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Abstract
Among the vast array of functional nanoparticles (NPs) under development, nickel tungstate (NiWO4) has gained promi-
nence due to its potential applications as a catalyst, sensor, and in the development of supercapacitors. Consequently, new 
studies on the environmental impact of this material must be conducted to establish a regulatory framework for its manage-
ment. This work aims to assess the effects of NiWO4 (NPs) on multiple endpoints (e.g., growth, photosynthetic activity, and 
morphological and biochemical levels) of the freshwater microalga Raphidocelis subcapitata (Chlorophyceae). Quantifica-
tion data revealed that the fraction of dissolved Ni and free Ni2+ increased proportionally with NiWO4 NP concentrations, 
although these levels remained relatively low. Biological results indicated that NiWO4 NPs did not inhibit the growth of algal 
cells, except at 7.9 mg L−1, resulting in a 9% decrease. Morphological changes were observed in cell size and complexity, 
accompanied by physiological alterations, such as a reduction in chlorophyll a fluorescence (FL3-H) and signs of impaired 
photosynthetic activity, indicated by the effective quantum yield, quenchings, and chlorophyll a (Chl a) content. Furthermore, 
the rapid light curves showed that the NPs in high concentrations affected microalga ability to tolerate high light intensities, 
as corroborated by the significant decrease in the relative electron transport rate (rETRmax) and saturation irradiance (Ek). 
Based on the present study results, we emphasize the importance of applying integrative approaches in ecotoxicological 
studies, since each endpoint evaluated showed different sensitivity.
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Introduction

Nanoparticles (NPs) based on tungstates have gained sig-
nificant attention due to their multifunctional applications 
as catalysts, photocatalysts, batteries, and lasers and in the 

development of biomaterials (Ke et al. 2018; Assis et al. 
2023). Their versatility lies in internal charge transitions, as 
well as their ability to associate with other metals, forming 
structures such as MWO4 and M2WO4 (M = metal) (Mon-
tini et al. 2010; Ungelenk et al. 2014). In particular, nickel 
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tungstate (NiWO4) has been prominent, especially in its 
nanoparticle form, due to its optical, electrical, and magnetic 
properties (López et al. 2016; Shanmugapriya et al. 2016). It 
is employed in the development of new catalysts, photocata-
lysts, photovoltaic and electrochemical cells, pigment addi-
tives, and humidity and gas sensors and as an antimicrobial 
material (Montini et al. 2010; Pourmortazavi et al. 2012; 
Azadbakht et al. 2013; Mohamed et al. 2014; Karthiga et al. 
2015; López et al. 2016; Mani et al. 2016; AlShehri et al. 
2017; Li et al. 2017). The increasing integration of technolo-
gies employing NiWO4 NPs, combined with a commitment 
to environmental responsibility, highlights the need for in-
depth studies on the ecotoxicological effects of this material, 
especially in aquatic ecosystems. Such research is crucial for 
establishing comprehensive regulatory frameworks govern-
ing its utilization, disposal, and recycling.

One aspect to consider in the toxicity of inorganic NPs, 
such as NiWO4, is the dissolution of their ions (Nguyen et al. 
2020). Various nanotoxicity studies suggest that the adverse 
effects of metallic NPs on aquatic organisms are primarily 
caused by the release of ions, rather than solely by the inher-
ent characteristics of the NPs (Bundschuh et al. 2016; Lev-
ard et al. 2012; Zhang et al. 2019). Therefore, understanding 
the quantity of ions released from the nanoparticles into the 
solution is essential to support the results of toxicity tests. 
In the case of the metallic nanoparticles, this release process 
may be more pronounced due to their larger surface area 
(Levard et al. 2012; Zhang et al. 2019).

The potential toxicity of NiWO4 NPs to aquatic biota, 
particularly freshwater microalgae, remains unknown. Since 
these NPs can be directly introduced into an aquatic envi-
ronment, absorbed by soil, and transported to aquatic eco-
systems via surface runoff or wastewater (Oukarroum et al. 
2015), biota may be exposed to both NiWO4 NPs and the 
Ni2+ ions they release. Concerns have been raised regard-
ing the release of Ni2+ through Ni-based NPs. Although 
this metal is naturally present in the environment, NPs 
could serve as an additional source of Ni, which could have 
adverse effects on aquatic organisms. Specifically, for micro-
algae, Ni has been linked with changes in cell density, the 
generation of reactive oxygen species (ROS), and alterations 
in metabolic processes (Martínez-Ruiz and Martínez-Jerón-
imo 2015; Reis et al. 2024). In general, the negative effects 
of Ni-based NPs on various microalgae species encompass 
alterations in population levels, such as growth inhibition, 
disruptions in physiological processes (e.g., changes in the 
photosynthetic apparatus), and the induction of oxidative 
stress (Gong et al. 2014; Oukarroum et al. 2017; Sousa et al. 
2018).

Given the role of microalgae in aquatic ecosystems, where 
they contribute to carbon fixation and oxygen production, 
this study focused on using the unicellular species Raphi-
docelis subcapitata (Chlorophyceae) as a model organism. 

This species is known for its rapid growth, ecological rel-
evance, sensitivity to various contaminants, and widespread 
use in ecotoxicological tests involving NPs (Nogueira et al. 
2015; Alho et al. 2020; Abreu et al. 2022a, 2022b). R. sub-
capitata is widely found in aquatic environments around 
the world and is recommended by regulatory agencies as 
a model organism. Additionally, it has diverse applications 
in biotechnology, including the production of biofuels such 
as biogas, third-generation biodiesel, and bioethanol. The 
species is also used in wastewater bioremediation to remove 
pollutants, nutrients, and inorganic compounds, as well as 
in the development of products for human food and animal 
nutrition (Machado and Soares 2024).

Based on this, our aim was to adopt an integrated 
approach using multiple endpoints, including morphologi-
cal, physiological, and biochemical parameters assessed 
through flow cytometry, pulse amplitude modulated (PAM) 
fluorometry, and determination of chlorophyll a (Chl a) con-
tent, in order to evaluate the effects of NiWO4 on microalgae 
R. subcapitata. Also, we investigated the Ni dissolved and 
ionic release of Ni2+ as well as the aggregation of NPs across 
all treatments. This is the first study to explore the effects of 
NiWO4 nanoparticles on a photosynthetic organism. Under-
standing these effects is essential for ensuring the responsi-
ble and cautious use of tungstate-based nanoparticles. Fur-
thermore, our findings provide valuable insights that can 
help shape the development of standards and regulations for 
safe nanoparticle concentrations in freshwater ecosystems, 
supporting their protection and conservation.

Materials and methods

Synthesis and characterization

NiWO4 NPs were synthesized using the coprecipitation 
method followed by microwave-assisted hydrothermal irra-
diation. Details of the synthesis, characterization, metal 
determination, and ionic release can be found in the Sup-
plementary Material.

R. subcapitata culture and toxicity tests

R. subcapitata was obtained from stock cultures at Ecotoxi-
cology Laboratory at the Federal University of São Carlos, 
SP, Brazil (Mansano et al. 2017) and cultured in an L.C. 
Oligo culture medium (AFNOR, 1980) (Table S1, Sup-
plementary material) at 25 ± 1 ◦C, with ≅ 130 μmol photon 
m−2 s−1 LED light and 12 h/12 h of light/dark photoperiod. 
The initial pH was around 7. The NP stock solutions were 
prepared immediately before the experiments and dispersed 
in ultrapure water using a bath sonicator (Ultra cleaner 1400 
Unique) for 30 min. The test solutions were then prepared 
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by adding the NPs to the algal culture medium. Algal cul-
tures in the exponential growth phase were inoculated at a 
concentration of 1 × 105 cells mL−1 in 500 mL polycarbon-
ate Erlenmeyer flasks containing 250 mL of test solutions. 
R. subcapitata was exposed for 96 h to concentrations of 
0.00 (control), 7.9, 15.8, 39.6, 55.4, and 79.1 mg L−1, with 
triplicates for each concentration.

To determine the cell density, we sampled 1.8 mL ali-
quots daily, which were fixed with formaldehyde (1% final 
concentration). Samples were left in the dark for 10 min, 
frozen in nitrogen liquid, and were kept at − 20 °C until 
analysis. To determine intracellular ROS, we used 495 µL 
of each sample and 5 µL of DCFH-DA (2′7′-dichlorofluores-
cein diacetate, Sigma Aldrich) with a final concentration of 
10 μM. Then, the samples were kept in the dark for 60 min 
and immediately analyzed by flow cytometry. A FACSCali-
bur cytometer (Becton Dickinson, San Jose, CA, USA) with 
a 15 mW argon-ion laser (488 nm excitation) was used for 
this analysis, and 6-μm fluorescent beads (Fluoresbrite car-
boxylate microspheres; Polysciences, Warrington, Pennsyl-
vania, USA) served as an internal standard.

The algal cells were identified according to Sarmento 
et  al. (2008) using the side scatter (SSC–H) versus red 
fluorescence (FL3-H) parameters. For ROS analysis, the 
parameters FL3-H and FL1-H (green fluorescence) were 
used. Additionally, SSC-H (cell complexity), the relative 
values of FL3-H (Chl a fluorescence), and FSC-H (cell size) 
of microalga were calculated according to Mansano et al. 
(2017). The data were analyzed using FlowJo V10 software 
(Treestar.com, USA), and the equations established by Hong 
et al. (2009) were applied to calculate relative ROS levels.

To evaluate the photosynthetic activity, we used a PAM 
fluorometer (Phyto-PAM® Fluorometer Analyzer, Heinz 
Walz, Germany). Every day, we sampled 3 mL of each rep-
licate, which was kept in the dark for 15 min to promote 
oxidation of the photosystem II (PSII) reaction centers. 
Afterward, the photosynthetic parameters of dark-adapted 
algal cells were evaluated (Herlory et al. 2013). The Phyto-
PAM provided the values for minimum fluorescence (F0), 
maximum fluorescence (FM), and maximum quantum yield 
(ΦM) (Schreiber, 1986; Schreiber et al. 1995). From these 
values, the equation F0/FV (where FV = FM − F0) (Kriede-
mann et al. 1985) was used to calculate the efficiency of the 
oxygen evolving complex (OEC).

At 72 h, to obtain the parameters of light-adapted cells, 
the samples were exposed to continuous actinic light. The 
equipment then provided data on variable fluorescence (FS) 
and the maximum fluorescence of light-adapted cells (FM′). 
Using these parameters, we calculated the effective effi-
ciency of PSII = (FM′ − FS) / FM′ (Genty et al. 1989; Baker 
2008; Cosgrove and Borowitzka 2010). We also used these 
parameters to calculate the photochemical (qP) and non-
photochemical (qN, NPQ, Y(NPQ) and Y(NO)) quenching, 

according to the equations provided in Table S2 (Supple-
mentary material).

At 72 h, we also obtained rapid light saturation curves 
using the PAM fluorometer, by increasing the intensity of 
photosynthetically active radiation (PAR) up to 1780 μmol 
photons m−2 s−1 with a 20-s light pulse, according to Rocha 
et al. (2021). From these data, we calculated the relative 
electron transport rate (rETR; μmol electrons m−2  s−1), 
and with the rETR and PAR data, we fitted the light satura-
tion curve using the Jassby and Platt (1976) equation. The 
initial slope (α) and the maximum relative rate of electron 
transport (rETRmax; μmol electrons m2 s−1) were obtained, 
and the saturating irradiance (Ek) was calculated as 
Ek = rETRmax/α; μmol photons m−2 s−1 (Rocha et al. 2021).

Finally, after 96 h of exposure, to determine chlorophyll 
a content, we used the methodology described by Shoaf 
and Lium (1976) to extract the pigment and the equation 
described by Jeffrey and Humphrey (1975) to quantify chlo-
rophyll a content.

Data treatment and statistical analysis

To assess the differences between the control and treat-
ments groups, normally distributed data were analyzed using 
one-way ANOVA, followed by Dunnett’s post hoc multi-
ple-comparison test. For non-normal distributed data, the 
Kruskal–Wallis test and multiple comparisons with Dunn’s 
test were performed. The level of statistical significance was 
defined as p < 0.05.

Results and discussion

Characterization of NiWO4 NPs and ion release

To assess the success of NiWO4 nanoparticle synthesis and 
characterize the size of the synthesized NPs, X-ray diffrac-
tion (XRD), Raman spectroscopy, and transmission electron 
microscopy (TEM) analyses were conducted (Fig. 1). The 
XRD patterns reveal that NiWO4 has a monoclinic structure, 
belonging to the P2/c spatial group, in accordance with the 
crystallographic card number 1879016 from the Inorganic 
Crystal Structure Database (ICSD) (Rosal et al. 2018). No 
additional peaks related to secondary phases were observed, 
indicating the high purity of the synthesized NPs. Addition-
ally, the sample exhibits high crystallinity, as evidenced by 
the sharp and intense peaks. As a complementary analysis 
to XRD, Raman spectroscopy highlights the monoclinic 
wolframite-type structure of NiWO4, displaying Raman 
modes associated with this structure (Ibiapina et al., 2022). 
Examining the FE-SEM images of the sample reveals that 
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the morphology of NiWO4 NPs consists of irregular poly-
hedra with an average size of 19.7 ± 4.6 nm.

After analyzing the solid-phase behavior of the mate-
rial, the analyses of NiWO4 NPs in the solution were 
conducted using ultrapure water and the culture medium 
employed for the growth of microalgae. The hydrody-
namic sizes of NPs in the culture medium, as shown in 
Table 1, are larger than the average diameters of indi-
vidual particles obtained by FE-SEM and differ from the 
hydrodynamic size of NPs in water, which can be attrib-
uted to the aggregation of NPs. In the culture medium, 
the NPs exhibit sizes of 501.33 ± 120.85, 580 ± 88.94, 
and 463.77 ± 93.98 nm at concentrations of 39.6, 55.4, 
and 79.1 mg L−1, respectively, indicating a greater degree 
of aggregation in the culture medium compared to the 
ultrapure water. Several factors in the aqueous medium 
influence the aggregation of NPs, including pH, concentra-
tion, ionic strength, and composition of the medium (Ouk-
arroum et al., 2012). The polydispersity index (PdI) varied 
from 0.19 ± 0.01 at the lowest concentration (7.9 mg L−1) 
to 0.34 ± 0.12 at 55.4 mg L−1 (Table 1). This index reflects 
the particle size distribution in the solution and can range 
from 0.01, indicating monodispersity, to 0.5–0.7 (Danaei 
et al. 2018). According to Lemarchand et al. (2003), PdI 

values below or around 0.3 suggest that particles dispersed 
in the solution exhibit a homogeneous size distribution. 
Therefore, based on our data, we can infer that NiWO4 
NPs are homogeneous at all tested concentrations.

The zeta potential results in ultrapure water and culture 
medium are presented in Table 1. According to Stensberg 
et al. (2011), suspensions are considered stable in aqueous 
solutions if their zeta potential values are above + 30 mV and 
below − 30 mV. Based on the zeta potential at concentrations 
of 7.9 and 15.8 mg L−1, the NiWO4 NPs exhibit moderate 
stability. In contrast, at concentrations of 39.6, 55.4, and 
79.1 mg L−1, the NPs are unstable.

 The release of Ni2+ ions occurred proportionally to the 
increase in NiWO4 NP concentrations (Table 1). It is known 
that the release of ions from NPs in aqueous media depends 
on factors such as the methodology used in the synthesis 
and the size, shape, and surface area of the NPs (Lekamge 
et al. 2020). Authors, such as Beer et al. (2012), Dobias 
and Bernier-Latmani (2013), and Sendra et al. (2017), have 
pointed out that NPs have a high dissolution capacity due to 
their large surface area. In this study, we observed the pres-
ence of dissolved Ni and free Ni in the treatments; however, 
when compared to the NiWO4 concentrations, the release 
of Ni2+ is minimal. This effect is related to the greater 

Fig. 1   (a) XRD, (b) Raman spectrum, and (c, d) FE-SEM images of NiWO4 nanoparticles
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stability of NiWO4 in the solution compared to other Ni-
based materials.

Ecotoxicity results

In general, the NiWO4 NPs did not negatively affect algal 
cell growth (Fig. 2a), and thus, it was not possible to cal-
culate the IC50. At 72 h, concentrations of 15.8 mg L−1 and 
39.6 mg L−1 resulted in a slight increase in cell density when 
compared to the control. Only at 96 h, when compared to 
the control, did we observe a reduction of approximately 
9% in cell density at the lowest concentration (7.9 mg L−1). 
Additionally, at a concentration of 55.4 mg L−1, we observed Ta
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Fig. 2   Average growth (a) and reactive oxygen species (ROS) (b) 
produced by R. subcapitata exposed to NiWO4 NPs. Error bars rep-
resent the standard deviation, and asterisks represent a significant dif-
ference (p < 0.05) of treatments compared to the control group. Con-
centrations are expressed in mg L−1. Separate statistical analyses were 
performed for each day of exposure
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an increase of approximately 12% in cell density when com-
pared to the control.

Cell growth rates are closely linked to survival and are 
therefore considered a universal endpoint (Barreto et al. 
2021). Our cell growth data differ from some toxicity stud-
ies based on this endpoint and with other Ni-based NPs. For 
example, the same species used as a test organism in this 
study had its growth compromised when exposed to NiO 
NPs with a size between 5 and 20 nm, showing an LC50–96 h 
of 0.35 mg L−1 (Griffitt et al. 2008). Also, Nogueira et al. 
(2015) obtained an EC50–72 h of 15.2 mg L−1 for NiO NPS 
with a size between 10 and 20  nm and an EC50–72  h of 
8.24 mg L−1 for larger particles and also concluded that the 
toxicity was caused by the availability of Ni2+ ions. In con-
trast, Sousa et al. (2018) showed a lower EC50–72 h (1.6 mg 
L−1) for NiO whose size was less than 50 nm. Gong et al. 
(2011) determined a EC50–72 h of 32.28 mg L−1 and verified 
the growth inhibition of Chlorella vulgaris exposed to NiO. 
This value is relatively close to the EC50–96 h of 40.8 mg L−1 
determined by Han and Zhang (2012) for the same species. 
These findings suggest that the negative effects of Ni NPs 
on different organisms and the concentrations that inhibit 
cell growth vary depending on the species tested, the char-
acteristics of NPs (e.g., size), and its relationship with the 
release of Ni2+ ions.

In the literature, it has been described that the main dam-
ages caused by NPs to organisms affect the cell membranes 
and nucleic acids (DNA and RNA), in addition to causing 
cellular damage due to excess ROS and oxidative stress 
(Gong et al. 2014; Azqueta and Dusinska, 2015; Marisa 
et al., 2015), which compromises physiological and meta-
bolic functions. Therefore, we evaluated the amount of intra-
cellular ROS produced by algal cells exposed to NiWO4 NPs 
(Fig. 2b) and observed that in the first hour of exposure (1 h) 
to the NPs, there was a significant reduction of approxi-
mately 15% of ROS at 7.9 mg L−1 and around 10% in other 
treatments. At 24 h and 48 h, the decrease in ROS was ~ 40% 
in treatments, when compared to the control. At the end of 
exposure, algal cells exposed to the NiWO4 produced sig-
nificantly less ROS than the control. These results suggest 
the significantly lower intracellular ROS levels in R. sub-
capitata cells exposed to different concentrations of NiWO4 
NPs which corroborates our findings of no growth inhibition 
at most NiWO4 NPs concentrations. It is also interesting to 
note that this reduction in the intracellular ROS is also cor-
roborated by our cell size data (discussed below). We high-
light the possible activation of antioxidant enzymes in algal 
cells (Martínez-Ruiz and Martínez-Jerónimo 2015; Lekamge 
et al., 2019; Gebara et al. 2020). While we did not quantify 
the antioxidant enzymes, it is well established that micro-
algae activate this antioxidant system in response to stress 
caused by different contaminants (Lekamge et al., 2019; 
Qian et al. 2016), particularly when exposed to metallic NPs.

Another important aspect to consider is the release of 
ions from the NPs, which can interact with biological sys-
tems (Levard et al 2012;  Oukarroum et al. 2015; Nogueira 
et al. 2015). As previously mentioned, the small size of the 
particles and the release of ions are widely discussed in tox-
icity studies (Bian et al. 2011; Levard et al. 2012; Zhang 
et al. 2019). As shown in Table 1, the concentration of dis-
solved Ni in the treatments ranged from 0.0034 ± 0.00026 
to 0.210 ± 0.002712 mg L−1, and the concentration of free 
Ni2+ ranged from 0.004 to 0.034 mg L−1, representing only 
0.04% of Ni2+ at highest concentration.

In addition, aggregation of the NiWO4 NPs was observed, 
which can directly interfere with the dissolution of NPs. 
Even when high concentrations of NPs were used in the 
ecotoxicity tests, the availability of dissolved Ni in the solu-
tion was relatively lower than of Ni2+ concentrations that 
cause negative damage to R. subcapitata. Reis et al. (2024) 
observed an increase in growth at 0.10 mg L−1 of Ni, a result 
similar to that found in this study, since at 55.4 mg L−1 of 
NiWO4, the amount of dissolved Ni was 0.161 mg L−1. The 
concentrations of Ni that cause effects on different species 
of microalgae vary, depending on the species. For instance, 
Filová et al. (2021) established an IC50 of 0.50 Ni mg L−1 
for R. subcapitata, which is much higher than the concentra-
tions of dissolved Ni and free Ni2+ available in the NiWO4 
treatments evaluated in this study. For other microalgae spe-
cies when exposed to Ni, according to Martínez-Ruiz and 
Martínez-Jerónimo (2015), the IC50–96 h for Ankistrodesmus 
falcatus was 0.017 mg L−1; Peters et al. (2018) determined 
an EC50 of 2.41 mg Ni L−1 for Chlorella sp.; an EC50–96 h 
of 1.85 ± 0.17 mg Ni L−1 was determined for Phaeodacty-
lum tricornutum (Guo et al. 2022); and Panneerselvam et al. 
(2018) determined an IC50–96 h of 0.31 ± 0.01 mg L−1 Ni for 
Odontella mobiliensis.

Regarding morphological endpoints, we observed 
changes in cell complexity (SSC-H) and cell size (FSC-H) 
compared to the control (Fig. 3a, b). The algal cells exposed 
to NiWO4 NPs exhibited varying responses throughout the 
exposure period. In the initial hours, SSC-H increased sig-
nificantly (Dunnett’s test, p < 0.05) only at 55.4 mg L−1. 
At 72 h, SSC-H significantly decreased (Dunnett’s test, 
p < 0.05) from 15.8 mg L−1. At the end of exposure (96 h), 
SSC-H had increased significantly at concentrations of 7.9 
and 15.8 mg L−1, but decreased significantly at the high-
est concentrations (55.4 and 79.1 mg L−1). The increase 
in SSC-H observed at the lowest concentrations (7.9 and 
15.8 mg L−1) is probably a result of the internalization of 
Ni2+. Previous, studies have also observed an increased in 
cell complexity and ion internalization by algal cells (Suzuki 
et al. 2007; Gebara et al. 2020; Abreu et al. 2022a). These 
changes may reflect a detoxification mechanism through 
the internalization of toxic components within the cells 
(Almeida et al., 2019). Therefore, our results showing an 
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increase in SSC-H at the lowest concentration (7.9 mg L−1) 
corroborate our cell density data, which indicated that the 
growth of R. subcapitata was inhibited by approximately 
9%. On the other hand, the opposite occurred with the 
55.4 mg L−1 treatment, since cell complexity decreased and 
cell growth increased by 12%.

The size of the algal cells, as indicated by FSC-H 
(Fig. 3b), decreased significantly (Dunnett’s test, p < 0.05) 
only at the highest concentrations (55.4 and 79.1 mg L−1) 
after 24 h of exposure to the NiWO4. In contrast, at 72 h 
and 96 h, cell size increased significantly (Dunnett’s test, 
p < 0.05) in all treatments compared with the control. Sev-
eral studies have reported an increase in the cell size of 
R. subcapitata exposed to various types of contaminants 
(Gebara et al. 2020; Machado and Soares 2014; Mansano 
et al. 2017; Souza et al. 2018; Reis et al. 2022). Bryan et al. 
(2012) suggests that cell size is directly related to the cell 
cycle and is influenced by different stimuli. Machado and 
Soares (2014) highlight that cell size is a crucial aspect for 
unicellular algae to maintain proper cell division.

Regarding Chl a fluorescence (FL3-H), we observed a 
statistically significant decrease (Dunnett’s test, p < 0.05) 
(Fig.  3c). Specifically, after 24  h, Chl a fluorescence 
decreased from 15.8 mg L−1, after 48 h, from 39.6 mg L−1, 
at 72 h, at all the concentrations tested; and finally, at 96 h, 
from 39.6 mg L−1. It is known that fluorescence measured 
with the FL3-H detector can be used to assess the physiology 
of algal cells and that a reduction in FL3-H indicates poten-
tial problems in the synthesis of pigments in cells exposed to 
contaminants (Sendra et al. 2017). The reduction in FL3-H 
of R. subcapitata cells exposed to NiWO4 was a sensitive 
endpoint, especially after 48 h, suggesting impaired photo-
synthetic performance in the microalgae. Interestingly, at 
72 h and 96 h, although FL3-H was reduced, our Phyto-PAM 

data indicated that the photosynthetic activity was only sub-
tly compromised at 39.6 mg L−1 and 79.1 mg L−1.

With regard to the photosynthetic activity parameters 
obtained with Phyto-PAM, a slight decrease in maximum 
quantum yield (Fig.  4a) was observed only after 48  h 
of exposure, at concentrations of 15.8  mg L−1 (1.42% 
decrease), 39.6 mg L−1 (2% decrease), and 55.4 mg L−1 
(2.38% decrease), which are corroborated by the reduction 
in FL3-H. It should be noted that although a statistical differ-
ence was observed, this decrease in maximum yield (around 
2%) may not represent a physiological significant change. 
At 72 h and 96 h, we observed that the maximum yield 
was not compromised, which may indicate that the algal 
cells had recovered from the physiological stress induced 
by the NiWO4 NPs. The maximum quantum yield reflects 
the physiological health of microalgae (Herlory et al. 2013), 
by measuring the amount of light used in photosynthesis. 
According to our data, the algal cells exposed to NiWO4 
showed no changes in PSII’s ability to carry out primary 
photochemical reactions (Dewez and Oukarroum, 2012).

On the other hand, when we examined the F0/Fv param-
eter (Fig. 4b), we observed a significant increase of around 
5.5% at the 79.1  mg L−1 during the first few hours of 
exposure. At 48 h, F0/Fv increased at 15.8, 39.6, 55.4, and 
79.1 mg L−1. No significant changes were observed at 72 h 
and 96 h at any of the concentrations tested. This param-
eter indicates the efficiency of the oxygen evolving complex 
(OEC) and according to Matto et al. (1999), the OEC is part 
of the water splitting system, where the water molecule is 
broken down in the presence of light, resulting in the pro-
duction of oxygen (Mattoo et al. 1999). Increased F0/Fv val-
ues may indicate damages to the water splitting apparatus, 
as shown by Alho et al. (2019), Reis et al. (2021), Abreu 
et al. (2022b), and Gebara et al. (2023). Therefore, we can 
infer that the water splitting apparatus was not a major target 

Fig. 3   Cellular complexity (SSC-H) (a), cell size (FSC-H) (b), and 
chlorophyll a fluorescence (FL3-H) (c) of Raphidocelis subcapitata 
exposed to NiWO4 NPs. Concentrations are expressed in mg L−1, and 

the asterisks represent a significant difference (p < 0.05) of treatments 
compared to the control group. Separate statistical analyses were per-
formed for each day of exposure
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of the NiWO4 NPs, since the F0/Fv values did not increase 
significantly during most of the exposure period. The small 
changes observed at 48 h and the lack of significant changes 
in both maximum yield and F0/Fv endpoints during the later 
hours of exposure further suggest possible recovery of algal 
cells after the stress caused by the NiWO4. These results 
also corroborate the absence of growth inhibition, as pho-
tosynthetic activity, measured via Phyto-PAM, was gener-
ally not compromised. We highlight that these endpoints 
in evaluating the toxicity of NiWO4 NPs to R. subcapitata 
may not be sensitive enough to detect any damage to algal 
cells. Unlike this, morphological changes in cell complexity 
and size, as well as chlorophyll a fluorescence, were more 
sensitive endpoints, as they exhibited changes measurable. 
However, when we consider the photosynthetic parameters, 
obtained via Phyto-PAM measured at 72 h, we observed 

significant reductions (p < 0.05) in the effective quantum 
yield at 39.6 mg L−1 (Fig. 4c).

The photochemical quenching (qP) (Fig. 4d) decreased 
by 4.44% and ~ 5.13% (Dunnett’s test, p < 0.05) at 39.6 and 
79.1 mg L−1 of NiWO4, respectively, indicating that reaction 
centers may have closed, compromising carbon assimilation 
(Rocha et al. 2021). This is because, according to Rocha 
et al. (2021), qP reflects the proportion of PSII reaction cent-
ers that are open. Non-photochemical quenching (qN, NPQ, 
Y(NPQ), Y(NO)) data are shown in Fig. 4d. At 79.1 mg L−1 
qN decreased (Dunnett’s test, p < 0.05) by 14.2% and NPQ 
decreased (Dunnett’s test, p < 0.05) by 19.64%. On the other 
hand, we observed significant increases (Dunnett’s test, 
p < 0.05) in Y(NPQ) of around 18.8% at 39.6 mg L−1 and 
12.16% at 79.1 mg L−1, while Y(NO) increased by ~ 8.8% at 
79.1 mg L−1. These results suggest that algal cells exposed 

Fig. 4   Maximum quantum yield (a), measurement of the efficiency 
of oxygen evolving complex (F0/FV) (b), effective quantum yield (c), 
and quenchings (d) of R. subcapitata exposed to NiWO4 NPs. Con-
centrations are expressed in mg L−1, and the asterisks represent a sig-

nificant difference (p < 0.05) of treatments compared to the control 
group. Separate statistical analyses were performed for each day of 
exposure
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to the highest concentration of NiWO4 NPs had an increase 
in the dissipation of unregulated energy, in the form of heat 
and fluorescence, as corroborated by the increase in Y(NO) 
(Klughammer and Schreiber 2008). Additionally, dam-
age to the photoprotection mechanism may have occurred, 
since NPQ was reduced at the highest NiWO4 concentration 
(79.1 mg L−1). The increase in Y(NPQ) indicates activation 
of photoprotection mechanisms (active), but there appears to 
be a decrease between 39.6 and 79.1 mg L−1, accompanied 
by a reduction in NPQ and qN, as well as an increase in 
Y(NO). This may indicate the onset of damage to photopro-
tection mechanisms.

The rapid light curve parameters of R. subcapitata 
exposed to NiWO4 NPs are shown in Fig. 5. The NPs sig-
nificantly decreased (Dunnett’s test, p < 0.05) the rETRmax 
at 39.6 and 79.1 mg L−1, indicating an inhibition of the elec-
tron transport rate (Fig. 5a). The NiWO4 did not affect alpha 
(Fig. 5b) but reduced (Dunn’s test, p < 0.05) the saturation 
irradiance only at 79.1 mg L−1, as shown by Ek (Fig. 5c). 
These results highlight that at these concentrations, the 
NPs impaired the algal cells’ ability to tolerate high light 
intensities.

Regarding biochemical endpoint (Fig. 6), we observed 
a trend towards a reduction in Chl a content. However, the 
reductions were only significant (Dunnett’s test, p < 0.05) 

Fig. 5   Light curve parameters of R. subcapitata exposed to NiWO4 nanoparticles. Electron transport rate − rETRmax (μmol electrons m−2 s−1) 
(a), alpha (b), and saturation irradiance − Ek (μmol electrons m−2 s.−1) (c)

Fig. 6   Chl a content of R. sub-
capitata exposed to NiWO4 (mg 
L−1) NPs for 96 h. Error bars 
represent the standard devia-
tion, and asterisks represent a 
significant difference (p < 0.05) 
of treatments compared to the 
control group
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at concentrations of 39.6 and 55.4 mg L−1. According to 
Martínez-Ruiz and Martínez-Jerónimo (2015), Ni can com-
promise PS II by interacting with the active site of the oxy-
gen evolving complex, thereby inhibiting electron transport 
activity (Boisvert et al. 2007). As a result, photosynthetic 
performance would be compromised, leading to a reduction 
in chlorophyll content. Since NiWO4 NPs contain Ni and 
releases Ni2+ into the medium, this may explain the observed 
reduction in Chl a content, as corroborated by the decreased 
rETRmax and reduced electron transport (Fig. 5a) particularly 
at these concentrations, even though there were no signifi-
cant changes in the OEC. Our data on Chl a content are also 
supported by the reduction in Chl a fluorescence (FL3-H), 
measured by flow cytometry. The relationship between the 
decrease in Chl a content and the reduction in Chl a fluores-
cence (FL3-H) likely reflects the impact of the composite on 
pigment synthesis (Zhang et al., 2012; Sendra et al. 2017), 
possibly due to inhibition in the electron transport chain in 
the donor center (Sendra et al. 2017), which would result in 
decreased fluorescence.

Therefore, we emphasize the importance of ecotoxico-
logical research that uses multiple endpoints to evaluate the 
effects of nanoparticles. However, to gain a deeper under-
standing of the underlying mechanisms of toxicity and 
the associated risks of these nanoparticles for autotrophic 
organisms, it would be valuable to assess their toxicity in 
other strains and species of microalgae, as well as to incor-
porate long-term studies. Future research should explore 
the responses of additional microalgal species to NiWO4 
nanoparticles.

Conclusion

NiWO4-NPs affected photosynthetic activity and morpho-
logical aspects by decreasing chlorophyll a fluorescence and 
altering in cell complexity and size. Initially, we hypoth-
esized that the NPs would cause toxicity to the algal cells 
with increasing NP concentrations, and that the formation of 
intracellular ROS would be directly related to toxicity. Sur-
prisingly, the NiWO4 NPs did not impair algal cell growth, 
nor did they induce negative effects typically associated with 
ROS. However, we did observe photosynthetic alterations, 
demonstrated by the reduction in effective yield at 39.6 mg 
L−1, changes in quenching parameters at concentrations of 
39.6 and 79.1 mg L−1, and alterations in light curve param-
eters. These results highlight that algal cells do not tolerate 
high light intensities when exposed to NPs. The evaluation 
of different endpoints provides a comprehensive and impor-
tant understanding of how R. subcapitata cells respond to 
NiWO4 NPs exposure. Our findings underscore the need 
for nanotoxicity assessments using a multiple-endpoint 
approach, as the parameters evaluated in our study reflect 

different sensitivities. We also emphasize that the effects of 
NiWO4 NPs on other species of microalga species and on 
organisms at other trophic levels remain unknown. There-
fore, it is essential to evaluate the effects of these NPs on 
other trophic levels in future research.
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