD). (a) Mass of titanium and cerium per cell corresponded
to the intracellular (EDTA non-extractable) fraction for the mixture and the single exposure (equivalent concentration used for the mixtures). (b) Comparison of the
mean mass of titanium and cerium per cell of the adsorbed (EDTA extractable) and intracellular fractions. Tested mixtures: 14.2 mg L™! TiO-NPs + 6.73 mg L™!
Ce0,-NPs (C1 mixture), 28.3 mg L~ TiO2-NPs + 13.4 mg L ™! CeO,-NPs (C2 mixture), 18.8 mg L' TiO,-NPs + 4.6 mg L~ CeO,-NPs (C3 mixture), 9.41 mg L ™! TiO,-
NPs + 9.27 mg L~} CeO,-NPs (C4 mixture). The letters indicate the significant differences between the exposures, as obtained by one-way ANOVA followed by a
Tukey test (p < 0.05, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Digital microscope images obtained for the green alga R. subcapitata exposed to TiO,-NPs, CeO5-NPs and their mixtures for 72 h. Tested mixtures: 14.2 mg L™}
TiO,-NPs + 6.73 mg L™! CeO,-NPs (C1 mixture), 28.3 mg L™ TiO,-NPs + 13.4 mg L™! GeO,-NPs (C2 mixture), 18.8 mg L™! TiO,-NPs + 4.6 mg L™ CeO,-NPs (C3
mixture), 9.41 mg L~! TiO-NPs + 9.27 mg L' GeO,-NPs (C4 mixture). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

exposures (Fig. 4). In all the individual and mixture treatments, hetero-
aggregates of algae with NPs were observed, with larger aggregates for
C2 mixture (20-40 pm) compared to the other mixtures (around 14 pm).
The trapping of the algae cells within the NPs aggregates has been shown
to contribute to the toxicity of TiO2-NPs to R. subcapitata (Joonas et al.,
2019), due to the reduced nutrient bioavailability and shading effect
(Ghazaei and Shariati, 2020; Hund-Rinke et al., 2020; Xia et al., 2015).
Additionally, the attachment of NPs to algae cells can cause damage to
the cell wall, facilitating the internalization of NPs by R. subcapitata
(Angel et al., 2015; Hund-Rinke et al., 2020; Mahaye and Musee, 2023;
Ozkaleli and Erdem, 2018). Titanium particles were found attached to
the cell walls and inside the chloroplasts of the alga dinoflagellate
Karenia brevis (Li et al., 2015). In C. reinhardtii cells were trapped in
aggregates of TiOp-NPs with a primary size of nanometers, but this
phenomenon was not observed for TiO-NPs with sizes of 15 and 20 nm
(Liu et al., 2022). Similarly, direct contact of CeO,-NPs with cyano-
bacterium Microcystis aeruginosa led to cell wall damage and NP inter-
nalization (Wu et al., 2022).

Overall, the antagonistic interactions observed, where algal growth

inhibition, ROS generation, and membrane damage were lower in
mixtures of TiO-NPs and CeO,-NPs than in single NP exposures, high-
light that complex physicochemical processes modulate NPs toxicity.
This study provides an insight into mixture effects, offering a novel
understanding of NPs interactions, bioavailability, and toxicity modifi-
cations, particularly in environments where multiple NPs coexist.
Employing a TU-based approach enabled the identification of additive,
antagonistic and synergistic interactions and could support predictive
extrapolation to contaminated hotspots, informing both risk assessment
and regulatory strategies. Although the tested concentrations exceed
typical environmental levels, the results highlight patterns of combined
toxicity at the organismal level. Future work should integrate molecular
and cellular endpoints, environmentally realistic conditions, and longer-
term or multigenerational studies to enhance ecological relevance,
improve predictive modelling, and guide the design of safer nano-
materials and management of NPs-contaminated ecosystems.
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4. Conclusions

This study demonstrates that interactions between TiO3-NPs and
CeO2-NPs can modulate toxicity, with mixture exposures producing
lower growth inhibition, ROS generation, and membrane damage than
single-NP treatments. By combining a TU-based approach with single-
cell and single-particle techniques, such as flow cytometry, SP-ICP-MS,
and SC-ICP-MS, we provide advanced insight into NPs mixture toxicity
in aquatic environments. Antagonistic effects in growth inhibition
observed in algae exposed to the mixtures of TiO2-NPs and CeO-NPs
likely reflect hetero-aggregation and reduced bioavailability, as SC-ICP-
MS confirmed lower intracellular or adsorbed mass per cell compared to
individual exposures. Adsorption to the cell surface, increased ROS
generation and cell wall damage were observed for both single and
mixture treatments. SP-ICP-MS revealed that TiO,-NPs size distributions
shifted toward larger aggregates in mixtures, while CeO2-NPs remained
like single exposures. No dissolution was detected under the conditions
tested. These findings highlight the complexity of NPs interactions, the
importance of considering mixture effects in ecological assessments, and
the relevance for contaminated hotspots. Future studies incorporating
molecular endpoints, environmentally realistic conditions, and longer-
term exposures will further enhance ecological relevance, improve risk
assessment, and inform safer nanomaterial design.
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