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Abstract
The growing field of nanotechnology and its many applications have led to the irregular 
release of nanoparticles (NPs), with unintended effects on the environment and continued 
contamination of water bodies. Metallic NPs are used more frequently in extreme environ-
mental conditions due to their higher efficiency, which attracts more attention in various 
applications. Due to improper pre-treatment of biosolids, inefficient wastewater treatment 
practices, and other unregulated agricultural practices continue to contaminate the environ-
ment. In particular, the uncontrolled use of NPs in various industrial applications has led to 
damage to the microbial flora and caused irreplaceable damage to animals and plants. This 
study focuses on the effect of different doses, types, and compositions of NP on the eco-
system. The review also mentions the impact of various metallic NPs on microbial ecol-
ogy, their interactions with microorganisms, ecotoxicity studies, and dosage evaluation of 
the NPs, mainly focused on the review article. However, further research is still needed to 
understand the complexity of interactions between NPs and microbes in soil and aquatic 
ecosystems.

Keywords Nanotoxicity · Metal nanoparticles · Environment · Microbial ecology · 
Biodegradation

Introduction

Nanoparticles (NPs) have gained significant attention in research due to their versatile 
applications in various fields, including biomedicine, agriculture, and manufacturing. Their 
unique properties, such as large surface-to-volume ratios, increased reactivity, and ability 
to penetrate cell membranes, make them useful in therapeutics, diagnostics, drug deliv-
ery, gene therapy, and bioimaging [1]. The widespread use of NPs in various areas makes 
them vulnerable to being released into the atmosphere, water sources, soil, and waste from 
landfills. This can lead to the accumulation of NPs in the environment, which can have 
negative impacts on the ecosystem. Additionally, metal nanoparticles (MNPs) can have 
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antimicrobial properties, which can disrupt the balance of microorganisms in soil and 
water ecosystems. This can have cascading effects on the food chain and the organisms that 
depend on it. Metal nanoparticles (MNPs) can have antimicrobial properties, which can 
disrupt the balance of microorganisms in soil and water ecosystems. Overall, the unique 
properties of metal nanoparticles make them potentially harmful to the environment and 
the organisms that depend on it.

The nanomaterials (NM) toxicity study deals with the interaction of manufactured NPs 
with biological systems and the environment, focusing on the link between the physico-
chemical properties of NPs and the generation of toxic or hostile biological responses [2]. 
For toxicology studies, NPs of silver, gold, titanium dioxide, cerium dioxide, iron oxide, 
alumina, zinc oxide, carbon nanotubes, fullerenes, and nano-C60 have been widely studied 
in the literature [1].

Understanding the behavior of NMs under different environmental conditions, exposure 
pathways, and potential health consequences is crucial to mitigate the negative effects of 
NPs on the environment and human health [3]. When NPs are released into the environ-
ment, they can accumulate in various compartments, with exponential growth. Metallic 
NPs have strong resilience to harsh environments, and their slow dissolution allows them 
to persist in the environment for longer periods [4]. The terrestrial ecosystem is likely to 
be the primary repository for NMs discharged into the atmosphere. NPs can be exposed to 
organisms through various pathways once they are dispersed into the environment. As the 
presence and interaction of NMs in the environment increase, it is crucial to understand 
their behavior under different environmental conditions, exposure pathways, and potential 
health consequences for humans. Recent studies have shown that Ag NPs released into 
the environment can negatively impact various organisms including bacteria, nematodes, 
insects, plants, and mammals [5]. Inhalation of Ag NPs in humans can lead to multi-organ 
damage including liver, spleen, lung, and kidney [6].

Microbes play a crucial role in biogeochemical processes, including nitrogen fixation, 
sulfur metabolism, phosphorus cycle, carbon cycle, and waste and dead matter [7]. The 
unavailability of nutrients, organic carbon anthropogenic activity, and the introduction of 
pollutants such as Metal Oxide Engineered NPs (MO-ENPs) can cause changes in micro-
bial community composition and activity [8]. A previous study revealed that manufactured 
NMs like QDs, nanowires, nanorods, nanosheets, and nano plastic could be released con-
ditionally during their life cycles [9]. Although the detrimental effects of Ag NP on the 
soil bacterial population are well known, there is limited data on the effects of function-
alization, concentration, exposure length, and soil texture on AgNP affect expression. NPs 
could break the bacterial membrane and generate ROS, which causes oxidative damage to 
their DNA [10].

Characterizing MO-ENP effects requires identifying and characterizing affected micro-
bial groups and assessing their community productivity. Data on the effects of metal-engi-
neered NMs (MENMs) exposure on bacteria and changes in their community composition 
is being studied, but data on other microorganism populations are scarce. MENMs released 
into the soil ecosystem impact the entire soil community, not just a particular species. 
Very little is documented about their interaction with the environment, the composition of 
their community, and the ecosystem functions that are affected. In the present review, we 
included recent studies on community interaction and soil ecosystem processes affected by 
exposure to MENMs, risk assessment, and dose assessment for releases of NPS in the soil. 
Furthermore, how the biogeochemical cycle is negatively affected, and carbon emissions 
increase due to the altered ratio of involved bacteria to fungi and how impacted trophic 
transfer and biomagnification within the food web are covered.
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Origin of Nanoparticles in the Environment

NPs can be derived from natural and anthropogenic sources. Photochemical reactions, vol-
canic eruptions, forest fires, weathering, soil erosion, and plant and animal shedding skin 
and hair are natural processes that produce NPs. Naturally, ambient NPs vary in size, travel 
thousands of kilometers, and stay in the environment (air) for days. Several million tons of 
natural NPs are expected to be contained in air dust alone within a year. In addition, various 
artificial engineering activities contribute to the formation of NM in the environment, such 
as combustion, fly ash, cooking, chemical manufacturing, vehicle and aircraft exhaust, com-
bustion of pollutants, etc., all contributing to adding NMs to the environment [11].

Artificial or anthropogenic NPs are released into the environment unintentionally or 
intentionally during various industrial, mechanical, and groundwater remediation activi-
ties and automobile exhaust. The characteristics, sources of origin, and the fate of metal 
NPs and their negative impacts on the environment are briefly presented in Fig. 1. New 
advances and industrial products, processes, and unethical dumping of waste also contrib-
ute to the leakage of NMs into the air, water, and soil [7]. The presence of particulate mat-
ter in the air, which falls out by gravity and aggregates to reach a specific size, is a signifi-
cant environmental concern. Water serves as a medium for transportation and temporary 
reservoir for NPs, with sediments and soil serving as the ultimate recipients of nonvolatile 
compounds and dissolved particles in the environment [12].

Metal Nanoparticles

Metallic NPs have become the most studied area of research due to their exceptional 
physicochemical properties and high surface-to-volume ratio compared to their bulk 
material [13]. Metal monovalent and metal oxide NPs are synthesized by adding 
reducing/oxidizing precursors [14]. Various factors were responsible for the biochemi-
cal activity of NPs, such as size, shape, surface, purity, chemical stability, and the syn-
thetic method adopted [15]. Cu NPs have a biphasic size distribution with broad peaks 
at 80 and 450 nm. The toxicity of Cu NPs was studied on zebrafish (Danio rerio), and 
the toxic response of soluble Cu ions (CuSO4) in dechlorinated tap water with a pH 

Fig. 1  Features, sources, and the fate of metal nanoparticles and their negative impact on the environment
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of 8.2 and hardness of 142 mg  CaCO3/L was also checked and compared [16]. Noble 
metal NPs (NMNP) have played an important role in biomedicine over the past dec-
ades due to their significance in healthcare and personalized diagnostics [13].

Ag NPs and their composites with graphene oxide or carbon nanotubes have shown 
potential in photothermal therapy when used as Ag core–shell systems [17]. The bio-
compatibility of noble metal NPs biological systems, such as with cells and tissues, has 
given them broader applicability in analytics and diagnostic applications [18]. Because 
of their propensity to adsorb biomolecules, as well as their superior conductivity and 
stability, Au (gold) and Pt (platinum) NPs are commonly used in the development of 
novel biosensors and probes [19]. Resulted, NMNPs have been used as immunosen-
sors [20] detection of biomolecules [21] and for nanoprobes to study the pathogenesis 
and disease progression, in vivo cell imaging, and clinical applications [22]. Despite 
all these advantages, there are still numerous doubts and arguments about the safety 
profile of NMNPs and noble metal nano compounds (MNCs) in the human body and 
microbial ecology.

Toxic Effects of Metal Nanoparticles on the Environment

Ecologists have warned that releasing potent antimicrobials in water streams and soil 
could negatively affect beneficial microorganisms in natural systems [23]. MNPs can 
accumulate in organisms over time, leading to long-term toxicity. They can also have 
an effect on the food chain by reducing the number of organisms at the base of the food 
chain, which can have cascading effects on the entire ecosystem. MNPs can be toxic 
to ecosystems because they can be easily taken up by organisms, and their small size 
allows them to cross cellular membranes and enter cells, where they can cause dam-
age to DNA, proteins, and other cellular structures. The toxicity of MNPs can depend 
on the type of metal, the size and shape of the particles, and the specific organisms 
and environment they are found in. Some beneficial microbes affected by NPs and 
the mechanism of action are briefed in Table  1. Several factors determine a metal’s 
toxicity, including solubility, binding selectivity to a biological site, and so on [24]. 
Any functional or morphological alteration of the body caused by a pharmacological, 
chemical, or biological agent ingested, injected, inhaled, or absorbed is classified as 
a toxic effect or heavy metal poisoning. Ag NPs are very dangerous for mammalian 
cells in addition to bacteria [25]. Brain cells [26], liver cells [27], and mammalian 
stem cells have all been damaged by Ag NPs. Skin diseases such as argyria are caused 
by continued exposure to colloidal Ag or Ag salt deposited on the skin [28]. The Ag 
metal harms fish, algae, certain plants, crustaceans, fungi, and bacteria. For example, 
nitrogen-fixing heterotrophic bacteria and soil-forming chemolithotroph bacteria are 
affected by Ag metal [23]. NP ecotoxicity studies are rare and difficult to compute. 
Experimental results from simplified conditions indicate that certain NPs are toxic to 
many organisms, even in small quantities [29]. Examples include fullerenes NPs, QDs, 
metals, and metal oxide nanoparticles such as Ag, Cu, ZnO,  SiO2,  TiO2, and to a lesser 
extent, carbon nanotube NPs. To determine whether NPs threaten any organism and 
environment, important information on the dynamics, transfer, and intake influenced 
by environmental measurements is yet to be ascertained [12].
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Effects of Metal Nanoparticles in Bacteria

NPs are commonly used as powerful antibacterial agents because they can be effective 
at low concentrations [14]. The mechanism of action of NPs on microbes is represented 
in Fig.  2. The slow dissolution of Ag-NPs affects microbial ecology due to their higher 
electrostatic attraction and affinity for biomolecules such as sulfur proteins, which allows 
Ag ions to percolate microbial cell walls and cytoplasmic membranes [30]. Gram-nega-
tive bacteria have a thinner cell wall than Gram-positive bacteria; this is why Ag-NPs are 
more threatening to gram-negative bacteria [31]. Therefore, for antibacterial activity, the 
uptake of Ag-NPs via adsorption is a prerequisite to quantifying the antibacterial activity 
of Gram-positive vs. gram-negative. Ag-NPs smaller than 10 nm have long been known 
to modify cell permeability, percolate bacterial cells, and cause cell harm. In the case of 
gram-positive bacteria, due to the thick cell wall, NPs may be prevented from penetrating 
cells and their accumulation in the cytoplasm [31]. Although these NPs have a high poten-
tial for destroying pathogenic microorganisms, they can also harm beneficial microflora if 
mistakenly spilled into the environment.

Nanotoxicity in Soil Ecosystem

In the soil ecosystem, soil bacteria are an integral part of the ecosystem and support vari-
ous biogeochemical cycles such as nutrient cycling, nitrification, denitrification, carbon 
and mineral fixation, growth and proliferation of plant and soil species, etc. [49]. Plants, 

Fig. 2  Mechanistic action of metal nanoparticles against bacteria, like a hindrance in the cell membrane 
and cell-wall synthesis, lead to pore formation, produce ROS (reactive oxygen species), inhibit enzyme 
synthesis, and activate DNA damage
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fungi, bacteria, insects, and earthworms make up soil communities, which control soil’s 
structural and chemical composition [49]. Moreover, they absorb and transform toxic com-
pounds and destabilize them into non-toxic compounds by immobilization. Therefore, it is 
crucial to study the impact of various NPs on soil ecology carefully. Juliane Filser worked 
in “realistic environments” where various species are selected (sampled) or long-term stud-
ies are undertaken under field conditions [50]. In 2016, a comprehensive analysis of Ag 
and Cu NPs in the soil ecosystem was conducted. It was concluded that NPs, directly and 
indirectly, affect the overall soil ecology and soil organisms [51].

According to Filser, the dose that makes NPs an effective antibacterial agent is also 
lethal to other microbes such as fungi, soil insects, and other soil microflora. For exam-
ple, Ag NPs with potential antibacterial activity suppress soil microbes’ proliferation at 
a lower concentration than other heavy metals [50]. Ag NPs also kill more bacteria than 
fungi, which changes the soil ecosystem [52]. Some fungi/mushrooms that bloom because 
of this are extremely harmful to other soil creatures. Those who have developed the ability 
to swallow metals harmlessly and reinject them into the environment have become highly 
immune to their toxic effects [29].

Earthworms play a vital role in soil health by proliferating, aerating the soil, and 
transporting organic waste to deeper areas. However, the presence of NPs in the soil can 
have a detrimental effect on earthworm populations. Typically, a higher concentration of 
NPs leads to greater damage. However, in recent studies, it has been observed that earth-
worms exhibit higher activity at low concentrations of NPs. This phenomenon suggests 
that some organisms can recognize and avoid high concentrations of metallic NP toxicity, 
but may still be harmed by persistent exposure at low levels. For example, Ag NPs have 
been found to have no effect at 100 mg/kg, but a negative effect was observed at concen-
trations of 3–5  mg/kg. This highlights the importance of understanding the impact of 
NPs at different concentrations in order to effectively manage and mitigate their effects 
on soil organisms [53]. Many nanoparticles tend to clump together, or “aggregate,” and 
exhibit different behavior at high concentrations. They do not disperse evenly in soil 
solutions, instead forming complex structures known as “hetero aggregates” that include 
bonds with the soil, which can mitigate negative effects. However, metallic NPs such 
as Cu, Zn, Ag, Ce, MgO, and others have been found to negatively impact microbial 
health. The mechanisms of toxicity include disruption of cell walls, dissolution through 
hydrophobic interactions, and release of metal ions within these microorganisms [54]
[54]. Ag NPs have shown toxic effects on beneficial agricultural microorganisms, such 
as nitrogen-fixing and ammonifying bacteria and chemolithotroph bacteria in soil com-
munities [55]. These symbiotic bacteria maintain close relationships with leguminous 
plants, which provides them with a major source of fixed nitrogen supply. However, Ag 
NPs disturb the nitrification process and thus affect the balance of the ecosystem [53].

Nanotoxicity in Aquatic Ecosystem

In a study conducted in the USA and Europe, Ag-NPs,  TiO2-NPs, and ZnO-NPs from sew-
age treatment have been hazardous to aquatic creatures [49]. In 2015, the negative effect 
of Ag NPs on exposed zebrafish embryos was observed to alter the expression profiles of 
neural development-related genes (gfap, huC, and ngn1), metal-responsive metallothio-
neins, and ABCC genes [37]. The harmful effects of iron oxide NPs on the freshwater alga 
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Mougeotia sp. were mostly due to increased ROS, which depleted the antioxidant defense 
system, including catalase glutathione reductase and superoxide dismutase enzymes [56].

NPs have been perceived in various organs in marine vertebrates, including muscles, 
viscera [28], and the brain of Carassius carassius. After being in contact with constituents 
of the environmental matrix, such as ions, natural colloids, and other charged surfaces, NPs 
are likely to modify their mobility, aggregation, other properties, and toxicity [12]. In a 
recent investigation of Ag NPs absorption in zebrafish embryos, the no observed effect 
concentration (NOEC) was as low as 0.19 nM. Ag NPs impair osmoregulation in fish by 
disrupting the  Na+,  K+-ATPase, which aids active  Na+ and  Cl− uptake [37]. On mamma-
lian germline stem cells, it showed a potent cytotoxic effect. Ag NPs at concentrations of 
10 g/mL and higher were found to cause cell necrosis and apoptosis [25].

Nanotoxicity in Terrestrial Ecosystem

Earthworms comprise a considerable portion of the soil biomass (60–80%), and their biol-
ogy is commonly accepted as an indicator of soil health. They are necessary for the integra-
tion and fragmentation of organic detritus and the mineralization and recycling of mineral 
nutrients [57]. Their burrowing behavior is also important for water purification and ero-
sion stability. Furthermore, in vivo investigations in mice revealed that orally administered 
PS NPs (50 nm) may pass the GI barrier and enter the circulatory system [58]. PS-NPs 
have been shown to move through intestinal barrier models in vitro studies [53, 58]. This 
translocation depends on the characteristics of NPs, such as size, charge, and surface chem-
istry. In another work, 20, 50, 100, 200, and 500 nm fluorescent PS NPs were coated with 
d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) and evaluated against Caco-2 
and MDCK cell lines in the in-vitro model for GI barrier and blood–brain barrier (BBB), 
respectively. According to the findings, NPs with a diameter of 200 nm or less were able 
to pass both the GI and BBB barriers [22]. Some extremely hydrophilic NPs, such as poly 
(butyl cyanoacrylate), poly (lactic-co-glycolic acid), and poly (lactic acid), have been dem-
onstrated to penetrate the BBB [59].

Threats to Humans

Metal nanoparticles can be toxic to humans if inhaled or ingested. They can cause damage 
to lung tissue and other organs, as well as potentially leading to cancer or other diseases. 
Long-term exposure to high levels of metal nanoparticles can also have negative effects on 
the nervous and immune systems. It is important to handle metal nanoparticles with proper 
safety precautions and to use personal protective equipment when working with them. 
There are no sets of regulations that address the existence of MPs in seafood, according to 
information published by the European Food Safety Authority in the year 2016. Besides, 
the average daily consumption of fish muscle is around 7 g per person per day. Humans 
could consume roughly five pieces of MPs per day [60]. As such, no research on the toxic-
ity of MPs in humans was found in vivo. However, a recent report verified the presence of 
MPs in human feces.

Additionally, other research using simulated gut conditions has shown that ingested MP 
can interact with molecules in the gut, which can cause negative effects [61]. Di (2-ethyl-
hexyl) phthalate (DEHP), a contaminant that is adsorbed at the surface of particles and is 
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slowly released into seawater, has been shown to disappear relatively quickly under simu-
lated gut conditions [28, 62, 63]. MPs eventually had harmful impacts on sex hormone 
metabolism in human adenocarcinoma cells. A recent cytotoxicity experiment on Au-NPs 
ranging in size from 0.8 to 15 nm revealed that several human cell types were sensitive to 
the small gold particles (1.4 nm), with EC50 values for apoptosis within 12 h ranging from 
30 to 56 M [64].

Dose Assessment

The toxicity and degradation of the various NPs in the environment are not yet clearly 
identified. The concentrations of many NPs cannot be estimated with precision due to their 
small size and composition, their physiochemical characteristics, and the medium in which 
they are distributed. Therefore, it is crucial to concentrate on identifying and measuring the 
emissions of NPs in the environment, understanding their life cycle, assessing their toxic-
ity and impact, both short-term and long-term. This is of paramount importance as NPs 
can persist for extended periods, with half-lives ranging from months to years, due to their 
high production rates. Additionally, these materials have the potential to accumulate and 
undergo changes depending on local environmental conditions over time [65].

Although the identification of NPs in natural ecosystems is difficult due to their highly 
dilute concentration and expensive instrumentation, some studies have been performed 
under laboratory conditions to determine possible ecotoxicological concentrations under 
varying environmental conditions. For example, AgNPs widely used in engineering appli-
cations at high exposure doses are more toxic to marine life in aquatic environments. The 
concentration of these NPs has a huge impact on their level of cytotoxicity. Chlorella vul-
garis (marine microalgae) is highly toxic to AgNPs at 5 ug/mL. Similarly, Daphnia manga 
(water flea) showed acute toxicity at 1.8 ug/mL of AgNPs and Danio rerio (zebrafish) at 
10.09 µg/mL [66]. Another widely used iron oxide NPs has major side effects on human 
health. For example, at 400 mg/L  Fe3O4 NPs, there was a significant reduction in male sex 
cell (spermatozoon) motility. Additionally, at concentrations above 400–800 mg/L  Fe3O4 
NPs, there was a significant increase in oxidative stress molecules (malonaldehyde and 
total glutathione) [67].

The assessment of risk associated with NPs begins by identifying potential risks and 
pathways of human exposure in a manufacturing setting, which is a critical area of con-
cern for safety. The initial step is to identify and describe the sources of NPs in the envi-
ronment. The hazards are then evaluated in terms of their potential effects on different 
endpoints, and the likelihood of exposure is predicted. To evaluate the relative risk, both 
the dose–response relationship and the level of exposure are quantified. In the risk assess-
ment process, hazard identification is followed by dose–response assessments, which can 
be conducted using laboratory studies or mathematical models. However, determining the 
dose–response relationship for NPs may not be straightforward, as dose based on mass 
concentration may be less relevant than dose based on surface area, and variations in the 
fabrication of NPs can lead to differences in surface reactivity and toxicity [12].

The lack of effective regulation on NPs applications and synthesis creates various 
health-related risks and potential damage to the ecosystem. Government agencies such as 
the Environmental Policy Agency (EPA) have made substantial efforts to regulate the use 
of materials and enable safe standard operating procedures for the proper disposal of NP 
wastes and their use in various applications.
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Conclusion

With increasing industrial applications and urbanization, the synthesis and utilization of NPs 
have increased significantly. The article summarizes the harmful effects of various NPs on soil, 
aquatic, and terrestrial systems. The unrestricted use may increase the continuous accumulation 
of NPs in the ecosystem and cause adverse effects through biomagnification and bioaccumula-
tion. Before products enter the market, an effective risk assessment is needed to prevent NP 
toxicity. Thus, with the implementation of critical measures, proper toxicity assessment, and a 
more detailed investigation of the release of NPs into the environment, the negative effects of 
NPs on beneficial microbial communities and human health can be protected. However, there 
is considerable disagreement in the literature on the toxicological effects of engineered NPs 
entering the environment. Green synthesis is receiving considerable attention, and developing 
eco-friendly NPs is one of the central goals of nanotechnology. The future of nanotechnology 
depends on the development of eco-friendly NP synthesis. It also focuses on the development 
of technologies to improve the quantification of NPs. It is important to pay more attention to the 
long-term toxicity of any NP before it reaches the environment.
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