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Abstract
The fragmentation of plastic litter into smaller fragments, known as microplastics and nanoplastics, as well as their 
toxicity and environmental distribution have become issues of high concern. Furthermore, the popularization of 
bioplastics as a greener substitute of conventional plastics represents a challenge for the scientific community in 
view of the limited information concerning their potential environmental impact. Here, we systematically review 
the recent knowledge on the environmental fate and toxicity of nanoplastics in freshwater environments, discuss 
the results obtained thus far, and identify several knowledge gaps. The sources and environmental behaviors of 
nanoplastics are presented considering in vitro, in vivo, and in silico studies with a focus on real exposure scenarios. 
Their effects on organisms are classified based on their impact on primary producers, primary consumers, and 
secondary consumers. This review covers the main results published in the last four years, including all relevant 
experimental details and highlighting the most sensitive toxicity endpoints assessed in every study. We also 
include more recent results on the potential environmental impact of biodegradable plastics, a type of material 
belonging to the category of bioplastics for which there are still scarce data. This review identifies a need to 
perform studies using secondary nanoplastics rather than synthetic commercial materials as well as to include 
other polymers apart from polystyrene. There is also an urgent need to assess the possible risk of nanoplastics at 
environmentally realistic concentrations using sublethal endpoints and long-term assays.
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INTRODUCTION
Global plastic pollution is a social, political, and scientific cause for concern due to the large amount of 
plastic litter currently ending up in the environment[1]. Approximately, 9 × 1012 tons of plastics have been 
marketed since 1950, with a current annual production of > 360 million tons[2]. Despite the recent slight 
reduction in global plastic manufacturing, the increasing social awareness concerning this type of materials, 
and the political attempts to regulate single-use plastics, the global trends in plastic use by segments are 
preserved[3,4]. A considerable amount of these plastics ends up in the environment through different 
dissemination pathways[5-8]. For instance, the occurrence of microplastics (MPs) in the upper ocean layer has 
been estimated at 0.8-5.8 × 105 tons, equivalent to > 1019 items[9]. A major source of ocean plastic pollution 
comes from rivers, the contribution of which has been estimated to range 0.8-2.7 × 106 tons/year[10].

Plastic fragmentation proceeds due to environmental factors such as photodegradation, hydrolysis, or 
physical abrasion that ultimately result in small fragments, the smallest of which are termed nanoplastics 
(NPLs)[11-13]. Despite the limited knowledge of the actual role of different aging processes, the potential 
release of NPLs from MPs raises the possibility of increasing by several orders of magnitude the number of 
plastic fragments in the environment[14]. The main property defining NPLs is their size, specifically the 
length of their largest dimension. There is no agreement within the scientific community regarding the 
upper limit of this size range. Some authors use the limit of 100 nm[15,16], while others prefer 1000 nm[17,18]. 
There are reasons to support any of these definitions based on analytical limitations or colloidal behavior in 
water suspension, but a detailed discussion is outside the scope of this review. Overall, NPLs must be 
considered emerging pollutants with specific properties, different from both larger plastic items, such as 
MPs, and engineered nanomaterials[19].

Plastic pollutants can be divided into two categories: “primary” refers to plastic items intentionally produced 
in that specific size and shape that end up in the environment as a consequence of their use or due to waste 
mismanagement[20] and “secondary” denotes plastic items that are caused by the environmental 
fragmentation of larger particles[21,22]. This criterion allows policymakers to establish regulations based on 
their different environmental risks[23]. It is also important to consider the aging processes they undergo 
because of their influence on reactivity, release of additives, pollutants adsorption behavior, and integrity of 
plastic particles, among others[24,25]. Furthermore, it is important to include the weathering degree of plastic 
as an additional criterion for particle characterization. For this propose, standardized methods are needed. 
The literature provides some approaches that may be useful, such as those based on the oxygen-containing 
surface groups[26-28]. However, precise characterization criteria for plastic particles are still needed to evaluate 
the environmental risk of plastic pollution, especially concerning the lower size ranges.

The assessment of NPLs in complex matrices has been hindered by the limited availability of adequate 
analytical techniques, although new recent tools and methodologies, particularly those based on mass 
spectrometry, have allowed significant progress in that direction[28,29]. Recent reports concerning NPLs 
occurrence in the environment have shown their presence in different aqueous and terrestrial 
compartments, and their widespread presence is generally assumed[30-32]. In parallel, investigation on the 
potential effects of NPLs to the biota is receiving increasing attention driven by data showing that they are 
potentially more harmful than larger fragments. NPLs can be internalized by cells through either passively 
crossing the cellular membrane (promoted by their hydrophobicity and small size) or endocytic 
processes[33,34]. Furthermore, their large surface area to volume ratio makes them more prone to interact with 
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environmental contaminants[35]. The capacity to act as a vector for the transfer of pollutants to aquatic 
organisms has been termed the “Trojan Horse” effect and is the subject of active research[36].

The goal of this review is to discuss the recently reported studies (since 2019) on the effects of NPLs to 
freshwater organisms. The articles were selected from a first thorough search using the Web of Science 
citation database with the keywords defining this review (nanoplastics, environmental fate, toxicity, and 
freshwater organisms) followed by a cross-referencing search in an attempt to identify all relevant articles 
covering the nanoplastic toxicity towards freshwater organisms. A screening of similar articles from the 
same groups led to the set of references cited herein. Although most published results refer to polystyrene 
(PS) NPLs, we also review those obtained with other polymers, with an emphasis on secondary NPLs rather 
than those specifically produced in that size. Furthermore, as potential replacing material for the traditional 
oil-based plastics, we include a section focused on the impact of biodegradable plastics in the environment. 
As the environmental fate of NPLs is widely determined by the stability of their colloidal properties, we 
reserve one specific section to review the existing body of knowledge on this specific topic. In what follows, 
studies are classified based on the trophic level of the organisms: primary producers, primary consumers, 
and secondary producers. Studies concerning the combined toxicity of NPLs and other emerging pollutants 
are also reviewed. Finally, this review identifies research needs and gives recommendations aimed at 
minimizing NPLs pollution in the environment.

SOURCE AND OCCURRENCE OF NPLS IN FRESHWATER ENVIRONMENTS
The emission sources as well as the impact of NPLs in the environment remain largely unknown mainly due 
to the limitations concerning the characterization and identification of small carbon-based particles in 
complex matrices[15]. In this context, studies are increasingly addressing the potential release of primary and 
secondary NPLs under relevant conditions. Regarding primary NPLs, it has been shown that the use of 
facial scrub may release over 1013 sub-micron particles per gram of product, mostly discarded with 
household wastewater[29]. Several studies have addressed the continuous release of NPLs from larger plastic 
items subject to environmental degradation. Nylon and polyethylene terephthalate (PET) teabags have been 
shown to release > 1012 NPLs (< 100 nm) along with a similar number of MPs into a single cup of tea[37]. 
Morgana et al. determined that a single face mask could release up to 108 NPLs under mechanical stress 
forces mimicking those encountered in the environment[38]. Zhang et al. demonstrated the release of NPLs 
from the surface of recycled PVC[39]. Sorasan et al. reported the generation of up to 1010 NPLs per gram of 
low-density polyethylene (LDPE) after the exposure of MPs to mechanical agitation and the equivalent to 
one year of solar irradiation[11]. Luo et al. estimated a release of up to 3000 polypropylene (PP) items (MPs 
and NPs) per mm2 of plastic chopping boards[40]. Munoz et al. used in vitro experiments to simulate vaginal 
conditions and estimated a release of up to 1.7 × 1013 NPLs per tampon after 2 h of use[41]. The available 
results show the existence of a number of potential sources of NPLs that may eventually end up in the 
environment, posing a risk to biota and human health.

Obtaining reliable NPL concentrations in environmental samples remains highly challenging despite the 
considerable efforts paid and the advances currently ongoing. In this regard, Xu et al. combined a 
concentration pretreatment (< 1 µm followed by ultrafiltration through 100 kDa membranes) with pyrolysis 
gas chromatography-mass spectrometry (Py-GC/MS) to identify and quantify NPLs from surface water and 
groundwater and reported a total mass concentration reaching 100s ng/L for PP and polyethylene (PE), 
which were the main polymers identified[42]. It is important to note that mass spectrometry techniques 
provide mass concentrations but cannot give particle concentrations. Materić et al. analyzed the presence of 
NPLs in freshwaters from the Siberian Arctic tundra and a forest location in southern Sweden using thermal 
desorption proton transfer-reaction mass spectrometry (TD-PTR-MS). They identified four polymers, PE, 
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polyvinyl chloride (PVC), PP, and PET, in different lake and stream samples, with a mean concentration of 
total nanoplastics (< 0.2 μm) as high as 563 μg/L[43]. A study from the same group reported a concentration 
of PET and PVC in the 5-23 μg/L range in Alpine snow[44]. These experimental data are not only very 
different from each other but also several orders of magnitude higher than the 0.14-1.4 ng/L range 
calculated combining the total estimated mass of plastic debris with 3D fragmentation models[45]. The 
differences may be attributed to the heterogenous distribution of plastics or to a low model accuracy, but 
they evidence the lack of reliable field data concerning actual environmental concentrations of NPLs. 
Further efforts should be done in this direction supported by the current development of more accurate and 
efficient techniques that allow NPL identification and quantification in environmental samples.

PHYSICOCHEMICAL BEHAVIOR OF NPLS IN FRESHWATER
The occurrence of NPLs in freshwater implies their interaction with biota as well as other compounds 
naturally present such as natural organic matter (NOM), extracellular polymeric substances (EPS), or 
inorganic compounds (ions, including metals, clay, and other minerals), among others. Such interactions 
modulate the different mobility, toxicity, bioavailability, distribution, and fate of NPLs[20,46]. The 
stability/aggregation behavior of NPLs is addressed based on the Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory that combines the effects of van der Waals attraction forces and electrostatic repulsion 
between charged particles, although other non-DLVO interactions, such as bridging flocculation, patch-
charge attraction, π-π interaction, or steric repulsion, may be also involved in the aggregation process of 
NPLs[47,48]. The aggregation kinetics of NPLs is frequently given by the evolution of hydrodynamic size (dH) 
with increasing concentration of a given ion, which allow determining the critical coagulation concentration 
(CCC, or the concentration at which the aggregation rate is maximum). CCC has been commonly used to 
assess the stability of NPLs under different environmental conditions[49-51]. Table 1 shows CCC values 
reported in the literature for different NPLs.

The stability of PS-NPL suspensions decreases as the concentration of monovalent ions increases as result of 
the screening effects of the ions that reduce repulsion forces. The aggregation is higher in the presence of 
divalent ions (using CaCl2), in agreement with the Schulze-Hardy rule stating that higher valence ions result 
in faster aggregation due to the compression of the electrical double layer[50,52,60]. This tendency has also been 
reported for other mono- and divalent ions using K+, Mg2+, and Ba2+[55]. Indeed, trivalent ions such as Al3+ 

have been proposed as strong coagulants for NPL removal[62]. Similar results were obtained for heavy metal 
salts[50]. Concerning surface modified NPLs, it has been reported that carboxyl modified PS-COOH displays 
similar stability as non-functionalized PS-NPLs, while, in the case of amino-modified PS-NH2, the 
suspension remained stable even at concentrations as high as 1 and 0.15 M of NaCl and CaCl2, 
respectively[51]. Similar observations have been reported for irregularly shaped NPLs, which otherwise 
presented lower CCC values compared with spherical PS-NPLs under similar conditions, indicating less 
stability of irregularly shaped NPLs aqueous suspensions[49,61]. Weathering is another effect that influences 
NPL fate in the environment. Recent reports assessed the stability of UV-aged NPL suspensions, showing 
higher stability of aged NPLs due to the increase in oxygen-containing functional groups that decrease 
particle hydrophobicity and increase the absolute value of the ζ-potential of negatively charged NPLs[55,59]. 
The stabilization of irradiated and oxidized PS-NPLs has been attributed to stronger Lewis acid-base 
interactions that resulted in higher hydration forces. In contrast, UV-aged PS-NPL suspensions displayed 
less stability than their pristine counterparts when exposed to increasing concentration of divalent cations. 
This finding has also been attributed to the bridging of oxygen-containing functional groups with Ca2+, 
thereby promoting the aggregation of UV-irradiated PS-NPLs in CaCl2 solutions[60]. Interestingly, when the 
weathering is simulated by ozonation, the stability of PS-NPL suspensions increased in the presence of both 
monovalent and divalent cations attributed to the steric repulsion caused by the attachment of organic 
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Table 1. Critical coagulation concentration for different NPLs assessed in the presence of mono- and divalent electrolytes as well as 
different types of natural organic matter or particulate material

NPLs Size (nm) Surface, shape, and  
molecular properties

CCC (mmol/L) 
NaCl/CaCl2

CCC (mmol/L) 
NaCl/CaCl2 
with (NOM/PM)

pH Refs.

PS 20 Spherical, NF 311/13 > 300/ > 25 (BSA, 2 mg/L) 
10/4.6 (TRY, 2 mg/L)

5 [47]

PS 30 Spherical, NF 540/11 NA 6 [52]

PS 30 Spherical, COOH- 800/10-15 =/= (SRHA, 0.5 mg C/L) 
=/= (SRHA, 5 mg C/L)

~5 [53]

PS 50 Spherical, NF 264/29 167/20 (CeO2-NPs), 
↓/↓ (CeO2-NPs+HA 0.1 mg C/L) 
↑/= (CeO2-NPs+HA 5 mg C/L) 
↑/↑ (CeO2-NPs+HA 10 mg C/L)

5 [54]

PS 50 Spherical, COOH- 191/16 60/8 (CeO2-NPs) 
↓/= (CeO2-NPs+HA 0.1 mg C/L) 
↑/↑ (CeO2-NPs+HA 5 mg C/L) 
↑/↑ (CeO2-NPs+HA 10 mg C/L)

5 [54]

PS 50 Spherical, NH2- Stable up to 
1000/100

182/27 (CeO2-NPs) 
=/↓ (CeO2-NPs+HA 0.1 mg C/L) 
↑/= (CeO2-NPs+HA 5 mg C/L) 
↑/↑ (CeO2-NPs+HA 10 mg C/L)

5 [48]

PS 50 Spherical, C2H2O- 84/10 78/11 (CeO2-NPs) 
↑/↑ (CeO2-NPs+HA 0.1 mg C/L) 
↑/= (CeO2-NPs+HA 5 mg C/L) 
↑/↑ (CeO2-NPs+HA 10 mg C/L)

5 [48]

PS 80 Spherical, SO3H- 264/29 47/2 (CeO2-NPs) 
↑/↑ (CeO2-NPs+HA 0.1 mg C/L) 
↑/= (CeO2-NPs+HA 5 mg C/L) 
↑/↑ (CeO2-NPs+HA 10 mg C/L)

5 [48]

PS 50-100 Spherical, NF 450/33 NA 6 [55]

PS 50-100 Spherical, NF  
UV-oxidized (5 h)

530/18 NA 6 [55]

PS 50-100 Spherical, NF 
UV-oxidized (24 h)

760/8 NA 6 [55]

PS 50-100 Spherical, NF 460/32 > 1000/15 (EPS, 2 mg C/L) 
> 1000/10 (BSA, 2 mg C/L) 
> 1000/6 (HA, 2 mg C/L) 
> 1000/NA (SA, 2 mg C/L)

6 [54]

PS 50-100 Spherical, NF 585/NA 1200/NA (HA, 2 mg C/L) 
485/NA (DBC, 2 mg C/L)

7 [56]

PS 50-100 Spherical, NF  
UV-oxidized (12 h)

700/NA 1100/NA (HA, 2 mg C/L) 
635/NA (DBC, 2 mg C/L)

7 [56]

PS 50-100 Spherical, NF 270/22 ↑/5 (BSA, 2.5 mg C/L) 
↑/7 (Col I, 2.5 mg C/L) 
↑/↑ (CS, 2.5 mg C/L) 
=/< 10 (BHb, 2.5 mg C/L) 
↑/< 10 (HSA, 2.5 mg C/L)

6 [57]

PS 90 Spherical, NF 159/12 3000/10 (SRHA, 5 mg C/L) 
3000/11 (SRFA, 5 mg C/L)

6 [58]

PS 100 Spherical, NF 591/71 ↑/NA (EPS) 7.5 [59]

PS 100 Spherical, NF 361/32 > 300/ > 25 (BSA, 2 mg/L) 
46/5 (TRY, 2 mg/L)

5 [47]

PS 100 Spherical, NF UV+H2O2-oxidized (60 h) 957/NA NA 7.5 [59]

PS 100 Spherical, NF UV+H2O2-oxidized (120 h) 1108/NA NA 7.5 [59]

PS 100 Spherical, NF 198/21 705/12 (HA, 2 mg C/L) 
494/23 (SA, 2 mg C/L) 
169/10 (Lz, 2 mg C/L)

[60]

PS 100 Spherical, NF  
UV-oxidized (12 h)

293/21 480/14 (HA, 2 mg C/L) 
200/18 (SA, 2 mg C/L) 
74/13 (Lz, 2 mg C/L)

5 [60]

Spherical, NF PS 100 411/10 NA 5 [60]
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UV-oxidized (24 h)

PS 100 Spherical, NF 
O3-oxidized (15 min)

> 500/28 > 700/20 (HA, 2 mg C/L) 
> 700/20 (SA, 2 mg C/L) 
46/10 (Lz, 2 mg C/L)

5 [60]

PS 100 Spherical, NF  
O3-oxidized (30 min)

> 500/37 NA 5 [60]

PS 100 Spherical, NF 349/34 NA 6 [61]

PS 200 Spherical, NF 310/29 410/NA (SRHA, 1 mg C/L) 
1138/NA (SRHA, 5 mg C/L)

7.4 [51]

PS 200 Spherical, COOH- 308/28 393/NA (SRHA, 1 mg C/L) 
999/NA (SRHA, 5 mg C/L)

7.4 [51]

PS 200 Spherical, NH2- Stable up to 
1000/150

132/NA (SRHA, 5 mg C/L) 
209/NA (SRHA, 10 mg C/L)

7.4 [51]

PS 200 Spherical, COOH- > 1000/NA NA [49]

PS 240 Spherical, NF (dialysed) 140/25 545/6 (HA, 5 mg/L) 
83/NA (Clay colloids, 50 mg/L) 
73/NA (Clay colloids, 100 mg/L)

6 [50]

PE 250-750 Spherical, NF ~80/0.1 120/0.4 (SRHA, 5 mg C/L) ~ 5 [53]

PS 350 Irregular, mechanically degraded 59/NA HA 30 mg/L stabilized NPLs at ~530 nm 
SA 57 mg/L stabilized NPLs at ~820 nm

6.5 [49]

PET 300-700 Irregular, mechanically degraded 54/2 559/12 (HA, 1 mg/L) 6 [61]

NA refers to data not available in the specific study. The symbols “↑”, “↓”, and “=” refer to increase, decrease, and non-variation, respectively, of 
CCC in the presence of NOM or PM with respect to the values with the electrolyte only. CCC: Critical coagulation concentration; NPLs: 
nanoplastics; NOM: natural organic matter; PM: particulate matter; PS: polystyrene; PE: polyethylene; PET: polyethylene terephthalate; NF: non-
functionalized; COOH-: surface carboxylate modified; NH2: surface amino modified; C2H2O-: ethylated surface; HA: humic acids; SRHA: 
Suwannee River humic acids; SRFA: Suwannee River fluvic acids; EPS: extracellular polymeric substances; BSA: bovine serum albumin; SA: sodium 
alginates; TRY: bovine trypsin; Col I: collagen type I; DBC: dissolved black carbon; CS: bovine casein; BHb: bovine hemoglobin; HSA: human serum 
albumin; Lz: lysozyme.

matter released from PS degradation[60]. Temperature has also been reported as an important factor 
determining NPL behavior in aqueous suspensions. It has been shown that temperature increases reduce 
the CCC values of PS-NPLs, promoting NPL aggregation[50].

NOM, ionic strength (IS), and pH are the most relevant parameters determining the fate of NPLs in real 
freshwater[49]. The influence of NOM on the stabilization of NPL suspensions depends on the simultaneous 
presence of electrolytes as well as the concentration and type of NOM[60]. The differences have been 
attributed to the thickness of the macromolecular layer adsorbed onto the surface of NPLs[54]. Despite the 
limited number of studies addressing the stability of non-pristine NPL suspensions, it has been reported 
that mechanically degraded PS-NPL suspensions stabilize in the presence of humic acids (HA) through 
electrostatic and steric repulsions, as well as with sodium alginate (SA) via hydrogen bonds and van der 
Waals interactions[49]. The stability of UV-aged PS-NPLs increased in the presence of monovalent 
electrolytes, although SA yielded less stable suspensions. However, ozonated PS-NPL suspensions displayed 
higher stability in the presence of HA and SA, in the presence of both mono- and divalent electrolytes[60].

The concentration of mono- and divalent ions reported for freshwater bodies rarely exceeds ~50 mM for 
Na+ and ~2.5 mM for Ca2+. Therefore, it is likely that most NPL suspensions are stable in natural freshwater 
ecosystems since their CCC values are considerably higher[63]. However, freshwater may contain other 
substances than those reviewed here that could co-occur with NPLs and modify the stability of their 
suspensions. The results summarized in the Table 2 indicate that most tested NPL suspensions displayed 
considerable stability. This implies that NPLs in freshwater ecosystems would be bioavailable within the 
water column and that their fate and distribution would be dominated by their mobility throughout the 
water column.
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Table 2. Stability of NPLs in different natural freshwaters

NPLs Size 
(nm) Surface Time 

(min) River water Lake water Groundwater Refs.

PS 240 Spherical, NF (dialysed) 10 Stable at ~255 nm NA Stable at  
~240 nm

[50]

PE 250-750 Spherical, NF 60 Stable at ~250-750 nm NA Unstable [55]

PS 25 Spherical, NF 10 
days

Increase POM stable at ~4 
µm

Increase POM stable at ~4 
µm

NA [46]

PS 90 Spherical, NF 180 Stable at  
90-200 nm

Unstable, 
> 490 nm

Stable at  
90-200 nm

[57]

PS 100 Spherical, NF 15 Stable at 
~100 nm

Stable at 
~100 nm

Stable at 
~100 nm

[60]

PS 100 Spherical, NF surface UV-oxidized 
(12 h)

15 Stable at 
~100 nm

Stable at 
~100 nm

Stable at 
~100 nm

[60]

PS 100 Spherical, NF surface O3-oxidized 
(15 min)

15 Stable at 
~100 nm

Stable at 
~100 nm

Stable at 
~100 nm

[60]

PS 50-100 Spherical, NF 120 Stable NA NA [64]

NA refers to data not available in the specific study. NF: Non-functionalized; NPLs: nanoplastics; PS: polystyrene; PE: polyethylene.

It is important to note that all the results listed in the preceding tables (and most of those in the following 
ones) correspond to spherical PS particles specifically produced in that size and not to incidental secondary 
NPLs, which would be expected to display a variety of shapes. This is a limitation found in most of the 
literature concerning NPLs and the reason we also include in this review article some other polymeric NPs 
such as poly(amidoamine) (PAMAM) dendrimers, which are not conceptually distant from PS latexes.

NPL TOXICITY TOWARDS FRESHWATER PRIMARY PRODUCERS
Freshwater primary producers such as benthic algae and cyanobacteria (periphyton), phytoplankton 
(suspended algae and cyanobacteria), and macrophytes are crucial for the preservation of freshwater trophic 
chains. Considering the large amount of plastic litter transported by rivers, NPLs are expected to influence 
primary producers[65]. Table 3 summarizes the main recently published findings on the single and combined 
toxicity of NPLs towards freshwater primary producers (excluding macrophytes), highlighting the more 
sensitive toxicity endpoints as reported by the authors. Thus far, most of the in vitro studies have assessed 
NPL toxicity at high concentrations. This approach may disclose potential biological targets (such as ROS 
homeostasis alteration and photosynthesis impairment) of NPLs and establish dose-response curves to 
further understand the toxicological behavior of NPLs and their interaction with other pollutants[91]. It has 
been shown that both micrometric and nanometric plastic particles may trigger clear effects at high 
concentrations. In addition, 100 nm PS-NPLs have been shown to cause higher growth inhibition, higher 
ROS and lipid peroxidation levels, and overproduction of antioxidant enzymes in the algae Chlamydomonas 
reinhardtii compared to 100 µm MPs at the same mass concentration[66]. Furthermore, the internalization of 
NPLs in algae and cyanobacteria has been reported for sizes between 20 and 100 nm[67,78], as well as in 
microalgae for sizes up to 2 µm[68]. This process occurs through different potential pathways: (1) direct 
crossing through the porous structures of cell envelopes for NPLs < 20 nm; (2) direct passage through the 
cell wall owing to increased cell membrane permeability during cell cycling (up to 140% of the normal 
permeability); and (3) endocytosis for larger NPLs[92]. These processes, together with NPL attachment onto 
the cell surface, may result in the ingestion of NPLs by grazers[93]. Apart from their effects at high 
concentrations, NPL concentrations ≤ 1 mg/L have been reported to cause effects on primary producers. 
Xiao et al. observed a reduction in pigment content (chlorophyll b) and an increase in superoxide dismutase 
(SOD) activity in Euglena gracilis exposed to 1 mg/L of 100 nm PS-NPLs[67]. Wang et al. reported a growth 
inhibition of 15.6% in Chlorella pyrenoidosa upon exposure to 1 mg/L of 600 nm PS-NPLs[79]. 
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Table 3. Toxicological effects of NPLs on freshwater primary producers

Type of 
exposure

Size 
(nm)

Concentration 
tested (mg/L) Test organism Exposure 

time
Most sensitive 
parameter Effects Refs.

Single exposure

PS-NPLs 100 50-500 Chlamydomonas 
reinhardtii

0-96 h POD activity (U/mg 
of protein)

EC50 300 mg/L (growth inhibition). 
Decrease in chlorophyll a and b and 
carotenoid contents. 
Decrease in chlorophyll 
autofluorescence. 
Promotion of EPS content. 
Increase SOD, CAT, and POD 
activity. 
Increase in cell size, lipid 
peroxidation (MDA) and cell 
membrane permeability. 
Particle internalization through 
endocytosis

[66]

FL-PS-NPLs 100 0.5-50 Euglena gracilis 24 h and 
96 h

SOD activity (U/mg 
of protein)

Growth inhibition rate 35.5% (50 
mg/L) and limited internalization. 
Decreased pigment contents (Chlb) 
and increased SOD and POD 
activity. 
Biological pathways “environmental 
adaptation and glycan biosynthesis” 
and “metabolism” were altered

[67]

FL-PS-NPLs 1000 
and 
1000 + 
2000 
(mix)

10 Scenedesmus 
quadricauda

24-96 h Cell % containing 
particles

Mixture growth inhibition 38.0%, 
28.1%, 36.5%, and 39.1% at 24, 48, 
72, and 96 h, respectively. 
In average, 43.3% of algae cells 
contained 1000 nm-PS particles

[68]

PE-R  
PE-N 

Filtered 
by 0.45 
µm

0.001-10 Scenedemus 
subspicatus

48 h Algae concentration 
(cell/ml)

PE-R at 10 mg/L growth inhibition 
20.6% (48 h). 
PE-N all concentrations ~50.2% 
(growth inhibition) related to the 
accumulation of several trace 
metals

[69]

PSNH2-
NPLs

50 2-9 Synechococcus 
elongatus

48 h Membrane 
permeability 
(RFU/106 cells)

Growth inhibition EC50 3.81 mg/L. 
Oxidative stress and membrane 
destruction. 
GSH activity decreased. 
Disruption of glutathione 
metabolism and damage to 
membrane integrity

[70]

PSNH2-
NPLs

50 3.4 and 6.8 Microcystis aeruginosa 48 h and 
10 d

Membrane 
permeability 
(RFU/106 cells)

Growth inhibition rate 23.6% and 
46.1% exposed to 3.4 and 6.8 
mg/L, respectively, for 48 h. 
Internalization and accumulation 
(using FL-PSNH2-NPLs). 
Reduction of chlorophyll a content. 
Oxidative stress and cell membrane 
permeability increase. 
Promotion of microcystin synthesis 
and release. 
Biological pathways related to PSII 
efficiency and carbohydrate 
metabolism were downregulated. 
Proteins involved in biological 
transport (ABC) were upregulated

[71]

Growth inhibition rates 26.6%, 
33.9%, 43.9% and 49.2% exposed 
to 5, 25, 50 and 100 mg/L, 
respectively. 
Fluorescence yield dropped with 
increasing concentrations. 
PSII activity (Fv/Fm) inhibited at all 
concentrations. 
Increase in lipid peroxidation 
(MDA) and soluble proteins 
(osmoregulation). 
Decrease in EPS and cell settlement 

PS-NPLs 300-
600

5-100 Chlamydomonas 
reinhardtii

10 d Growth inhibition 
rate (%)

[72]
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with increasing concentration.

FL-PS-NPLs 100 10-100 Scenedesmus obliquus 24 h and 
72 h

Relative growth rate NPLs damage reduced under 
climate change mimicking 
conditions (elevated CO2 
concentration and warmer 
temperatures)

[73]

FL-PS-NPLs 100 and 
1000

5 Microcystis aeruginosa 0-96 h ROS level (%) 1000 nm particles promoted algal 
growth (12.4% at 96 h), increased 
intracellular microcystins content 
but inhibited their release. 
100 nm particles promote 
microcystins production

[74]

PS-NPLs 80 1-10 Chlorella pyrenoidosa 0-21 d CAT activity (U/mg 
of protein)

Maximum growth inhibition rate 
7.55% at 10 mg/L after 9 d. Slight 
growth promotion at the lowest 
concentration after the 15th day of 
exposure. 
Decrease in chlorophyll a and b and 
carotenoid contents. 
Increase SOD, CAT and POD 
activity. 
The most affected biological 
pathway was aminoacyl-tRNA. 
biosynthesis pathway

[75]

PS-NPLs 80 5-50 Chlorella pyrenoidosa 0-6 h MDA content (%) NPLs at concentrations 5-50 mg/L 
induced growth inhibition after 48 h 
of exposure (maximum 27.7 % at 
50 mg/L). 
Inhibition in algal photosynthetic 
pigment and photosynthetic 
efficiency (Fv/Fm). 
ROS and MDA increase along with 
increase of SOD and CAT activities. 
NPLs inhibition ascribed to the 
blockage of the gene expression of 
aminoacyl tRNA synthetase

[75]

PS-NPLs 60 25-100 Microcystis aeruginosa 0-30 d Lipid peroxidation 
(MDA)

Maximum growth inhibition rate 
60.2% at 100 mg/L after 8 d. 
Increase in aggregation rate of algal 
cells. 
Photosynthetic efficiency inhibition 
and alteration of pigments content. 
Increase in lipid peroxidation 
(MDA).

[76]

PS-NPLs 100 10-100 Planktothrix 
agardhii (strain 
NIVA-CYA 630)

0-7 d Infection prevalence 
(%)

100 mg/L of NPLs caused a growth 
inhibition regardless nutrient load 
(low/high) while controls growth 
was higher under high nutrients 
conditions. 
Prevalence and intensity of infection 
by Rhizophydium megarrhizum 
(strain NIVA-Chy Kol2008), an 
obligate fungal chytrid parasite, was 
significantly lower in presence of 
100 mg/L NPLs, while sporangial 
size was not affected by NPLs

[77]

Combined exposure

Growth inhibition EC50 64.4 mg/L. 
NPLs induced ROS overproduction, 
lipid peroxidation, increased cell 
membrane permeability and 
depolarization, intracellular 
acidification, and reduction of 
photosynthetic efficiency (oxygen 
evolution). NPLs internalization was 
observed. 
Several biological pathways were 
altered. 
Combined exposure triggered 
aggregation and resulted in 
antagonistic effects, except in the 

FL-PS-NPLs 
+ G7 
PAMAM 

30 1-200 (NPLs) 
1-30 (PAMAM 
dendrimers)

Nostoc sp. PCC7120 72 h Lipid peroxidation 
(MDA) (%)

[78]
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case of lipid peroxidation

FL-PS-NPLs 
+ IBU

600 1 (NPLs) 
5-100 (IBU)

Chlorella pyrenoidosa 0-96 h Growth inhibition 
rate (%)

Growth inhibition 15.6% at 1 mg/L 
after 4 d. 
Inhibitory effect of IBU on growth 
decreased in the presence of NPLs. 
Co-exposure led to a total 
antioxidant capacity increase. 
NPLs led to a decrease on cell 
bioaccumulation of IBU and 
accelerated its biodegradation

[79]

PS-NPLs + 
Cd

100 0.05-5 (NPLs) 
1-50 µg/L (Cd)

Euglena gracilis 0-96 h ROS production 
(%)

Growth inhibition 4.8% at  
0.05 mg/L and 34.6% at 5 mg/L 
after 96 h. 
Inhibition of photosynthetic 
efficiency (Fv/Fm) and increase in 
ROS and SOD activities. 
Combined exposure increased 
inhibition rate. 
FL-PS-NPLs growth inhibition 9.8% 
at 0.05 mg/L and 38.4% at 5 mg/L 
after 96 h, toxicity significantly 
higher than that observed for PS-
NPLs

[80]

PSCOOH-
NPLs + HA

50 and 
350

0.1-100 µg/L 
(NPLs) 
25 (HA)

Gomphonema 
Parvulum, 
Nitzschia palea, 
Nostoc sp. PCC7120, 
Komvophoron sp. and  
Scenedesmus obliquus

96 h Photosynthetic 
efficiency (Fv/Fm) 
(%)

The algal species exhibited very low 
sensitivity (growth and 
photosynthetic efficiency); 
planktonic algal growth increased  
> 150% with presence of 
heteroaggregates at 1 µg/L. 
50 nm NPLs formed 100-500 nm 
heteroaggregates with HA. 
NPLs alone or heteroaggregated 
with HA marginally affected the 
photosynthetic efficiency (Fv/Fm)

[81]

PSCOOH-
NPLs + Cu 
+ EPS

87-106 0.5-50 (NPLs) 
1-200 µg/L (Cu)

Raphidocelis 
subcapitata

0-72 h and 
7 d

Protein content 
(mg/cells) 

Maximum growth inhibition ~10%. 
Cell morphology and protein 
content alterations. 
No adsorption of Cu ions was 
observed onto the NPLs. 
EC50 84 μg/L (Cu) and 86 μg/L (Cu 
combined with NPLs)

[82]

PS-NPLs +  
Ag-NPs

20 3-30 (NPLs) 
1-300 µg/L (Ag-
NPs)

Chlamydomonas 
reinhardtii and 
Ochromonas danica

0, 12 and 
24 h

Cellular Ag content 
variation under 
combined exposure 
(%)

C. reinhardtii growth inhibition rate 
EC50 ~30 mg/L (NPLs). 
O. danica growth inhibition rate 
~40% at 100 mg/L (NPLs). 
NPLs internalization in O. danica. 
C. reinhardtii and O. danica growth 
inhibition rate EC50 62 μg AgTotal /L 
and 225 μg AgTotal/L, respectively. 
These values were reduced in 
presence of NPLs meaning 
synergistic effects

[83]

FL-PS-NPLs 
+ Cd

100 1 (NPLs) 
0.5 (Cd)

Euglena 
gracilis

96 h POD activity 
(U/mg of protein)

Growth rate inhibition ≤ 10 % at  
1 mg/L (NPLs) or 0.5 mg/L (Cd). 
Combined exposure induced growth 
inhibition rate of ~25%. 
Combined exposure induced 
increase SOD and POD activities. 
Metabolism-related biological 
pathways hindered by combined 
exposure, resulting in higher toxicity

[84]

The three types of NPLs decreased 
cell viability (30%) and 
photosynthetic efficiency (Fv/Fm), 
and an increase of ROS, cell 
membrane permeability, and SOD 
and CAT activities. 
The more aged time with EPS (0, 12, 
24 and 48 h) the more reduction in 
the effects of pristine NPLs was 
observed. This effect was ascribed 

PS-NPLs, 
PSNH2-
NPLs, 
PSCOOH-
NPLs + EPS

200 1 (NPLs) 
~9.5 (EPS)

Scenedesmus obliquus 72 h Hydroxyl radical 
generation (%)

[85]
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to the aggregation promoted by the 
EPS

PS-NPLs + 
Cu

500 48-100 (NPLs) 
66-200 µM (Cu)

Chlorella sp and 
Pseudokirchneriella 
subcapitata

96 h and 
16 d

Chlorophyll a 
concentration 
(mg/L)

NPLS increased the toxicity of Cu 
(EC50) after 16 d. 
NPLs increased the toxicity of Cu at 
EC50 in both microalgae, only in 
chronic exposure. 
NPLs altered chlorophyll a 
concentration

[86]

FL-PS-NPLs 
+  
TiO2-NPs

100-200 1 (NPLs) 
0.025-2.5 (TiO2-
NPs)

Scenedesmus obliquus 72 h CAT production 
(%)

NPLs reduced cell viability by ~50% 
at 1 mg/L NPLs, increased different 
ROS levels and lipid peroxidation, 
and modified the SOD and CAT 
activities.  
Decreased photosynthetic 
efficiency (Fv/Fm) and esterase 
activity. 
TiO2-NPs led to similar damages 
than NPLs. The combined exposure 
with NPLs increased the effects of 
TiO2-NPs

[87]

PSNH2-
NPLs + HA

200 25-400 (NPLs) 
5 and 10 (HA)

Chlorella vulgaris 0-72 h Chlorophyll a 
content (ng/ml)

Growth inhibition was dose 
dependent reaching ~57% at  
100 mg/L after 72 h 
NPLs induced a decrease of 
photosynthetic pigments, reduction 
of algal size and formation of 
cellular aggregates in a dose 
dependent manner. 
HA mitigated NPLs toxicity in a 
dose dependent manner in terms of 
biomass chlorophyll a, and 
morphological alterations. The 
mitigation was ascribed to 
aggregation of NPLs in the presence 
of HA

[88]

PS-NPLs + 
WW

30 12.5-200 (NPLs) 
1:16-1:1 (WW-dH2
O)

Recombinant 
bioluminescent 
Anabaena sp. PCC 
7120 CPB4337

24 h Bioluminescence 
inhibition (%)

Bioluminescence inhibition EC50 for 
NPLs 58.3 mg/L after 24 h. 
Combined exposure reduced 
toxicity probably due to the 
sorption of WW micropollutants 
onto de NPLs and 
heteroaggregation processes

[89]

PS-NPLs + 
MWCNTs

50-100 5-50 (NPLs) 
5-50 (MWCNTs)

Microcystis aeruginosa 15 d SOD activity 
(U/108 cells)

Maximum growth inhibition 22.8% 
at 50 mg/L after 15 d. 
NPLs increased SOD activity and 
lipid peroxidation (MDA). 
Combined exposure resulted in 
antagonistic effect due to 
heterogeneous agglomeration. 
Translation and membrane 
transport were the most altered 
biological pathways upon NPLs 
exposure

[90]

NPLs: Nanoplastics; PS: polystyrene; PE-R: reference polyethylene; PE-N: polyethylene collected from North Atlantic gyre; FL: fluorescent; COOH-: 
surface carboxylate modified; NH2: surface amino modified; EPS: extracellular polymeric substances; IBU: ibuprofen; HA: humic acids; G7 
PAMAM: amine-terminated poly(amidoamine) dendrimers of generation 7; NPs: nanoparticles; WW: waste water; MWCNTs: multi-walled 
carbon nanotubes; ECx: effective concentration of the pollutant that inhibits the toxicity endpoint by x percent; GSH: reduced glutathione; PSII: 
photosystem II; MDA: malondialdehyde; SOD: superoxide dismutase; POD: peroxidase; CAT: catalase; ROS: reactive oxygen species; RFU: relative 
fluorescence units; U/mg: units per mg for enzyme activity.

Baudrimont et al. reported significant growth reduction of the green alga Scenedemus subspicatus exposed 
to 1 mg/L of PE-NPLs, which was greater when using PE-NPLs gathered from the North Atlantic gyre than 
reference PE-NPLs. The difference attributed to the accumulation of trace metals in plastics exposed to 
environmental pollutants[69]. Similarly, it has been described that the photosynthetic activity of the alga 
E. gracilis was impaired by 100 nm PS-NPLs at concentrations as low as 0.5 mg/L[80]. In contrast, low 
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concentrations of NPLs have been reported to promote algal growth at concentrations < 1 mg/L, sometimes 
in long-term exposure assays[81,94]. This discrepancy may be related to the physicochemical conditions that 
alter the colloidal status of NPLs suspensions and, consequently, their toxicological behavior. Finally, it is 
important to stress that, in combination with other pollutants, low concentrations of NPLs may induce 
considerable effects. For instance, co-exposure to PS-NPLs and Cd2+ at the same concentration (0.05 mg/L) 
resulted in significant and synergistic inhibition of algal growth[80]. Further efforts should be made to reach a 
deeper understanding of the effects of NPLs on primary producers at realistic concentrations and 
environmental conditions in order to accurately assess their environmental fate and risk. The use of real 
secondary NPLs is highly recommended.

TOXICITY TOWARDS FRESHWATER PRIMARY CONSUMERS
Freshwater primary consumers, organisms that feed on primary producers, include invertebrates, some 
fishes, and a few amphibian larvae. Among the primary consumers, invertebrates are the dominant grazers 
in the freshwater ecosystems of temperate latitudes. In this regard, most of the NPLs toxicological studies 
have been carried out using different species of Daphnia, one of the preferred organisms for toxicity 
assessment[95]. Table 4 summarizes the main findings reported since 2019 concerning single and combined 
toxicity of NPLs towards freshwater primary consumers, highlighting the most sensitive assessed toxicity 
endpoints. EC50 for negatively charged NPLs (more common than positively charged NPLs) has been 
reported to range between 30 and 300 mg/L, depending on the plastic used and the organism assessed[96,102]. 
However, harmful effects, such as ROS overproduction or the reduction in the number of neonates per 
brood, have been reported at lower concentrations (≤ 1 mg/L)[108,109]. The advantage of behavioral endpoints 
is the possibility to observe sublethal effects, which are generally undetectable for tests based on global or 
lethal endpoints, although their findings may be difficult to interpret[95]. D. magna swimming behavior has 
been reported to change by the exposure to PS-NPLs at concentrations > 16 mg/L[98]. However, such 
alterations do not seem to appear at concentrations < 1 mg/L, despite a clear accumulation of NPLs in the 
gut and external body appendages[110,111]. It is worth noting that some of the effects observed in daphnids at 
low concentrations only appeared during multigenerational or long-term assays, revealing that the 
interaction between these organisms and NPLs may occur through parental transfer, and their effects may 
span the entire lifetime of the organism[97,98]. The effect of NPL ingestion by D. magna through feeding has 
been tracked using algae pre-exposed to 270 and 640 nm metal-doped NPLs (4.8 × 1010 particles/L, 
1-7 mg/L). The results show that both types of NPLs became attached to the cell surface of algae and are 
ingested by the daphnids and excreted without any effects on daphnids growth were observed, but the 
smaller ones increased the reproduction time, reduced the number of neonates, and induced higher 
offspring mortality[112]. These finding reveal that low concentrations of NPLs may damage primary 
consumers not only through direct exposure but also through feeding on NPL-polluted algae. Finally, it is 
important to note that the effects described above may be enhanced by the co-occurrence of NPLs with 
other chemicals. For instance, it has been described that glyphosate (the active compound of several 
herbicides) in combination with PS-NPLs exerts synergistic and multigenerational effects on D. magna[103]. 
The interaction between NPLs and potential co-occurring contaminants should be studied to better 
understand their environmental risk under realistic conditions. Furthermore, given the relatively long 
lifetime of higher organisms and the data showing multigenerational effects, the long-term fate and toxicity 
of NPLs on freshwater biota should be addressed.

TOXICITY TOWARDS FRESHWATER SECONDARY CONSUMERS
Secondary consumers are also crucial for the equilibrium of freshwater ecosystems. Located at the top of the 
trophic chain, any alterations to them may cause a potential cascade of interactions through the food web. 
Furthermore, human health may be jeopardized due to the consumption of organisms such as fish or 
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Table 4. Toxicological effects of NPLs on freshwater primary consumers

Type 
of exposure

Size 
(nm)

Concentration 
tested (mg/L)

Test 
organism

Exposure 
time

Most sensitive 
parameter Effects Refs.

Single exposure

PE-NPLs < 0.8 µm 
(~110) 
and < 10 
kDa

0.53 (< 0.8 µm) 
and 2 (< 10 kDa)

Daphnia magna 134 d Survival (%) Mechanical breakdown of high-
density polyethylene, followed by 
filtration through 0.8 μm filters, 
produced toxic material.  
The toxicity was attributed to the 
fraction < 10 kDa (~3 nm).  
Both size fractions were toxic in 
terms of mortality and number of 
offspring, but NPLs without < 100 
kDa fraction were non-toxic

[16]

PS-NPLs 75 10-400 Daphnia pulex 24 h, 48 h 
and 21 d

Total offspring per 
female (number)

Growth inhibition EC50 76.7 mg/L 
after 48 h. 
Chronic exposure reduced body 
length in a time- and dose-
dependent manner. 
The expression of stress defense 
genes (SOD, GST, GPx, and CAT) 
was first induced and then 
inhibited. 
Induced gene expression of heat 
shock proteins (HSP70 and HSP90)

[96]

PSNH2-NPLs 
PSCOOH-NPLs

53 (NH2), 
26 and 63 
(COOH)

0.0032-7.6 Daphnia magna 103 d Long-term survival 
(%)

PSNH2-NPLs were lethal at 
concentration of 0.32 mg/L 
(lifetime of individuals was 
shortened almost three-fold). 
PSCOOH-NPLs, were toxic at all 
concentrations used during long-
term assessment

[97]

PS-NPLs 75 0.1-2 Daphnia pulex 21 d Relative 
expression of 
GSTs2 (%)

The expression of DP-GSTs1, 
GSTs2, and GSTm1 was higher in 
older daphnids compared to 
neonates. 
Exposure of mothers to NPLs  
(1 µg/L) elevated GSTs2 level in 
neonates

[98]

PS-NPLs 75 1 µg/L Daphnia pulex 21 d Relative 
expression of 
GSTD (%)

Growth rate, number of clutches, 
and total offspring per female were 
reduced in the F2 (2nd generation). 
Content of H2O2, expression of  
CAT, GSTD, MnSOD, CuZn SOD,
GCL, and HO1 genes, and enzyme 
activity of GST, CAT, increased in 
F0 (parental generation) and F1 (1st 
generation). 
NPLs have stimulative effect for F0 
and F1 but are toxic to F2

[99]

PS-NPLs 71 1 Daphnia pulex 96 h CYP450 drug 
metabolism 
(enrichment 
score)

Biological processes, cellular 
components and molecular 
functions affected. 
Biological pathways related to 
immunity (drug, xenobiotics and 
glutathione metabolisms, hippo 
signaling pathway and adherents 
junction) and oxidative stress 
(arachidonic acid, glutathione, 
porphyrin and chlorophyll 
metabolisms) were altered

[99]

PS-NPLs 75 0.1-2 Daphnia pulex 48 h ROS level (RFU in 
%)

Dose dependent ROS 
overproduction. 
Low NPLs concentrations increased 
the expressions of MAPK pathway 
genes. 
The activities of CAT and SOD 
decreased

[100]

GSH content Population fitness (estimated PS-NPLs 72 0.1-2 Daphnia pulex 21 d [100]
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(mg/g prot.) based on the intrinsic rate of 
increase) decreased at 2 mg/L and 
the total number of neonates was 
reduced by 26.8% and 41.89% at 
0.5 and 2 mg/L, respectively. 
GSH and GSSG content increased 
in a dose-dependent manner. 
Processes involved in 
detoxification, metabolism, 
assembly, and development were 
impacted

PSNH2-NPLs 20, 40, 
60 and 
100

0.5-100 Daphnia magna 48 h Immobilization 
(%)

EC50 for 20 and 40 nm were < 2 
mg/L; for 60 nm < 4 mg/ L; and for 
100 nm ~8 mg/L. Synthetic water 
mimicking natural water reduced 
toxicity

[101]

Combined exposure

PS/PS/PP/PVC-
NPLs + BaP 

50 
(PE/PP), 
200 and 
600 (PS), 
200 
(PVC)

3 × 1010 part. /L 
(NPLs), 
10 μg/L (BaP)

Daphnia magna 21 d Neonates per 
brood (number)

Mortality ranged from 10 to 30%. 
Significant variation in the number 
of the produced neonates appeared 
in broods 4 and 5. The number of 
neonates in brood 4, exposed to 
PE-NPLs 50 nm and PS-NPLs 200 
nm, reached the highest level, 
whereas, in brood 5 decreased to 
zero. 
Combined exposure induced earlier 
alterations in neonates. 
BaP with PS-NPLs impairs daphnids 
reproduction to a larger extent than 
the combination of BaP with PE, PP 
or PVC-NPLs

[17]

Fe-PS-NPLs + BaP 270 10 (NPLs) 
5 (BaP)

Anodonta 
anatina

72 h SOD activity 
In digestive tract 
(%)

SOD activity induced in the 
digestive tract by exposure to NPLs 
alone. 
SOD and CAT activities in digestive 
tract and gills preferably induced by 
co-exposure. 
The sorption of BaP to aged NPLs 
was lower than to pristine NPLs, 
but co-exposure increases the 
accumulation of NPLs in mussel 
tissues

[33]

PS_NPLs + 
wastewater 
(WW)

30 12.5-200 (NPLs) 
1:16-1:1 (WW-d
H2O)

Daphnia magna 48 h Immobility (%) NPLs EC50 in terms of mobility was 
32.4 mg/L; WW caused no effect. 
Combined exposure decreased the 
toxicity of the NPLs. 
NPLs aggregates accumulated onto 
thoracopod with loss of body 
integrity.  
Combined exposure induced 
adhesion of NPLs aggregates to the 
body of daphnids, but to a lower 
extent compared with single 
exposure to NPLs

[72]

PSNH2-NPLs, 
PSCOOH-NPLs + 
SRHA or alginate

200 (NH2 
and 
COOH) 

10-400 (NPLs) 
2 (SRHA or 
alginate)

Daphnia magna, 
Thamnocephalus 
platyurus 
and Brachionus 
calyciflorus

24 h and 
48 h

Lethality (%) D. magna: PSNH2-NPLs EC50 36.2 
mg/L, PSCOOH-NPLs EC50 111.4 
mg/L. T. Platyurus: PSNH2-NPLs 
EC50 194.8 mg/L, PSCOOH-NPLs 
EC50 318.2 mg/L. B. calyciflorus: PSN
H2-NPLs EC50 49.9 mg/L, 
PSCOOH-NPLs EC50 263.6 mg/L. 
In all cases the combined exposure 
with SRHA o alginate reduced NPLs 
toxicity. 
NPLs in the organism body (mainly 
in the gut) increased with 
concentration suggesting dose-
dependent accumulation

[102]

EC50 (48 h) for NPLs and Gly 
individually were 244 mg/L and 

PS-NPLs + Gly 73 16-500 (NPLs) 
6-200 (Gly)

Daphnia magna 48 h and 21 
d 

ROS level (RFU) [103]
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89.3 mg/L, respectively. 
NPLs and Gly induced dose-
dependent ROS overproduction 
and decreased swimming distance. 
NPLs reduced the reproduction and 
age of the first brood of both F1 and 
F2 at < 15 mg/L. 
Based on Abbott’s model, the 
combined exposure increased 
toxicity (synergism)

PSNH2-NPLs + 
HA

100-120 1-400 (NPLs) 
1-50 (HA)

Daphnia magna 96 h Relative 
expression of P-GP 
(%)

NPLs induced a dose- and time-
dependent response (65% of 
mortality after 96 h exposed to 10 
mg/L). Toxicity drastically 
decreased in the presence of HA in 
a dose dependent manner. 
The expression of genes related to 
stress response (GST, CAT and 
HSP70) and 
detoxification (P-GP) were strongly 
up-regulated (between 2 and 14-
fold). 
Most of the NPLs were found 
trapped within the filter combs 
rather than ingested

[104]

PS-NPLs + PCBs 100 01-75 (NPLs) 
0.1-1.5 (PCBs)

Daphnia magna 48 h Lethality (%) EC50 in terms of mortality were  
5 mg/L for NPLs and 0.64 mg/L for 
PCBs. 
Combined toxicity decreased up to 
1 mg/L (NPLs) due to PCBs 
sorption onto the NPLs; at higher 
concentrations the toxicity was due 
to NPLs

[105]

PSNH2-NPLs + 
IgG or BSA

50, 200 
and 500

1.4 and 2.7 
(NPLs)

Daphnia magna 48 h Alive organisms 
(number)

50 nm NPLs caused ~80% of 
mortality at 48 h (1.4 mg/L) and 
100% < 24 h (2.7 mg/L). Similar 
effects were caused by 50 nm NPLs 
in 100-600 nm aggregates (IgG) or 
BSA coated. No effects were 
observed by IgG, BSA and 
200/500 nm NPLs

[106]

PS-NPLs + PAHs 
+ HA

100 1 (NPLs) 
100 (HA)

Daphnia magna 0-36 h Bioaccumulation 
(modeling)

Bioaccumulation depended on 
dermal uptake (≥ 99.3% of the 
total).  
NPLs retarded intestinal PAHs 
uptake; while the HA and HA-NPLs 
facilitated the transfer of PAHs to 
gut lipids 

[107]

NPLs: Nanoplastics; PS: polystyrene; PE: polyethylene; PP: polypropylene; PVC: polyvinyl chloride; COOH-: surface carboxylate modified; NH2: 
surface amino modified; HA: humic acids; SRHA: Suwannee River humic acids; ECx: effective concentration of the pollutant that inhibits the 
toxicity endpoint by x percent; BSA: ovine serum albumin; Gly: glyphosate; PCBs: polychlorinated biphenyls; IgG: human immunoglobulin G; PAHs: 
polycyclic aromatic hydrocarbons; BaP: benzo(a)pyrene; WW: waste water; MDA: malondialdehyde; SOD: superoxide dismutase; GST: 
glutathione S-transferase; GPx: glutathione peroxidase; CAT: catalase; GCL: glutamate cysteine ligase; ROS: reactive oxygen species; MAPKs: 
mitogen-activated protein kinases; GSH: glutathione S-transferase; GSSG: oxidized glutathione; RFU: relative fluorescence units.

crustaceans that could constitute an important route for NPL transfer to humans[25]. Table 5 summarizes the 
main findings reported since 2019 on the toxicity of NPLs towards freshwater secondary consumers. The 
exposure of Danio rerio (zebrafish) to 1 mg/L of 500 nm fluorescent PS-NPLs revealed particle translocation 
from the gut epithelium of the digestive tract to different tissues where they activated enzymatic responses 
against oxidative stress[113]. Small NPLs (70 nm) have been reported to accumulate in zebrafish gonads, 
intestine, liver, and brain causing oxidative stress, metabolic alterations, and neurological impairments, 
including the decrease in acetylcholine esterase, acetylcholine, or gamma-aminobutyric acid, as well as 
neurobehavioral alterations, at concentrations as low as 0.5 mg/L[114]. Important effects have also been found 
for 20 nm PS-NPLs, which resulted in increased fish mortality, occurrence of abnormalities, and excessive 
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Table 5. Toxicological effects of NPLs on freshwater secondary consumers

Type 
of exposure

Size 
(nm)

Range tested 
(mg/L) Test organism Exposure 

time

Most 
sensitive 

parameter
Effects Refs.

Single exposure

PE-NPLs 55 6.8 × 108 
(particles/mL)

Danio rerio 48 h Apoptotic cells 
(%)

NPLs accumulated during zebrafish 
embryogenesis throughout a passive 
skin diffusion process. 
NPLs induced cell apoptosis to a 
higher extent than MPs (1650 nm)

[29]

FL-PS-NPLs 500 1 Danio rerio 48 h COX activity 
(U/mg prot.)

NPLs uptake was observed in the 
digestive tract, and also translocated 
to other tissues through the gut 
epithelium. COX activity decreased 
and SOD activity increased. 
Behavioral tests revealed variation in 
turning angle of the exposed 
embryos

[113]

PS-NPLs 70 0.5-5 Danio rerio 7, 30 and 
49 d

VTG content  
(ng/µg prot.)

NPLs accumulated in gonads, 
intestine, liver, and brain, inducing 
alterations in lipid metabolism and 
oxidative stress. 
NPLs induced strong behavioral 
alterations in locomotion activity, 
aggressiveness, shoal formation, and 
predator avoidance along with 
dysregulated circadian rhythm 
locomotion activity after chronic 
exposure

[114]

FL-PS-NPLs 20 ~270 Danio rerio 0-120 h Apoptotic cells 
(RFU)

For NPLs injected into the yolk sac of 
the embryos the survival rate was 
~70%. 
Injected NPLs induced 
malformation, ROS overproduction 
(especially in the head), overall 
cellular death and bioaccumulation 
in brain

[115]

PMMA-NPLs 40 0.001-1 Xenopus laevis 0-96 h Body mass daily 
incrmt. (mg/day)

NPLs induced alteration in the daily 
increase of body weight/length, and 
anatomical changes in the 
abdominal region (gut 
externalization) was observed in 
62.5% of the tadpoles

[116]

PMMA-NPLs 40 1-640 Hydra viridissima 96 h Mortality (%) 
during 
regeneration 

NPLs induced EC50 (mortality) of  
84 mg/L and several morphological 
and physiological alterations were 
detected at concentrations ≤ 40 
mg/L like partial or total loss of 
tentacles. 
Regeneration rate was reduced and 
the EC50 (mortality)

[117]

PS-NPLs 50 and 
100

1-80 Hydra attenuata 96 h Lipid peroxidation 
(ug TBARS /mg 
prot.)

EC50 were 3.6 and 18 mg/L for 
morphological changes and 14 and 
28 mg/L for biomass, both for 50 
and 100 nm, respectively. 
NPLs accumulated in concentration-
dependent manner for both sizes. 
NPLs led to decreased biomass, lipid 
peroxidation (MDA), increased 
polar lipid levels, viscosity, and 
formation of liquid crystals at the 
intracellular level

[118]

EC50 in terms of mortality was  
396 mg/L after 96 h.  
As NPLs concentration increased, 
the activities of antioxidant enzymes 
generally decreased, except at low 
concentrations at which they were 
strongly induced; the contents of  

PS-NPLs 75 20-1280 
(acute) 
5-40 (chronic)

Macrobrachium 
nipponense

0-96 h 
(acute) 
0-28 d 
(chronic)

GSH-ST activity 
(U/mg prot.)

[119]
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H2O2 and lipid peroxidation 
products increased

FL-PS-NPLs 42 0.5-5  
(aqueous 
exposure) 
52 nL of 1, 3 
and 5 ×103 
(injection 
exposure)

Danio rerio 0-72 h Bent tail 
malformation (% 
of organisms)

The comparison between both 
exposure routes (aqueous and 
microinjection) revealed that 
despite both exposure routes led to 
NPLs accumulation in the yolk sac 
followed, during larvae stage, by 
brain, eyes, gut and swim bladder, 
the aqueous exposure induced 
higher NPLs concentrations in the 
brain and eyes while the injection 
exposure caused NPLs accumulation 
mainly in the trunk area. 
Only the aqueous exposure 
provoked a decreased body length, 
increased tail flexure in a dose-
dependent manner and alterations 
in locomotor activity. 
An overall downregulation of several 
enzymes was observed under both 
route of exposure

[120]

FL-PS-NPLs 100 100 µg of  
NPLs 
(1.6% of 
the food)

Procambarus clarkii 0-72 h VTG gene 
expression (TPM)

NPLs altered expression of genes 
involved in immune response, 
oxidative stress, gene transcription 
and translation, protein degradation, 
lipid metabolism, oxygen demand, 
and reproduction, and, in females, 
strong downregulation of 
vitellogenin expression

[121]

FL-PS-NPLs 23 0.04, 34 and 
3400 ng/L

Ctenopharyngodon 
idella

20 d Comet assay (% of 
DNA in the tail)

DNA damage (comet assay) 
increased in a dose-dependent 
manner. 
NPLs induced changes in 
erythrocyte shape and size, 
oxidative stress (NO levels, lipid 
peroxidation, H2O2), antioxidant 
system (GSH) inhibition and particle 
accumulation in liver and brain

[122]

PS-NPLs 50 and 
1000

10 Danio rerio (cells 
and whole 
organism)

0-24 h 
(cells) 
72-120 h 
(larvae)

ROS 
overproduction 
(ROS intensity)

In vitro assay (cells): 50 nm FL-PS-
NPLs were more internalized than  
1 µm NPLs independently of the 
internalization method studied 
(natural internalization, transfection, 
and electroporation) and dynamic 
dependent for 50 nm NPLs while 
through phagocytosis for the 1 µm 
ones. Smallest NPLs upregulated 
antioxidant gens while the biggest 
induced membrane depolarization. 
In vivo assay (larvae): 
Internalization was higher for 50 nm 
NPLs. Both sizes were internalized in 
the gut and induced ROS 
overproduction. 
PS-NPLs exposure to 
immunocompromised D. rerio 
infected with Aeromonas hydrophila 
the presence of NPLs of both sizes 
increases the effects of the infection

[123]

PS-NPLs 500 0.04-40 Macrobrachium 
nipponense

21 d GST activity 
(U/mg prot.)

NPLs decreased molting rate (from 
4 mg/L) and the expression of 
molting-related gene (from 0.04 
mg/L). ROS overproduction was 
observed (H2O2) along with higher 
SOD and GSH-Px activity at low 
concentration and CAT at high ones. 
GSH content increased

[124]

NPLs caused concentration 
dependent effects on 
hepatopancreas. Digestive enzymes 
(lipase, trypsin and pepsin) were 

PS-NPLs 75 5-40 Macrobrachium 
nipponense

0-28 d Pepsin activity 
(U/mg prot.)

[125]
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initially activated and then inhibited 
along with the response of molting-
associated genes

PS-NPLs 75 5-40 Macrobrachium 
nipponense

0-28 d ATPase activity 
(U/mg prot.)

Cell apoptosis increased with NPLs 
concentration. 
Ion levels (Na+, K+, Ca2+, and Cl-) in 
the gills decreased in a 
concentration dependent manner.  
Ion transport-related genes in the 
gills were first induced and then 
downregulated

[126]

FL-PS-NPLs 23 50 µg/L Poecilia reticulata 30 d Immature/mature 
eggs (%)

NPLs affected pregnancy rate, the 
number of embryos per female and 
the percentage of matured eggs. The 
levels of triglycerides and 
carbohydrates were altered by NPLs. 
ROS levels (general ROS and H2O2), 
and SOD and CAT activities 
increased

[127]

Combined exposure

PS/PS/PP/PVC-
NPLs + BaP

50 
(PE/PP), 
200 and 
600 (PS), 
200 
(PVC)

3 × 1010 part. /L 
(NPLs), 10 μg/L 
(BaP)

Danio rerio 0-12 h The number of 
hatched embryos 
per day

PE 50 nm, PS 200 nm, and PS 600 
nm NPLs led to hatching delay and 
PP 50 nm NPLs caused embryos 
failure to develop the normal 
morphology and led to spine 
curvature malformation in 18% of 
the larvae. 
The presence of PS 200 nm and 
PVC 200 nm NPLs counterbalanced 
the effect of BaP on the hatching 
rate of zebrafish

[17]

PS-NPLs + PHE 44 0.015-150 
(NPLs) 
1.5-20 (PHE)

Danio rerio 0-120 h Total swimming 
distance (mm)

NPLs altered swimming behavior at 
the lowest tested concentration 
(0.015 mg/L) and increased CAT 
activity at 1.5 mg/L. Combined 
exposure increased both CAT and 
GSH activities but no clear 
synergism or antagonism was 
observed

[18]

PS-NPLs + PAH 44 0.1-10 (NPLs) 
5-25 
µg/L (PAH)

Danio rerio 0-96 h Oxygen 
consumption rate 
(pmol/min × 
embryo)

NPLs individually and combined with 
PAHs disrupt mitochondrial energy 
production, affecting two important 
mitochondrial functions (NADH and 
ATP synthesis). 
During combined exposure, NPLs 
aggregation increased, and the 
bioaccumulation of PAHs 
decreased. Induction of EROD 
activity was detected in animals 
exposed to PAHs with or without 
NPLs

[128]

PET-NPLs + BSA 
or SDS

20, 60-
80 and 
800

1-50 (NPLs) 
0.0001% BSA 
or SDS

Danio rerio 6-144 h ROS level (%) Size dependent distribution and the 
size- and concentration-dependent 
toxicity observed for NPLs in terms 
of hatching rate, heart rate, and ROS 
generation (mainly in the head and 
in the spine).  
NPLs combined exposure with BSA 
caused higher effects than 
combined with SDS (which allowed 
higher NPLs aggregation)

[129]

PS-NPLs + Au 50, 200 
and 500

50-200 (NPLs) 
0.1-10 µg/L 
(Au)

Danio rerio 0-24 h ROS level (%) The smallest NPLs readily 
penetrated the chorion and 
accumulated throughout the whole 
body, mostly in lipid-rich regions 
such as in yolk lipids. 
Effects were synergistically 
exacerbated by Au in a dose- and 
size-dependent manner. 
ROS and proinflammatory responses 
increased in the presence of NPLs

[130]
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NPLs: Nanoplastics; PS: polystyrene; PE: polyethylene; PET: polyethylene terephthalate; PP: polypropylene; PVC: polyvinyl chloride; PMMA: 
polymethylmethacrylate; FL: fluorescent; COOH-: surface carboxylate modified; NH2: surface amino modified; ECx: effective concentration of the 
pollutant that inhibits the toxicity endpoint by x percent; PAHs: polycyclic aromatic hydrocarbons; BaP: benzo(a)pyrene; BSA: bovine serum 
albumin; PHE: phenmedipham; PCBs: polychlorinated biphenyls; PAHs: polycyclic aromatic hydrocarbons; SDS: sodium dodecyl sulfate; COX: 
cyclooxygenase; VTG: vitellogenin; TPM: transcripts per million; MDA: malondialdehyde; CAT: catalase; EROD: ethoxyresorufin-O-deethylase; 
SOD: superoxide dismutase; ROS: reactive oxygen species; GSH: glutathione S-transferase; RFU: relative fluorescence units.

ROS formation and apoptosis, particularly in the brain[115]. Other studies reported physical abnormalities 
found in different freshwater organisms such as Xenopus laevis or Hydra viridissima at concentrations as 
low as 1 mg/L, highlighting the importance of using approaches that overcome the limitations of traditional 
toxicity tests[116,117]. Interestingly, several recent studies focused on the potential effects induced by NPLs in 
the intestinal microbiome of freshwater secondary consumers. It has been found that both MPs and NPLs 
may cause dysbiosis in the zebrafish gut at very low concentrations (1 µg/L), but NPLs can also increase the 
presence of pathogenic genera, such as Aeromonas[131]. It has also been found that PS-NPLs at 
concentrations ≤ 0.1 mg/L affected the brain-intestine-microbiota axis of zebrafish, causing reduced growth, 
inflammatory responses, and altered intestinal permeability, even inducing transgenerational effects such as 
NPL accumulation in the gastrointestinal tract of the offspring[132]. Microbiome alterations have been 
described in the freshwater crustacean Procambarus clarkia (crayfish) exposed for 48 h to 75 nm PS-NPLs, 
which resulted in a reduced abundance of Lactobacillus and an increase in the number of pathogenic 
bacteria, probably linked to a lower immunity[133]. Concerning the co-occurrence of NPLs with other 
pollutants, the results are still limited. No clear toxicological interactions have been described in zebrafish 
exposed to polycyclic aromatic hydrocarbons or the herbicide phenmedipham (PHE) in the presence of 
NPLs[18,128]. However, the combined exposure of PE-NPLs with bovine serum albumin (as a model of a 
naturally occurring protein) induced more toxic effects on zebrafish than their co-exposure with an artificial 
surfactant such as sodium dodecyl sulfate, which was attributed to the higher colloidal stability provided by 
the first[129]. Considering the complexity of this type of organisms, the combination of in vitro studies with 
different cell lines together with in vivo studies using the whole organism are deemed necessary for 
understanding the potential adverse outcome pathways of NPLs to secondary consumers. Finally, attention 
should also be paid to artifacts when using labeled plastic particles due to the leaching of fluorochromes or 
metals.

BIODEGRADABLE NPLS
The materials produced to replace the traditional petroleum-based plastics are ambiguously referred to 
using several terms such as biodegradable or biobased plastics. A wide denomination for all these types of 
plastic material is “bioplastics”. Table 6 summarizes the information concerning the main types of 
bioplastics developed for replacing the traditional non-biodegradable petroleum-based ones. Among them, 
the category of biobased plastics refers to plastic materials manufactured using renewable resources. It is 
important to note that biobased plastics are not free from environmental issues. The life cycle assessment of 
biobased plastics shows that they may reduce carbon emissions, but other characteristics, such as their 
persistence, are not necessarily better than those of conventional plastics. Furthermore, there is an 
important problem concerning the occupation of agricultural land for their production. The materials based 
on conventional plastics supplemented with additives that allow their rapid degradation are not a realistic 
solution since this process enables only their fragmentation into smaller pieces but not their complete 
degradation. Accordingly, oxo-degradable plastics have been restricted in the EU and Switzerland. 
Regardless of the type of plastic, recycling is difficult due to the presence of additives in almost every 
finished plastic product. However, it is important to note that recycling is clearly the most environmentally 
friendly option for end-of-life plastic management, even better than composting. Accordingly, the preferred 
bioplastics would be those both biobased and biodegradable. This is the case of bioplastics such as 
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Table 6. Classification of the different types of bioplastics

Type of plastic Definition Example Refs.

Biobased Plastics made from renewable resources PEF or PLA [134]

Biodegradable Plastics susceptible of biological degradation by total/partial assimilation PLA or PCL [134,
135]

Compostable Plastics recyclable through organic recovery (biodegradable by composting and anaerobic digestion) PBAT [136]

Home-
compostable

Plastics recyclable through organic recovery (biodegradable by composting and anaerobic digestion 
at ambient temperature)

PLA-PCL 
blend

[137]

Hydro-
biodegradable

Plastics in which biological assimilation is preceded by hydrolysis Starch 
blends 

[138]

Photo-degradable Plastics whose degradability is induced by additives that initiate oxidation reactions or by 
incorporating a photosensitive degradable chromophore into the polymer backbone

E-CO [139]

Oxo-degradable Plastics whose degradability is induced by additives that initiate oxidation reactions Oxo-PP [134]

Hydro-
degradable

Plastics whose degradability is induced by the polar groups susceptible to hydrolysis PA [134]

PLA: polylactic acid; PHA: polyhydroxyalkanoates; PEF: polyethylene furanoate; PBAT: poly(butylene adipate-co-terephthalate); PCL: 
polycaprolactone; E-CO: ethylene-carbon monoxide copolymers; Oxo-PP: oxo-degradable polypropylene; PA: polyamide.

polylactide or polylactic acid (PLA) and polyglycolide (PGA) along with those obtained from bacteria or 
algae that do not imply the use of lands for agriculture, such as polyhydroxyalkanoates (PHA).

The largest plastic demand by segment in 2015 was in packaging (36%), which is considered the greatest 
source of waste, globally accounting for 146 million tons that year, of which > 95% was not recycled[140]. 
Bioplastics are mainly being developed for single-use products, such as packaging, in order to reduce the 
environmental burden of plastic wastes[141]. The global production capacity for biodegradable plastics is still 
modest, 2.24 million tons in 2021, but it is expected to expand up to 7.5 million tons by 2026 (source: 
European Bioplastics). Thus, in the near future, bioplastics are expected to reach the aquatic ecosystem 
following similar routes as petroleum-based materials[142]. However, their potential impact on organisms of 
freshwater environments has been shown to be similar to that from conventional plastics, or even larger due 
to their more rapid degradation[143,144]. Furthermore, during their degradation, bioplastics may release 
millions of MPs and billions of NPLs per gram[145]. Table 7 summarizes the main findings reported on the 
toxicity of biodegradable NPLs (including some carbon-based nanoparticles) towards freshwater organisms. 
Secondary biodegradable NPLs have been shown to consist of short polymeric chains (< 1600-3000 kDa) 
produced during the degradation of larger items that will continue to release as long as the source (any 
biodegradable plastic litter) remains in the environment.

There is a considerable lack of information concerning the colloidal stability of bioplastics, but the 
knowledge gathered during the last decade with other NPLs suggests that their higher degradability could 
lead to a more oxidized surface (probably along with a more negative surface net charge) and higher 
stability in aqueous suspension. This colloidal stability could be comparable to that observed in artificially 
aged petroleum-based NPLs (see Table 1) but in considerably less time and under softer weathering 
conditions. The information on the toxicity of biodegradable NPLs is also scarce but points towards a non-
negligible biological impact on freshwater organisms. For instance, unlike the studies summarized in 
Table 7, Tong et al. did not find that PBAT- or PLA-NPLs affected the survival of the copepod 
Tigriopus japonicas[150]. Likewise, Götz et al. did not report any adverse outcomes to the freshwater 
invertebrate Gammarus roeseli exposed to different particle sizes of PS- and PLA-NPLs at concentrations up 
to 430 ng/mg of food[151]. Overall, the environmental fate and risk of biodegradable nanometric plastic 
remains poorly understood and needs further scientific efforts to be properly assessed. As the substitution of 
petroleum-based plastics by biodegradable materials is accelerating, a thorough risk assessment is urgently 
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Table 7. Toxicological effects of biodegradable NPLs (including NPs) to freshwater organisms

Bio-NPLs 
type

NPLs 
size 

(nm)

Range 
tested 

(mg/L)
Test organism Exposure 

time

Most 
sensitive 

parameter
Effects Refs.

Chitosan-
NPs

200 
and 
340

10-40 Danio rerio 0-96 Hatching rate (%) Chitosan-NPs caused decrease in hatching 
rate and increased mortality at the highest 
concentrations. NPs of 200 nm caused 
malformations (bent spine or pericardial 
edema) and an opaque yolk. Both tested NPs 
caused ROS overproduction

[146]

PCL-NPs 200-
300

Pseudokirchneriella 
subcapitata and  
Daphnia similis

0-96 Inmobilized D. 
Similis individuals 
(%)

EC50 for P. subcapitata after 96 h 2410 mg/L of 
PCL-NPs. 
EC50 for D. similis after 24 and 48 h 32 and  
13 mg/L of NPs, respectively

[147]

Secondary 
PHB-NPLs

75-
200

0-200 Anabaena sp. 
PCC7120, 
Chlamydomonas 
reinhardtii and 
Daphnia magna

0-72 h Cytoplasmatic 
membrane 
potential (% of 
control)

PHB-NPLs EC50 139, 54 and 107 mg/L for 
Anabaena, C. reinhardtii and D. magna, 
respectively. Damages related to oxidative 
stress, membrane integrity and intracellular 
pH were reported at the EC50

[148]

Cellullose-
NPs

< 1 µm 0.01-10 Scenedesmus 
obliquus, 
Daphnia magna and 
Danio rerio

0-96 ROS 
overproduction (% 
of control)

No growth inhibition or mortality were 
observed. Cellulose-NPs induced ROS 
overproduction to the three aquatic organisms 
at 0.01 mg/L

[149]

Secondary 
PCL-NPLs

10-150 90 Anabaena sp. 
PCC7120 and 
Synechococcus sp. 
PCC 7942

0-72 h Cytoplasmatic 
membrane 
potential (% of 
control)

PCL-NPLs (90 mg/L) caused growth inhibition 
of ~40% and ~50% after 72 h on Anabaena and 
Synechococcus, respectively.  
Damages related to oxidative stress, 
membrane integrity, intracellular, metabolic 
activity and cell size and internal complexity 
were reported. 
The oligomeric fraction released was also 
considerably toxic

[12]

NPLs: Nanoplastics; NPs: nanoparticles; PCL: polycaprolactone; PHB: polyhydroxybutyrate; ROS: reactive oxygen species; ECx: effective 
concentration of the pollutant that inhibits the toxicity endpoint by x percent.

needed to ensure a sustainable replacement for petroleum-based plastics.

REMARKS AND FUTURE RESEARCH NEEDS
The current knowledge on the distribution of plastic litter and the information available on the effect of the 
weathering processes suffered by plastic debris suggest a widespread presence of NPLs in all freshwater 
compartments. The first attempts to measure the environmental concentration of NPLs in freshwater 
systems, along with the estimations obtained from mathematical models, point to probable environmental 
concentrations in the parts per billion (< 1 µg /L) range, similar to other anthropogenic pollutants. The 
development of techniques for the routine monitoring of NPLs in environmental samples is urgently 
needed.

Most environmental fate and toxicity studies have been performed using commercially available or 
synthetic NPLs, especially PS-NPLs (PS latexes). This approach allowed gaining a considerable body of 
knowledge on the colloidal stability of NPLs in water bodies and insight into their main toxicity drivers, but 
it does not represent the variety of shapes and chemical compositions of real secondary NPLs that can be 
found in the environment. Special attention should be paid to possible artifacts due to the leaching of the 
substances used to label plastic particles.

The available data show clear damage upon NPL exposure at concentrations as high as tens or even 
hundreds of milligrams per liter. The use of high concentrations clarifies potential biological targets, but 
efforts should be made to assess the possible effects upon exposure to realistic environmental 
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concentrations. The effect of NPLs is expected to be enhanced at low concentrations due to higher colloidal 
stability and possibly triggered by the release of oligomeric fractions detached from larger particles. Long-
term assays and mesocosm studies using low concentrations of secondary NPLs would be needed to 
perform realistic risk assessments for regulatory purposes.

Although biodegradable plastics are considered environmentally friendly substitutes for traditional 
petroleum-based polymers, their risk must be assessed in the same way it is being performed for their non-
biodegradable counterparts. Thus far, there is very limited information regarding the physicochemical 
behavior of biodegradable plastics in relevant conditions and their impact on biological organisms and 
ecosystems. This is a particularly urgent need as bioplastics are already replacing conventional plastics in 
various segments of the global plastic market.

DECLARATIONS
Acknowledgement
The authors wish to acknowledge the funding received by the Spanish Ministry of Science and Innovation, 
and the Thematic Network of Micro- and Nanoplastics in the Environment.

Authors’ contributions
Contributed to the conceptualization of ideas presented in the manuscript and revising the manuscript: 
Tamayo-Belda M, Pulido-Reyes G, Rosal R, Fernández-Piñas F
Drafted the manuscript and generated the tables: Tamayo-Belda M

Availability of data and materials
Not applicable.

Financial support and sponsorship
This work was funded by the Spanish Ministry of Science and Innovation, through grants PID2020-
113769RB-C21/C22, PLEC2021-007693 and TED2021-131609B-C32/33, and the Thematic Network of 
Micro- and Nanoplastics in the Environment, Grant Number RED2018-102345-T. Tamayo-Belda M is the 
recipient of a FPU (FPU17/01789) pre-doctoral contract by the Spanish Ministerio de Universidades.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES
Geyer R. Production, use, and fate of synthetic polymers. Plast Waste Recycl 2020.  DOI1.     
PlasticsEurope. Plastics - the facts 2021. An analysis of European plastics production, demand and waste data. Available from: 
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/ [Last accessed on 15 Nov 2022].

2.     

Commission. Document 32022D0162. Commission implementing decision (EU) 2022/162. Off J Eur Union 2022;26:19-35.3.     
da Costa J, Rocha T, Duarte A. The environmental impacts of plastics and micro-plastics use, waste and pollution: EU and national 4.     

https://dx.doi.org/10.1016/b978-0-12-817880-5.00002-5
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/


Page 23 of Tamayo-Belda et al. Water Emerg Contam Nanoplastics 2022;1:19 https://dx.doi.org/10.20517/wecn.2022.17 28

m e a s u r e s .  E u r o p e a n  P a r l a m e n t  S t u d y ;  2 0 2 0 .  A v a i l a b l e  f r o m :  
https://www.europarl.europa.eu/thinktank/en/document/IPOL_STU(2020)658279 [Last accessed on 15 Nov 2022].
Alfonso MB, Arias AH, Ronda AC, Piccolo MC. Continental microplastics: presence, features, and environmental transport 
pathways. Sci Total Environ 2021;799:149447.  DOI  PubMed

5.     

Koutnik VS, Leonard J, Alkidim S, et al. Distribution of microplastics in soil and freshwater environments: Global analysis and 
framework for transport modeling. Environ Pollut 2021;274:116552.  DOI  PubMed

6.     

Edo C, González-Pleiter M, Leganés F, Fernández-Piñas F, Rosal R. Fate of microplastics in wastewater treatment plants and their 
environmental dispersion with effluent and sludge. Environ Pollut 2020;259:113837.  DOI  PubMed

7.     

González-Pleiter M, Edo C, Aguilera Á, et al. Occurrence and transport of microplastics sampled within and above the planetary 
boundary layer. Sci Total Environ 2021;761:143213.  DOI  PubMed

8.     

Isobe A, Azuma T, Cordova MR, et al. A multilevel dataset of microplastic abundance in the world’s upper ocean and the Laurentian 
Great Lakes. Micropl & Nanopl 2021;1:1-14.  DOI

9.     

Meijer LJJ, van Emmerik T, van der Ent R, Schmidt C, Lebreton L. More than 1000 rivers account for 80% of global riverine plastic 
emissions into the ocean. Sci Adv 2021;7:eaaz5803.  DOI  PubMed  PMC

10.     

Sorasan C, Edo C, González-Pleiter M, et al. Generation of nanoplastics during the photoageing of low-density polyethylene. Environ 
Pollut 2021;289:117919.  DOI  PubMed

11.     

Tamayo-Belda M, Pulido-Reyes G, González-Pleiter M, et al. Identification and toxicity towards aquatic primary producers of the 
smallest fractions released from hydrolytic degradation of polycaprolactone microplastics. Chemosphere 2022;303:134966.  DOI  
PubMed

12.     

Song YK, Hong SH, Eo S, Han GM, Shim WJ. Rapid production of micro- and nanoplastics by fragmentation of expanded 
polystyrene exposed to sunlight. Environ Sci Technol 2020;54:11191-200.  DOI  PubMed

13.     

Sorasan C, Edo C, González-Pleiter M, et al. Ageing and fragmentation of marine microplastics. Sci Total Environ 2022;827:154438.  
DOI  PubMed

14.     

Lins TF, O’brien AM, Kose T, Rochman CM, Sinton D. Toxicity of nanoplastics to zooplankton is influenced by temperature, 
salinity, and natural particulate matter. Environ Sci: Nano 2022;9:2678-90.  DOI

15.     

Ekvall MT, Gimskog I, Hua J, Kelpsiene E, Lundqvist M, Cedervall T. Size fractionation of high-density polyethylene breakdown 
nanoplastics reveals different toxic response in Daphnia magna. Sci Rep 2022;12:3109.  DOI  PubMed  PMC

16.     

Monikh FA, Durão M, Kipriianov PV, et al. Chemical composition and particle size influence the toxicity of nanoscale plastic debris 
and their co-occurring benzo(α)pyrene in the model aquatic organisms Daphnia magna and Danio rerio. NanoImpact 
2022;25:100382.  DOI  PubMed

17.     

Santos J, Barreto A, Sousa ÉML, Calisto V, Amorim MJB, Maria VL. The role of nanoplastics on the toxicity of the herbicide 
phenmedipham, using Danio rerio embryos as model organisms. Environ Pollut 2022;303:119166.  DOI  PubMed

18.     

Gigault J, El Hadri H, Nguyen B, et al. Nanoplastics are neither microplastics nor engineered nanoparticles. Nat Nanotechnol 
2021;16:501-7.  DOI  PubMed

19.     

Cai H, Xu EG, Du F, Li R, Liu J, Shi H. Analysis of environmental nanoplastics: progress and challenges. Chem Eng J 
2021;410:128208.  DOI

20.     

Caldwell J, Taladriz-Blanco P, Lehner R, et al. The micro-, submicron-, and nanoplastic hunt: a review of detection methods for 
plastic particles. Chemosphere 2022;293:133514.  DOI  PubMed

21.     

Materić D, Kjær HA, Vallelonga P, Tison JL, Röckmann T, Holzinger R. Nanoplastics measurements in Northern and Southern polar 
ice. Environ Res 2022;208:112741.  DOI  PubMed

22.     

Wahl A, Le Juge C, Davranche M, et al. Nanoplastic occurrence in a soil amended with plastic debris. Chemosphere 
2021;262:127784.  DOI  PubMed

23.     

Mitrano DM, Wick P, Nowack B. Placing nanoplastics in the context of global plastic pollution. Nat Nanotechnol 2021;16:491-500.  
DOI  PubMed

24.     

Oliveira M, Almeida M. The why and how of micro(nano)plastic research. Trac-trend Anal Chem 2019;114:196-201.  DOI25.     
Liu L, Xu K, Zhang B, Ye Y, Zhang Q, Jiang W. Cellular internalization and release of polystyrene microplastics and nanoplastics. 
Sci Total Environ 2021;779:146523.  DOI  PubMed

26.     

Zhang B, Chao J, Chen L, Liu L, Yang X, Wang Q. Research progress of nanoplastics in freshwater. Sci Total Environ 
2021;757:143791.  DOI  PubMed

27.     

Wang T, Li B, Zou X, et al. Emission of primary microplastics in mainland China: Invisible but not negligible. Water Res 
2019;162:214-24.  DOI

28.     

Enfrin M, Lee J, Gibert Y, Basheer F, Kong L, Dumée LF. Release of hazardous nanoplastic contaminants due to microplastics 
fragmentation under shear stress forces. J Hazard Mater 2020;384:121393.  DOI  PubMed

29.     

Kelly MR, Lant NJ, Kurr M, Burgess JG. Importance of water-volume on the release of microplastic fibers from laundry. Environ Sci 
Technol 2019;53:11735-44.  DOI  PubMed

30.     

Tallec K, Blard O, González-Fernández C, et al. Surface functionalization determines behavior of nanoplastic solutions in model 
aquatic environments. Chemosphere 2019;225:639-46.  DOI  PubMed

31.     

Shi Q, Tang J, Liu X, Liu R. Ultraviolet-induced photodegradation elevated the toxicity of polystyrene nanoplastics on human lung 
epithelial A549 cells. Environ Sci : Nano 2021;8:2660-75.  DOI

32.     

https://www.europarl.europa.eu/thinktank/en/document/IPOL_STU(2020)658279
https://dx.doi.org/10.1016/j.scitotenv.2021.149447
http://www.ncbi.nlm.nih.gov/pubmed/34371405
https://dx.doi.org/10.1016/j.envpol.2021.116552
http://www.ncbi.nlm.nih.gov/pubmed/33545526
https://dx.doi.org/10.1016/j.envpol.2019.113837
http://www.ncbi.nlm.nih.gov/pubmed/31884217
https://dx.doi.org/10.1016/j.scitotenv.2020.143213
http://www.ncbi.nlm.nih.gov/pubmed/33162145
https://dx.doi.org/10.1186/s43591-021-00013-z
https://dx.doi.org/10.1126/sciadv.aaz5803
http://www.ncbi.nlm.nih.gov/pubmed/33931460
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8087412
https://dx.doi.org/10.1016/j.envpol.2021.117919
http://www.ncbi.nlm.nih.gov/pubmed/34385135
https://dx.doi.org/10.1016/j.chemosphere.2022.134966
http://www.ncbi.nlm.nih.gov/pubmed/35588878
https://dx.doi.org/10.1021/acs.est.0c02288
http://www.ncbi.nlm.nih.gov/pubmed/32786551
https://dx.doi.org/10.1016/j.scitotenv.2022.154438
http://www.ncbi.nlm.nih.gov/pubmed/35276161
https://dx.doi.org/10.1039/d2en00123c
https://dx.doi.org/10.1038/s41598-022-06991-1
http://www.ncbi.nlm.nih.gov/pubmed/35210488
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8873248
https://dx.doi.org/10.1016/j.impact.2022.100382
http://www.ncbi.nlm.nih.gov/pubmed/35559888
https://dx.doi.org/10.1016/j.envpol.2022.119166
http://www.ncbi.nlm.nih.gov/pubmed/35306087
https://dx.doi.org/10.1038/s41565-021-00886-4
http://www.ncbi.nlm.nih.gov/pubmed/33927364
https://dx.doi.org/10.1016/j.cej.2020.128208
https://dx.doi.org/10.1016/j.chemosphere.2022.133514
http://www.ncbi.nlm.nih.gov/pubmed/35016963
https://dx.doi.org/10.1016/j.envres.2022.112741
http://www.ncbi.nlm.nih.gov/pubmed/35063429
https://dx.doi.org/10.1016/j.chemosphere.2020.127784
http://www.ncbi.nlm.nih.gov/pubmed/32777612
https://dx.doi.org/10.1038/s41565-021-00888-2
http://www.ncbi.nlm.nih.gov/pubmed/33927363
https://dx.doi.org/10.1016/j.trac.2019.02.023
https://dx.doi.org/10.1016/j.scitotenv.2021.146523
http://www.ncbi.nlm.nih.gov/pubmed/34030247
https://dx.doi.org/10.1016/j.scitotenv.2020.143791
http://www.ncbi.nlm.nih.gov/pubmed/33280859
https://dx.doi.org/10.5194/egusphere-egu2020-1816
https://dx.doi.org/10.1016/j.jhazmat.2019.121393
http://www.ncbi.nlm.nih.gov/pubmed/31740306
https://dx.doi.org/10.1021/acs.est.9b03022
http://www.ncbi.nlm.nih.gov/pubmed/31460752
https://dx.doi.org/10.1016/j.chemosphere.2019.03.077
http://www.ncbi.nlm.nih.gov/pubmed/30901657
https://dx.doi.org/10.1039/d1en00465d


Page 24 of Tamayo-Belda et al. Water Emerg Contam Nanoplastics 2022;1:19 https://dx.doi.org/10.20517/wecn.2022.1728

Abdelsaleheen O, Abdolahpur Monikh F, Keski-Saari S, Akkanen J, Taskinen J, Kortet R. The joint adverse effects of aged nanoscale 
plastic debris and their co-occurring benzo[α]pyrene in freshwater mussel (Anodonta anatina). Sci Total Environ 2021;798:149196.  
DOI  PubMed

33.     

Duan J, Li Y, Gao J, Cao R, Shang E, Zhang W. ROS-mediated photoaging pathways of nano- and micro-plastic particles under UV 
irradiation. Water Res 2022;216:118320.  DOI  PubMed

34.     

Liu P, Qian L, Wang H, et al. New insights into the aging behavior of microplastics accelerated by advanced oxidation processes. 
Environ Sci Technol 2019;53:3579-88.  DOI  PubMed

35.     

Zhang Y, Goss GG. The “Trojan Horse” effect of nanoplastics: potentiation of polycyclic aromatic hydrocarbon uptake in rainbow 
trout and the mitigating effects of natural organic matter. Environ Sci: Nano 2021;8:3685-98.  DOI

36.     

Hernandez LM, Xu EG, Larsson HCE, Tahara R, Maisuria VB, Tufenkji N. Plastic teabags release billions of microparticles and 
nanoparticles into tea. Environ Sci Technol 2019;53:12300-10.  DOI  PubMed

37.     

Morgana S, Casentini B, Amalfitano S. Uncovering the release of micro/nanoplastics from disposable face masks at times of COVID-
19. J Hazard Mater 2021;419:126507.  DOI  PubMed  PMC

38.     

Zhang W, Dong Z, Zhu L, Hou Y, Qiu Y. Direct observation of the release of nanoplastics from commercially recycled plastics with 
correlative raman imaging and scanning electron microscopy. ACS Nano 2020;14:7920-6.  DOI  PubMed

39.     

Luo Y, Chuah C, Amin MA, et al. Assessment of microplastics and nanoplastics released from a chopping board using Raman 
imaging in combination with three algorithms. J Hazard Mater 2022;431:128636.  DOI  PubMed

40.     

Munoz LP, Baez AG, Purchase D, Jones H, Garelick H. Release of microplastic fibres and fragmentation to billions of nanoplastics 
from period products: preliminary assessment of potential health implications. Environ Sci: Nano 2022;9:606-20.  DOI

41.     

Xu Y, Ou Q, Jiao M, Liu G, van der Hoek JP. Identification and quantification of nanoplastics in surface water and groundwater by 
pyrolysis gas chromatography-mass spectrometry. Environ Sci Technol 2022;56:4988-97.  DOI  PubMed

42.     

Materić D, Peacock M, Dean J, et al. Presence of nanoplastics in rural and remote surface waters. Environ Res Lett 2022;17:054036.  
DOI

43.     

Materić D, Kasper-Giebl A, Kau D, et al. Micro- and nanoplastics in alpine snow: a new method for chemical identification and 
(semi)quantification in the nanogram range. Environ Sci Technol 2020;54:2353-9.  DOI  PubMed  PMC

44.     

Reynaud S, Aynard A, Grassl B, Gigault J. Nanoplastics: from model materials to colloidal fate. Curr Opin Colloid Interface Sci 
2022;57:101528.  DOI

45.     

Shiu RF, Vazquez CI, Tsai YY, et al. Nano-plastics induce aquatic particulate organic matter (microgels) formation. Sci Total 
Environ 2020;706:135681.  DOI  PubMed

46.     

Li X, He E, Xia B, et al. Protein corona-induced aggregation of differently sized nanoplastics: impacts of protein type and 
concentration. Environ Sci: Nano 2021;8:1560-70.  DOI

47.     

Li X, He E, Xia B, et al. Impact of CeO2 nanoparticles on the aggregation kinetics and stability of polystyrene nanoplastics: 
importance of surface functionalization and solution chemistry. Water Res 2020;186:116324.  DOI  PubMed

48.     

Pradel A, Ferreres S, Veclin C, et al. Stabilization of fragmental polystyrene nanoplastic by natural organic matter: insight into 
mechanisms. ACS EST Water 2021;1:1198-208.  DOI

49.     

Singh N, Tiwari E, Khandelwal N, Darbha GK. Understanding the stability of nanoplastics in aqueous environments: effect of ionic 
strength, temperature, dissolved organic matter, clay, and heavy metals. Environ Sci: Nano 2019;6:2968-76.  DOI

50.     

Yu S, Shen M, Li S, et al. Aggregation kinetics of different surface-modified polystyrene nanoparticles in monovalent and divalent 
electrolytes. Environ Pollut 2019;255:113302.  DOI  PubMed

51.     

Liu Y, Hu Y, Yang C, Chen C, Huang W, Dang Z. Aggregation kinetics of UV irradiated nanoplastics in aquatic environments. 
Water Res 2019;163:114870.  DOI  PubMed

52.     

Mao Y, Li H, Huangfu X, Liu Y, He Q. Nanoplastics display strong stability in aqueous environments: Insights from aggregation 
behaviour and theoretical calculations. Environ Pollut 2020;258:113760.  DOI  PubMed

53.     

Liu Y, Huang Z, Zhou J, et al. Influence of environmental and biological macromolecules on aggregation kinetics of nanoplastics in 
aquatic systems. Water Res 2020;186:116316.  DOI  PubMed

54.     

Shams M, Alam I, Chowdhury I. Aggregation and stability of nanoscale plastics in aquatic environment. Water Res 
2020;171:115401.  DOI  PubMed

55.     

Dong S, Cai W, Xia J, Sheng L, Wang W, Liu H. Aggregation kinetics of fragmental PET nanoplastics in aqueous environment: 
Complex roles of electrolytes, pH and humic acid. Environ Pollut 2021;268:115828.  DOI  PubMed

56.     

Wang J, Zhao X, Wu A, et al. Aggregation and stability of sulfate-modified polystyrene nanoplastics in synthetic and natural waters. 
Environ Pollut 2021;268:114240.  DOI  PubMed

57.     

Xu Y, Ou Q, He Q, Wu Z, Ma J, Huangfu X. Influence of dissolved black carbon on the aggregation and deposition of polystyrene 
nanoplastics: comparison with dissolved humic acid. Water Res 2021;196:117054.  DOI  PubMed

58.     

Huang Z, Chen C, Liu Y, et al. Influence of protein configuration on aggregation kinetics of nanoplastics in aquatic environment. 
Water Res 2022;219:118522.  DOI  PubMed

59.     

Li X, Ji S, He E, et al. UV/ozone induced physicochemical transformations of polystyrene nanoparticles and their aggregation 
tendency and kinetics with natural organic matter in aqueous systems. J Hazard Mater 2022;433:128790.  DOI  PubMed

60.     

Zhang Y, Su X, Tam NF, et al. An insight into aggregation kinetics of polystyrene nanoplastics interaction with metal cations. Chin 
Chem Lett 2022;33:5213-7.  DOI

61.     

https://dx.doi.org/10.1016/j.scitotenv.2021.149196
http://www.ncbi.nlm.nih.gov/pubmed/34340087
https://dx.doi.org/10.1016/j.watres.2022.118320
http://www.ncbi.nlm.nih.gov/pubmed/35339969
https://dx.doi.org/10.1021/acs.est.9b00493
http://www.ncbi.nlm.nih.gov/pubmed/30829479
https://dx.doi.org/10.1039/d1en00738f
https://dx.doi.org/10.1021/acs.est.9b02540
http://www.ncbi.nlm.nih.gov/pubmed/31552738
https://dx.doi.org/10.1016/j.jhazmat.2021.126507
http://www.ncbi.nlm.nih.gov/pubmed/34323718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8234265
https://dx.doi.org/10.1021/acsnano.0c02878
http://www.ncbi.nlm.nih.gov/pubmed/32441911
https://dx.doi.org/10.1016/j.jhazmat.2022.128636
http://www.ncbi.nlm.nih.gov/pubmed/35278972
https://dx.doi.org/10.1039/d1en00755f
https://dx.doi.org/10.1021/acs.est.1c07377
http://www.ncbi.nlm.nih.gov/pubmed/35373559
https://dx.doi.org/10.1088/1748-9326/ac68f7
https://dx.doi.org/10.1021/acs.est.9b07540
http://www.ncbi.nlm.nih.gov/pubmed/31951124
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7031848
https://dx.doi.org/10.1016/j.cocis.2021.101528
https://dx.doi.org/10.1016/j.scitotenv.2019.135681
http://www.ncbi.nlm.nih.gov/pubmed/31780163
https://dx.doi.org/10.1039/d1en00115a
https://dx.doi.org/10.1016/j.watres.2020.116324
http://www.ncbi.nlm.nih.gov/pubmed/32871291
https://dx.doi.org/10.1021/acsestwater.0c00283
https://dx.doi.org/10.1039/c9en00557a
https://dx.doi.org/10.1016/j.envpol.2019.113302
http://www.ncbi.nlm.nih.gov/pubmed/31597113
https://dx.doi.org/10.1016/j.watres.2019.114870
http://www.ncbi.nlm.nih.gov/pubmed/31336206
https://dx.doi.org/10.1016/j.envpol.2019.113760
http://www.ncbi.nlm.nih.gov/pubmed/31855670
https://dx.doi.org/10.1016/j.watres.2020.116316
http://www.ncbi.nlm.nih.gov/pubmed/32829180
https://dx.doi.org/10.1016/j.watres.2019.115401
http://www.ncbi.nlm.nih.gov/pubmed/31884379
https://dx.doi.org/10.1016/j.envpol.2020.115828
http://www.ncbi.nlm.nih.gov/pubmed/33120151
https://dx.doi.org/10.1016/j.envpol.2020.114240
http://www.ncbi.nlm.nih.gov/pubmed/33152633
https://dx.doi.org/10.1016/j.watres.2021.117054
http://www.ncbi.nlm.nih.gov/pubmed/33770677
https://dx.doi.org/10.1016/j.watres.2022.118522
http://www.ncbi.nlm.nih.gov/pubmed/35550965
https://dx.doi.org/10.1016/j.jhazmat.2022.128790
http://www.ncbi.nlm.nih.gov/pubmed/35395525
https://dx.doi.org/10.1016/j.cclet.2022.01.056


Page 25 of Tamayo-Belda et al. Water Emerg Contam Nanoplastics 2022;1:19 https://dx.doi.org/10.20517/wecn.2022.17 28

Gong Y, Bai Y, Zhao D, Wang Q. Aggregation of carboxyl-modified polystyrene nanoplastics in water with aluminum chloride: 
Structural characterization and theoretical calculation. Water Res 2022;208:117884.  DOI  PubMed

62.     

Kaushal SS, Likens GE, Pace ML, et al. Novel “chemical cocktails” in inland waters are a consequence of the freshwater salinization 
syndrome. Philos Trans R Soc Lond B Biol Sci 2018;374:20180017.  DOI

63.     

Wu J, Ye Q, Wu P, et al. Heteroaggregation of nanoplastics with oppositely charged minerals in aquatic environment: experimental 
and theoretical calculation study. Chem Eng J 2022;428:131191.  DOI

64.     

van Wijnen J, Ragas AMJ, Kroeze C. Modelling global river export of microplastics to the marine environment: sources and future 
trends. Sci Total Environ 2019;673:392-401.  DOI

65.     

Yan Z, Xu L, Zhang W, et al. Comparative toxic effects of microplastics and nanoplastics on Chlamydomonas reinhardtii: growth 
inhibition, oxidative stress, and cell morphology. J Water Process Eng 2021;43:102291.  DOI

66.     

Xiao Y, Jiang X, Liao Y, Zhao W, Zhao P, Li M. Adverse physiological and molecular level effects of polystyrene microplastics on 
freshwater microalgae. Chemosphere 2020;255:126914.  DOI  PubMed

67.     

Chen Y, Ling Y, Li X, Hu J, Cao C, He D. Size-dependent cellular internalization and effects of polystyrene microplastics in 
microalgae P. helgolandica var. tsingtaoensis and S. quadricauda. J Hazard Mater 2020;399:123092.  DOI  PubMed

68.     

Baudrimont M, Arini A, Guégan C, et al. Ecotoxicity of polyethylene nanoplastics from the North Atlantic oceanic gyre on 
freshwater and marine organisms (microalgae and filter-feeding bivalves). Environ Sci Pollut Res Int 2020;27:3746-55.  DOI  
PubMed

69.     

Feng L, Li J, Xu EG, et al. Short-term exposure to positively charged polystyrene nanoparticles causes oxidative stress and membrane 
destruction in cyanobacteria. Environ Sci: Nano 2019;6:3072-9.  DOI

70.     

Feng LJ, Sun XD, Zhu FP, et al. Nanoplastics promote microcystin synthesis and release from cyanobacterial microcystis aeruginosa. 
Environ Sci Technol 2020;54:3386-94.  DOI  PubMed

71.     

Li S, Wang P, Zhang C, et al. Influence of polystyrene microplastics on the growth, photosynthetic efficiency and aggregation of 
freshwater microalgae Chlamydomonas reinhardtii. Sci Total Environ 2020;714:136767.  DOI  PubMed

72.     

Yang Y, Guo Y, O'Brien AM, Lins TF, Rochman CM, Sinton D. Biological responses to climate change and nanoplastics are altered 
in concert: full-factor screening reveals effects of multiple stressors on primary producers. Environ Sci Technol 2020;54:2401-10.  
DOI  PubMed

73.     

Wu D, Wang T, Wang J, Jiang L, Yin Y, Guo H. Size-dependent toxic effects of polystyrene microplastic exposure on Microcystis 
aeruginosa growth and microcystin production. Sci Total Environ 2021;761:143265.  DOI  PubMed

74.     

Yang W, Gao P, Li H, et al. Mechanism of the inhibition and detoxification effects of the interaction between nanoplastics and 
microalgae Chlorella pyrenoidosa. Sci Total Environ 2021;783:146919.  DOI  PubMed

75.     

Zheng X, Yuan Y, Li Y, Liu X, Wang X, Fan Z. Polystyrene nanoplastics affect growth and microcystin production of Microcystis 
aeruginosa. Environ Sci Pollut Res Int 2021;28:13394-403.  DOI  PubMed

76.     

Schampera C, Wolinska J, Bachelier JB, et al. Exposure to nanoplastics affects the outcome of infectious disease in phytoplankton. 
Environ Pollut 2021;277:116781.  DOI  PubMed

77.     

Tamayo-belda M, Vargas-guerrero JJ, Martín-betancor K, et al. Understanding nanoplastic toxicity and their interaction with 
engineered cationic nanopolymers in microalgae by physiological and proteomic approaches. Environ Sci: Nano 2021;8:2277-96.  
DOI

78.     

Wang F, Wang B, Qu H, et al. The influence of nanoplastics on the toxic effects, bioaccumulation, biodegradation and 
enantioselectivity of ibuprofen in freshwater algae Chlorella pyrenoidosa. Environ Pollut 2020;263:114593.  DOI  PubMed

79.     

Cao J, Liao Y, Yang W, Jiang X, Li M. Enhanced microalgal toxicity due to polystyrene nanoplastics and cadmium co-exposure: 
from the perspective of physiological and metabolomic profiles. J Hazard Mater 2022;427:127937.  DOI  PubMed

80.     

Rowenczyk L, Leflaive J, Clergeaud F, et al. Heteroaggregates of polystyrene nanospheres and organic matter: preparation, 
characterization and evaluation of their toxicity to algae in environmentally relevant conditions. Nanomaterials (Basel) 2021;11:482.  
DOI  PubMed  PMC

81.     

Bellingeri A, Bergami E, Grassi G, et al. Combined effects of nanoplastics and copper on the freshwater alga Raphidocelis 
subcapitata. Aquat Toxicol 2019;210:179-87.  DOI  PubMed

82.     

Huang B, Wei ZB, Yang LY, Pan K, Miao AJ. Combined toxicity of silver nanoparticles with hematite or plastic nanoparticles 
toward two freshwater algae. Environ Sci Technol 2019;53:3871-9.  DOI  PubMed

83.     

Liao Y, Jiang X, Xiao Y, Li M. Exposure of microalgae Euglena gracilis to polystyrene microbeads and cadmium: perspective from 
the physiological and transcriptional responses. Aquat Toxicol 2020;228:105650.  DOI  PubMed

84.     

Giri S, Mukherjee A. Ageing with algal EPS reduces the toxic effects of polystyrene nanoplastics in freshwater microalgae 
Scenedesmus obliquus. J Environ Chem Eng 2021;9:105978.  DOI

85.     

Wan JK, Chu WL, Kok YY, Lee CS. Influence of polystyrene microplastic and nanoplastic on copper toxicity in two freshwater 
microalgae. Environ Sci Pollut Res Int ;2021:33649-68.  DOI  PubMed

86.     

Das S, Thiagarajan V, Chandrasekaran N, Ravindran B, Mukherjee A. Nanoplastics enhance the toxic effects of titanium dioxide 
nanoparticle in freshwater algae Scenedesmus obliquus. Comp Biochem Physiol C Toxicol Pharmacol 2022;256:109305.  DOI  
PubMed

87.     

Hanachi P, Khoshnamvand M, Walker TR, Hamidian AH. Nano-sized polystyrene plastics toxicity to microalgae Chlorella vulgaris: 
Toxicity mitigation using humic acid. Aquat Toxicol 2022;245:106123.  DOI  PubMed

88.     

https://dx.doi.org/10.1016/j.watres.2021.117884
http://www.ncbi.nlm.nih.gov/pubmed/34837810
https://dx.doi.org/10.1098/rstb.2018.0017
https://dx.doi.org/10.1016/j.cej.2021.131191
https://dx.doi.org/10.1016/j.scitotenv.2019.04.078
https://dx.doi.org/10.1016/j.jwpe.2021.102291
https://dx.doi.org/10.1016/j.chemosphere.2020.126914
http://www.ncbi.nlm.nih.gov/pubmed/32387728
https://dx.doi.org/10.1016/j.jhazmat.2020.123092
http://www.ncbi.nlm.nih.gov/pubmed/32531675
https://dx.doi.org/10.1007/s11356-019-04668-3
http://www.ncbi.nlm.nih.gov/pubmed/31044382
https://dx.doi.org/10.1039/c9en00807a
https://dx.doi.org/10.1021/acs.est.9b06085
http://www.ncbi.nlm.nih.gov/pubmed/31961660
https://dx.doi.org/10.1016/j.scitotenv.2020.136767
http://www.ncbi.nlm.nih.gov/pubmed/31981864
https://dx.doi.org/10.1021/acs.est.9b07040
http://www.ncbi.nlm.nih.gov/pubmed/31985222
https://dx.doi.org/10.1016/j.scitotenv.2020.143265
http://www.ncbi.nlm.nih.gov/pubmed/33257060
https://dx.doi.org/10.1016/j.scitotenv.2021.146919
http://www.ncbi.nlm.nih.gov/pubmed/33866172
https://dx.doi.org/10.1007/s11356-020-10388-w
http://www.ncbi.nlm.nih.gov/pubmed/33180284
https://dx.doi.org/10.1016/j.envpol.2021.116781
http://www.ncbi.nlm.nih.gov/pubmed/33652181
https://dx.doi.org/10.1039/d1en00284h
https://dx.doi.org/10.1016/j.envpol.2020.114593
http://www.ncbi.nlm.nih.gov/pubmed/32315820
https://dx.doi.org/10.1016/j.jhazmat.2021.127937
http://www.ncbi.nlm.nih.gov/pubmed/34863563
https://dx.doi.org/10.3390/nano11020482
http://www.ncbi.nlm.nih.gov/pubmed/33668678
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7918465
https://dx.doi.org/10.1016/j.aquatox.2019.02.022
http://www.ncbi.nlm.nih.gov/pubmed/30870664
https://dx.doi.org/10.1021/acs.est.8b07001
http://www.ncbi.nlm.nih.gov/pubmed/30882224
https://dx.doi.org/10.1016/j.aquatox.2020.105650
http://www.ncbi.nlm.nih.gov/pubmed/33035767
https://dx.doi.org/10.1016/j.jece.2021.105978
https://dx.doi.org/10.1007/s11356-021-12983-x
http://www.ncbi.nlm.nih.gov/pubmed/33646549
https://dx.doi.org/10.1016/j.cbpc.2022.109305
http://www.ncbi.nlm.nih.gov/pubmed/35219900
https://dx.doi.org/10.1016/j.aquatox.2022.106123
http://www.ncbi.nlm.nih.gov/pubmed/35183843


Page 26 of Tamayo-Belda et al. Water Emerg Contam Nanoplastics 2022;1:19 https://dx.doi.org/10.20517/wecn.2022.1728

Verdú I, Amariei G, Plaza-Bolaños P, et al. Polystyrene nanoplastics and wastewater displayed antagonistic toxic effects due to the 
sorption of wastewater micropollutants. Sci Total Environ 2022;819:153063.  DOI  PubMed

89.     

Zhang Y, Li X, Liang J, et al. Microcystis aeruginosa’s exposure to an antagonism of nanoplastics and MWCNTs: the disorders in 
cellular and metabolic processes. Chemosphere 2022;288:132516.  DOI  PubMed

90.     

Bhagat J, Nishimura N, Shimada Y. Toxicological interactions of microplastics/nanoplastics and environmental contaminants: current 
knowledge and future perspectives. J Hazard Mater 2021;405:123913.  DOI  PubMed

91.     

Yan N, Tang BZ, Wang WX. Cell cycle control of nanoplastics internalization in phytoplankton. ACS Nano 2021;15:12237-48.  DOI  
PubMed

92.     

Holzer M, Mitrano DM, Carles L, Wagner B, Tlili A. Important ecological processes are affected by the accumulation and trophic 
transfer of nanoplastics in a freshwater periphyton-grazer food chain. Environ Sci: Nano 2022;9:2990-3003.  DOI

93.     

Yang W, Gao P, Ma G, et al. Transcriptome analysis of the toxic mechanism of nanoplastics on growth, photosynthesis and oxidative 
stress of microalga Chlorella pyrenoidosa during chronic exposure. Environ Pollut 2021;284:117413.  DOI  PubMed

94.     

Tkaczyk A, Bownik A, Dudka J, Kowal K, Ślaska B. Daphnia magna model in the toxicity assessment of pharmaceuticals: a review. 
Sci Total Environ 2021;763:143038.  DOI  PubMed

95.     

Liu Z, Yu P, Cai M, et al. Polystyrene nanoplastic exposure induces immobilization, reproduction, and stress defense in the 
freshwater cladoceran Daphnia pulex. Chemosphere 2019;215:74-81.  DOI  PubMed

96.     

Kelpsiene E, Torstensson O, Ekvall MT, Hansson LA, Cedervall T. Long-term exposure to nanoplastics reduces life-time in Daphnia 
magna. Sci Rep 2020;10:5979.  DOI  PubMed  PMC

97.     

Liu Z, Jiao Y, Chen Q, et al. Two sigma and two mu class genes of glutathione S-transferase in the waterflea Daphnia pulex: 
Molecular characterization and transcriptional response to nanoplastic exposure. Chemosphere 2020;248:126065.  DOI  PubMed

98.     

Liu Z, Li Y, Pérez E, et al. Polystyrene nanoplastic induces oxidative stress, immune defense, and glycometabolism change in 
Daphnia pulex: application of transcriptome profiling in risk assessment of nanoplastics. J Hazard Mater 2021;402:123778.  DOI  
PubMed

99.     

Liu Z, Li Y, Sepúlveda MS, et al. Development of an adverse outcome pathway for nanoplastic toxicity in Daphnia pulex using 
proteomics. Sci Total Environ 2021;766:144249.  DOI  PubMed

100.     

Pochelon A, Stoll S, Slaveykova VI. Polystyrene nanoplastic behavior and toxicity on crustacean daphnia magna: media composition, 
size, and surface charge effects. Environments 2021;8:101.  DOI

101.     

Saavedra J, Stoll S, Slaveykova VI. Influence of nanoplastic surface charge on eco-corona formation, aggregation and toxicity to 
freshwater zooplankton. Environ Pollut 2019;252:715-22.  DOI  PubMed

102.     

Nogueira DJ, Silva ACOD, da Silva MLN, Vicentini DS, Matias WG. Individual and combined multigenerational effects induced by 
polystyrene nanoplastic and glyphosate in Daphnia magna (Strauss, 1820). Sci Total Environ 2022;811:151360.  DOI  PubMed

103.     

Fadare OO, Wan B, Guo L, Xin Y, Qin W, Yang Y. Humic acid alleviates the toxicity of polystyrene nanoplastic particles to Daphnia 
magna. Environ Sci: Nano 2019;6:1466-77.  DOI

104.     

Lin W, Jiang R, Xiong Y, et al. Quantification of the combined toxic effect of polychlorinated biphenyls and nano-sized polystyrene 
on Daphnia magna. J Hazard Mater 2019;364:531-6.  DOI  PubMed

105.     

Frankel R, Ekvall MT, Kelpsiene E, Hansson L, Cedervall T. Controlled protein mediated aggregation of polystyrene nanoplastics 
does not reduce toxicity towards Daphnia magna. Environ Sci: Nano 2020;7:1518-24.  DOI

106.     

Lin W, Jiang R, Xiao X, et al. Joint effect of nanoplastics and humic acid on the uptake of PAHs for Daphnia magna: a model study. 
J Hazard Mater 2020;391:122195.  DOI  PubMed

107.     

Liu Z, Cai M, Wu D, et al. Effects of nanoplastics at predicted environmental concentration on Daphnia pulex after exposure through 
multiple generations. Environ Pollut 2020;256:113506.  DOI  PubMed

108.     

Liu Z, Huang Y, Jiao Y, et al. Polystyrene nanoplastic induces ROS production and affects the MAPK-HIF-1/NFkB-mediated 
antioxidant system in Daphnia pulex. Aquat Toxicol 2020;220:105420.  DOI  PubMed

109.     

De Felice B, Sugni M, Casati L, Parolini M. Molecular, biochemical and behavioral responses of Daphnia magna under long-term 
exposure to polystyrene nanoplastics. Environ Int 2022;164:107264.  DOI  PubMed

110.     

De Felice B, Sabatini V, Antenucci S, et al. Polystyrene microplastics ingestion induced behavioral effects to the cladoceran Daphnia 
magna. Chemosphere 2019;231:423-31.  DOI  PubMed

111.     

Abdolahpur Monikh F, Chupani L, Vijver MG, Peijnenburg WJGM. Parental and trophic transfer of nanoscale plastic debris in an 
assembled aquatic food chain as a function of particle size. Environ Pollut 2021;269:116066.  DOI

112.     

Parenti CC, Ghilardi A, Della Torre C, Magni S, Del Giacco L, Binelli A. Evaluation of the infiltration of polystyrene nanobeads in 
zebrafish embryo tissues after short-term exposure and the related biochemical and behavioural effects. Environ Pollut 
2019;254:112947.  DOI  PubMed

113.     

Sarasamma S, Audira G, Siregar P, et al. Nanoplastics cause neurobehavioral impairments, reproductive and oxidative damages, and 
biomarker responses in zebrafish: throwing up alarms of wide spread health risk of exposure. Int J Mol Sci 2020;21:1410.  DOI  
PubMed  PMC

114.     

Sökmen TÖ, Sulukan E, Türkoğlu M, Baran A, Özkaraca M, Ceyhun SB. Polystyrene nanoplastics (20 nm) are able to bioaccumulate 
and cause oxidative DNA damages in the brain tissue of zebrafish embryo (Danio rerio). Neurotoxicology 2020;77:51-9.  DOI  
PubMed

115.     

Venâncio C, Melnic I, Tamayo-Belda M, Oliveira M, Martins MA, Lopes I. Polymethylmethacrylate nanoplastics can cause 116.     

https://dx.doi.org/10.1016/j.scitotenv.2022.153063
http://www.ncbi.nlm.nih.gov/pubmed/35031361
https://dx.doi.org/10.1016/j.chemosphere.2021.132516
http://www.ncbi.nlm.nih.gov/pubmed/34648785
https://dx.doi.org/10.1016/j.jhazmat.2020.123913
http://www.ncbi.nlm.nih.gov/pubmed/33127190
https://dx.doi.org/10.1021/acsnano.1c03879
http://www.ncbi.nlm.nih.gov/pubmed/34156825
https://dx.doi.org/10.1039/d2en00101b
https://dx.doi.org/10.1016/j.envpol.2021.117413
http://www.ncbi.nlm.nih.gov/pubmed/34049161
https://dx.doi.org/10.1016/j.scitotenv.2020.143038
http://www.ncbi.nlm.nih.gov/pubmed/33127157
https://dx.doi.org/10.1016/j.chemosphere.2018.09.176
http://www.ncbi.nlm.nih.gov/pubmed/30312919
https://dx.doi.org/10.1038/s41598-020-63028-1
http://www.ncbi.nlm.nih.gov/pubmed/32249839
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7136239
https://dx.doi.org/10.1016/j.chemosphere.2020.126065
http://www.ncbi.nlm.nih.gov/pubmed/32045975
https://dx.doi.org/10.1016/j.jhazmat.2020.123778
http://www.ncbi.nlm.nih.gov/pubmed/33254789
https://dx.doi.org/10.1016/j.scitotenv.2020.144249
http://www.ncbi.nlm.nih.gov/pubmed/33421781
https://dx.doi.org/10.3390/environments8100101
https://dx.doi.org/10.1016/j.envpol.2019.05.135
http://www.ncbi.nlm.nih.gov/pubmed/31185361
https://dx.doi.org/10.1016/j.scitotenv.2021.151360
http://www.ncbi.nlm.nih.gov/pubmed/34774938
https://dx.doi.org/10.1039/c8en01457d
https://dx.doi.org/10.1016/j.jhazmat.2018.10.056
http://www.ncbi.nlm.nih.gov/pubmed/30388636
https://dx.doi.org/10.1039/c9en01236b
https://dx.doi.org/10.1016/j.jhazmat.2020.122195
http://www.ncbi.nlm.nih.gov/pubmed/32044633
https://dx.doi.org/10.1016/j.envpol.2019.113506
http://www.ncbi.nlm.nih.gov/pubmed/31706756
https://dx.doi.org/10.1016/j.aquatox.2020.105420
http://www.ncbi.nlm.nih.gov/pubmed/31986404
https://dx.doi.org/10.1016/j.envint.2022.107264
http://www.ncbi.nlm.nih.gov/pubmed/35489111
https://dx.doi.org/10.1016/j.chemosphere.2019.05.115
http://www.ncbi.nlm.nih.gov/pubmed/31146134
https://dx.doi.org/10.1016/j.envpol.2020.116066
https://dx.doi.org/10.1016/j.envpol.2019.07.115
http://www.ncbi.nlm.nih.gov/pubmed/31400664
https://dx.doi.org/10.3390/ijms21041410
http://www.ncbi.nlm.nih.gov/pubmed/32093039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7073134
https://dx.doi.org/10.1016/j.neuro.2019.12.010
http://www.ncbi.nlm.nih.gov/pubmed/31862285


Page 27 of Tamayo-Belda et al. Water Emerg Contam Nanoplastics 2022;1:19 https://dx.doi.org/10.20517/wecn.2022.17 28

developmental malformations in early life stages of Xenopus laevis. Sci Total Environ 2022;806:150491.  DOI  PubMed
Venâncio C, Savuca A, Oliveira M, Martins MA, Lopes I. Polymethylmethacrylate nanoplastics effects on the freshwater cnidarian 
Hydra viridissima. J Hazard Mater 2021;402:123773.  DOI  PubMed

117.     

Auclair J, Quinn B, Peyrot C, Wilkinson KJ, Gagné F. Detection, biophysical effects, and toxicity of polystyrene nanoparticles to the 
cnidarian Hydra attenuata. Environ Sci Pollut Res Int 2020;27:11772-81.  DOI  PubMed

118.     

Li Y, Liu Z, Li M, et al. Effects of nanoplastics on antioxidant and immune enzyme activities and related gene expression in juvenile 
Macrobrachium nipponense. J Hazard Mater 2020;398:122990.  DOI  PubMed

119.     

Zhang R, Silic MR, Schaber A, Wasel O, Freeman JL, Sepúlveda MS. Exposure route affects the distribution and toxicity of 
polystyrene nanoplastics in zebrafish. Sci Total Environ 2020;724:138065.  DOI  PubMed

120.     

Capanni F, Greco S, Tomasi N, Giulianini PG, Manfrin C. Orally administered nano-polystyrene caused vitellogenin alteration and 
oxidative stress in the red swamp crayfish (Procambarus clarkii). Sci Total Environ 2021;791:147984.  DOI  PubMed

121.     

Guimarães ATB, Estrela FN, Pereira PS, et al. Toxicity of polystyrene nanoplastics in Ctenopharyngodon idella juveniles: a 
genotoxic, mutagenic and cytotoxic perspective. Sci Total Environ 2021;752:141937.  DOI  PubMed

122.     

Sendra M, Pereiro P, Yeste MP, Mercado L, Figueras A, Novoa B. Size matters: Zebrafish (Danio rerio) as a model to study toxicity 
of nanoplastics from cells to the whole organism. Environ Pollut 2021;268:115769.  DOI  PubMed

123.     

Fan W, Yang P, Qiao Y, Su M, Zhang G. Polystyrene nanoplastics decrease molting and induce oxidative stress in adult 
Macrobrachium nipponense. Fish Shellfish Immunol 2022;122:419-25.  DOI  PubMed

124.     

Li Y, Du X, Jiang Q, Huang Y, Zhao Y. Effects of nanoplastic exposure on the growth performance and molecular characterization of 
growth-associated genes in juvenile Macrobrachium nipponense. Comp Biochem Physiol C Toxicol Pharmacol 2022;254:109278.  
DOI  PubMed

125.     

Li Y, Liu Z, Jiang Q, Ye Y, Zhao Y. Effects of nanoplastic on cell apoptosis and ion regulation in the gills of Macrobrachium 
nipponense. Environ Pollut 2022;300:118989.  DOI  PubMed

126.     

Malafaia G, Nóbrega RH, Luz TMD, Araújo APDC. Shedding light on the impacts of gestational exposure to polystyrene 
nanoplastics on the reproductive performance of Poecilia reticulata female and on the biochemical response of embryos. J Hazard 
Mater 2022;427:127873.  DOI  PubMed

127.     

Trevisan R, Voy C, Chen S, Di Giulio RT. Nanoplastics decrease the toxicity of a complex PAH mixture but impair mitochondrial 
energy production in developing zebrafish. Environ Sci Technol 2019;53:8405-15.  DOI  PubMed  PMC

128.     

Ji Y, Wang C, Wang Y, Fu L, Man M, Chen L. Realistic polyethylene terephthalate nanoplastics and the size- and surface coating-
dependent toxicological impacts on zebrafish embryos. Environ Sci: Nano 2020;7:2313-24.  DOI

129.     

Lee WS, Cho H, Kim E, et al. Bioaccumulation of polystyrene nanoplastics and their effect on the toxicity of Au ions in zebrafish 
embryos. Nanoscale 2019;11:3173-85.  DOI  PubMed

130.     

Xie S, Zhou A, Wei T, et al. Nanoplastics induce more serious microbiota dysbiosis and inflammation in the gut of adult zebrafish 
than microplastics. Bull Environ Contam Toxicol 2021;107:640-50.  DOI  PubMed

131.     

Teng M, Zhao X, Wang C, et al. Polystyrene nanoplastics toxicity to zebrafish: dysregulation of the brain-intestine-microbiota axis. 
ACS Nano 2022;16:8190-204.  DOI  PubMed

132.     

Han M, Gao T, Liu G, et al. The effect of a polystyrene nanoplastic on the intestinal microbes and oxidative stress defense of the 
freshwater crayfish, Procambarus clarkii. Sci Total Environ 2022;833:155722.  DOI  PubMed

133.     

Filiciotto L, Rothenberg G. Biodegradable plastics: standards, policies, and impacts. ChemSusChem 2021;14:56-72.  DOI  PubMed  
PMC

134.     

Ribba L, Lopretti M, Montes de Oca-vásquez G, Batista D, Goyanes S, Vega-baudrit JR. Biodegradable plastics in aquatic 
ecosystems: latest findings, research gaps, and recommendations. Environ Res Lett 2022;17:033003.  DOI

135.     

Ciriminna R, Pagliaro M. Biodegradable and compostable plastics: a critical perspective on the dawn of their global adoption. 
ChemistryOpen 2020;9:8-13.  DOI  PubMed  PMC

136.     

Narancic T, Verstichel S, Reddy Chaganti S, et al. Biodegradable plastic blends create new possibilities for end-of-life management 
of plastics but they are not a panacea for plastic pollution. Environ Sci Technol 2018;52:10441-52.  DOI

137.     

Scott G. Why degradable polymers? In: Scott G, editor. Degradable polymers. Dordrecht: Springer Netherlands; 2002. p. 1-15.  DOI  
PubMed

138.     

Daglen BC, Tyler DR. Photodegradable plastics: end-of-life design principles. Green Chem Lett Rev 2010;3:69-82.  DOI139.     
Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics ever made. Sci Adv 2017;3:25-9.  DOI  PubMed  PMC140.     
Shlush E, Davidovich-pinhas M. Bioplastics for food packaging. Trends Food Sci Technol 2022;125:66-80.  DOI141.     
Cucina M, de Nisi P, Tambone F, Adani F. The role of waste management in reducing bioplastic leakage into the environment: a 
review. Bioresour Technol 2021;337:125459.  DOI  PubMed

142.     

Yokota K, Mehlrose M. Lake Phytoplankton assemblage altered by irregularly shaped PLA body wash microplastics but not by PS 
calibration beads. Water 2020;12:2650.  DOI

143.     

Green DS, Jefferson M, Boots B, Stone L. All that glitters is litter? J Hazard Mater 2021;402:124070.  DOI  PubMed144.     
Wei XF, Capezza AJ, Cui Y, et al. Millions of microplastics released from a biodegradable polymer during biodegradation/enzymatic 
hydrolysis. Water Res 2022;211:118068.  DOI  PubMed

145.     

Hu YL, Qi W, Han F, Shao JZ, Gao JQ. Toxicity evaluation of biodegradable chitosan nanoparticles using a zebrafish embryo model. 
Int J Nanomedicine 2011;6:3351-9.  DOI  PubMed  PMC

146.     

https://dx.doi.org/10.1016/j.scitotenv.2021.150491
http://www.ncbi.nlm.nih.gov/pubmed/34844312
https://dx.doi.org/10.1016/j.jhazmat.2020.123773
http://www.ncbi.nlm.nih.gov/pubmed/33254784
https://dx.doi.org/10.1007/s11356-020-07728-1
http://www.ncbi.nlm.nih.gov/pubmed/31975008
https://dx.doi.org/10.1016/j.jhazmat.2020.122990
http://www.ncbi.nlm.nih.gov/pubmed/32516731
https://dx.doi.org/10.1016/j.scitotenv.2020.138065
http://www.ncbi.nlm.nih.gov/pubmed/32272399
https://dx.doi.org/10.1016/j.scitotenv.2021.147984
http://www.ncbi.nlm.nih.gov/pubmed/34118657
https://dx.doi.org/10.1016/j.scitotenv.2020.141937
http://www.ncbi.nlm.nih.gov/pubmed/33207528
https://dx.doi.org/10.1016/j.envpol.2020.115769
http://www.ncbi.nlm.nih.gov/pubmed/33070068
https://dx.doi.org/10.1016/j.fsi.2022.02.028
http://www.ncbi.nlm.nih.gov/pubmed/35182722
https://dx.doi.org/10.1016/j.cbpc.2022.109278
http://www.ncbi.nlm.nih.gov/pubmed/35077872
https://dx.doi.org/10.1016/j.envpol.2022.118989
http://www.ncbi.nlm.nih.gov/pubmed/35157932
https://dx.doi.org/10.1016/j.jhazmat.2021.127873
http://www.ncbi.nlm.nih.gov/pubmed/34863562
https://dx.doi.org/10.1021/acs.est.9b02003
http://www.ncbi.nlm.nih.gov/pubmed/31259535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6660138
https://dx.doi.org/10.1039/d0en00464b
https://dx.doi.org/10.1039/c8nr09321k
http://www.ncbi.nlm.nih.gov/pubmed/30534785
https://dx.doi.org/10.1007/s00128-021-03348-8
http://www.ncbi.nlm.nih.gov/pubmed/34379141
https://dx.doi.org/10.1021/acsnano.2c01872
http://www.ncbi.nlm.nih.gov/pubmed/35507640
https://dx.doi.org/10.1016/j.scitotenv.2022.155722
http://www.ncbi.nlm.nih.gov/pubmed/35525353
https://dx.doi.org/10.1002/cssc.202002044
http://www.ncbi.nlm.nih.gov/pubmed/33112051
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7821290
https://dx.doi.org/10.1088/1748-9326/ac548d
https://dx.doi.org/10.1002/open.201900272
http://www.ncbi.nlm.nih.gov/pubmed/31921539
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6946947
https://dx.doi.org/10.1021/acs.est.8b02963
https://dx.doi.org/10.1016/s0142-9612(02)00170-9
http://www.ncbi.nlm.nih.gov/pubmed/12194525
https://dx.doi.org/10.1080/17518250903506723
https://dx.doi.org/10.1126/sciadv.1700782
http://www.ncbi.nlm.nih.gov/pubmed/28776036
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5517107
https://dx.doi.org/10.1016/j.tifs.2022.04.026
https://dx.doi.org/10.1016/j.biortech.2021.125459
http://www.ncbi.nlm.nih.gov/pubmed/34320741
https://dx.doi.org/10.3390/w12092650
https://dx.doi.org/10.1016/j.jhazmat.2020.124070
http://www.ncbi.nlm.nih.gov/pubmed/33254837
https://dx.doi.org/10.1016/j.watres.2022.118068
http://www.ncbi.nlm.nih.gov/pubmed/35066257
https://dx.doi.org/10.2147/IJN.S25853
http://www.ncbi.nlm.nih.gov/pubmed/22267920
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3260029


Page 28 of Tamayo-Belda et al. Water Emerg Contam Nanoplastics 2022;1:19 https://dx.doi.org/10.20517/wecn.2022.1728

Clemente Z, Grillo R, Jonsson M, et al. Ecotoxicological evaluation of poly(epsilon-caprolactone) nanocapsules containing triazine 
herbicides. J Nanosci Nanotechnol 2014;14:4911-7.  DOI  PubMed

147.     

González-pleiter M, Tamayo-belda M, Pulido-reyes G, et al. Secondary nanoplastics released from a biodegradable microplastic 
severely impact freshwater environments. Environ Sci: Nano 2019;6:1382-92.  DOI

148.     

Zhang X, Xia M, Su X, et al. Photolytic degradation elevated the toxicity of polylactic acid microplastics to developing zebrafish by 
triggering mitochondrial dysfunction and apoptosis. J Hazard Mater 2021;413:125321.  DOI  PubMed

149.     

Tong H, Zhong X, Duan Z, et al. Micro- and nanoplastics released from biodegradable and conventional plastics during degradation: 
Formation, aging factors, and toxicity. Sci Total Environ 2022;833:155275.  DOI  PubMed

150.     

Götz A, Beggel S, Geist J. Dietary exposure to four sizes of spherical polystyrene, polylactide and silica nanoparticles does not affect 
mortality, behaviour, feeding and energy assimilation of Gammarus roeseli. Ecotoxicol Environ Saf 2022;238:113581.  DOI

151.     

https://dx.doi.org/10.1166/jnn.2014.8681
http://www.ncbi.nlm.nih.gov/pubmed/24757962
https://dx.doi.org/10.1039/c8en01427b
https://dx.doi.org/10.1016/j.jhazmat.2021.125321
http://www.ncbi.nlm.nih.gov/pubmed/33582471
https://dx.doi.org/10.1016/j.scitotenv.2022.155275
http://www.ncbi.nlm.nih.gov/pubmed/35429568
https://dx.doi.org/10.1016/j.ecoenv.2022.113581

