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A B S T R A C T

Despite significant progress in understanding the toxicity of engineered nanoparticles (NPs) in aquatic envi
ronments, key gaps remain in our understanding of their uptake and effects on algae. Specifically, it is unclear 
whether NPs must be internalized and cross biological membranes to induce toxicity, or if surface interactions 
alone are sufficient. This study aimed to explore the relationship between uptake and effects of TiO2-NPs and 
CeO2-NPs on the green alga Raphidocelis subcapitata using advanced single-entity analytical techniques. Flow 
cytometry was used to distinguish algal cells from NP aggregates and determine growth rates, while single-cell 
inductively coupled plasma mass spectrometry (SC-ICP-MS) quantified adsorbed and internalized metals, oper
ationally discriminated by washing cycles with EDTA. Single-particle ICP-MS (SP-ICP-MS) characterized NP size 
distribution and dissolution. Results showed greater toxicity for CeO2-NPs (72h-EC50 of 13.6 ± 0.57 mg L⁻¹) 
compared to TiO2-NPs (72h-EC50 of 28.3 ± 1.16 mg L− 1), with hormesis observed for TiO2-NPs between 11 and 
20 mg L⁻¹. CeO2-NPs. induced a significantly higher level of ROS production, showing a 71.8 % increase 
compared to the unexposed control, whereas TiO2-NPs induced only a 39.46 % increase at highest tested con
centration of 50 mg L− 1. SC-ICP-MS revealed both adsorption and internalization of NPs, with Ti accumulation 
exceeding Ce, despite that CeO2-NPs induced stronger growth inhibition and oxidative stress. Hetero-aggregation 
between NPs and algae, along with changes in cell granularity, was observed at higher NP concentrations. These 
findings offer insights into TiO2-NPs and CeO2-NPs interactions with microalgae and highlight the importance of 
advanced analytical techniques in assessing nanoparticle behavior in aquatic ecosystems.

1. Introduction

The use of engineered nanoparticles (NPs) has grown rapidly due to 
their unique physicochemical properties, with applications in various 
industries such as medicine, agriculture, cosmetics, and electronics 
(Altammar, 2023). However, this increasing use raises environmental 
concerns, as NPs can be released throughout their life cycle and have the 
potential to adversely affect aquatic organisms, including phyto
plankton (Bundschuh et al., 2018; Lead et al., 2018; Nguyen et al., 2020; 
Yu et al., 2025; Zeng, Y.L. et al., 2024).

The present study focuses on two widely used NPs of significant in
terest due to their diverse applications: TiO2-NPs (Dar et al., 2020) and 
CeO2-NPs (Pansambal et al., 2022). TiO2-NPs are commonly used in 
products like paints, toothpaste, sunscreens, and photocatalysis (Musial 
et al., 2020), while CeO2-NPs are applied in photocatalysis and 

biomedical applications, including antibacterial and antioxidant treat
ments (Pansambal et al., 2022). Both types of NPs have been studied for 
their toxicity in phytoplankton species, such as Raphidocelis subcapitata, 
Chlamydomonas reinhardtii, and Chlorella vulgaris, with concentration 
that causes a 50 % effect on algal growth (EC50) values typically in the 
mg L− 1 range (Lee et al., 2022; Liu, 2021; Rivero Arze et al., 2020; Xie 
et al., 2021; Yu et al., 2025; Zeng, H. et al., 2024). Toxicity also varies by 
species – CeO2-NPs were more toxic to cyanobacterium Anabaena 
CPB4337 than to green alga R. subcapitata (Rodea-Palomares et al., 
2011). ROS generation is frequently cited as a key toxicity mechanism 
for both NP types (Dobesova et al., 2023; Liu et al., 2024, 2022; Siva
kumar et al., 2025; Wu et al., 2022; Xie et al., 2021), though some 
studies report minimal ROS-related effects, particularly under prolonged 
exposure (Angel et al., 2015; Siciliano et al., 2024). Other mechanisms, 
such as physical entrapment and hetero-aggregation, may also 
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contribute to toxicity by limiting nutrient and light availability (Joonas 
et al., 2019; Mahaye and Musee, 2023; Wang et al., 2024). As no ion 
release has been observed, toxicity is attributed to the particles them
selves (Hund-Rinke et al., 2018). However, it remains unclear whether 
the NPs have to be internalized and cross biological membranes to 
induce toxicity or if only the surface interaction between the NPs and the 
cells can produce toxicity in cells.

Despite the advancements in bioaccumulation research in algae 
(Zheng and Nowack, 2022), the current literature regarding NP uptake 
in phytoplankton is rather limited and presents divergent findings. For 
example, internalization of CeO2-NP has been reported in the cyano
bacteria Nostoc muscorum and Anabaena laxa (Hamed et al., 2024), as 
well as within vesicles of the green alga C. reinhardtii (Pulido-Reyes 
et al., 2019; Taylor et al., 2016). However, in some species, such as 
cyanobacterium Microcystis aeruginosa (Wu et al., 2022) and green alga 
C. reinhardtii (Kosak Nee Rohder et al., 2018), no internalization was 
detected, though strong membrane adsorption was reported. These 
discrepancies highlight a species-specific and context-dependent 
behavior of NP uptake, which remains poorly understood. Further
more, while surface adsorption is often mentioned as a key process, 
there is a lack of clarity on the relative contribution of internalization 
versus adsorption to overall toxicity and bioaccumulation. The fate of 
internalized NPs, including possible transformation, compartmentali
zation, or excretion, is also largely unexplored. These knowledge gaps 
suggest that methodological limitations (e.g., reliance on microscopy or 
indirect measurements) may contribute to inconsistent interpretations.

The use of advanced single-entity analytical techniques such as 
single-cell inductively coupled plasma mass spectrometry (SC-ICP-MS) 
offers a way toward resolving these inconsistencies. Unlike conventional 
methods, SC-ICP-MS allows for quantitative, high-resolution detection 
of metal-based NPs in individual cells without pretreatment. By 
measuring specific isotopes, SC-ICP-MS provides high sensitivity and 
accuracy, making it a valuable tool in ecotoxicology. It has been used to 
detect CeO2-NPs (Mackevica et al., 2023), Ag-NPs in R. subcapitata 
(Bakir et al., 2024) and C. vulgaris (Lum and Leung, 2019) and Au-NPs in 
Cyptomonas ovate (Merrifield et al., 2018). However, its application to 
comparative studies across different NP types and algal species is still 
limited.

This study leverages advanced single-particle and single-cell 
analytical techniques to comprehensively assess the uptake and 
toxicity of TiO2-NPs and CeO2-NPs in the green alga R. subcapitata. Flow 
cytometry (FCM) was used to differentiate algal cells from NP aggre
gates, allowing for precise cell count determination, for assessment of 
NP-cell interactions and effects on individual cells in the algal pop
ulations. SC-ICP-MS quantified the levels of adsorbed and intracellular 
metals per cell, while single-particle inductively coupled plasma mass 
spectrometry (SP-ICP-MS) was used to characterize NP size distribution 
and dissolution. The unique combination of these single-entity analyt
ical techniques (SP-ICP-MS, SC-ICP-MS and FCM) enables novel and 
complementary insights across elemental content, particle size, cell 
treats and fluorescence. Despite targeting different parameters, all three 
techniques share the key advantage of resolving heterogeneity at the 
level of individual cells or NPs (Haddad et al., 2023). Few studies inte
grate these complementary single-entity techniques to explore NP up
take and biological effects at such resolution. Based on existing 
literature, we hypothesize that biological responses in algae are linked 
to NP adsorption and potential penetration of biological membranes 
(Mahana et al., 2021; von Moos et al., 2014; Yu et al., 2025). Green alga 
R. subcapitata was chosen as a representative phytoplankton species, 
given its role as a primary producer in aquatic systems and a key link in 
the food chain. This comprehensive approach offers valuable insights 
into NP-algae interactions.

2. Materials and methods

2.1. Reagents and chemicals

The nanopowders, TiO2 (NM-102-JRCNM10202) and CeO2 (NM- 
212-JRCNM02102), were acquired from the Nanomaterials Repository 
at the European Commission Joint Research Centre (JRC) (Ispra, Italy). 
Details of their composition, size, zeta potential or water solubility, 
among others, are described in (Rasmussen et al., 2014) for TiO2-NPs 
and in (Singh et al., 2014) for CeO2-NPs, and summarized in Table S1 in 
Supporting Information (SI). The stock suspensions were prepared by 
adding 15 mg of TiO2-NPs or CeO2-NPs to 5 mL of ultrapure water 
(Milli-Q Advantage, Molsheim, France) in glass vials to get a final con
centration of 3000 mg L− 1. Then, the suspensions were sonicated in an 
ultrasonic bath at 40 mHz for 15 min (Branson 5510 MT Ultrasonic 
Cleaner, Branson Ultrasonics Corporation, Danbury, USA).

For the analysis by ICP-MS, ionic Ti with a concentration of 998 ± 2 
mg L− 1 (Fluka Analytical, Buchs, Switzerland) was used. AuNPs of 50.2 
nm and 0.5 mg L− 1 (Nanocomposix, San Diego, CA, USA) were used to 
obtain the transport efficiency by SP-ICP-MS and SC-ICP-MS.

2.2. Characterization of tio2-nps and ceo2-nps suspensions

The size distribution in the suspension of the NPs was performed 
using SP-ICP-MS (Agilent 7700 ICP-MS, Morges, Switzerland). The 
acquisition parameters utilized for the analysis are detailed in Table S2. 
Prior to analysis, the instrument performance was optimized using a 
solution containing 1 µg L⁻¹ of Ce, Co, Li, Mg, Tl, and Y in 2 % HNO3. 
Additionally, the sample flow rate was determined gravimetrically, and 
the transport efficiency (TE) was measured to ensure an accurate anal
ysis of the samples. TE was calculated using the frequency method (Pace 
et al., 2011), employing a suspension of 50 nm AuNPs at a concentration 
of 4.36 × 107 particles L− 1. For TiO2-NP analysis, a calibration curve 
ranging from 0 to 5 µg L− 1 of ionic Ti in 1 % HNO3 was used. In the case 
of CeO2-NPs, the calibration curve, also ranging from 0 to 5 µg L− 1, was 
based on the same particles, given the distinct behavior of nanoparticles 
compared to their ionic forms (Sanchez-Garcia et al., 2016).

The NPs suspensions were also analyzed by dynamic light scattering 
(DLS) (PN3700, Zetasizer Nano) to obtain the hydrodynamic size and 
aggregation state, as well as the zeta potential.

2.3. Algal cultivation

The choice of alga R. subcapitata was based on the recommendation 
of the Organization for Economic Co-operation and Development 
(OECD) for conducting ecotoxicity tests (OECD, 2011). This alga 
(SKULBERG 1959/1 strain) was exposed to nanoparticles in a Tris ace
tate phosphate (TAP) medium, whose composition is in Table S3, 
starting with an initial concentration of 3 × 105 cells mL⁻¹. Cultivation 
was carried out in an incubator (Infors HT Multitron, Infors, Basel, 
Switzerland) at a controlled temperature of 20.1 ± 0.2 ◦C, with shaking 
at 100 rpm, and under a light: dark cycle of 16:8 hours. At the middle of 
the exponential growth phase, the algae have been isolated and resus
pended in the TAP exposure medium, whose composition is in Table S4, 
enriched with TiO2-NPs or CeO2-NPs.

The concentrations in the growth inhibition test vary in a large 
range: from 0.3 to 100 mg L− 1 for TiO2-NPs and from 0.1 to 100 mg L− 1 

for CeO2-NPs. Although these concentrations are much higher than 
those found in freshwater environments (e.g. <100 ng L− 1 CeO2-NPs and 
<10 μg L− 1 TiO2-NPs) (Azimzada et al., 2021), they encompass ranges 
that are both ecotoxicologically relevant (Kahru and Ivask, 2013) and 
significant for regulatory assessment. According to the EU CLP Regula
tion (EC No 1272/2008) and OECD guidelines, pollutants that do not 
exhibit significant toxicity at or below 100 mg L− 1 in acute aquatic tests 
are generally considered not acutely hazardous. All the experiments 
were conducted in triplicate. Unexposed algae were used as a negative 
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control.

2.4. Assessment of the effect of TiO2-NPS and CeO2-NPS on algae

The effect of NPs on cell number, chlorophyll autofluorescence and 
granularity was assessed using flow cytometer (BD Accuri C6 Plus flow 
cytometer, BD, New Jersey, USA), equipped with a CSampler (BD Bio
sciences, San Jose, CA). The 488-nm argon excitation laser and fluo
rescence detection channels with band pass emission filters at 530 ± 15 
nm (FL1), 585 ± 20 nm (FL2) and a long pass emission filter for > 670 
nm (FL3) were used. A threshold of 20,000 events was set within the 
algae gate in the chlorophyll autofluorescence cytogram to ensure good 
data accuracy. Data acquisition and analysis were performed with the 
BD Accuri C6 Software 264.15. The algae gate used to ensure the 
distinction between algae and NPs aggregates of comparable size is 
detailed in Fig. S1. With the cell density obtained by FCM, the growth 
rates were calculated with Eq. (1), where µi-j is the average growth rate 
from time i to time j and Xj and Xj are the cell densities at time i and j. 

μi− j =
lnXj − lnXi

tj − ti
(
day− 1) (1) 

The growth rate inhibition of cells exposed to varying concentrations 
of TiO2-NPs and CeO2-NPs, relative to unexposed controls (growth rate 
of 0.301 ± 0.071 d− 1), was calculated over a 72 h exposure period. The 
fitting for TiO2-NPs followed the equation proposed by (Deng et al., 
2012), while the fitting for CeO2-NPs was performed using the Hill 
equation.

The effect of TiO2-NPs and CeO2-NPs on cellular granularity was 
assessed using Side scatter signal (SSC). Changes in chlorophyll fluores
cence of the algal cells were determined via FCM using FL3 channel. To 
assess possible membrane damage induced by the NPs at the end of the 72 
h exposure, the cells were analyzed by FCM after staining with propi
dium iodide (PI) as previously detailed (Cheloni et al., 2014; von Moos 
et al., 2015). After a 72-h exposure, PI (Sigma-Aldrich, Buchs, 
Switzerland) was added to the algae at a final concentration of 7 µmol 
L⁻¹, then incubated for 30 min in the dark and measured using FCM on 
channel FL-2. Cells heated at 90 ◦C for 30 min were used as positive 
control, whereas unexposed cells served as a negative control. The 
impact of NPs on cellular ROS levels was evaluated using a Synergy H1 
microplate reader (Biotek, Santa Clara, USA). To this end, cells were 
incubated with CellROX® Green reagent (Thermo Fisher Scientific, 
Waltham, MA, USA) at a final concentration of 10 µM for 1 h in the dark 
at 37 ◦C. As a positive control, cells were exposed to 20 % hydrogen 
peroxide for 30 min. Following exposure and reagent addition, fluo
rescence was measured with an excitation wavelength of 488 nm and an 
emission wavelength of 530 nm.

2.5. Uptake of the TiO2-NPS and CeO2-NPS by R. subcapitata

To study NPs uptake by algae, including both adsorbed and intra
cellular fractions, SC-ICP-MS (Perkin Elmer NexION 2000B, Perkin 
Elmer, Toronto, Canada) with an Asperon™ linear pass spray chamber 
(Perkin Elmer, Toronto, Canada) and a flow-focusing nebulizer (Ingen
iatrics, Sevilla, Spain) was employed. After 72 h of exposure, the sus
pensions of algae were centrifuged and the pellets were collected. The 
cells were also washed with 0.02 mol L− 1 of ethylenediaminetetraacetic 
acid (EDTA) five times to remove the surface-adsorbed (EDTA- 
extractable) NPs (Kosak Nee Rohder et al., 2018; Thiagarajan et al., 
2019). Both “washed”, and “unwashed” cells were analyzed to differ
entiate between adsorbed and intracellular metal concentrations. Before 
analysis by SC-ICP-MS, the collected pellets were resuspended in 50 mL 
of ultrapure water, followed by appropriate dilutions. Instrumental 
optimization was performed using a 1 μg L⁻¹ multielement solution 
containing Be, Ce, Fe, In, Li, Mg, Pb and U. The acquisition parameters 
were optimized with a solution of 5 µg L− 1 of TiO2 in 1 % of HNO3 and 1 

µg L− 1 of CeO2-NPs. To avoid the interference of Ca and P in the analysis 
of TiO2-NPs, ammonia was used as a reaction gas in the reaction cell. For 
Ti, the ratio m/z 131 was measured since no interferences were observed 
with this adduct (48Ti(NH)(NH3)4) (Suárez-Oubiña et al., 2022). The 
potential interferences with Ca were evaluated using suspensions con
taining 5 µg L⁻¹ of Ti and increasing concentrations of Ca, ranging from 
10 µg L⁻¹ to 10 mg L− 1. It was observed that minor interferences 
occurred starting at 1 mg L− 1 of Ca. For CeO2, no interferences were 
detected, and thus, no reaction gas was required. Due to the differing 
behavior of ionic Ce and CeO2-NPs, reflected in the distinct slopes of 
their calibration curves (5.55 × 104 counts (µg L− 1)− 1 for ionic Ce and 
3.02 × 104 counts (µg L− 1)− 1 for CeO2-NPs), a calibration curve specific 
to CeO2-NPs was employed for quantification. The acquisition parame
ters are detailed in Table S5. The mass concentrations of TiO2-NPs and 
CeO2-NPs in the TAP exposure medium were measured by SC-ICP-MS 
(Table S6) and showed good agreement with the nominal values.

The cells and possible NP aggregates were also visualized by a cell 
imaging multimode reader (Cytation 7 Image Reader, Biotek, Santa 
Clara, USA) with Gen 5 version 3.14 software.

2.6. Data analysis

To assess significant differences among treatment groups, a one-way 
analysis of variance (ANOVA) was conducted. Prior to performing 
ANOVA, the assumptions of normality were tested using the Shapir
o–Wilk test. Tukey’s Honestly Significant Difference (HSD) test was 
applied as a post hoc comparison to determine pairwise differences 
between means. Tukey’s HSD was chosen for its balanced conserva
tiveness and statistical power. All analyses were performed using Ori
ginPro 2023 (v. 9.6.5.169; OriginLab Corporation, Northampton, MA, 
USA), and differences were considered statistically significant at p <
0.05. Agilent ICP-MS MassHunter Workstation software (Agilent, 
Morges, Switzerland) and Syngistix for ICP-MS software (Perkin Elmer, 
Perkin Elmer, Toronto, Canada) were used for data treatment.

3. Results and discussion

3.1. Characterization of TiO2-NPs or CeO2-NPs suspensions in exposure 
medium

SP-ICP-MS results showed that the most frequent size for TiO2-NPs in 
TAP exposure medium was around 70–90 nm (limit of detection 
(LOD)size 44 nm) (Fig. 1a), which was larger than the values obtained in 
ultrapure water (Fig. S2a), suggesting that the components in the 
exposure medium promoted NPs aggregation. In contrast, CeO2-NPs had 
a measured size of 50 nm (LODsize 24 nm) (Fig. 1b), with no size 
dependence on NPs concentration. This differed from TiO2-NPs, where 
larger aggregates formed as the initial NP concentrations increased. 
Additionally, the size of CeO2-NPs was comparable to the one observed 
in ultrapure water (Fig. S2b), indicating that the medium did not 
significantly influence their aggregation. No dissolution for any of the 
NPs was found in the exposure medium, with dissolved element con
centrations below the SP-ICP-MS LOD (5.14 ng L− 1 for TiO2-NPs and 
1.44 ng L− 1 for CeO2-NPs).

DLS analysis showed pronounced aggregation of both TiO2-NPs and 
CeO2-NPs in the exposure medium, with the extent of aggregation 
increasing with the NPs concentration. For TiO2-NPs, the z-average 
hydrodynamic size ranged from less than 0.1 µm at 0.1 mg L− 1 to 1.8 µm 
at 50 mg L− 1 (Fig. 1c). Similarly, for CeO2-NPs, the size increased from 
0.3 µm at 0.1 mg L− 1 to 1.2 µm at 50 mg L− 1 (Fig. 1d). The observed zeta 
potential values were negative, measuring − 9.49 ± 2.37 mV for TiO2- 
NPs and − 6.55 ± 2.30 mV for CeO2-NPs. TiO2-NPs are known to 
aggregate more readily in the presence of Ca2+ and Mg2+ in TAP me
dium due to lower colloidal stability (Domingos et al., 2010; Xu, 2018), 
making them particularly susceptible to overestimation in DLS. Both 
NPs have surfaces that readily adsorb phosphate, carbonate (Connor and 
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McQuillan, 1999; Hu et al., 2025) also present in the exposure medium. 
However, SP-ICP-MS revealed greater aggregation of TiO2-NPs 
compared to CeO2-NPs in the exposure medium. Despite TiO2-NPs 
having a slightly more negative zeta potential, both materials showed 
weak electrostatic repulsion, suggesting other factors drive the aggre
gation. Differences in surface chemistry, hydration layers, and oxide 
properties likely play a role, TiO2-NPs especially anatase, has higher 
surface energy, promoting aggregation, while CeO2-NPs are 
redox-active (Mohajeri et al., 2025).

DLS measurements yielded larger sizes compared to those obtained 
by SP-ICP-MS. This difference arises because SP-ICP-MS provides the 
nominal particle size, whereas DLS measures the hydrodynamic size, 
which accounts for the nanoparticle’s interaction with the surrounding 
medium, leading to higher values. Additionally, the dilution required for 
SP-ICP-MS analysis may have caused partial disaggregation of the NPs, 
further contributing to the smaller sizes observed with this technique. 
Nevertheless, both techniques confirmed the significant aggregation in 
the exposure medium, as the primary particle sizes reported by JRC 
through transmission electron microscopy (TEM) were 22 nm, with 
aggregates ranging from 20 to 500 nm for TiO2-NPs (Rasmussen et al., 
2014) and 28 nm, with aggregates of approximately 100 nm for 
CeO2-NPs (Singh et al., 2014).

3.2. Effect of TiO2-NPs and CeO2-NPs on algal growth

Both TiO2-NPs and CeO2-NPs inhibited the growth of R. subcapitata 

in a concentration-dependent manner (Fig. 2). However, the EC50 value 
slightly decreased when exposure time increased from 24 h (16.2 ± 0.4 
mg L− 1 for TiO2-NPs and 7.92 ± 0.58 mg L− 1 for CeO2-NPs) to 72 h (28.3 
± 1.16 mg L− 1 for TiO2-NPs and 13.6 ± 0.57 mg L− 1 for CeO2-NPs). This 
shift was more pronounced for TiO2-NPs. This decrease may result from 
a combination of physicochemical and biological factors. Studies have 
shown that attachment parameters, strongly influenced by the 
nanoparticle-to-cell ratio in short-term exposures, can serve as pre
dictors of CeO2-NPs and TiO2-NPs toxicity (Hund-Rinke et al., 2020). For 
48 h, the EC50 obtained were 27.0 ± 0.10 mg L− 1 for TiO2-NPs and 13.7 
± 0.90 mg L− 1 for CeO2-NPs. These values are comparable to the values 
obtained for 72 h exposure. The increased aggregation over longer 
exposure durations, coupled with the sedimentation of larger aggre
gates, may reduce the number of NPs and aggregates available to 
interact with the algal surface, stabilizing the toxicity effects. Further
more, as microalgae grow during the exposure period, the changing 
cell-to-nanoparticle ratio may further influence the dynamics of their 
interactions.

The 72 h-EC50 values were 28.3 ± 1.16 mg L− 1 for TiO2-NPs and 13.6 
± 0.57 mg L− 1 for CeO2-NPs, indicating about twice the higher toxicity 
of CeO2-NPs than TiO2-NPs. These observations align with existing 
literature on various phytoplankton species, confirming that CeO2-NPs 
exhibit higher toxicity than TiO2-NPs (Cerrillo et al., 2016; Hund-Rinke 
et al., 2020). Similar trends have been reported for R. subcapitata, with 
72 h-EC50 values of 10.9 and 126.9 mg L− 1 for CeO2-NPs and TiO2-NPs 
in OECD medium (Hund-Rinke et al., 2020). Additionally, 72 h-EC50 of 

Fig. 1. Size distributions obtained by SP-ICP-MS for the suspensions of (a) TiO2-NPs and (b) CeO2-NPs. Hydrodynamics size distributions found by DLS for the 
suspensions of (c) TiO2-NPs and (d) CeO2-NPs. Exposure medium TAP, pH 7.0 and exposure time of 72 h.
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7.6 and 59 mg L− 1 for 10 and 34 nm for CeO2-NPs were reported in 
synthetic freshwater (Angel et al., 2015). For other algal species, higher 
72 h-EC50 values have been observed in the literature. In C. reinhardtii, 
TiO2-NPs of 5, 15, and 20 nm required concentrations exceeding 200 mg 
L⁻¹ to achieve 50 % growth inhibition (Liu et al., 2022). In the marine 
microalga Tetraselmis suecica, the 72h-EC50 was 106.26 mg L⁻¹ for 10–25 
nm TiO2-NPs (Bameri et al., 2023). For CeO2-NPs, a 96-h exposure to 48 
nm NPs resulted in an EC50 of 176.3 mg L⁻¹ (Angel et al., 2015).

Interestingly, exposure to TiO2-NPs induced a biphasic response in 
R. subcapitata, with both stimulatory and inhibitory phases observed, 
indicating a hormesis response of this algae, already at 48 h of exposure. 
No such biphasic response was observed for this alga exposed to CeO2- 
NPs over the tested concentration range. The stimulatory phase was 
observed in the concentration range from 10 to 20 mg L− 1 TiO2-NPs 
(Fig. 2a) and reached a stimulation maximum in 60 % of cells at 13 mg 
L− 1 TiO2-NPs after 72 h. Such strong growth stimulation at intermediate 
concentrations is seldom reported and often overlooked in ecotoxicol
ogy. These findings align with the literature, where a hormesis effect 
was previously reported for 25 nm TiO2-NPs at concentrations between 
16 and 20 mg L⁻¹ for R. subcapitata (Nogueira et al., 2015). Biphasic dose 
responses have been reported across various organisms and different 
types of NPs (Agathokleous et al., 2022), including microalgae 
(Agathokleous et al., 2019; Huang et al., 2022). For instance, low con
centrations of TiO2-NPs (< 100 nm) have been shown to stimulate 
growth in cyanobacterium M. aeruginosa (Wu et al., 2019). Similarly, 
CeO2-NPs of 26 nm induced hormesis effects on the cell density of C. 
reinhardtii and Phaeodactylum tricornutum at concentrations between 
10 and 100 mg⋅L⁻¹ after 72 h of exposure, while CeO2-NPs of 9 nm 
reduced cell density, aligning with the findings of this study (Sendra 
et al., 2017). The factors driving the hormesis response in algae remain 
largely unexplored. However, the accumulation of ROS, the production 
of antioxidant metabolites, and the increased activity of antioxidant 
enzymes are considered key contributors (Agathokleous et al., 2019, 
2022).

3.3. Interactions of TiO2-NPs and CeO2-NPs aggregates with algae

Both NPs and their aggregates were attached to the cell surface and 
formed hetero-aggregates as shown in the brightfield microscopy images 
(Fig. 3). The number of NPs and their aggregates adsorbed to algal 
surface increased with NP concentration for both TiO2-NPs and CeO2- 
NPs. At 0.5 mg L⁻¹, no particles were observed attached to the cells after 
72 h of exposure. However, at higher concentrations, particles were seen 
surrounding the cells, and at 50 mg L⁻¹, cells were completely covered by 

NPs. This pattern was more pronounced at the highest CeO2-NPs con
centration. These findings suggest a threshold effect, where higher 
particle concentrations favor non-specific associations due to more 
frequent collisions. At elevated concentrations, NPs tend to aggregate, 
forming large clusters that can physically trap or settle onto algal sur
faces, pointing to a mechanism driven mainly by particle–particle in
teractions. However, initial contact with algal cells may also trigger 
aggregation, suggesting a combined role of cell–particle and parti
cle–particle interactions. The significant increase in ROS generation, 
especially in CeO2-NPs treatments, further implies that passive entrap
ment alone doesn’t explain the effects. Since oxidative stress typically 
requires close contact, biologically relevant surface interactions likely 
contribute to these interactions. The dependence of hetero-aggregation 
on NPs concentration has also been reported in the literature for 5–30 
nm TiO2-NPs in R. subcapitata (Rivero Arze et al., 2020; Skjolding et al., 
2022) and Microcystis aeruginosa (Wang et al., 2024). Similarly, exposure 
to 25 nm CeO2-NPs resulted in hetero-aggregation in cyanobacterium 
Prochlorococcus sp. (Dedman et al., 2021) and 10 –30 nm CeO2-NPs in 
Phaeodactylum tricornutum (Deng et al., 2017). The formation of these 
hetero-aggregates can reduce the availability of light and nutrients to 
algae due to the shading effect (Ghazaei and Shariati, 2020; Hund-Rinke 
et al., 2020; Xia et al., 2015) and thus via physical effect to contribute to 
the algal growth inhibition.

In addition, the adsorption of uncoated 10–60 nm CeO2-NPs with 
R. subcapitata and cyanobacterium Anabaena caused superficial damage, 
leading to cell wall and membrane disruption (Rodea-Palomares et al., 
2011).

3.4. Effect of TiO2-NPs and CeO2-NPs on cellular granularity and 
chlorophyll fluorescence

The interaction of TiO2-NPs and CeO2-NPs with algal cells led to an 
increase in cell granularity (Fig. S3), as determined by comparing the 
mean SSC by FCM of the unexposed and exposed to NPs cell populations. 
Elevated SSC typically reflects greater internal structural complexity, 
often due to NP internalization within the cytoplasm (Zucker et al., 
2010). An increase in granularity might indicate that NPs are being 
adsorbed and/or internalized into the algal cells (Manier et al., 2013; 
Rivero Arze et al., 2020; Zucker et al., 2010). At a concentration of 0.5 
mg L− 1, TiO2-NPs altered the granularity of 60 % of cells, which further 
increased to 94 % at 10 mg L− 1 compared to unexposed cells. For 
CeO2-NPs, exposure to 1 mg L− 1 resulted in a change of granularity of 23 
% of the cells, which increased to 76 % at 5 mg L− 1. At the highest tested 
concentration of 50 mg L− 1. For CeO2-NPs, granularity changes reached 

Fig. 2. Growth inhibition curves for R. subcapitata exposed to increasing concentrations of TiO2-NPs (a) and CeO2-NPs (b) at 24 h, 48 h and 72 h exposure. The fitting 
for TiO2-NPs followed the equation proposed by (Deng et al., 2012), the fitting for CeO2-NPs was performed using the Hill equation (n = 3). The exposure con
centration is present in log-scale.
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Fig. 3. Brightfield images for R. subcapitata exposed to increasing concentrations of TiO2-NPs and CeO2-NPs for 72 h.
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97 %, a level like that observed for TiO2-NPs. These findings are 
consistent with literature reporting that TiO2-NPs induced an 80 % in
crease in granularity at 10 mg L− 1 when using the OECD medium 
(Rivero Arze et al., 2020). Changes in SSC and forward side scatter (FSC) 
were also observed for Nitzschia closterium, with TiO2-NPs uptake 
confirmed by SEM (Xia et al., 2015). Similarly, alterations in cell 
complexity were reported for Chlamydomonas reinhardtii, Phaeo
dactylum tricornutum, and Nannochloris atomus following exposure to 
<25 nm and 30–50 nm CeO2-NPs (Sendra et al., 2017). These changes 
depended on NP size and surface charge, with a more pronounced effect 
for positively charged NPs. However, in the present study, both 
CeO2-NPs and TiO2-NPs were negatively charged, which suggests that 
electrostatic interactions are not the main drivers. In addition, other 
forces involved in the adsorption onto the algal surface, such as van der 
Waals forces, hydrophobic interactions, and specific chemical in
teractions including hydrogen bonding and receptor–ligand binding 
(Liu, 2021; Slaveykova et al., 2020; von Moos et al., 2015), may play a 
more significant role.

A slight shift in the chlorophyll fluorescence distribution was 
observed when algae were exposed to TiO2-NPs or CeO2-NPs at con
centrations above 5 mg L− 1 (Fig. S4). Given the notable changes in 
cellular granularity, particularly at higher exposure concentrations, we 
closely examined chlorophyll fluorescence in cells exhibiting altered 
granularity. In this subpopulation, a pronounced shift in chlorophyll 
fluorescence towards higher values was detected under TiO2-NPs 
exposure (Fig. S5). A similar shift was observed with CeO2-NPs expo
sure, accompanied by distribution broadening and a decrease in in
tensity of the distribution maximum (Fig. S6). In contrast, no significant 
changes in chlorophyll fluorescence were detected in cells with unaf
fected or minimally affected granularity. These results suggest that the 
increase in chlorophyll fluorescence is associated with NPs-induced 
changes in cellular granularity. In addition, metal oxide NPs are 
known to induce oxidative stress in algae by directly generating ROS at 
their surfaces and by interfering with photosynthetic electron transport 
(von Moos and Slaveykova, 2014). In our study, the agglomeration of 
NPs likely enhanced their interaction with algal cells, as larger NP 
clusters can settle more readily onto cell surfaces and create localized 
microenvironments with higher effective NP concentrations. This, in 
turn, can lead to elevated ROS production in close proximity to or within 
the cells. As a result, algal cells associated with larger NP agglomerates 
may experience increased oxidative stress, leading to more pronounced 
shifts in pigment composition—namely, increased carotenoids, 
decreased chlorophyll, and the expression of other stress-responsive 

pigments.
In the literature, enhanced chlorophyll a fluorescence has been re

ported for R. subcapitata (Mahaye and Musee, 2023) and C. reinhardtii 
(Pulido-Reyes et al., 2019), attributed to NPs effect on the acceptor side 
of photosystem II. Conversely, a decrease in chlorophyll fluorescence 
was observed following CeO2-NPs exposure in C. vulgaris and Chlorella 
pyrenoidosa (Liu et al., 2024; Xie et al., 2021). In Microcystis aeruginosa, 
exposure to 25 nm TiO2-NPs induced changes in chlorophyll a that 
varied with exposure duration. Photosynthetic activity was inhibited, 
likely due to light shading caused by TiO2-NPs adsorbed on the cell 
surface (Wang et al., 2024). Additionally, disturbances in the photo
synthetic system were associated with elevated chlorophyll b content, 
likely triggered by NPs exposure, which in turn led to the generation of 
ROS (Liu et al., 2024).

3.5. Effect of TiO2-NPs and CeO2-NPs on ROS generation and membrane 
damage

ROS generation has been identified as a key mechanism of NP 
toxicity (Liu et al., 2024; von Moos and Slaveykova, 2014; Wang et al., 
2024; Xie et al., 2021). Exposure to increasing concentrations of 
TiO2-NPs or CeO2-NPs resulted in enhanced ROS generation compared 
to unexposed cells (Fig. 4a). At exposure concentrations below 1 mg L− 1 

TiO2-NPs induced mild but a greater increase in ROS generation than 
CeO2-NPs (Fig. 4a). In the concentration range between 10 and 20 mg 
L− 1 TiO2-NPs, the cellular ROS generation was about 20 % and did not 
change with the concentrations, suggesting that the antioxidant systems 
can cope with the enhanced ROS generation (von Moos and Slaveykova, 
2014). At concentrations higher than 15 mg L− 1, CeO2-NPs exhibited a 
more potent ROS-generating effect (57.3 ± 1.2 %) than TiO2-NPs (18.6 
± 8.2 %). For example, at the highest tested concentration of 50 mg L− 1, 
cellular ROS generation was significantly higher for CeO2-NPs (71.8 ±
1.2 %) compared to TiO2-NPs (39.5 %). These results suggest that the 
antioxidant defense system is overwhelmed in algae when exposed to 
high CeO2-NPs concentration. The above trends are consistent with 
growth inhibition results, as CeO2-NPs demonstrated a lower 72h-EC50 
value than TiO2-NPs (Fig. 2), as well as with the results for the cellular 
membrane damage observed at 50 mg L− 1 CeO2-NPs (Fig. 4b). 
Furthermore, the NPs aggregation can significantly influence oxidative 
stress and damage in algae by reducing the surface area available for cell 
interaction (Xu, 2018). Since ROS TiO2-NPs induced ROS production is 
particle surface-mediated and photocatalytic, aggregation can decrease 
ROS output per unit mass (Wang et al., 2024).

Fig. 4. (a) ROS generation in R. subcapitata exposed to increasing concentrations of TiO2-NPs and CeO2-NPs for 72 h. Data are present as % of the increase of ROS 
generation in comparison with unexposed control. The asterisks indicate a significant difference between the exposure concentrations, as obtained by one-way 
ANOVA followed by a Tukey test (p < 0.05, n = 3, degrees of freedom, DF=7, F-value=15.8). (b) Percentage of cells with membrane damage obtained for the 
exposure to TiO2-NPs and CeO2-NPs for 72 h. The asterisks indicate a significant difference between the exposure concentrations, as obtained by one-way ANOVA 
followed by a Tukey test (p < 0.05, n = 3, degrees of freedom, DF = 13, F-value = 5.4).
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In the present study, TiO2-NPs aggregated more than CeO2-NPs at the 
same exposure concentrations and generated less ROS. CeO2-NPs may 
produce more ROS due to their redox cycling between Ce³⁺ and Ce⁴⁺, 
though this antioxidant activity depends on surface accessibility and the 
Ce³⁺/Ce⁴⁺ ratio, both of which can be reduced by aggregation (Mohajeri 
et al., 2025).

A similar increase in the ROS generation at high concentration of 21 
nm TiO2-NPs has been reported in the literature for Chlorella sp. 
(Thiagarajan et al., 2021) and Dunaliella salina (Thiagarajan et al., 
2019). However, for Phaeodactylum tricornutum (Wang et al., 2016) and 
C. pyrenoidosa (Zhu et al., 2022), intracellular ROS levels were not 
significantly different from the control at concentrations of 10 and 50 
mg L− 1 of TiO2-NPs after 96 h exposure, indicating that the effects are 
algal species dependent. Exposure of C. reinhardtii to increasing con
centrations of TiO2-NPs with primary sizes of 5, 15 and 20 nm resulted in 
a NPs-size dependent excessive generation of cellular ROS, which was 
more pronounced for the 5 nm TiO2-NPs (Liu et al., 2022). In cyano
bacterium M. aeruginosa, an increase in malondialdehyde (MDA) and 
catalase (CAT) activity was observed due to ROS accumulation after the 
exposure to 25 nm TiO2-NPs, starting at concentration of 1 mg L− 1 

(Wang et al., 2024). The activities of superoxide dismutase, catalase and 
peroxidase also increased after 2 h of exposure to TiO2-NPs due to the 

excessive generation of ROS (Xia et al., 2015). However, the present 
results somewhat contradict previous findings. For C. reinhardtii exposed 
to 10 mg L− 1 of uncoated CeO2-NPs, no ROS generation was reported. In 
contrast, greater ROS levels were observed for PVP-coated NPs. Inter
estingly, despite the lower number of uncoated NPs detected inside the 
cells compared to PVP-coated NPs, the uncoated NPs caused more 
damage to the cell membrane (Pulido-Reyes et al., 2019).

Exposure to increasing concentrations of TiO2-NPs or CeO2-NPs led 
to a mild increase in the proportion of the cells with compromised 
membranes in comparison with the unexposed cells (Fig. 4b). There was 
no concentration dependence on TiO2-NPs exposure, where the per
centage of exposed cells with damaged membranes was around 15.0 - 
16.6 %. Exposure to CeO2-NPs led to a concentration-dependent in
crease in the percentage of cells with damaged membranes, ranging 
from 11.0 % at 0.5 mg L− 1 to 25.6 % at 50 mg L− 1. This increase in the 
cells with damaged membranes is consistent with the enhanced ROS 
generation by CeO2-NPs, which could lead to lipid membrane peroxi
dation, as observed previously in R. subcapitata (Ozkaleli and Erdem, 
2018) and other green algae, such as C. reinhardtii (Pulido-Reyes et al., 
2019), C. vulgaris (Liu et al., 2024) and C. pyrenoidosa (Xie et al., 2021). 
In C. reinhardtii, exposure to 5 nm TiO2-NPs caused a significant increase 
in the percentage of cells with membrane damage at much higher 

Fig. 5. Uptake of titanium and cerium by algae measured using SC-ICP-MS. (a) Mean intracellular mass of Ti per cell after the EDTA washing cycle. The asterisks 
indicate a significant difference between the exposure concentrations and the control, as obtained by one-way ANOVA followed by a Tukey test (p < 0.05, n = 3, 
degrees of freedom, DF = 3, F-value = 55.3). (b) Mean intracellular mass of Ce per cell after the EDTA washing cycle. The asterisks indicate a significant difference 
between the exposure concentrations and the control, as obtained by one-way ANOVA followed by a Tukey test (p < 0.05, n = 3, degrees of freedom, DF = 3, F-value 
= 26.1). (c) Mean total cellular mass of Ti per cell without EDTA washing and distribution between intracellular (EDTA non extractable) and adsorbed fractions. (d) 
Mean total cellular mass of Ce per cell without EDTA washing and distribution between intracellular (EDTA non extractable) and adsorbed fractions.
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concentrations (200 mg L⁻¹). In contrast, for 15 nm and 20 nm TiO2-NPs, 
the percentage of cells with membrane damage was very low and 
comparable to that of unexposed controls (Liu et al., 2022).

3.3. Uptake of TiO2-NPs and CeO2-NPs by R. subcapitata

The uptake of TiO2-NPs and CeO2-NPs was characterized by Ti and 
Ce content per cell, as determined by SC-ICP-MS (Fig. 5). EDTA washing 
was used to distinguish operationally between intracellular (EDTA-non 
extractable) and adsorbed (EDTA-extractable) metal content. We sug
gest that in the EDTA-washed treatment, NPs adsorbed to the algal 
surface were likely removed via chelation of divalent cations, such as 
Ca²⁺ and Mg²⁺, which play a critical role in maintaining the integrity of 
the algal cell wall matrix. Their removal may weaken the matrix struc
ture, thereby facilitating the detachment of bound NPs. As the SP-ICP- 
MS results showed no release of Ti or Ce ions from the NPs, we can 
attribute the cellular metal content to the NPs uptake. Exposure to TiO2- 
NPs at concentrations of 0.5 and 15 mg L− 1 resulted in no significant 
differences in the intracellular fraction, with the elemental mass per cell 
remaining around 14 fg of Ti (Fig. 5a). However, at 28 and 50 mg L− 1, a 
shift toward higher intracellular Ti masses was observed (Fig. S7a), 
reaching 24 fg of Ti per cell at 50 mg L⁻¹. At the concentration of 28.3 mg 
L− 1 TiO2-NPs corresponding to 72h-EC50, it was about 12.5 fg of Ti per 
cell. The SC-ICP-MS analysis of the cells without the EDTA washing cycle 
revealed that for TiO2-NPs, cellular Ti content (adsorbed + intracellular) 
was comparable for the exposure between 0.5 and 28.2 mg L− 1. The 
percentage of adsorbed Ti remained relatively constant at 46–48 % 
regardless of NPs concentration, too (Fig. 5c). In previous studies, an 
increase in intracellular Ti was observed with rising concentrations 
(Thiagarajan et al., 2021, 2019). However, those studies measured the 
total internalized titanium concentration rather than the titanium con
tent per individual cell, as done in this study.

For CeO2-NPs, lower values of the mass of the element per cell than 
for TiO2-NPs in the intracellular fraction were observed (Fig. 5b). For the 
lowest concentrations of 0.5 mg L− 1 CeO2-NPs, there were no significant 
differences between the mass of Ce per cell (approximately 5 fg per cell). 
For the concentration which corresponds to the EC50 (13 mg L− 1), the Ce 
mass in the intracellular fraction increased to 9 fg per cell. The intra
cellular Ce content further decreased to 4 fg per cell at 50 mg L⁻¹. This 
reduction at CeO2-NPs high concentration may be attributed to signifi
cant cell membrane damage under these conditions (Fig. 4b), which 
could promote NPs release from damaged cells. Increasing exposure 
concentration from 6.73 to 13.4 mg L− 1 resulted in a rise in total cellular 
Ce content from 3 to 13 fg Ce per cell. In addition, the proportion of Ce 
adsorbed per cell increased from 16 % to 36 % as the exposure con
centration increased (Fig. 5d). Therefore, measured mass cellular con
centration should be taken with caution, especially at high NP 
concentrations, where membrane-damaged cells may accumulate NPs 
due to impaired metabolism, failed active transport, or aggregation, or 
may instead lose them more easily.

These findings are consistent with literature reports showing the 
presence of NPs in algal cells (Ghazaei and Shariati, 2020; Li et al., 2015; 
Middepogu et al., 2018; Thiagarajan and Ramasubbu, 2022; Xia et al., 
2015). Titanium particles were found attached to the cell walls and 
accumulated inside the chloroplast of the alga Karenia brevis (Li et al., 
2015). Similarly, interactions with mitochondria and chloroplast have 
been observed in diatoms Dunaliella salina and D. tertiolecta after expo
sure to 25–30 nm TiO2-NPs (Ghazaei and Shariati, 2020), as well as 
damage to the thylakoid system of chloroplasts for C. pyrenoidosa 
following exposure to 12 nm TiO2-NPs (Middepogu et al., 2018). 21 nm 
TiO₂-NPs has also been observed inside Nitzschia closterium using TEM 
(Xia et al., 2015), in Chlorella sp. exposed to 26 nm-sized TiO2-NPs 
(Thiagarajan and Ramasubbu, 2022) and C. pyrenoidosa (Zhu et al., 
2022).

Regarding CeO2-NPs, the present study is the first one reporting an 
increase in the intracellular Ce per cell upon CeO2-NPs exposure, as no 

internalization has been previously reported for green algae 
R. subcapitata (Mackevica et al., 2023; Manier et al., 2013) and 
C. reinhardtii (Kosak Nee Rohder et al., 2018). In contrast, for 
C. reinhardtii, internalization of uncoated 4 nm CeO2-NPs has been 
observed and presumed to be due to cell wall damage, allowing direct 
membrane transport (Pulido-Reyes et al., 2019). When coated with PVP, 
CeO2-NPs entered cells via endocytosis without causing membrane 
damage (Pulido-Reyes et al., 2019; Taylor et al., 2016). The present 
study was not designed to investigate the uptake mechanisms of 
TiO2-NPs and CeO2-NPs. However, based on existing literature, particles 
smaller than 100 nm are suggested to enter cells via endocytosis or by 
penetrating the membrane following membrane damage. To the best of 
our knowledge, however, endocytosis uptake pathways have not yet 
been demonstrated for this algal species.

Both TiO2-NPs and CeO2-NPs aggregate with microalgae, absorb on 
the surface and internalize into cells, leading to physical and ROS- 
induced damage to the cell membrane, which resulted in the alter
ation of microalgal growth. The adsorption and direct contact of NPs 
with algae, along with their potential penetration (or lack thereof) 
through biological membranes, are considered prerequisites for toxicity 
(Mahana et al., 2021; von Moos et al., 2014; Yu et al., 2025). The results 
of the study challenge the assumption that higher NP uptake correlates 
directly with greater toxicity, as TiO2-NPs showed higher accumulation 
in cells than CeO2-NPs, yet CeO2-NPs induced stronger oxidative stress 
and growth inhibition. This decoupling of uptake and toxicity provides 
new evidence suggesting that surface reactivity and redox behav
ior—not just internalization—are critical to NPs toxicity in alga. This 
observation suggests that key paradigms established for dissolved pol
lutants - such as the biotic ligand model or critical body concentration 
(Vijver et al., 2018), which assume that a higher concentration of a 
pollutant inside cells correlates with greater toxic potential - are not 
directly applicable to these NPs and algae. However, the aggregate NPs, 
while not typically considered part of the bioavailable fraction, may still 
serve as a source of individual particles that can be released and 
potentially contribute to toxicity.

The findings of this laboratory study may have important implica
tions for contaminated aquatic environments. As microalgae represent 
the foundation of aquatic food webs, any negative impacts on their 
health could lead to cascading effects on higher trophic levels, including 
herbivorous zooplankton. SC-ICP-MS analysis revealed that the cellular 
Ti content was approximately twice as high as that of Ce at comparable 
exposure concentrations (e.g. 15 mg L⁻¹). This suggests that TiO2-NPs 
may be more readily transferred to primary consumers through trophic 
interactions. Moreover, given the significant surface attachment of NPs 
aggregates to the algal cells, this adsorbed fraction could also play a 
crucial role in nanoparticle transfer via predation in the food web, as 
previously suggested (Geitner et al., 2016).

The results of the present study confirmed that exposure to TiO2-NPs 
and CeO2-NPs at concentrations higher than those typically found in 
natural waters (Azimzada et al., 2021) can induce oxidative stress, cause 
membrane damage, and ultimately lead to a decrease in algal growth. 
Such effects on microalgae could have serious implications for primary 
productivity in strongly contaminated aquatic environments. As 
microalgae are key primary producers, their reduced growth and 
photosynthetic efficiency may lower the overall rate of carbon fixation 
and oxygen production. This decline in primary productivity could, in 
turn, impact nutrient cycling, energy flow, and the availability of food 
for higher trophic levels.

4. Conclusions

This study uniquely integrates state-of-the-art single-entity techni
ques—FCM, SC-ICP-MS, and SP-ICP-MS—to provide a comprehensive, 
high-resolution assessment of TiO2-NPs and CeO2-NPs toxicity in the 
green alga R. subcapitata, capturing interactions at the level of individual 
particles and cells. The study revealed that both TiO2-NPs and CeO2-NPs 
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exert dose-dependent growth inhibition, with CeO2-NPs showing greater 
toxicity. TiO2-NPs exhibited a hormesis response at intermediate con
centrations and induced moderate oxidative stress, whereas CeO2-NPs 
led to a stronger increase in ROS, particularly at higher exposure con
centrations. SC-ICP-MS confirmed that both types of nanoparticles were 
adsorbed and internalized by algal cells, with Ti generally accumulating 
to higher levels than Ce. However, the uptake of CeO2-NPs increased 
more markedly with exposure. SP-ICP-MS showed no detectable ion 
release, indicating that the observed cellular metal content resulted from 
particulate uptake. Importantly, the extent of internalization did not 
directly correlate with toxicity, suggesting that nanoparticle surface 
reactivity and redox properties play a more decisive role in biological 
outcomes. The greater impact of CeO2-NPs, despite lower cellular 
accumulation, highlights the significance of redox-active surfaces as 
drivers of adverse effects. This decoupling of uptake from response 
marks a critical advancement in nanoecotoxicology and highlights the 
need to evaluate different aspects of the NPs-cell interactions. These 
findings demonstrate the value of high-resolution, single-entity analyt
ical techniques in advancing our understanding of NPs–alga interactions 
and impacts in aquatic ecosystems.
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