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Abstract: Nanocolloids (Ncs) are highly dispersed mixtures of nanoscale (1-100 nm) heterogeneous
systems, which are ubiquitous in aquatic environments. Ncs are considered a vital pollutant carrier
due to their special surface properties and unique hydrodynamic characteristics. They play an
essential role in the process of promoting pollutant migration and transformation. In recent years,
with the increase in chemicals in the environment and the complexity of environmental pollution, the
health threats of Ncs in ecological systems are arousing great concerning. Therefore, recent work to
characterize the ecotoxicity of Ncs has focused on the potential environmental health implications,
including exploration of toxicity to aquatic organisms from a wide range of the ecosystem food webs.
Herein, we summarize the formation, distribution, and characterization of natural Ncs in the marine
environments. Moreover, we highlight the adverse impacts of Ncs on representatives of various
trophic levels aquatic organisms (e.g., algae, bacteria, invertebrates, and fish). The mechanisms of
Ncs ecotoxicity at the cellular level are reviewed, and the remaining unclear points on toxic tools such
as oxidative damage and metabolic disorder are presented. We also discuss the research challenges
and future developments within the field of ecotoxicity. This study will bridge our knowledge gap
on the ecotoxicity of Ncs.
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1. Introduction

Natural nanocolloids (Ncs) represent a specific type of matter, defined as a highly
dispersed multiphase heterogeneous system of nanometer magnitude (1-100 nm), also
known as nano-colloidal dispersions or mixtures [1-3]. Like engineered nanoparticles,
natural Ncs have an extensive specific surface area and can absorb other harmful pollutants
in a large capacity [2,4]. For example, our previous studies showed that natural Ncs contain
dangerous contaminants such as polycyclic aromatic hydrocarbons (PAHs, 14.2-50.5 png/kg)
and toxic heavy metals such as Cr [5]. Due to the high activity and good stability, Ncs
can readily attach environmental pollutants (e.g., trace heavy metals or persistent organic
substances) and exist in a water environment for a long time, which play an important role
in the migration and transformation of pollutants [5,6].

In recent years, with the continuous entry of chemicals into the aquatic environment
and the complexity of water pollution, the concentration and types of Ncs in aquatic envi-
ronmental system are gradually increasing and receiving significant attention [7,8]. Many
studies have confirmed that Ncs exist widely in the environment, and their concentration
is at the level of mg/L, which has very important environmental significance [5,9]. Upon
exposure to aquatic environments, Ncs may have adverse impacts on aquatic organisms
(e.g., bacteria, algae, plants, invertebrates, and fish) [10-12], even leading to changes in
the expression levels of endogenous metabolites and genetic materials. The fate and po-
tential environmental impacts of Ncs in the aquatic ecological systems have attracted
increasing attention.
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Currently, there have been a lot of studies on engineered nanoparticles, and a clear un-
derstanding of nanotoxicity, molecular mechanism of action, and environmental effects has
been obtained. However, the existing literature on the ecotoxicity of Ncs remains limited.
Furthermore, studies on Ncs in the environment mainly focus on the separation, enrichment
and characterization of Ncs [13,14]. In contrast, the process and mechanism of inducing
adverse effects of Ncs in the aquatic environment are relatively few [14-16]. In aquatic
environments, Ncs can interact with system components (e.g., inorganic ions and natural
organic matter (NOM)), which can change environmental behaviors and ecotoxicity of
Ncs [17]. In addition, the properties and toxic effects of Ncs from different sources may dif-
fer. Environmental Ncs can interact with pollutants under other environmental factors, and
form Ncs—pollutants composites, which may produce or enhance nanotoxicity and induce
various diseases, thus increasing the threat to the ecosystem and human health [18]. On the
contrary, it has also been shown that some Ncs have beneficial biomedical effects [19].

Therefore, given the wide spread of Ncs and their important role in biogeochemical
processes, the purposes of the present review are to (1) summarize the latest progress related
to the formation, distribution, and characterization of Ncs; (2) highlight the toxic ecological
effect and molecular mechanisms of Ncs on various representatives; and (3) discuss the
important knowledge gaps on the ecotoxicity of natural Ncs, thus providing suggestions
for future research.

2. Formation, Distribution and Characterization of Natural Ncs in Aquatic Environment

Ncs are commonly formed spontaneously due to human activities and naturally bio-
geochemical processes, which are usually mixtures and consist of various elements [20].
Ncs have a high adsorption capacity and strong affinity for trace metal elements or organic
matter, and this process will affect the migration and biological activity of these pollutants
in water environments [21]. Moreover, the surface of Ncs also undergoes modifications
through biotic and abiotic processes in aquatic environments, for example, chemical reac-
tions, recrystallization, and oriented aggregation [22]. Given that Ncs have a significant
impact on the migration, transformation, and ecotoxicity of pollutants, the behaviors of
Ncs in aquatic environments have attracted more and more attention.

2.1. Formation

Research on the formation of Ncs is a massive task as it is complex in composition and
covers diverse mechanisms, processes, and conditions. Although models of Ncs formation
have been proposed by Buffle et al. (Figure 1) [23], there is still a lack of more universal
models to describe the morphology and structure of aquatic colloids. Notably, the main
composition of Ncs is derived from nanoparticles, Ncs are not a renaming of the concept
of nanoparticles. Compared to the composition of nanoparticles, Ncs are composed of
some macromolecules such as irregular network organic matter and humic acid. Moreover,
Ncs are divided into two different states, the dispersed phase and the continuous phase,
and are also formed by some macromolecules or particles dispersed in a heterogeneous
system. Therefore, Ncs are often referred to as a nanocolloidal system, and show more
stable behavior than nanoparticles in the aquatic environment [9]. Furthermore, Ncs can
be divided into artificial Ncs and natural Ncs according to their sources. Artificial Ncs are
generated by human activities such as microplastics and nanomaterials through sewage
discharge, fishing activities, surface runoff, atmospheric deposition, and other ways into
the water. On the other hand, natural Ncs are produced by chemical, photo-chemical,
mechanical, thermal, and biological processes in aquatic environments. Similarly, the
release of sediments from the bottom of the water, the fragmentation of large particles,
photochemical degradation, and other processes lead to the formation of colloids in the
water environment [8,22]. Moreover, parts of Ncs are synthesized by biological activities,
which are mainly the metabolism of plants, animals, and microorganisms in the water
environment, with the main biochemical processes including the physiological activities of
phytoplankton and the dissolution and secretion of cells [2,24]. Most colloids in the aqueous
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environment are predominantly organic colloids, whose main components are dissolved
organic matter. Natural hydrocolloid materials are composed of inorganic colloids (e.g.,
iron, aluminum, manganese oxide, hydrate or mineral), heterogeneous organic materials,
and large biopolymers [24,25]. However, there is a lack of systematically detailed work on
the nature and origin of natural Ncs [5].
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Figure 1. Formation, distribution, characterization of Ncs. (a) Schematic representation of the
main source of Ncs in aquatic environment (small blue points: fulvic type material, dark circles:
inorganic colloids, red lines: biopolymers). (b) Location of samples and marine colloids concentration.
(c) Typical TEM images (1 = 50) of marine colloids and size distribution. (d) Typical AFM images
(n = 50) of marine colloids and height distribution. Reprinted (adapted) with permission from
(Kang et al.) [9].
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2.2. Distribution

Ncs distribute widely in oceans, surface-, ground- and pore water, as well as in the
atmosphere [26]. In an investigation of natural nanoparticles and colloidal organic matter in
soils and rivers in Germany, iron oxide colloids are found to be efficiently transported [27].
However, quantitative data for natural Ncs are scarce. The sampling and transport pro-
cesses have an uncontrollable effect on the stable state of the Ncs, thus reduce the confidence
of the data. Moreover, the high-precision separation and quantification equipment of Ncs is
also lacking. The concentrations and sizes of Ncs in the aquatic environment are influenced
by pH, ionic strength, concentrations, and water sample depth. For instance, the particle
size distribution of Ncs in the Haihe river ranged from 1.4 to 99.4 nm, with an average value
of 17.0 nm, and the concentration of Ncs ranged from 3.7 to 7.2 mg/L [5]. The equivalent
diameter of colloids in groundwater at the northwestern edge of the Sichuan Basin is
347 £ 188 nm (mean = standard deviation, n = 300) [28]. Ncs in Cigar Lake, Canada, are
measured at sizes ranging from 10 to 400 nm, at a concentration up to 1 mg-L~!. The
particle size and concentration of colloids can also affect the binding characteristics to
pollutants, and induce metabolic abnormalities and toxicity to aquatic animals [10,18].
Baker et al. reveal that the concentration of Ncs is a key metric in explaining the environ-
mental behavior of hydrophobic organic pollutants [29]. Similarly, a strong relationship
is found between organic carbon and copper, which further indicates that colloid plays a
critical role in the migration and transformation of copper [30]. Because of the potential
physiological toxicity of colloids, gaps in the quantitative characterization of colloids in the
different aquatic environments should be added to future studies.

2.3. Characterization

The tangential flow ultrafiltration fractionation, cross-flow filtration, dialysis, field flow
fractionation, and centrifugation are common methods, which are usually used to extract,
separate, and enrich Ncs from the aquatic environments. It is also possible to use split-flow
thin-cell fractionation to separate particles smaller than 1 micron in size as a pre-separation
method for colloid fractionation and analysis [31]. Ncs have some characteristics common
to nanomaterials (e.g., namely, small size effect, surface effect, quantum size effect and
macroscopic quantum tunnel effect). Given that Ncs are heterogeneous mixtures of metallic
and organic components, a multi-method approach is applied for their characterization [32].
According to the principle of analysis, the characterization methods of Ncs can be broadly
divided into three categories: microscopy (e.g., scanning electron microscopy (SEM) and
atomic force microscopy (AFM)), scattering spectroscopy (e.g., X-ray and fluorescence) and
mass spectrometry (e.g., GC-MS and ICP-MS).

The microscopic processes can be applied for the qualitative analysis of Ncs. AFM,
with its extremely high resolution, makes it possible to determine the size of natural
nanoparticles with low concentration and complex conformation. It also satisfies the condi-
tion of ensuring that natural Ncs are undisturbed during the characterization process [33,34].
AFM investigates the surface structure and properties of a substance by detecting the feeble
interatomic forces between the surface of sample and a miniature force-sensitive element.
In the image of AFM, the shape of Ncs mainly included fibrils (10-100 nm), near-spherical
Ncs (30-50 nm), and a surface film in the river [33]. Transmission electron microscopy
(TEM) with a point resolution of up to 0.1 nm allows observation of surface morphology,
particle size distribution, and crystal structure at the atomic scale. As shown in Figure 1, the
morphology and size of the marine colloids are recorded by their TEM and AFM images.
The TEM images results revealed that the lateral diameters of the isolated Ncs are mainly
ranged from 20 to 80 nm, and the thicknesses of Ncs are around 1-8 nm based on the AFM
images results [9]. Near-field scanning light microscopy is also used to analyze imaging
of Ncs [35]. SEM is mainly applied to observe the surface morphology of the sample and
measure the particle size distribution by secondary electron signal imaging. In the image of
SEM images, it was observed that near-spherical Ncs were the most common nanocolloidal
morphologies in the lake. Compared to SEM, environmental scanning electron microscopy
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(ESEM) in the measurement of the particle size of colloids in the aqueous environment can
observe the hydrated sample in its natural state without the need to coat the sample with a
non-conductive model [36].

Scattering spectroscopy is used to study the properties of Ncs, and mass spectrometry
is a reliable method for quantifying Ncs. Energy-dispersive X-ray spectroscopy (EDS) is
used as an accessory to electron microscopy, usually in combination with TEM or SEM,
to analyze the morphology and elemental composition of Ncs. Generally, the elemental
composition of the Ncs is identified in situ using the TEM-EDX method, the metal elements
and the surface functional groups of Ncs are detected by ICP-MS and FTIR spectroscopy,
respectively [10]. The ICP-MS results confirm that Ncs are consisted of various of metal
elements (e.g., Ca, Mg, Na, Fe, Mg), and the abundance of Ca is the most [10]. The
aromatic protein and humic acid-like fractions were detected in Ncs by FTIR [10]. Other
spectroscopic techniques such as Raman, X-ray diffraction, and UV-vis spectroscopy are
also widely used to characterize the functional groups of Ncs [37]. The organic carbon
content and form present in Ncs, the type and content of inorganic elements can also be
analyzed by fluorescence spectroscopy. The complex environmental characteristics of Ncs
and their ecological effects should be addressed by combining multiplexes of existing
techniques and developing new high-precision, low-interference detection methods. As
shown above, Ncs are organic—inorganic hybrids.

3. Toxicity of Natural Ncs towards the Different Aquatic Organisms

Ncs contribute to enormous environmental processes, but the understanding of Ncs’
ecotoxicity remains crucial in complex environmental matrices due to the profound com-
plexity and heterogeneity of colloids. Research on plant nanotoxicity of nanometals has
focused almost exclusively on artificial nanomaterials, while significant work on the nan-
otoxicity of natural Ncs is still lacking. Thus, this section provides insights into the ecotoxi-
city of natural Ncs on aquatic organisms (Figure 2).
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Figure 2. Toxicity of natural Ncs towards different aquatic organism.
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3.1. Algae

The uptake of Ncs by plants can be via active transport. For example, nano-silver
Ncs (10-50 nm) entering the plant through cell wall pores, and the larger nano-silver Ncs
(>50 nm) entering the plant via endocytosis [38]. Smaller particle-size nanoparticles are
more accessible to plant cells and have a high degree of mobility and internalization within
the plant [39]. However, there is a lack of more generalized verification of whether their
smaller particle size enhances toxicity in the plants, although these findings have been
confirmed in human cells [40]. When stressed by nanoparticles, plants produce a variety of
ROS byproducts when detoxified, leading to oxidative stress and cell death [41,42].

Algae play an important role in aquatic systems, and are also used as generic model
organisms to assess the toxicity of substances [43]. In both exposure experiments, Ncs
were observed to wrap around the surface of algal cells, reducing cell permeability and
impeding the uptake of nutrients into the cells and thus inhibiting cell division and growth.
Our previous research revealed that the Ncs entered the algal cells and clustered mainly
near the starch grains, and Ncs exhibited stronge plasmolysis, chloroplast damage and
more starch grains in algal cells [5]. Moreover, the sharp surface of Ncs can induce the
physical damage to the surface of the algal cells, which affects the synthesis of chlorophyll,
leading to an inhibition of photosynthesis [44,45]. After the internalization of Ncs in
Chlorella vulgaris, a decrease in amino acids (such as serine, aspartic acid, and arginine) and
increase in fatty acids could explain the metabolic abnormalities at a molecular level [45].
Jing et al. also mentioned that it might be the size effect that causes the toxicity of nano-
ZnO at concentrations greater than 50 mg/L, and toxicity increases with concentration
increasing [43]. Regarding genotoxicity, nanoscale zerovalent iron Ncs affect cell division
in metaphase/anaphase breaks and anaphase/telophase, and form adhesive bridges to
induce the production of binucleated and multinucleated cells. Oxygen and hydrogen
peroxide produced by nanoparticles also cause DNA damage and cell death [46]. Although
more attention has been paid to the complex toxicity of Ncs because of their large specific
surface area, less research has been performed on the toxicity of natural aquatic colloids.
There is no quantitative conclusion about the trapping effect of Ncs, the elimination of
adverse effects caused by the culture medium in experiments and the induced oxidative
stress and cell ultrastructure damage by Ncs.

3.2. Aquatic Invertebrates

Invertebrates are linked as primary producers, secondary consumers, and most of them
are sensitive to pollutants. Ncs can rapidly adsorb onto dead organic matter, which affects
microscopic species communities that depend on dead organic matter for food, and thus
indirectly affecting invertebrates. The presence of these processes has been demonstrated
for silver Ncs at ambient concentrations [47]. The bridging effect of multi-particles in Ncs
gives enhanced enrichment properties to individual nanoparticles that hardly ever adsorb
to soluble natural organic matter [48].

As a model organism for invertebrates, in addition to being sensitive to pollutants
and having a fast reproduction and short growth cycle, the identification of the genome of
Daphnia magna (D. magna) is widely applied, which has dramatically reduced the difficulty
of investigating genotoxicity [49]. The shape and charge of the Ncs have a marked impact
on the toxicity of D. magna. The positively charged Ncs would bind to negatively charged
phospholipid membranes, thus inducing high toxic effects [50]. The production of ROS
upon entry of Ncs into cells is considered as one of the hallmarks of their toxicity. Accu-
mulation of ROS could cause cell membrane damage, lipid peroxidation, and reduced the
cell division levels as well as the cell death [51]. Ncs could induce the immunotoxicity of
invertebrates by reducing the phagocytic activity of blood cells, which are also the first line
of defense of the bivalve [52]. In addition, the genotoxicity of Ncs has been of great concern.
Nano-silver Ncs cause DNA breaks in Daphnia magna, further leading to increased cell
damage and mortality, with more complex and severe effects at the population level [53].
The lysosomal damage caused by nano-silver Ncs also could affect the immune system
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of marine worms [54]. Natural nano-clay (2:1 layered silicate) has also been shown to
have a significant decrease in the population growth rate of cladoceran species, which
is lower toxic effects than the artificially modified nano-clay [55]. The toxicity exposure
pathways and mechanisms of the engineered nanoparticles are well established. However,
the exposure pathways for natural Ncs are unknown. Ncs may enter the circulatory system
via the digestive system, but the metabolic transformation pathways and toxicity mecha-
nisms of Ncs in invertebrates at environmental concentrations are not yet experimentally
demonstrated [56]. Toxic effects in aquatic invertebrates can also be used as an emerging
criterion to measure the toxicity of nanoparticles in the water column [53].

The low level of testing of Ncs toxicity to invertebrates may be due to the belief that in-
vertebrates are fully adapted to the constant presence of Ncs in the water column, especially
as some experiments have shown that short-term exposure does not cause mortality. How-
ever, because of the rapid increase in Ncs concentrations due to anthropogenic activities, it
is necessary to explore toxicity-limiting concentrations such as sub-lethal concentrations of
Necs to reduce the enrichment of the food chain for Ncs.

3.3. Vertebrates

Vertebrates have the highest evolutionary status in aquatic ecosystems, where the
toxicity of Ncs can be characterized more fully and in more detail. Because animal cells
lack the protective structure of a cell wall, Ncs may enter the animal’s body more efficiently.
Hence, Ncs may cause much more serious harm to animals than plants [57]. With its
short cycle and high fecundity, transparent embryos are sensitivity to most environmental
pollutants and 70% homology with human DNA. Moreover, zebrafish embryos are of
interest as a model organism for toxicity studies to extrapolate the toxic effects of vertebrates
in the water column [58,59]. After the exposure of environmental concentrations of Ncs
(0.45, 4.5, 45 mg/L), the zebrafish embryos showed varying degrees of pericardial / yolk
sac edema, uninflated swim bladder, tail flexure and spinal curvature. Metabolomics
analysis result indicates the down-regulation of trimethylamine/terephthalic acid/sucrose,
some amino acid metabolism, and an increase in urea, glycine and cholesterol metabolism
might contribute to the above toxic effects [10]. The simultaneous observation of the
non-monotonic variation in toxicity and concentration poses a greater challenge for the
quantitative analysis of Ncs toxicity. As in plants, oxidative stress in zebrafish due to
Ncs generates large amounts of ROS, which can be explained by a reduction in proline,
resulting in a disruption of the oxidative/antioxidant system [60]. Pericardial oedema
and increased ROS were also observed in zebrafish embryos exposed to titanium dioxide
nanoparticles. Inhibition of amino acid metabolism promotes nanotoxicity and reduces
resistance to xenobiotic stimuli [61]. The ROS produced directly by the nanoparticles also
attack the genetic material, the cell membrane, and thus damage the cell structure [62].

The effect of toxicity of Ncs is similar to the artificial nanoparticles [63]. Compared
with the natural Ncs, the ecotoxicity of artificial nanoparticles is more comprehensively
assessed. For example, gold nanoparticles cause abnormal eye development; and the
silver nanoparticles cause immunotoxicity in zebrafish [64,65]. Titanium dioxide and
cadmium telluride (CdTe) quantum dots have concentration-dependent genotoxicity [66,67].
Ncs could reach the brain through some kind of internal circulation, and induced the
neurotoxicity by producing neurodegenerative changes [68]. However, the effects of
natural Ncs on vertebrate growth, behavior, reproduction, and mortality have not been
tested or discussed. Natural Ncs present large gaps in their toxic effects on fish behavior,
reproduction, etc, at environmental concentrations. Some past experiments have revealed
that Ncs are eventually biological enriched into the human body and induce nanotoxicity.
However, further studies focusing on the Ncs” long-term toxicological and delivery system
need to be emphasized.
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3.4. Bacteria and Other Microorganisms

Bacteria are often used as target organisms for nanotoxicology due to their short life
cycle and simple culture conditions. Still, their high adaptability and rapid recovery make
them less exposed to toxic stress than other aquatic organisms [69]. Escherichia coli (E. coli),
the most wholly understood organism, is itself an active colloid with a negative surface
charge. Exposed to Ncs, E. coli will quickly adapt and evolve resistance genes [70]. For
example, it was observed that the tolerance of E. coli, exposed to magnetite nanoparticles,
increased 8.5-fold after 25 days [71].

Biosynthetic silver nanoparticles were shown to have oxidative stress as one of their
mechanisms of toxic action, leading to an increase in bacterial oxidized proteins and
lipids, and DNA breaks and changes in membrane potential were observed [72]. However,
the accumulation of ROS and the toxicity of the Ncs did not correlate in that the same
level of ROS was generated in Pseudomonas chlororaphis O6 (PcO6) treated with Zn ions
or ZnO Ncs [73]. Moreover, exposure to ZnO Ncs induced severe disruption of the cell
membrane accompanied by possible efflux of the cell contents, as well as internalization of
the nanoparticles and disruption of the cell wall [74].

The reaction between nanoparticles and bacteria is different since their smaller particle
sizes enhance agglomeration and thus exhibit different binding properties. Moreover, the
shape and surface roughness of nanoparticles also affect their adsorption on bacterial cell
walls and further alter the permeability of the cell wall [75], which is one of the reasons for
the toxic effects of nanoparticles [76,77]. The nanoparticles interacted with the cell surface
releasing metal ions and thereby neutralized the cell surface charge, which was dependent
on the environmental pH [73]. The toxicity of Ncs to prokaryotes was also demonstrated. It
was revealed that the dissolved fraction of copper oxide nanoparticles was ten times more
toxic (reduced activity) to ciliated protozoa Tetrahymena thermophila than bulk CuO at
ECsy concentrations [78].

It has been well documented that nano-silver has a good antibacterial effect as an
antimicrobial agent and is almost negligible in terms of harm to humans. However, these
Ncs can be highly toxic to microorganisms when they enter the environment. However,
there is a lack of available data of the mechanism of Ncs interaction with bacteria in a co-
culture system. To overcome these difficulties, experimental data need to be supplemented
to understand the exact mechanism of interaction and the possible effect of Ncs on bacteria
co-culture systems.

3.5. Natural Ncs Comparison with Other Engineered Nanoparticles

Natural Ncs are widely found in water bodies and clay particles [79]. There are also
biomasses with specific chemical activity, such as humic and xanthic acids of 50-200 nm
size, released during biodegradation [2]. The work on the toxicological properties of
engineered nanoparticles is mainly due to their extensive use, and the environmental
effects of natural Ncs can be analyzed regarding studies of engineered nanoparticles. The
reduction in the number of algal cells at ambient concentrations positively correlates with
the concentration [5]. As with carbon-based nanomaterials, one of the toxicity mechanisms
of Ncs encapsulates algal cells in aggregated Ncs [80]. Ncs cytokinesis inhibition at 0.72,
7.2 and 36 mg/L was 5.0-7.0%, 11.0-16.0% and 16.0-18.0%, comparable to 0.01-10 mg/L of
graphene oxide (GO, 0.08-15%) and carboxyl single-walled carbon nanotubes (C-SWCNT,
0.8-28.3%) were comparable [5,81].

Zebrafish embryos were found in notochords of larval zebrafish after 120 hpf exposure
to Ncs at ambient concentrations (0.45, 4.5, 45 mg/L). Incubation rates decreased and
survival rates of the zebrafish at 4.5 mg/L and 45 mg/L were significantly lower than
controls and comparable to AuNPs at 20 mg/L. Meanwhile, developmental abnormalities,
such as curvature of the spine, pericardial and yolk sac edema, were observed [10,64].
Natural Ncs induced a significant 40-97% increase in ROS production in zebrafish, which
also produced ROS in the presence of nanoparticles such as copper oxide and cerium
oxide [10,82]. However, the Ncs induced even more significant levels of ROS production in
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the algae, with 7.2 mg/L of Ncs increasing the levels of ROS by 80%, and higher than ROS
levels for 0.01-10 mg/L graphene oxide (15.5-52.1%) [5,81].

The toxicity of Ncs in combination with other nanomaterials also remains to be inves-
tigated. Ncs augment the phytotoxicity (e.g., growth inhibition, reactive oxygen species
elevation, and cell permeability) of single-layer molybdenum disulfide nanosheets [18].
Growth inhibition and cell damage at 1.0 mg/L of a mixture of graphene oxide and Ncs
were higher than the control [83]. Ncs in groundwater has also been shown to cause
obesity in mice exposed to Ncs at 0.015 mg/kg/day and 1.5 mg/kg/day for three weeks,
resulting in a 1.23% and 9.91% increase in body weight, respectively [84]. Inflammatory
responses and oxidative stress triggered by engineered nanoparticles have also been well
reported [85,86]. The toxicity of natural Ncs is comparable to the nanotoxicity of engineered
nanoparticles, but as the concentration of Ncs increases, the environmental risks need to be
assessed more.

4. Toxicity Mechanisms
4.1. Joint Toxicity of Ncs and Conventional Contaminants

Given the enormous specific surface area, large number of charges, and functional
groups on the surface, Ncs have excellent adsorption capacity for pollutants (e.g., GO,
SLMoS;,, heavy metal, and PAHs) [18,83]. After being adsorbed with Ncs, the environmental
fates and behaviors of pollutants were affected, which will further change their toxicity. For
example, GO (Graphene Oxide) nanosheets can be transformed into a scroll morphology
by natural Ncs due to Ncs’ strong adsorption. Moreover, the GO-Ncs compounds exhibited
higher nanotoxicity than GO in terms of inhibition of photosynthesis, relative levels of ROS,
DNA damage, and other toxic effects [83]. Furthermore, the adsorption of Ncs increased the
content of nitrogen-containing functional groups on GO surface, which exhibited stronger
surface hydrophilicity than pristine GO and reduced the aggregation of GO-Ncs. Ncs could
enhance SLMoS2 toxicity, involving enhanced growth inhibition, elevated reactive oxygen
species, and more intense cell membrane damage. Ncs and HA increased the electrostatic
repulsion and dispersion of SLMoS, in deionized water [18]. The Ncs coating of SLMoS,
enhanced the release of Mo ions from deionized water, but the Ncs inhibited the release
of Mo ions in BG-11 culture medium. With the reduced stability, the toxic effects, such as
growth inhibition and ROS levels, were also higher than those of SLMo0S,-HA and SLMoS;.
Meanwhile, the physical and chemical properties of pollutants, such as material defects,
electron transport rate, ion dissolution rate, agglomeration, dispersion and bioavailability,
were also changed. These factors lead to the complexity of pollutant toxicity. The above
work suggested the importance of natural Ncs for the toxicity assessment of co-existing
pollutants in natural aquatic environment.

However, not all Ncs show stronger joint toxicity with pollutants. Biochar produced
by biomass pyrolysis forms nano-biochars that promote the transport of natural solutes and
contaminants [87]. The acute 48 h lethal concentration (LCsg) of Daphnia magna increased
by 21 ppb owing to the adsorption of copper in sub-ppm copper solutions (22 mg/g) by the
biochar colloids, indicating a mitigating effect of the biochar colloids on transition metal
toxicity [88].

The huge surface area and high surface activity of the deposited colloids, as well as the
formation of metal-metal complexes through the hydrogen-binding, ligand complexation of
the surface organic layer, can contribute to enhance the adsorption capacity of Pb (II) [89,90].
These sedimentary colloids, which is rich in montmorillonite, kaolinite, limonite and quartz,
are typically 30-200 nm in size and have a higher sorption capacity for Pb (II) than inorganic
colloids [91]. Although their potential ecotoxicity remains unclear, their ecological effects
as sinks for heavy metals cannot be ignored.

4.2. Uptake and Bioaccumulation

The small size of Ncs results in good permeability to biological cell membranes and
facilitates its accumulation in organisms. It was reported that PbSe NPs could accumulate
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in tests and result in oxidative stress as well as structural and morphological damage to
the mitochondria in a size-dependent manner [92]. Some studies have indicated that the
state of pollutants (dissolved/colloidal) has a great impact on the uptake of Ncs. Under the
same conditions, the bioavailability of colloidal Fe was found to be 6-31 times lower than
that of dissolved Fe, depending on the type of phytoplankton and the source of colloidal
Fe [93]. The bioaccumulation and biological effects of colloidal diclofenac in zebrafish
(Danio rerio) were reported by Sun et al. [94]. The results indicate that the combination of
natural colloids and pollutants may change with pollutant concentrations, thereby altering
their bioaccumulation and biological effects to aquatic organisms.

Generally, the bioaccumulation of toxic pollutants has two aspects. With the increase
in the nutrient level in the food chain or the increase in biological exposure time, the toxicity
of pollutants will be amplified. Yoo-lam et al. reported that the tested algae and worms
would bioaccumulate Ag* more readily than Ag nanoparticles, whereas the invertebrates
and fish would bioaccumulate Ag nanoparticles more readily [95]. Duckweed (Lemna gibba)
exposed to Ag Ncs for 7 days accumulated Ag dependent on exposure concentration,
ranging from 7.72 ug/mg to 17.5 ug/mg under exposure to Ag Ncs concentrations of
0.01mg/L to 10mg/L [96]. However, reports of natural Ncs bioaccumulation were few,
probably because of the complex formation of Ncs and the difficulty of the specialized
analytics required.

4.3. Toxicity Mechanisms at the Cellular Level

The cellular-level toxicity for test organisms is related to membrane compromise,
organelle dysfunction, metabolic disorder, and DNA damage, which mainly results from
reactive oxygen species (ROS) generated by Ncs [5,10,97]. Due to the large surface area and
intense surface activity, Ncs can generate ROS during energy absorption and electron donor
reactions in cells. As shown in Figure 3, in vitro, Ncs can adhere to the cell membranes,
generate the oxidative stress, and induce damage to the integrity of the cell membranes.
It was reported that nanoscale graphene adhered to the surface of RAW264.7 cells and
caused abnormal stretching of the cell membrane at 75 ug/L [98]. In vivo, with the uptake
of small-size Ncs, these Ncs can react with macromolecules (e.g., proteins), interfere with
the normal metabolism of the cell and result in a decline in physiological function [99,100].

Altering membrane permeability;
Combined toxicity of Ncs and the

Uptake
stress
Chloroplast damage >
Nes @ (chlorophy;E a content decrease)
DNA damage e
Dissolution Metabolic disorde; <-| Membrane damage

Altering proteins and
resulting in decline in
physiological function

Mltochondrlal damage 4

Figure 3. Proposed interactions of Ncs with aquatic organisms at the cellular level. Direct penetration
and dissolution are two pathways for Ncs internalization by cells. The internalized Ncs can cause
oxidative stress, mitochondrial dysfunction, and DNA damage. Adhesive Ncs in the membrane can
adsorb contaminants in the aquatic environment and change the membrane permeability.
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As a kind of nanomaterial with nanoscale minerals as the core, Ncs are somewhat
soluble and may release toxic metal ions. The toxicity of metal ions released by Ncs is
usually stronger than themselves, so the release of metal ions is considered as one of the
possible toxicity mechanisms of Ncs [101]. On the one hand, metal ions released into the
cell can bind to proteins, resulting in protein degeneration and inactivation, thus affecting
cell function [102]. On the other hand, Metal ions can also generate ROS, leading to lipid
peroxidation, cell membrane damage, or DNA damage [103]. Wang et al. studied the
release of metal ions from metal oxide nanoparticles CuO, Fe;O3, ZnO, Co304, Cr,03
and NiO in solution, and further evaluated the contribution of metal ionic release to the
inhibition of luminescent bacteria [104]. The results revealed that the release of metal
ions is a complex process, which depends on the dissolution and adsorption behavior of
metal oxide nanoparticles. The relationship between the antibacterial effect of metal oxide
nanoparticles and the released metal ions can be summarized into three categories: (1) the
antibacterial effect of ZnO can only be attributed to the released Zn?*. (2) The antibacterial
effect of CuO comes from both the released Cu>* and themselves. (3) The antibacterial
effects of Fe;O3, Co304, Cr,O3 and NiO were caused by themselves.

Oxidative stress can cause macromolecular damage to cells (e.g., membrane lipolysis,
DNA fragmentation, protein denaturation and mitochondrial dysfunction) and thus greatly
affect cell metabolism [105,106]. Kang et al. revealed that Ncs caused metabolic changes in
zebrafish at the molecular level, mainly through the interference of amino acid metabolism,
fatty acid metabolism and other key metabolic pathways leading to metabolic disorder
in juvenile zebrafish [10]. Ouyang et al. studied the relationships between the biological
endpoints of algae (such as ROS and chlorophyll a content) and the metabolic disturbance
by comparing changes in the metabolic pathways after being exposed. Some metabolites,
related to ROS generation in mitochondria complexes, indirectly result in cytotoxicity [5].
Compared to nanoparticles, the toxic effects of Ncs were a result of multi-mechanism due
to its complex composition. For instance, various metal elements (e. g., Zn, Cu) and organic
matter (e.g., PAHs) in Ncs plays different role in the expression of gene, generation of
endogenous metabolites, and the destruction of cellular structure.

4.4. Environment Impact Factors

Various environmental factors (such as NOM, pH, and ionic strength) in the environ-
ment can change the surface properties of both Ncs and test organisms, thereby affecting
the ecotoxicity of the Ncs. Solution pH plays an important role in dissolution of Ncs,
resulting in the release of relevant ions, which is a considerable source of the cytotoxicity
of Ncs [107]. Compared to freshwater, a dual opposing role of salinity in influencing the
toxicity of silver Ncs towards medaka embryos was reported in seawater conditions. It
was stated chloride reduced the toxicity of silver Ncs in a low concentration but enhanced
toxicity at a higher level. On the one hand, free ions Ag* formed toxic soluble complexes
[AgCl]O and [AgCly]™ under freshwater conditions but less toxic [AgCl3]2’ or [AgCl4]3’
in seawater. On the other hand, with the uptake of Ncs, its compounds increased with
increasing salinity, which is a linear relationship with osmotic pressures [11]. Moreover,
ionic strength has a crucial influence on the mobility of Ncs. It was found that the low ionic
strength condition facilitated the transport of colloids and acted as carriers for adsorbed
contaminants more and faster than the high ionic strength conditions [108].

NOM is commonly recognized as a mixture of a series of nontoxic compounds. Like
surface coating, NOM has been observed to act as a physical barrier to hinder the direct
contact between Ncs and test organisms or directly bind with released toxic ions, leading to
lower toxicity of the Ncs [109]. HA can significantly affect the release of silver ions, which
in turn affects the source of bacterial toxicity of silver Ncs. ROS generated by Ncs enhances
its cytotoxicity, but HA can serve as an antioxidant to eliminate ROS [110]. However,
an opposite finding reported HA could act as a photosensitizer to produce ROS in the
presence of sunlight [111]. Wang et al. suggested the following mechanisms of NOM on
nanotoxicity: (i) suspension stabilization change; (ii) bioavailability of dissolved ions from
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Ncs; (iii) electrostatic interactions; (iv) steric repulsion; and (v) effect on the production
of ROS [112]. Furthermore, it was reported that the composition of organic matter (OM)
determined the toxicity of its compound with FeOx (Fe oxide colloids). For example, FeOx
associated with HA or citrate was less toxic than OM-free FeOx but FeO with proteins and
polysaccharides were more toxic [113]. NOM and salt ions, which are widely present in
water, interact with these Ncs and affect their state, affecting their distribution, migration
transformation, bioavailability, and ecotoxicity [114]. What is more, there is more and more
evidence that complex offshore sedimentary dynamics and aggregation with pollutants and
microorganisms are playing a key role in the ecotoxicity of matters, including Ncs [115,116].

5. Challenges and Perspectives

In this research, we have reviewed the formation, distribution, characterization, and
ecotoxicity of Ncs in aquatic environments. At present, the existing literature has ini-
tially established the extraction and characterization of Ncs, and studied the morphology,
composition and content of Ncs in the water environment. Natural Ncs (1-100 nm) are
organic-inorganic hybrid nanosheets, which have high activity and good stability in the
aquatic environment. The ecotoxicity and toxicity mechanisms of Ncs have been summa-
rized based on the currently available data. Although the research on Ncs has become
increasingly in-depth, research on the environmental health of Ncs is still at an early stage.
Considerable challenges limit the understanding of the exposure and environmental risk of
Ncs, thus there are four challenges, identified as follows:

(1) The separation, enrichment, and determination of environmental Ncs are the basis
for studying their environmental behavior and ecological health risks. In the future, a
scientific, effective and low-cost systematic method for the separation and quantitative
determination of Ncs in water environments should be established. Furthermore, the for-
mation process and mechanism of Ncs, as well as the rules of migration and transformation,
also need to be explored.

(2) Existing studies mainly focus on the toxic effects of Ncs on the model aquatic or-
ganisms, but the ecological effects of Ncs on other aquatic organisms in water are relatively
lacking. Ncs have complex biological effects, which are affected by their own properties, the
type of binding pollutants, the binding form of Ncs and pollutants, and different biological
species. Current studies have only explored the bioavailability of a small number of Ncs
pollutants and the toxicological mechanism behind them. Nonetheless, the influence of
various factors is lacking.

(3) There are complex matrices and environmental changes in natural water, which
may have a profound impact on the physicochemical properties and ecotoxicity of Ncs
in water. At present, how Ncs change in the complex environmental processes of natural
water and how they interact with aquatic organisms has not been fully studied. Although
existing studies of Ncs for representative aquatic biological toxicity were observed, these
were mainly concentrated at the laboratory level. Ncs” number, concentration, composition,
and morphology in different natural water bodies affect the ecotoxicity of the Ncs, while
the above-detailed data and mechanism are yet to be understood. In the future, we should
strengthen the toxicity of indoor simulation research and field research, and further reveal
the ecological toxicity and health risks of Ncs in natural aquatic ecosystems.

(4) The molecular mechanism of toxicity of environmental Ncs to aquatic organisms
at the cellular level is still lacking. Currently, people’s research mainly focuses on the
conventional ecotoxicity aspects such as enzyme activity, oxidative stress, and membrane
damage. However, the deeper nanotoxicity mechanisms of Ncs are scarce. In the future,
the application of advanced high-throughput bioinformatics methods (e.g., metabolomics,
proteomics, and genomics) should be strengthened to deepen the understanding of endoge-
nous molecular mechanisms.
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