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Abstract

Nanoparticles (NPs) have emerged as ubiquitous contaminants in aquatic environments due to their extensive industrial, biomedical, 
and agricultural applications. Their small size, high surface reactivity, and potential for toxic ion release confer upon these particles 
a unique capacity to interact with aquatic biota, particularly planktonic communities, which form the base of aquatic food webs. 
This review compiles and analyzes recent ecotoxicological findings on the effects of metallic (Ag, ZnO, TiO₂, Cu, Fe₃O₄), polymeric, 
and composite nanoparticles on zooplankton and phytoplankton, with emphasis on physiological, biochemical, and population-level 
responses. Evidence indicates that NPs can induce oxidative stress, membrane damage, growth inhibition, reproductive impairment, 
and metabolic disruptions in species such as Daphnia magna, Ceriodaphnia silvestrii, and Chlorella vulgaris. Ionic dissolution (e.g., Ag⁺, 
Zn²⁺) and reactive oxygen species (ROS) generation have been identified as primary toxicity pathways, although surface interactions 
and protein corona formation also modulate their bioavailability and toxicity. Sublethal and chronic exposures often disrupt planktonic 
community composition and productivity, with potential cascading effects on higher trophic levels and ecosystem stability. Despite 
advances, significant knowledge gaps persist regarding long-term ecological consequences, toxicity of mixtures with other pollutants, 
and NP behavior under environmentally realistic conditions. Future research should integrate mechanistic toxicology, nanoinformatics, 
and ecological modeling to predict environmental fate and impacts of NPs. The synthesis of green nanoparticles and implementation 
of standardized testing protocols are crucial for risk mitigation and guiding sustainable nanotechnology practices. By elucidating the 
complex interactions between NPs and planktonic organisms, this study contributes to a broader understanding of nanoparticle-induced 
perturbations in aquatic ecosystems and their implications for environmental health.
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Highlights

• Nanoparticles
(NPs) impair plank-
ton growth, repro-
duction, and cause
stress.
• Ionic forms of
NPs are more toxic
to plankton.
• Chronic NP expo-
sure has sublethal
effects, harming
food webs and eco-
systems.
• Long-term eco-
logical studies are
lacking.
• We need to un-
derstand the toxic-
ity of NP mixtures
with other pollut-
ants.
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INTRODUCTION

Nanomaterials are widely utilized across various 
industries, including agriculture, medicine, and in-
dustrial processes, owing to their unique properties. 
Nanoparticles (NPs), characterized by their size 
ranging between 1 and 100 nanometers, exhibit 
distinct physical and chemical attributes compared 
to bulk materials1,2. These materials play a crucial 
role in modern technological advancements, par-
ticularly in biological applications3.

In the realm of aquatic ecosystems, the effects 
of nanoparticles on zooplankton and phytoplank-
ton have garnered significant attention. Zooplank-
ton and phytoplankton serve as fundamental com-
ponents of aquatic food webs and play vital roles in 
nutrient cycling and ecosystem functioning. Under-
standing the interactions between nanoparticles 
and these key organisms is essential for assessing 
potential ecological risks.

Studies have demonstrated that nanoparticles 
can adversely affect aquatic organisms, including 
bacteria, algae, crustaceans, and fish4,5,6. The small 
size of nanoparticles facilitates their uptake by 
aquatic organisms, leading to physiological damage 

and cellular dysfunction. Moreover, nanoparticles, 
such as silver nanoparticles (AgNPs), can release 
toxic ions into the environment, further complicat-
ing their ecological impacts4.

Research on nanoparticles like silver nanopar-
ticles (AgNPs), zinc oxide (ZnONPs) and titanium 
dioxide (TiO2) has also raised concerns regarding 
bioaccumulation and reproductive effects on key 
organisms such as Daphnia, copepods and Chlorel-
la vulgaris7,8,9,10. Additionally, the formation of pro-
tein coronas and interactions with environmental 
pollutants can influence the toxicity and ecological 
risks associated with nanoparticles11.

Despite the challenges in studying nanoparticle 
toxicity, comprehensive assessments are crucial for 
understanding their impacts on aquatic ecosystems. 
Further research is needed to develop strategies for 
mitigating these effects and ensuring the sustainable 
management of aquatic environments. By focusing 
on the effects of nanoparticles on zooplankton and 
phytoplankton, this study contributes to advancing 
our understanding of nanoparticle ecotoxicology 
and its implications for aquatic ecosystem health.

METHODOLOGY

Identification and selection of data sources
Scopus, Web of Science, DOAJ, and Scielo da-

tabases were utilized to identify relevant studies on 
the effects of nanoparticles on plankton. 

Appropriate search terms such as “nanopar-
ticles”, “plankton”, “ecotoxicology”, “aquatic 
organisms”, “effects”, “zooplankton”, and “phy-
toplankton” among others were used to ensure 
comprehensive search coverage.

Restriction of the search to articles published in 
peer-reviewed scientific journals.

Inclusion and exclusion criteria
Inclusion criteria focused on studies that inves-

tigated the impacts of NPs on zooplankton and 
phytoplankton, including growth suppression and 
community dynamics alterations.

Exclusion criteria included studies with insuf-
ficient data on environmental impact, those not 
peer-reviewed, and studies focusing on non-plank-
tonic organisms.

Screening of titles and abstracts
Review of titles and abstracts of the identified 

articles in the initial search to determine relevance 
to the review objective.

Selection of articles meeting the inclusion and 
exclusion criteria for further detailed analysis.

Full text analysis
Comprehensive reading of the selected articles 

to assess their methodological quality and rele-
vance to the review.

Extraction of relevant data such as study meth-
ods, types of nanoparticles used, tested concentra-
tions, evaluated plankton groups, and main find-
ings.

Data synthesis and analysis
Grouping of extracted data to identify patterns 

and trends in the effects of nanoparticles on plank-
ton.
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Critical evaluation of the results of included 
studies, considering the consistency and reliability 
of the presented evidence.

Identification of knowledge gaps and areas for 
future research.

Writing of the scientific review
Structuring the review according to the standard 

sections of a scientific article, including introduc-
tion, methodology, results, discussion, and conclu-
sion.

Clear and precise description of the methods 
used in the review, including details on the bib-
liographic search, study selection criteria, and data 
analysis.

Presentation of the main findings of the review, 
highlighting the effects of nanoparticles on plank-
ton and their implications for the aquatic environ-
ment.

Discussion of the results in the context of the ex-
isting literature and conclusions on the current state 
of knowledge and directions for future research.

Effects of nanoparticles on zooplankton

Effects of silver nanoparticles
The ecological focus on the synthesis of silver 

nanoparticles (AgNPs) is gaining significant atten-
tion due to the current challenges associated with 
their production. Although chemical methods for 
AgNP synthesis are well-established, they come 
with a high production cost and generate toxic 
residues that pose significant risks to the environ-
ment12. As a result, there is a growing discussion 
in the field of nanotechnology about finding en-
vironmentally friendly alternatives for nanoparticle 
synthesis11.

Biological synthesis of AgNPs offers a promising 
solution to reduce environmental contamination, 
as it does not generate toxic residues during the 
process. However, before adopting this approach 
on a larger scale, it is crucial to thoroughly study 
the potential risks associated with the release of 
these AgNPs into the environment. Changes in en-
vironmental conditions could modify their proper-
ties and toxicity, necessitating a comprehensive as-
sessment of their ecological impact13. Emphasizing 
ecological considerations in AgNP synthesis and 
environmental implications is essential for sustain-
able and responsible nanotechnology practices

Studies evaluating the potential impacts of syn-
thetic silver nanoparticles (AgNPs) on aquatic sys-
tems have consistently demonstrated their toxicity 
to a broad range of organisms within these eco-
systems, including micro and macroalgae, aquatic 
plants, bacteria, crustaceans, and fish11,14. As Ag-
NPs can undergo alterations in their physicochem-
ical properties in natural environments, they may 
become increasingly toxic, leading to detrimental 

effects on aquatic biota. Aquatic organisms are par-
ticularly vulnerable to nanoparticles due to their 
small size, which not only facilitates their uptake 
but also enhances their potential to cause signifi-
cant physiological damage15 and cellular dysfunc-
tion16. Consequently, the presence of AgNPs in 
aquatic environments poses a substantial risk to 
the health and stability of these ecosystems, ne-
cessitating further detailed research to fully under-
stand and mitigate these impacts.

Ecotoxicological studies exploring the potential 
toxicity of silver nanoparticles (AgNPs) have uti-
lized a diverse array of biological models, includ-
ing bacteria, algae, fungi, invertebrates, and fish17. 
These extensive investigations aim to elucidate the 
environmental impact of AgNPs and their poten-
tial effects on a wide range of organisms spanning 
different trophic levels. The toxicity of synthetic 
AgNPs exhibits significant variability depending 
on the species examined, highlighting the need for 
more refined studies to determine the sensitivity 
of various species within planktonic communities 
and to establish threshold concentrations for these 
nanomaterials18. Given the critical importance of 
aquatic ecological concerns, it is imperative to thor-
oughly assess the potential risks posed by AgNPs 
to safeguard the health and equilibrium of aquatic 
ecosystems.

The in vitro toxic effects of AgNPs have been ex-
tensively studied on various component organisms 
of plankton, encompassing bacteria4, algae11,19, 
plants11, mollusks20, crustaceans21, and insects22. 
Within the aquatic environment, AgNPs exert detri-
mental impacts on prokaryotes, invertebrates, and 
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fish11. While the precise mechanisms of toxicity for 
most nanoparticles, including Silver, are not fully 
defined, they may involve destabilization of cell 
membrane integrity23, cytotoxicity24, genotoxicity25, 
and protein catabolism26.

Due to their small size, nanoparticles (NPs) can 
infiltrate biological systems through multiple path-
ways11. In natural waters, NP emissions are expect-
ed to yield nanoparticles of varying sizes, which 
might mitigate some effects27. Nevertheless, even 
aggregated particles are likely to dissolve over 
time, liberating toxic Ag+ ions28. Understanding the 
impacts of AgNPs on planktonic organisms is vi-
tal for safeguarding the delicate balance of aquatic 
ecosystems and the diverse life they support.

Invertebrates represent a significant portion, 
approximately 95%, of the Earth’s species and are 
widely distributed with abundant populations, mak-
ing them crucial subjects in ecotoxicity studies27. 
Acting as primary consumers, they play a vital role 
in the ecosystem by feeding on microalgae and sus-
pended organic matter. Any disruption in the qual-
ity or quantity of the daphnid population can have 
cascading effects on other trophic levels, directly 
impacting various aquatic organisms and leading to 
significant environmental consequences28,29.

Among these invertebrates, the planktonic spe-
cies Daphnia similis holds particular importance 
due to its high sensitivity to pollutants and its role 
as a foundational species in freshwater ecosys-
tems, serving as the base of the food chain. These 
characteristics make it an ideal biological model 
for ecotoxicology studies29,30. Moreover, exposure 
studies involving D. magna have been conducted 
with various commercial nanoparticles to assess 
bioaccumulation and identify the LC50 (lethal con-
centration for 50% of the population) of synthet-
ic nanoparticles with diverse characteristics31. By 
investigating the effects of nanoparticles on these 
ecologically significant invertebrates, we can gain 
crucial insights into their potential environmental 
impacts and develop strategies for mitigating ad-
verse effects on aquatic ecosystems.

Nanoparticles (NPs) also impact planktonic co-
pepods larger than 500 μm32 and protozoa like os-
tracods ranging from 5 to 15 μm33. The toxic effects 
of nanoparticles (NPs) on aquatic organisms can 
result in significant alterations in the community 
structure. Álvarez-Manzaneda et al.34 conducted a 
study to investigate the impact of environmental-
ly relevant concentrations of silver nanoparticles 
(AgNPs) on plankton communities in their natural 

habitat, using nominal concentrations of 4, 16, and 
64 μg/L. The researchers detected alterations in 
the size structure of zooplanktonic communities 
during chronic exposure to AgNPs. Moreover, in 
acute treatments, there was a decrease in zoo-
plankton abundance and biomass, indicating that 
short-term exposure to high concentrations of Ag-
NPs had different effects on zooplankton commu-
nities compared to chronic exposure. Overall, this 
study demonstrated varying levels of AgNP toxicity 
across trophic levels, with more pronounced im-
pacts on zooplankton. These observed effects on 
zooplankton raise concerns as they suggest that 
AgNP contamination has the potential to disrupt 
aquatic food webs34. The findings emphasize the 
importance of understanding NP effects on diverse 
organisms in aquatic ecosystems to safeguard their 
ecological balance and functioning.

The primary cause of silver nanoparticle (AgNP) 
toxicity in aquatic organisms is frequently attribut-
ed to the release of silver ions (Ag+). However, the 
distinction between AgNPs and Ag+ within a bio-
logical matrix remains complex, posing significant 
challenges to fully understanding the dissolution 
behavior of AgNPs in living organisms. In a compre-
hensive study conducted by Yan et al.35, the release 
of Ag+ from AgNPs of varying sizes was quantified 
over time using the zooplankton model Daphnia 
magna. The research demonstrated that AgNPs 
ingested by D. magna underwent dissolution into 
Ag+, which was subsequently detected at elevated 
concentrations within the foregut. Specifically, the 
study revealed that approximately 8.3-9.7% of in-
gested AgNPs, with particle sizes of 20 and 60 nm, 
were released as Ag+. Additionally, a pH sensor em-
ployed in the study indicated that the dissolution 
of AgNPs was partially influenced by the hetero-
geneous pH distribution across different sections 
of the zooplankton’s intestine. Furthermore, Ag+ 
was observed to traverse the gills, subsequently 
entering the daphnids, thereby indicating a poten-
tial pathway for AgNP toxicity in this zooplankton 
species31,35.

This study underscores the critical need to un-
derstand the dynamics of AgNP dissolution and 
the consequent release of Ag+ within aquatic or-
ganisms. Such knowledge is essential for compre-
hending the broader environmental impacts of 
AgNPs and for developing effective strategies to 
mitigate the risks associated with nanoparticle ex-
posure in aquatic ecosystems. This intricate inter-
play between nanoparticle behavior and biological 
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responses highlights the importance of detailed ec-
otoxicological assessments to safeguard the health 
of aquatic biota in the face of increasing nanopar-
ticle pollution

Lekamge et al.17 conducted an ecotoxicological 
study to evaluate the acute toxicity of tyrosine-coat-
ed silver nanoparticles (tyr-AgNPs, approximately 
30 nm) on two crustacean species, Hydra vulgaris, 
Daphnia carinata and Paratya australiensis. The re-
searchers determined the median lethal concentra-
tion (LC50) of tyr-AgNPs for both species over a 24-
hour exposure period, finding similar LC50 values of 
62.04-64.24 µg/L. However, extending the exposure 
to 48 hours revealed differential sensitivity between 
the two species: D. carinata exhibited a significantly 
lower LC50 of 35.48 µg/L, indicating increased sensi-
tivity compared to P. australiensis, which had an LC50 
of 55.34 µg/L. The authors hypothesized that these 
differences in sensitivity could be attributed to the 
distinct feeding behaviors of the two crustaceans. 
Daphnia, as filter feeders, ingest large volumes of 
aqueous medium, which likely results in higher in-
ternalization of the nanoparticles. In contrast, P. aus-
traliensis, which primarily feeds on detritus, utilizes 
water mainly for respiration, potentially reducing 
nanoparticle uptake.

This study highlights the importance of consid-
ering species-specific behaviors and physiological 
traits when assessing nanoparticle toxicity in aquat-
ic organisms. The differential sensitivity observed 
between the two crustacean species underscores 
the complexity of nanoparticle interactions within 
biological systems and the necessity for compre-
hensive evaluations across a range of species and 
exposure conditions36. Understanding these nuanc-
es is crucial for accurately assessing the environ-
mental risks posed by nanoparticles and for devel-
oping regulatory frameworks that protect aquatic 
ecosystems from nanoparticle pollution

Yoo-iam et al.37 conducted an in-depth study to 

evaluate the toxicity, bioaccumulation, and bio-
magnification of silver nanoparticle (AgNP) ma-
terials within a food chain context. The research 
focused on two forms of silver: ionic silver (Ag+) 
and nanosilver (AgNPs), and their respective im-
pacts on the species Barbonymus gonionotus, Chi-
ronomus spp., Chlorella sp., and Moina macrocopa. 
The findings revealed that Ag+ exhibited greater 
toxicity compared to AgNPs across all four tested 
organisms. Specifically, the effective concentration 
(EC50) for Ag+ toxicity in Chlorella sp. was deter-
mined to be 0.39±0.32 mg/L, while the lethal con-
centration (LC50) for M. macrocopa was found to 
be 0.026±0.43 mg/L. In contrast, Chlorella sp. ex-
posed to AgNPs had an EC50 of 0.89±0.68 mg/L, 
and the LC50 for M. macrocopa exposed to AgNPs 
was 1.11±0.86 mg/L.

These results underscore the heightened tox-
icity of ionic silver over its nanoparticulate form, 
highlighting the need for distinct considerations in 
ecological risk assessments of silver-based materi-
als. The data also provide valuable insights into the 
varying sensitivities of different aquatic species to 
silver contaminants, emphasizing the importance 
of tailored toxicological studies to inform environ-
mental safety regulations and management prac-
tices aimed at protecting aquatic ecosystems from 
silver pollution.

In the bioaccumulation study, Chlorella sp. 
showed the highest bioaccumulation factor (BAF) 
of Ag+ at 101.84 g/L, while the lowest BAF for Ag-
NPs was found in B. gonionotus at 1.89 g/L37. The 
transfer of AgNPs through the food chain only oc-
curred from Chlorella sp., whereas there was no 
evidence of biomagnification in M. macrocopa. 
These findings underscore the importance of un-
derstanding the interactions between nanoparti-
cles and different organisms within the food chain 
to assess potential environmental risks and ecolog-
ical impacts.

Effects of titanium nanoparticles
Chronic exposure of Daphnia magna to titanium 

nanoparticles (TiO2) commonly used in sunscreen 
has been found to induce low mortality but signifi-
cantly reduce the growth and reproduction of the 
organisms. These effects may be partially attribut-
ed to the modified digestive physiology of D. mag-
na7,38,39. Alongside Daphnia sp., some studies have 
also investigated the toxicity of silver nanoparticles 
(AgNPs) in zooplankton using organisms such as 
Artemia salina. The determination of EC50 values 
after 24 hours and 72 hours resulted in values of 

19.63 mg/L and 10.70 mg/L, respectively8,19,40,41. 
These findings highlight the importance of under-
standing the potential adverse effects of nanopar-
ticles on aquatic organisms and their ecosystems, 
calling for further research to assess and mitigate 
such impacts.

In Lucca’s10 investigation, the acute and chronic 
effects of nano-TiO2 on the cladoceran Ceriodaph-
nia silvestrii were thoroughly examined, utilizing ex-
posure through contaminated food (Pseudokirch-
neriella subcapitata). Acute toxicity tests unveiled a 
mean EC50(48h) value of 77.57 mg/L. Transitioning 
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to chronic toxicity assessments, notable distinc-
tions in survival rates were discerned at a concen-
tration as low as 0.01 mg/L. Furthermore, deleteri-
ous impacts on body length, egg production, and 
neonate generation manifested at concentrations 
starting from 1 mg/L. These findings underscore 
the imperative of comprehensively evaluating both 
acute and chronic repercussions of nano-TiO2 on 
aquatic organisms. Such an approach is pivotal for 
a nuanced assessment of the potential risks en-
tailed by its environmental exposure, thereby facil-
itating informed decision-making in regulatory and 
management frameworks aimed at safeguarding 
aquatic ecosystems42.

Effects of zinco nanoparticles
In a study by Vijayakumar et al.43, the ecotox-

icological effects of zinc oxide nanoparticles 
(ZnONPs) were scrutinized on the freshwater 
planktonic crustacean Ceriodaphnia cornuta. The 
study sought to delineate the comparative impacts 
of biologically synthesized ZnONPs vis-à-vis zinc 
acetate on the mortality dynamics of this aquatic 
crustacean. Results unveiled a discernible contrast 
in toxicity profiles, with ZnONPs exhibiting rela-
tively diminished lethality compared to zinc ace-
tate. Specifically, within a 24-hour exposure period, 
ZnONPs induced a mortality rate of 42% in Ceri-
odaphnia cornuta at a concentration of 50 μg/L, 
while a substantially higher mortality rate of 80% 
was recorded under identical conditions with zinc 
acetate.

Further microscopic laser scanning analyses elu-
cidated the uptake kinetics and subsequent accu-
mulation of ZnONPs within the intestinal milieu of 
C. cornuta following exposure to a concentration 
of 50 μg/L for 24 hours. Concurrently, morpholog-
ical aberrations were discerned in Ceriodaphnia 
cornuta subsequent to treatment with 50 μg/L of 
ZnONPs43. These observations accentuate the im-
perative of cultivating a nuanced comprehension 
regarding the potential environmental ramifications 
of ZnONPs, along with underscoring the exigency 
of probing their toxicological impacts on aquatic 
biota. Such endeavors are pivotal for the formula-
tion of robust strategies aimed at management and 
amelioration of their deleterious effects on fresh-
water ecosystems.

Prato et al.44 embarked on a quest to evalu-
ate the acute toxicity of zinc oxide nanoparticles 
(ZnONPs) on the zooplankton Tigriopus fulvus 
(Copepoda, Harpacticoida), revealing an LC50(48h) 
value of 1.27 (1.15–1.40) mg/L. Similarly, Wong et 
al.38 documented an LC50(96h) of 0.85 mg/L for the 
copepod Tigriopus japonicus, while for Elasmopus 

rapax, the LC50(96h) stood at 1.19 mg/L upon ex-
posure to ZnONPs. In a parallel vein, Park et al.36 
delved into the toxicity profile of ZnONPs in T. ja-
ponicus, reporting an LC50(96h) value of 2.44 mg/L.

It is important to note that all these results were 
within the same order of magnitude. However, vari-
ations in ecotoxicological studies of nanoparticles 
were expected due to differences in experimental 
procedures, particularly regarding the preparation 
and suspension of NPs (such as the presence or 
absence of solubilization vehicles, filtration, centrif-
ugation, and sonication), the nature of nanomate-
rials, and species-specific differences, which make 
direct comparisons challenging44,45. Despite these 
challenges, these studies offer valuable insights 
into the potential impact of ZnONPs on aquatic 
organisms, highlighting the importance of careful 
consideration and standardized methodologies in 
ecotoxicological assessments of nanomaterials.

In experiments conducted by de Souza46, acute 
and chronic tests were performed using Ceri-
odaphnia silvestrii exposed to zinc nanoparticles 
(ZnONP). In the acute tests, after 48 hours of expo-
sure, an EC50(48h) value of 0.35 mg/L ZnONP was 
determined. During the 8-day chronic tests, nota-
ble effects were observed, including a significant 
11.3% reduction in mean body size at a treatment 
concentration of 0.1 mg/L, as well as a remarkable 
decrease of 53.9% in the average number of accu-
mulated eggs and neonates produced per female. 
Additionally, bioaccumulation and the absence of 
egg hatching (abortion) were observed at the high-
est concentrations evaluated for ZnONP. These 
findings indicate that both acute and chronic ex-
posure to ZnONP can lead to toxic effects on C. 
silvestrii. Moreover, chronic exposure at a concen-
tration as low as 0.006 mg/L affected the growth 
and reproduction parameters of these microcrusta-
ceans. Understanding the potential harmful effects 
of ZnONP on aquatic organisms is crucial for as-
sessing and managing their environmental impact.

In their study, Prato et al.44 investigated the 
chronic exposure of ZnO nanoparticles (ZnONPs) 
and its impact on copepods. The researchers found 
that the developmental time from nauplii to co-
pepodite or adult stage was not significantly affect-
ed by the nanoparticles. However, reproductive 
traits showed clear negative effects, including de-
lays in phenological events such as the appearance 
of ovigerous females and the time required for the 
release of offspring, particularly at the highest con-
centrations of ZnONPs tested. The most significant 
reproductive effect was observed in fecundity, 
with a notable reduction in the number of nauplii 
produced per female during the 28-day exposure, 

https://creativecommons.org/licenses/by/4.0/


Mundo Saúde. 2025,49:e18092025
DOI: 10.15343/0104-7809.202549e18092025I

7

even at low concentrations. These findings under-
score the importance of understanding the repro-
ductive impacts of ZnONPs on copepods, as they 
play a crucial role in aquatic ecosystems, and their 
reproductive success is vital for the stability of pop-
ulations and food webs.

In their inquiry, Huang et al.47 delved into the 
chronic exposure paradigm of ZnO nanoparticles 
(ZnONPs) vis-à-vis the nematode Caenorhabditis 
elegans, culminating in the discernment of pro-
nounced impediments in growth dynamics and 
reproductive fecundity. Concurrently, Garbutt and 
Little48 delineated a corollary narrative, whereby 
ZnONPs exerted deleterious ramifications on both 
the fecundity index and alimentary uptake kinetics 
of the cladoceran Daphnia magna. These amalgam-
ated findings proffer cogent evidence elucidating 
the propensity of ZnONPs to precipitate adver-
sative consequences across diverse aquatic taxa, 
thereby impinging upon their ontogenetic trajec-
tory encompassing growth kinetics, reproductive 
fecundity, and trophic behavior. This confluence of 
empirical data underscores the pivotal exigency of 
undertaking a holistic appraisal delineating the pu-
tative ecological risks concomitant with the ubiqui-
tous presence of ZnONPs within aquatic milieus.

The pivotal determinant underpinning the tox-
icological conundrum of ZnONPs predominantly 
resides in the dissolution kinetics of Zn+2 ions ema-
nating from the nanoparticulate framework48,49. This 
biotic perturbation instigates a cascade of cytotox-
ic sequelae, encompassing perturbation of intracel-
lular zinc homeostasis, lytic rupture of lysosomal 
and mitochondrial integrity, culminating in apop-
totic cell demise44,50,51. Baun et al.52 postulated an 
ancillary mode of toxicity, delineating a conjectur-
al schema whereby ZnONPs intricately adhere to 
the integumentary exoskeleton of crustacean taxa, 
thereby precipitating a concomitant diminution or 
outright forfeiture of locomotor prowess within 
these aquatic denizens. These synoptic revelations 
collectively underscore the nuanced multifaceted 
labyrinth governing ZnONP-induced cytotoxicity, 
thereby propounding an irrefutable mandate man-
dating further ontological inquiry to holistically de-
cipher its repercussions across aquatic ecosystems.

Effects of various nanocompounds of nanopar-
ticles

In a study by Shokry et al.53, the acute toxicity 
of various nanocompounds of nanoparticles (NC) 
on Artemia salina larvae and freshwater Ostracod 
(Cypridopsis vidua) was investigated over 48 hours. 
Both experimental organisms were observed to in-

gest the nanocompounds, with toxicity results for 
C. vidua revealing a highly toxic effect of NC at a 
concentration of 250 mg/L after 48 hours, yield-
ing an EC50 value of 157.6 ± 6.4 mg/L. Converse-
ly, Artemia salina individuals exhibited lower sen-
sitivity compared to C. vidua, with an EC50 value 
of 476 ± 25.1 mg/L after 48 hours. These findings 
underscore the varying sensitivities of aquatic or-
ganisms to nanocompounds and underscore the 
need to comprehend the potential ecological impli-
cations of these materials across different species 
in aquatic environments.

In their investigation, Cedervall et al.54 explored 
the molecular composition of the corona protein 
enveloping polystyrene nanoparticles, elucidating 
potential biological risks at both organismal and 
ecosystem levels. Like numerous other spherical 
nanoparticles, polystyrene can impact lipid metab-
olism. The researchers observed that as polysty-
rene nanoparticles traverse the food chain, they 
adversely affect the lipid metabolism of primary 
consumers, such as fish. These outcomes under-
score the necessity of comprehending the inter-
actions between nanoparticles and biological sys-
tems, as they can significantly influence the health 
and stability of aquatic ecosystems.

Furthermore, nanoparticles can also affect the 
behavior of zooplankton, with potential repercus-
sions for fish and the overall functioning of the 
ecosystem6. These findings highlight the need to 
understand the interactions between nanoparticles 
and biological systems and their potential ecologi-
cal consequences. Such knowledge is essential for 
assessing the environmental risks associated with 
nanoparticle exposure and for developing strate-
gies to protect aquatic ecosystems and the organ-
isms that inhabit them.

Effects carbon nanomaterials
Carbon nanomaterials, including oxidized car-

bon nanotubes, graphene oxide, and carbon dots, 
were subjected to evaluation against daphnids, re-
vealing good biocompatibility and very low acute 
toxic effects even at higher concentrations (100 
mg/L)55,56. Recently, research demonstrated the 
critical influence of protein corona formation on 
the toxicity of carbon nanotubes when co-exposed 
with metals to Daphnia similis. Essentially, the pro-
tein corona formation mitigated metal toxicity by 
reducing its bioavailability to the zooplankton57.

Mixture toxicity studies of nanoparticles and 
pollutants, be they organic or inorganic, require 
more attention, taking into account environmen-
tally realistic exposure scenarios to nanomaterials. 
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To address this, data science and nanoinformatics 
have emerged as promising techniques for data in-
tegration, modeling, and risk prediction of complex 
mixtures involving nanoparticles and environmen-
tal pollutants57. These approaches play a crucial 
role in enhancing our understanding of the poten-
tial ecological impacts of nanomaterials and their 
interactions with environmental pollutants, thereby 
supporting the development of sustainable strate-
gies for safeguarding aquatic ecosystems.

Effects of magnetic microparticles
In recent times, magnetic microparticles (MPs) 

have surfaced as a propitious remedy for amelio-
rating eutrophic aqueous habitats58. Nonetheless, 
the environmental ramifications of these nanopar-
ticles, especially concerning aquatic biota such as 
zooplankton, persistently elude comprehensive 
scrutiny. Endeavoring to bridge this lacuna, Álva-
rez-Manzaneda et al.54 embarked on an investi-
gative odyssey, unraveling the acute (immobiliza-
tion) and chronic repercussions of iron (Fe) MPs 
on Daphnia magna. The chronic toxicological ap-
praisal delved into the fecundity dynamics of off-
spring (both male and female) amidst the milieu 
of D. magna subjected to the vicissitudes of these 
nanoparticulate moieties.

In the acute toxicity assessment, it was deter-
mined that the concentration of MPs leading to 
50% immobilization of D. magna individuals (EC50) 
was 0.913 g/L. Conversely, chronic toxicity eval-
uations on D. magna demonstrated that the pres-
ence of dissolved Fe (dFe) significantly influenced 
the parthenogenetic reproduction of this Daphnia 
species. These results underscore the necessity for 
more extensive research into the potential rami-
fications of MPs in aquatic ecosystems and their 
impact on pivotal organisms like zooplankton. This 
deeper understanding is crucial for effectively in-
forming and ensuring the safe deployment of these 
technologies in water restoration initiatives.

In the study conducted by Gebara59, the effects 

of Fe3O4 nanoparticles on the Ceriodaphnia silvest-
rii were investigated through both acute and chron-
ic toxicity tests. The results showed that there was 
no acute toxicity observed for nano-Fe3O4 during 
the 48-hour exposure period, as the EC(I)50-48h 
value was greater than 100.00 mg/L. However, 
in the chronic toxicity tests, at a concentration of 
50.00 mg/L, significant inhibitions were observed 
in both growth and reproduction parameters. The 
maximum length of the organisms was inhibited 
by 12.71%, and the accumulated number of eggs 
decreased by 51.99%. Additionally, there was a 
considerable decrease of 61.37% in the number 
of neonates produced per female. Notably, these 
effects were only observed after chronic exposure 
to nano-Fe3O4 on the 14th day of the experiment, 
indicating the importance of considering longer ex-
posure periods in ecotoxicological assessments.

Effects of polystyrene nanoplastics
In a study conducted by Sanz Lanzas60, Artemia 

parthenogenetica was used as a model organism 
to investigate the chronic toxicity of polystyrene 
nanoplastics functionalized with anionic carboxylic 
groups (NP(PS-COOH)). The researchers analyzed 
the effects on growth, survival, and feeding behav-
ior, as well as subcellular enzymatic responses relat-
ed to biotransformation of xenobiotics (carboxyles-
terase - CbE and glutathione - S-transferase - GST), 
nervous activity (cholinesterase - ChE), antioxidant 
defense (catalase - CAT), and protection against 
overall stress (HSP70 stress proteins). The results 
indicated that chronic exposure of A. parthenoge-
netica to NP(PS-COOH) did not alter survival, CAT 
activity, or HSP70 expression. However, it did lead 
to reduced growth and filtration rate. Furthermore, 
there were changes in enzymatic activities, with CbE 
and ChE activity decreasing and GST activity increas-
ing60. These findings highlight the potential impacts 
of NP(PS-COOH) on the growth and physiological 
responses of the model organism, which may have 
implications for the broader aquatic ecosystem.
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Table 1 - Effects of nanoparticles on zooplankton, São Paulo, Brasil (2024).

Nanoparticle Type Organisms Affected Main Findings References

Silver (Ag) Nanoparticles
Various aquatic organisms, including 
bacteria, algae, plants, crustaceans, 
and fish

• Toxicity varies among species.
• Causes physiological damage, cellu-
lar dysfunction, and destabilization of 
cell membranes.
• Release of toxic Ag+ ions.

Ottoni et al., 201911; Wu et al., 202012; 
Souza et al., 201913; Tayemeh et al., 
202014; Barbieri et al., 201815; Tortella 
et al., 202016; Lekamge et al., 201817; 
Turner et al., 201219; Croteau et al., 
201120; Alves et al., 202221; Posgai et 
al., 201122; Radniecki et al., 201123; 
Braydich-Stolle, 200524; AshaRani et 
al., 200925; Medeiros et al., 201926; 
Keller et al., 201027; Miao et al., 
200928; Shanthi et al., 201629; Yan et 
al., 201831; Álvarez-Manzaneda et al., 
201734; Yoo-iam et al., 201437

Titanium (TiO2) Nanoparticles Daphnia magna, Artemia salina

• Reduces growth and reproduction of 
Daphnia magna. 
• Induces significant adverse effects 
on growth, egg production, and neo-
nate production in Ceriodaphnia sil-
vestrii.

Fouqueray et al., 20127; Lacave et al., 
20178; An et al., 20199; Lucca, 201610; 
Rezende et al., 201839

Zinc (ZnO) Nanoparticles

Ceriodaphnia cornuta, Tigriopus ful-
vus, Tigriopus japonicus, Elasmopus 
rapax, Daphnia magna, Caenorhab-
ditis elegans

• Causes mortality, growth inhibition, 
and reproductive issues. 
• Adverse effects on offspring, fee-
ding behavior, and enzyme activities. 
• Dissolution of Zn+2 ions leads to cy-
totoxic effects.

Souza, 201813; Park et al., 201436; 
Wong et al., 201038; Vijayakumar 
et al., 201743; Prato et al., 202044; 
Schrurs and Lison, 201245; Huang 
et al., 201747; Garbutt and Little, 
201448; Franklin et al., 200750; Xia et 
al., 200851; Baun et al., 200852

Various Nanocompounds Artemia salina, Cypridopsis vidua

• Exhibits varying toxic effects. 
• High toxicity in Cypridopsis vidua. 
• Affects lipid metabolism and the 
food chain.

Eiras et al., 20226; Shokry et al., 
202153; Cedervall et al., 201254

Magnetic Microparticles (MPs) Daphnia magna, Ceriodaphnia sil-
vestrii

• Inhibits growth and reproduction. 
• Significant reductions in body size, 
egg production, and neonate produc-
tion.

Álvarez-Manzaneda et al., 201734; 
Gebara, 201759

Polystyrene Nanoplastics (NPs) Artemia parthenogenetica
• Reduces growth and filtration rate. 
• Alters enzymatic activities and in-
duces physiological stress responses.

Sanz Lanzas, 201760

Potential research gaps in understanding the environmental implications of nanoparticle synthesis and 
application in aquatic environments

Exploring Environmentally Friendly Alterna-
tives for Nanoparticle Synthesis: Investigate alter-
native methods for synthesizing of nanoparticles 
that are environmentally friendly and cost-effective, 
aiming to reduce the production of toxic residues 
and minimize environmental risks associated with 
NP synthesis.

Assessing Ecological Impacts of Synthetic NPs 
on Aquatic Systems: Conduct comprehensive stud-
ies to evaluate the ecological impacts of synthetic 
nanoparticles on various organisms in aquatic eco-
systems, including bacteria, algae, crustaceans, and 
fish, considering factors such as toxicity, bioaccu-
mulation, and trophic interactions.

Understanding Mechanisms of NP Toxicity in 
Aquatic Organisms: Delve into the cellular and 
molecular mechanisms underlying the toxicity of 
nanoparticles in aquatic organisms, aiming to elu-

cidate how NPs disrupt cellular functions, induce 
oxidative stress, and interfere with physiological 
processes.

Investigating Fate and Behavior of NPs in 
Aquatic Environments: Explore the fate and behav-
ior of silver nanoparticles in natural aquatic envi-
ronments, including their interactions with phyto-
plankton cell surfaces, internal organelles, and the 
release of toxic Ag+ ions, to better understand Ag-
NP-phytoplankton interactions and ecological con-
sequences.

Ecotoxicological Studies on NP Effects Across 
Trophic Levels: Conduct ecotoxicological studies 
to assess the impacts of silver nanoparticles on dif-
ferent trophic levels in aquatic ecosystems, focus-
ing on key organisms such as zooplankton and fish, 
to evaluate the cascading effects of NPs induced 
alterations on ecosystem stability.
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Understanding Interactions Between NPs and 
Biological Systems: Investigate the interactions be-
tween nanoparticles and biological systems, includ-
ing the formation of protein coronas, to understand 
their potential biological risks and implications for 
organismal health and ecosystem functioning.

Assessing Long-Term Effects of NP Exposure on 
Aquatic Organisms: Explore the chronic effects of 
nanoparticle exposure on aquatic organisms, in-
cluding growth, reproduction, and feeding behav-
ior, to better understand the long-term ecological 
impacts of NPs on freshwater ecosystems.

Mixture Toxicity Studies of NPs and Environ-
mental Pollutants: Investigate the mixture toxici-
ty of nanoparticles and environmental pollutants 
in aquatic ecosystems, utilizing data science and 
nanoinformatics approaches to predict the ecolog-
ical risks associated with complex mixtures involv-
ing NPs.

Examining Effects of NPs on Planktonic Organ-
isms: Study the effects of nanoparticles on plank-
tonic organisms, including copepods, protozoa, 

and ostracods, to assess potential alterations in 
community structure and ecosystem dynamics in 
response to NP contamination.

Developing Strategies for Mitigating NP-Asso-
ciated Risks in Aquatic Environments: Develop 
strategies for mitigating the environmental risks as-
sociated with nanoparticles in aquatic ecosystems, 
focusing on sustainable practices and policies to 
safeguard ecosystem health and biodiversity.

Effects of nanoparticles on phytoplankton
Nanoparticles (NPs) have garnered significant 

attention due to their potential impacts on aquatic 
ecosystems, particularly on phytoplankton popula-
tions (Figure 1). Several studies have investigated 
the effects of nanoparticles, such as silver nanopar-
ticles (AgNPs), on phytoplankton communities. 
Miller et al.61 and Bielmyer-Fraser et al.62 demon-
strated suppressive effects of NPs on phytoplank-
ton growth and population. However, the complex-
ities of NP interactions with environmental factors 
and biological systems warrant further exploration.

Figure 1 - Potential effects on phytoplankton populations.
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Effects of silver nanoparticles
Conine et al.63 examined the impact of AgNPs 

on phytoplankton communities in lakes and sur-
prisingly found no significant effects on taxonomy, 
pigment concentration, or biomass. They attribut-
ed this lack of toxicity to natural environmental 
processes, suggesting that factors like temperature 
and dissolved nutrients may have a more substan-
tial influence on community dynamics than NP ex-
posure alone.

On the contrary, other studies, such as Baptista 
et al.64 and Romero et al.65, have reported significant 
toxic effects of AgNPs on phytoplankton, indicat-
ing a potential ecological significance. Moreover, 
investigations by Navarro et al.66 and Oukarroum 
et al.67 shed light on the mechanisms underlying NP 
toxicity, revealing the intricate interplay between 
nanoparticles and biological systems.

These findings underscore the importance of 
considering the variability of natural environmental 
factors when assessing the effects of contaminants 
on aquatic ecosystems. Furthermore, the poten-
tial ecological implications of NP toxicity on phy-
toplankton highlight the need for comprehensive 
evaluations of nanomaterials’ environmental safety 
and risks in aquatic environments. Understanding 
the interactions between nanoparticles and key 
components of the aquatic food web, such as phy-
toplankton, is crucial for safeguarding the health 
and stability of aquatic ecosystems.

Nanoparticles (NPs) have been shown to have 
suppressive effects on the population and growth 
rate of various phytoplankton populations61,68. A 
study by Conine et al.63 investigated the impact of 
adding AgNPs to lakes to assess their effects on 
phytoplankton. Surprisingly, they found that expo-
sure to relevant concentrations of AgNPs did not 
significantly affect phytoplankton communities in 
terms of taxonomy, pigment concentration, and 
biomass. The lack of negative toxicological results 
was attributed to natural environmental processes 
such as temperature and dissolved nutrients, which 
appeared to influence the community more signifi-
cantly. Conine et al.63 concluded that the 2 year ex-
posure to environmentally relevant concentrations 
of AgNPs did not substantially alter phytoplankton 
communities in boreal lakes. This highlights the im-
portance of considering the variability of natural 
environmental factors, such as temperature, pH, 
salinity, etc., in analyses attempting to determine 
the effects of contaminants on aquatic ecosystems.

Silver nanoparticles (AgNPs) have demonstrat-
ed substantial impacts on phytoplankton and bac-
terioplankton communities, chiefly through their 
influence on zooplankton grazing behaviors64. Ex-
posure to AgNPs at concentrations ≥ 500 μg/L elic-

ited a marked reduction in the growth rates of both 
phytoplankton and bacterioplankton populations44. 
Moreover, grazing rates within these populations 
exhibited a propensity to diminish upon AgNP ex-
posure, thereby perturbing a specific trophic stra-
tum. Additionally, phytoplankton photosynthetic 
efficiency underwent a notable downturn at AgNP 
concentrations ≥ 500 μg/L64.

Intriguingly, these effects did not manifest at rel-
atively lower Ag concentrations known to be toxic 
to certain bacterial species and other organisms. 
This observation intimates that at environmental-
ly relevant concentrations, compensatory mecha-
nisms at the community level might assuage the 
impacts of AgNP exposure, as elucidated by Bap-
tista et al.64.

Building upon these observations, Romero et 
al.65 similarly documented significant toxic effects 
of AgNPs on Chlorella vulgaris. Through an array 
of morphological, physiological, and metabolic 
analyses, they unveiled a pronounced impairment 
in the health status of the microalgae, highlighting 
the acute nature of the nanoparticle-induced stress. 
These findings emphasize the potential ecological 
ramifications of AgNPs within aquatic ecosystems 
and stress the necessity of comprehensively eval-
uating community-level responses to nanoparticle 
exposure.

In a complementary investigation focusing on 
Chlamydomonas reinhardtii, Navarro et al.66 delved 
into the toxicity of silver nanoparticles (AgNPs) and 
ionic silver (Ag+) utilizing photosynthesis as the 
primary endpoint, assessed via fluorometry. Their 
study revealed that, concerning the overall silver 
concentration, the toxicity of AgNO3 (ionic silver) 
surpassed that of AgNP by 18-fold, as indicated by 
EC50 values. However, when evaluating toxicity in 
terms of Ag+ concentration, AgNP exhibited signifi-
cantly greater adverse effects compared to AgNO3. 
Intriguingly, the measured levels of ionic Ag+ in the 
AgNP suspensions failed to fully account for the 
observed toxicity, suggesting the involvement of 
additional mechanisms or interactions contributing 
to the detrimental outcomes.

To understand this phenomenon, the research-
ers investigated the role of cysteine, a strong Ag+ 

binder. They found that cysteine abolished the in-
hibitory effects of both AgNP and Ag+ on photosyn-
thesis. This indicated that the toxicity of AgNP is 
mediated by Ag+ ions, and the interaction of AgNP 
with algae plays a crucial role in influencing its tox-
icity67.

This study revealed that AgNP acts as a source 
of Ag+ ions, which form in the presence of algae, 
contributing to the toxicity observed in Chlam-
ydomonas reinhardti68,69. The findings highlight the 
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complex nature of AgNP toxicity and emphasize 
the importance of considering the interactions be-
tween nanoparticles and biological systems in un-
derstanding their environmental impact62.

In their study, Oukarroum et al.67 investigated 
the toxic effects of 50 nm silver nanoparticles (Ag-
NPs) on two phytoplanktonic microalgae: Chlorella 
vulgaris and Dunaliella tertiolecta. The algae were 
exposed to concentrations of 0 to 10 mg/L of Ag-
NPs over a 24-hour period. The results showed 
that AgNPs had a direct interaction with the sur-
face of Chlorella vulgaris cells, leading to the for-
mation of large aggregates. The exposure to AgNPs 
had a negative impact on both Chlorella vulgaris 
and Dunaliella tertiolecta. This was evidenced by a 
considerable decrease in chlorophyll content and 
viable algal cells, along with an increase in the for-
mation of reactive oxygen species (ROS) and lipid 
peroxidation.

Nikokherad et al.70 assessed the impact of expo-
sure to commercial AgNPs (30 nm) at concentra-
tions ranging from 0.5 mg/L on the growth of C. 
vulgaris and Spirulina platensis. Their findings indi-
cated that following 96 hours of exposure to con-
centrations equal to or exceeding 0.05 mg/L, both 
organisms experienced nearly complete growth in-
hibition.

A recent investigation by Abo-Elmagd et al.71 

delved into the exposure of the microalgae Chlo-
rella vulgaris and Chlorella minutissima to silver 
nanoparticles (AgNPs) biosynthesized using the 
cyanobacterium Oscillatoria limnetica and coated 
with gelatin. The AgNPs, characterized by average 
sizes of 8.47 nm and 17.66 nm for C. vulgaris and 
C. minutissima, respectively, exhibited both nega-
tive and positive charges. Following four days of 
exposure, a concentration of 100 μg/L of AgNPs 
resulted in a pronounced inhibition of cell growth, 
reducing it by 91.2% and 88.85% in C. vulgaris and 
C. minutissima, respectively.

However, prior investigations by Romero et al.65 
and Zhang et al.72 underscore the multifaceted na-
ture of AgNP toxicity, influenced by various factors 
such as preparation method, aggregation state, 
size, morphology, medium composition, exposure 
duration, and electrical charge. Zhang et al.72 par-
ticularly emphasize the substantial impact of Ag-
NPs’ surface charge on their accumulation kinetics 
within algal cells. Aguiar et al.4 observed a notable 
difference in the absorption rates between positive-
ly and negatively charged AgNPs, with the former 
exhibiting approximately 20 times higher absorp-
tion. Conversely, Silva et al.73 reported a reduc-
tion in the cell density of the microalgae Chlorella 
vulgaris by 40% following 96 hours of exposure 

to AgNPs, especially at the highest concentration 
examined (100 μg/L). These findings underscore 
the intricate interplay of various factors influencing 
the toxicological response of microalgae to AgNPs 
and highlight the necessity for comprehensive in-
vestigations to elucidate their impacts on aquatic 
ecosystems.

Interestingly, the sensitivity to AgNPs varied be-
tween the two algae species, indicating differences 
in their response to nanoparticle exposure. These 
adverse effects on phytoplanktonic algae can have 
significant consequences on the structure and func-
tioning of phytoplanktonic communities74.

The findings highlight the potential ecological 
implications of AgNP toxicity on important prima-
ry producers like phytoplankton, which play a vital 
role in aquatic ecosystems. Understanding the im-
pacts of nanoparticles on these key organisms is 
crucial for assessing the overall health and stability 
of aquatic environments.

The toxic effects of nanoparticles on phyto-
plankton can lead to significant alterations in the 
structure of the community. Álvarez-Manzaneda et 
al.34 conducted a study to investigate the impacts 
of environmentally relevant concentrations of Ag-
NPs on plankton communities in natural environ-
ments, using nominal concentrations of 4, 16, and 
64 μg/L. They observed that the AgNPs accumu-
lated in phytoplankton, resulting in changes to the 
biomass of the phytoplankton community34.

Pithophora oedongia and Chara vulgaris, two 
significant members of photosynthetic eukaryotic 
algae in the phytoplankton community, play vital 
roles in the global aquatic ecosystem. Dash et al.75 
conducted a study to assess the impact of silver 
nanoparticles (AgNPs) on the growth and mor-
phology of these algae. Their findings revealed 
that increasing concentrations of AgNPs led to a 
progressive reduction in chlorophyll content, chro-
mosomal instability, and mitotic disorders in the 
exposed algal stalks, resulting in morphological 
malformations in the filaments of Chara vulgaris. 
Microscopic images highlighted significant chang-
es in the cell walls, such as breakdown and deg-
radation, in the algae treated with nanoparticles. 
While these results indicate serious harmful effects 
of silver nanoparticles on aquatic organisms, they 
also present an opportunity for a bioengineering 
approach to manage the growth of harmful algae 
that can obstruct municipal water supplies, water 
channels, and cause fouling in water bodies. Un-
derstanding the impact of nanoparticles on algae 
can pave the way for innovative strategies in algae 
control, ultimately helping mitigate their detrimen-
tal effects on the environment.
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Figure 2 - Effects of NPs on Phytoplancton.

Yoo-iam et al.37 undertook a comprehensive inves-
tigation to evaluate the toxicity and bioaccumulation 
potential of materials incorporating silver nanoparti-
cles within the food chain. This study scrutinized two 
distinct forms of silver, namely Ag+ particles and nano 
Ag° (AgNPs), and their impact on Chlorella sp. The 
findings elucidated that Ag+ exhibited greater toxici-
ty compared to AgNPs across all four organisms as-
sessed. Specifically, the EC50 value for Ag+ toxicity in 
Chlorella sp. was determined to be 0.39±0.32 mg/L

These findings emphasize the potential disruption 
nanoparticles can cause to the delicate balance of 
aquatic ecosystems. As phytoplankton play a crucial 
role in the food web and are essential for sustaining 
marine life, any disturbances to their populations can 
have far-reaching consequences on the entire eco-
system. Therefore, understanding the interactions be-
tween nanoparticles and phytoplankton is crucial for 
assessing the ecological implications of nanomaterials 
in aquatic environments.

Effects of titanium nanoparticles
In chronic toxicity tests assessing the impact of ti-

tanium nanoparticles on the chlorophyte microalgae 
Pseudokirchneriella subcapitata, a notable inhibition of 
algal growth was observed at a concentration of 64 
mg/L of nano-TiO2. Additionally, the 96-hour exposure 
to nano-TiO2 resulted in a 50% inhibition concentra-
tion of algal cells (LC50 - 96h) at 201.22 mg/L42.

These findings underscore the potential adverse 
effects of titanium nanoparticles on aquatic micro-
organisms. As microalgae play a fundamental role 
in freshwater ecosystems by contributing to primary 
productivity and serving as a food source for higher 
trophic levels, their disruption can have cascading im-
pacts on the entire ecological balance. It is essential to 
comprehensively assess the toxicity of nanoparticles 
on various aquatic organisms to better understand 
their potential risks and develop effective strategies for 
environmental protection.

Effects of titanium and zinc nanoparticles
In their research, Takasu et al.74 delved into the re-

percussions of TiO2 and ZnO nanoparticles on natural 
phytoplankton communities in coastal waters. They 
observed a notable decline in the growth rates of 
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these communities upon exposure to 10 mg/L of TiO2 
and ZnO nanoparticles. Furthermore, the introduction 
of nanoparticles induced a shift in the size distribution 
of phytoplankton communities, with cyanobacteria 
displaying heightened susceptibility. Given that the di-
etary preferences of herbivores hinge heavily on algal 
cell size, nanoparticle pollution may disrupt higher tro-
phic levels. It’s worth highlighting that cyanobacteria 
play a pivotal role in the microbial loop, rendering this 
energy transfer mechanism potentially more vulnera-
ble to nanoparticle contamination (Figure 2).

Effects of magnetic nanoparticles
In the investigation of the effects of iron magnetic 

nanoparticles (Fe3O4, Cu-Fe2O4, and CoFe2O4) on the 
freshwater phytoplankton species Raphidocelis sub-
capitata, Melo76 observed that significant alterations in 
the physiological response of the microalgae occurred 
only at high nanoparticle concentrations exceeding 50 
mg/L. At these elevated concentrations, the magnetic 
nanoparticles induced an increase in lipid and protein 
concentrations within the microalgae. Furthermore, 
the study demonstrated that chlorophyll fluorescence 
parameters and oxidative stress, induced by the gen-
eration of reactive oxygen species (ROS), were partic-
ularly sensitive to the presence of nanoparticles, espe-
cially at higher concentrations. These findings highlight 
the potential impact of magnetic nanoparticles on 
microalgae and their physiological processes, warrant-
ing further investigation to assess their implications 
in aquatic ecosystems. Understanding the effects of 
nanoparticles on key components of the aquatic food 
web, such as phytoplankton, is crucial for a compre-
hensive evaluation of their environmental safety and 
potential risks.

Effects of si nanoparticles
In their comprehensive investigation, Wang et al.77 

thoroughly examined the toxic mechanism of nSiO2 
nanoparticles on the microalgae Nitzschia closterium 
f. minutissima through a series of growth inhibition ex-
periments. Spanning a duration of 96 hours, the study 
meticulously tracked the growth patterns and biolog-
ical responses of the algae under exposure to diverse 
concentrations of nSiO2, ranging from 0.5 to 30 mg/L, 
within f/2 media. The results unveiled a clear-cut inhibi-
tion of N. closterium f. minutissima growth, showcasing 
a concentration- and time-dependent trend influenced 
by the presence of the nanoparticles.

Effects of cuper nanoparticles
Vignardi et al.78 conducted an extensive explora-

tion into the ramifications of rapidly agglomerated Na-
no-Cu within seawater, elucidating subsequent reduc-

tions in particle size owing to Cu dissolution dynamics. 
Their meticulous investigation spanned several weeks, 
meticulously tracking dissolution rates that initial-
ly tapered from weeks 1 to 4, maintaining subdued 
levels until the 15th week, when larger agglomerates 
underwent rapid dissolution once more. Phytoplank-
ton communities underwent sequential 5-day expo-
sures to nano-Cu over aging periods spanning 1 to 15 
weeks, across concentrations ranging from 0.01 to 20 
ppm. Notably, toxicity to phytoplankton, as manifest-
ed by alterations in population growth rates, exhibited 
a discernible decline during the early stages of particle 
aging, from 0 to 4 weeks. However, a pronounced es-
calation in toxicity emerged in the 15-week treatment 
phase, likely attributable to the intensified Cu disso-
lution from reagglomerated particles. These insightful 
findings underscore the intricate interplay of physico-
chemical aging processes, significantly shaping the 
fate, transformation, and toxicity profiles of nano-Cu 
within marine ecosystems.

Effects of iron-based nanoparticles
The research led by D’ors et al.79 undertook a 

comprehensive analysis to assess the impact of nZVI 
nanoparticles (nanoscale zero-valent iron) on the 
growth rate, photosynthetic activity, and reactive oxy-
gen species (ROS) production in the freshwater green 
alga Scenedesmus armatus and the cyanobacterium 
Microcystis aeruginosa. Additionally, the study evalu-
ated microcystin production in these organisms. This 
extensive examination involved subjecting both algal 
species to individual exposures to nZVI at effective 
concentrations for 72 hours, aiming for a maximum 
response of 10% over a duration of 28 days. The find-
ings unveiled significant alterations in the cell growth 
rate of S. armatus initially, with subsequent normaliza-
tion to control levels after 28 days of exposure, while 
M. aeruginosa exhibited consistent responses compa-
rable to control values throughout the study period. 
Furthermore, the analysis revealed an increase in dark 
respiration (R) in both algal strains, contrasting with 
net photosynthesis (Pn), which remained relatively sta-
ble. Interestingly, gross photosynthesis (Pg) showed 
a modest increase at the 7-day mark, subsequently 
aligning with control levels by the 28th day of expo-
sure. Notably, the progressive generation of ROS by 
nZVI nanoparticles over the 28-day period was more 
pronounced in the green algae than in the cyano-
bacteria. These insightful findings from D’ors et al.79 

contribute valuable insights into the potential risks 
associated with nZVI exposure, thereby facilitating 
informed decision-making processes concerning the 
utilization of nZVI for environmental remediation 
purposes.
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Table 2 - Effects of nanoparticles on phytoplankton.

Study Nanoparticles Organism Effects/Findings

Conine et al. (2018)63 Silver nanoparticles (AgNPs) Phytoplankton communities

No significant effects on taxonomy, 
pigment concentration, or biomass 
observed in lakes after 2-year ex-
posure to environmentally relevant 
concentrations of AgNPs.

Baptista et al.(2015)64 Silver nanoparticles (AgNPs) Phytoplankton populations

Significant reduction in growth rates 
of phytoplankton and bacterioplank-
ton populations observed at concen-
trations ≥ 500 μg/L of AgNPs.

Romero et al.(2020)65 Silver nanoparticles (AgNPs) Chlorella vulgaris

Pronounced impairment in health 
status of Chlorella vulgaris, indi-
cating acute nanoparticle-induced 
stress.

Navarro  et al.(2008)66 Silver nanoparticles (AgNPs) Chlamydomonas reinhardtii

Toxicity of AgNPs mediated by Ag+ 
ions, indicating the role of AgNP-al-
gae interaction in influencing toxici-
ty.

Oukarroum  et al.(2012)67 Silver nanoparticles (AgNPs) Chlorella vulgaris, Dunaliella ter-
tiolecta

Direct interaction of AgNPs with al-
gal cell surface, leading to a decrease 
in chlorophyll content, viable algal 
cells, and an increase in ROS and 
lipid peroxidation.

Nikokherad  et al. (2022)68 Silver nanoparticles (AgNPs) Chlorella vulgaris, Spirulina platen-
sis

Growth inhibition observed in both 
organisms following 96-hour expo-
sure to concentrations ≥ 0.05 mg/L 
of commercial AgNPs.

Abo-Elmagd  et al. (2022)71 Silver nanoparticles (AgNPs) Chlorella vulgaris, Chlorella minu-
tissima

Pronounced inhibition of cell growth 
in both organisms following expo-
sure to 100 μg/L of biosynthesized 
AgNPs.

Takasu  et al. (2023)74 Titanium dioxide (TiO2), Zinc oxide 
(ZnO) Phytoplankton communities

Decline in growth rates of phyto-
plankton communities upon expo-
sure to 10 mg/L of TiO2 and ZnO 
nanoparticles, inducing a shift in size 
distribution, with heightened suscep-
tibility of cyanobacteria.

Melo (2016)76 Iron magnetic nanoparticles (Fe3O4, 
Cu-Fe2O4, CoFe2O4)

Raphidocelis subcapitata

Significant alterations in physiologi-
cal response of microalgae, increa-
sed lipid and protein concentrations, 
changes in chlorophyll fluorescence 
parameters and oxidative stress.

Wang  et al. (2024)77 Silicon dioxide (nSiO2) nanoparti-
cles Nitzschia Closterium f. minutissima

Inhibition of growth patterns in N. 
closterium f. minutissima in a con-
centration- and time-dependent 
manner influenced by nSiO2 nano-
particles.

Vignardi  et al. (2023)78 Copper nanoparticles (Cu) Phytoplankton communities

Sequential exposures to nano-Cu 
over aging periods induced toxicity 
in phytoplankton communities, with 
toxicity escalating at longer particle 
aging times.

D'ors et al. (2023)79 Nanoscale zero-valent iron (nZVI) Scenedesmus armatus, Microcystis 
aeruginosa

Significant alterations in cell growth 
rate, photosynthetic activity, ROS 
production, and microcystin pro-
duction observed in algae following 
nZVI exposure.

Advancing understanding of nanoparticle toxic-
ity on phytoplankton and aquatic ecosystems: fu-
ture directions and research opportunities

Future study could explore the ecological ram-
ifications of nanoparticles (NPs) on phytoplankton 
populations, delving into the intricate interactions 
between NPs and environmental factors. For in-

stance, investigations could focus on elucidating the 
mechanisms underlying the suppressive effects of 
NPs on phytoplankton growth and population dy-
namics. Additionally, studies could further examine 
the variability in phytoplankton responses to NPs, 
considering factors such as particle size, concentra-
tion, and exposure duration.
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Furthermore, research could aim to unravel the 
complexities of NP toxicity on phytoplankton com-
munities in natural environments. By conducting 
comprehensive evaluations, researchers can better 
understand how NP exposure influences taxonomy, 
pigment concentration, biomass, and other ecolog-
ical parameters within phytoplankton communities. 
Such studies could shed light on the adaptive mech-
anisms of phytoplankton to NP exposure and their 
implications for ecosystem functioning.

Exploring the potential ecological significance 
of NP toxicity on phytoplankton, particularly in the 
context of trophic interactions and community dy-
namics, would be valuable. Future investigations 
could assess the cascading effects of NP-induced 
alterations in phytoplankton populations on higher 
trophic levels and overall ecosystem stability. More-
over, studies focusing on the interactions between 
NPs and key components of the aquatic food web, 
such as zooplankton and fish, could provide insights 
into the broader ecological implications of NP expo-
sure in aquatic ecosystems.

Additionally, future research could delve into the 
underlying mechanisms of NP toxicity on phyto-
plankton at the cellular and molecular levels. By elu-
cidating how NPs disrupt cellular functions, induce 
oxidative stress, and interfere with physiological 
processes in phytoplankton, researchers can gain 
a deeper understanding of the mechanisms driving 
NP-induced toxicity. Furthermore, investigations 
into the fate and behavior of NPs in aquatic envi-
ronments, including their interactions with phyto-
plankton cell surfaces and internal organelles, would 
contribute to our knowledge of NP-phytoplankton 
interactions and their ecological consequences.

Overall, future articles should strive to advance 
our understanding of the ecological implications 
of NP exposure on phytoplankton populations and 
aquatic ecosystems. By addressing key knowledge 
gaps and exploring novel research avenues, re-
searchers can contribute to the development of in-
formed policies and management strategies aimed 
at safeguarding aquatic environments from the po-
tential risks associated with NP contamination.

CONCLUSION

In conclusion, the ecological focus on the effects 
of nanoparticles on zooplankton and phytoplankton 
and other aquatic organisms is of paramount im-
portance for understanding and mitigating potential 
environmental risks. The synthesis of nanoparticles 
using environmentally friendly approaches is being 
explored as an alternative to conventional chemical 
methods, which can generate toxic residues. How-
ever, before widespread adoption, thorough investi-
gations of the ecological impact of biologically syn-
thesized nanoparticles are necessary.

Studies have shown that nanoparticles can be 
toxic to various aquatic organisms, including zoo-
plankton, algae, plants, crustaceans, and fish. The 
toxicity of nanoparticles is influenced by factors 
such as particle size, concentration, and exposure 
duration.  Exemple, the release of toxic silver ions 
(Ag+) from AgNPs can further exacerbate their ad-
verse effects on aquatic biota. Due to the small size 
of nanoparticles, they can easily enter biological sys-
tems and disrupt cellular functions, leading to physi-
ological damage and altered behavior.

Various aquatic species, such as Daphnia, co-
pepods, and cladocerans, have been used as mod-
el organisms in ecotoxicological studies to assess 
the impacts of nanoparticles. Chronic exposure 
to nanoparticles has been shown to negatively af-
fect growth, reproduction, and feeding behavior of 
these organisms, indicating potential disruptions in 
the aquatic food web and overall ecosystem func-

tioning.
Understanding the dynamics of nanoparticle 

dissolution and the formation of protein coronas 
around nanoparticles is crucial for comprehend-
ing their behavior within living organisms and the 
environment. Additionally, mixture toxicity studies 
involving nanoparticles and environmental pollut-
ants require further attention, as realistic exposure 
scenarios may differ from controlled laboratory 
conditions.

It is evident from the research that nanoparticles 
can have diverse and complex effects on aquatic 
organisms, depending on their properties and inter-
actions with the environment. Therefore, standard-
ized methodologies and interdisciplinary approach-
es, including data science and nanoinformatics, are 
crucial for assessing and predicting the ecological 
implications of nanoparticles in aquatic ecosystems.

Overall, the findings from these studies under-
score the significance of ecological considerations 
in nanoparticle synthesis, as well as the necessity 
of comprehensive ecotoxicological assessments to 
safeguard the health and balance of aquatic eco-
systems. Implementing sustainable and responsible 
nanotechnology practices requires a deeper under-
standing of nanoparticle behavior and their poten-
tial impacts on aquatic biota, which will aid in the 
development of effective strategies for mitigating 
adverse effects and preserving the ecological integ-
rity of aquatic environments.
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Supplementary Material

Summary - Number of Studies per Nanoparticle Type and Organism Group.

Organism Group / 

Nanoparticle Type
AgNPs TiO₂ ZnO

CNTs

Carbon 

Nanotubes

Fe₃O₄, CuO, 

Polymers

Total 

per 

Group

5, 8, 16, 

37, 54
6, 39 6

3, 15, 21, 

40, 42, 55

6 (CuO), 26 

(GO + Ele-

ments), 41 

(GO)

18

4, 5, 8, 9, 

17, 29, 31, 

37, 53, 73

7, 10, 39, 

61

10, 32, 36, 

38, 43, 44, 

46, 48, 49

21, 41, 57, 

58

34 (Mag-

netic), 46 

(ZnSO₄), 59 

(Fe₃O₄), 60 

(Nanopla

39

14, 28, 37, 

63, 65, 66, 

67, 68, 69, 

70, 71, 75

10, 50, 

61, 74

36, 49, 50, 

51, 74

74 (CuO), 

76 (Mag-

netic), 77 

(nSiO₂, 

mPS), 78 

(CuO), 79 

(Fe)

29

Fish

D. rerio, O. niloticus

Crustaceans 

Daphnia, Ceriodaph-

nia, Shrimp

Algae 

Chlorella, 

Pseudokirchneriella

Other Invertebrates  

Caenorhabdi-tis, 

Hydra, 

Chironomus

17, 20, 23, 

33, 37, 47
47

22 (TiO₂ 

on Droso-

phila), 23 

(Nitroso-

monas), 33 

(CdSe), 34 

(Magnetic), 

37 (Chiro-

nomus), 47 

(ZnO)

13
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Organism Group / 

Nanoparticle Type
AgNPs TiO₂ ZnO

CNTs

Carbon 

Nanotubes

Fe₃O₄, CuO, 

Polymers

Total 

per 

Group

Communities/Assays 

with Multiple Orga-

nisms

63, 64, 69, 

70
61, 74 74 30 (GO), 58

74 (CuO), 78 

(CuO)
12

Human Cells/ in vi-

tro Assays
24, 25, 35

24 (Fe₃O₄, 

MoO₃), 25 

(Ag, TiO₂), 35 

(Ag)

6

Reviews / Modeling 

/ Other

1, 2, 13, 

16, 18, 45, 

52

1, 45, 52
12, 45, 

49, 52

1, 2, 45, 52, 

56

1, 2, 12, 45, 

52, 72
19

Total per Nanopar-

ticle
30 13 15 12 22 92

Legend and Explanatory Notes:	

AgNPs: Silver Nanoparticles.

TiO₂: Titanium Dioxide.

ZnO: Zinc Oxide.

CNTs: Carbon Nanotubes (including multi-walled carbon nanotubes).

Other: Includes a variety of nanoparticles such as copper oxide (CuO), iron oxide (Fe₃O₄, Fe), cerium oxide, 
quantum dots (CdSe), nanoplastics, graphene oxide (GO), among others.

Counting: The numbers in the cells refer to the IDs of the references listed in your query. The total count 
(92) is higher than the total number of references (79) because many studies investigated more than one type 
of nanoparticle or organism.

Grouping:

Crustaceans: Includes cladocerans (Daphnia, Ceriodaphnia), copepods, shrimp, and Artemia.

Algae: Includes microalgae and cyanobacteria.

Reviews: This category groups review articles, modeling studies, synthesis, and characterization papers that 
did not perform specific ecotoxicological assays with organisms.

continuation...

https://creativecommons.org/licenses/by/4.0/

