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Abstract: In recent years, as an emerging material, nanomaterials have rapidly expanded from
laboratories to large-scale industrial productions. Along with people’s productive activities, these
nanomaterials can enter the natural environment of soil, water and atmosphere through various
ways. At present, a large number of reports have proved that nanomaterials have certain toxic effects
on bacteria, algae, plants, invertebrates, mammalian cell lines and mammals in these environments,
but people still know little about the ecotoxicology of nanomaterials. Most relevant studies focus
on the responses of model strains to nanomaterials in pure culture conditions, but these results do
not fully represent the response of microbial communities to nanomaterials in natural environments.
Over the years, the effect of nanomaterials infiltrated into the natural environment on the microbial
communities has become a popular topic in the field of nano-ecological environment research. It
was found that under different environmental conditions, nanomaterials have various effects on the
microbial communities. The medium; the coexisting pollutants in the environment and the structure,
particle size and surface modification of nanomaterials may cause changes in the structure and
function of microbial communities. This paper systematically summarizes the impacts of different
nanomaterials on microbial communities in various environments, which can provide a reference for
us to evaluate the impacts of nanomaterials released into the environment on the microecology and
has certain guiding significance for strengthening the emission control of nanomaterials pollutants.

Keywords: Nanomaterials; ecotoxicology; environment microbial communities

1. Introduction

The concept of “Nanotechnology” was first proposed by Nobel Laureate Richard P.
Feynman in his famous lecture “There’s Plenty of Room at the Bottom” in 1959. In 1990,
the first International Nanoscience Conference was held in Baltimore, United States, which
marked the birth of nanoscience as a new branch of material science. Nanomaterials are
known as “the most promising materials in the 21st century” because the basic unit size of
nanomaterials is small. Compared with conventional materials, nanoscale materials exhibit
unique physical and chemical properties, such as surface effect, small size effect, quantum
size effect and macroscopic quantum tunneling effect. This makes nanoparticles (NPs) have
special optical, electrical, magnetic, mechanical, superconductivity and catalytic properties
and show broad application prospects in promoting social development and improving
human life. With the rapid development of nanotechnology, a large number of consumer
goods containing NPs and nanoparticle products have been widely used in various fields
such as jewelry, photography, cosmetics, aquaculture, agriculture, medicine, textiles, energy
electronics and aerospace industry [1-11]. However, nanomaterials are also a double-edged
sword. They accelerate the development and innovation of industry and play an important
role in promoting social development and progress but also bring some negative effects.
In the process of their production, use, transportation and disposal, nanomaterials will
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inevitably enter the environments of soil, water and atmosphere through various ways.
Similar to other pollutants, these NPs will reenter the natural environment and participate
in the material cycle through migration and transformation in soil, water, atmosphere and
organisms in these environments [12] (Figure 1). In this process, NPs interact with the
organisms and are absorbed and enriched, directly or indirectly threatening the ecosystem
and human health [13,14]. Many studies have been reported on the toxicity of NPs to
bacteria, algae, plants, invertebrates, vertebrates, mammalian cells and mammals [15-28],
and these studies also confirm that NPs have potential environmental hazards. Although
there are many reports on the effects of nanomaterials on single species of organisms, the
research on nano ecotoxicology is still in its infancy [29].
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Figure 1. Routes of migration and transformation of NPs in the environment.

Among these subjects, microorganisms, as one of the most biodiverse species on earth,
are the basis of the entire food chain and play a leading role in the earth’s material and
energy cycles. Because microbial communities have these important ecological functions
and their ubiquitous distribution characteristics in environmental media, it is particularly
important to study the eco-toxicity of NPs to microbial communities. Studies have shown
that NPs in soil, water and atmosphere can affect the growth and physiological activity of
microorganisms by coexisting with microorganisms, adsorbing on the surface of microor-
ganisms and even entering the organism. However, the impact of NPs on the structure and
diversity of microbial communities is much more complicated. The type, exposure time and
concentration of NPs will have different effects on the structure and diversity of microbial
communities [30,31]. Similarly, the heterogeneity of different environments brings about
different environmental changes to NPs, leading to different effects of the same type of NPs
on the diversity of microbial communities [32]. In addition, some NPs have been found to
have certain effects on specific bacterial groups. Therefore, the reasonable evaluation of the
harm of NPs to the structure and diversity of microbial communities is of great significance
to the scientific development of nanotechnology and the safe use of NPs.

2. Effects of NPs on Microbial Community in Aquatic Environment

In recent decades, with the rapid development of nanotechnology, many consumer
products containing NPs and nanoparticle products have been widely used in all aspects of
life. For example, coatings containing titanium dioxide NPs can improve the ultraviolet
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reflectivity of building materials, increasing the ability of anti-aging and pollution resistance.
However, the NPs in the coatings are easily released into the ecosystem after being washed
by rain [33]. Fabrics containing nano silver (Ag NPs) will release nano silver into the water
environment during cleaning [34]. Therefore, the wide application of nanomaterials makes
NPs a potential pollution in the water environment. These nanomaterials may eventually
enter the wastewater treatment system with domestic sewage or industrial wastewater. At
the same time, nanomaterials with excellent surface chemical properties can be used as
adsorbents and flocculants in the wastewater treatment process [35-38]. These applications
also increase the number of NPs in wastewater treatment plants to a certain extent. In
addition to the point source approach mentioned above, nanomaterials can also enter
the water environment through non-point sources [39]. The nanomaterials in the soil can
penetrate downwards and eventually cause groundwater pollution, or after being washed
by rainwater, some of the NPs will flow into natural water bodies such as rivers, lakes and
oceans along with surface runoff [40]. The NPs in the atmospheric environment will also
return to the ground and enter the water environment in the form of wet sedimentation.

The aquatic environment is a focus of research on the environmental behavior of
nanomaterials because it is the main medium through which nanomaterials enter and
diffuse into other environmental resources, playing a “link” role [41]. The investigation of
the effects of nanomaterial exposure on the aquatic environment is very important because
the aquatic environment receives runoff and wastewater from domestic and industrial
sources, and is an important gathering place for various pollutants [42]. In this section, we
will discuss in detail the effects of nanomaterials on microbial community structures in
natural water bodies such as rivers, lakes and oceans, as well as in unnatural water bodies
such as wastewater treatment plants.

2.1. Effects of NPs on Microbial Community in Wastewater Treatment Plants

As anew pollutant, NPs are likely to be discharged into wastewater treatment systems
in the process of production, use and disposal [43,44]. At present, wastewater treatment
plants mainly adopt activated sludge technology, and microorganisms play a leading role.
The activity, composition and structure of microbial communities determine the treatment
efficiency of wastewater treatment plants to a certain extent. The entry of nanomaterials may
affect the community structure, abundance and functions of microorganisms in activated
sludge, thereby affecting the biological treatment effect of sewage, which has gradually
attracted the attention of researchers. Studies have shown that depending on the type of
NPs, exposure concentration, exposure time, surface modification and type of wastewater
treatment process, NPs will have varying degrees of impact on the wastewater treatment
system. A certain concentration of NPs will affect the microbial community in activated
sludge, including the impact on the number of microorganisms and the change of diversity.

Ag NPs is widely used and has excellent antibacterial properties. Therefore, it is of
great significance to study the potential impact of Ag NPs on the structure of microbial
community in wastewater treatment systems. Button et al. [45] demonstrated that at low
doses, Ag in either ionic or NP form did not produce significant toxic effects in the short
term, but did lead to subtle changes in the function and structure of the microbial commu-
nity. At higher doses, Ag NPs significantly altered the function of microbial communities.
Moreover, different coatings on the surface of Ag NPs showed different toxicity. Xu's
group [46] evaluated the changes in performance, microbial community and enzyme activ-
ity of a sequencing batch reactor (SBR) in the presence of Ag NPs. The results show that
a certain concentration of Ag NPs will inhibit the chemical oxygen demand (COD) and
phosphorus removal efficiency of the reactor. Due to the response of microorganisms to
the toxicity of Ag NPs, the release of reactive oxygen species (ROS) and lactate dehydro-
genase (LDH) in the system increased, and the richness and diversity of microorganisms
also changed significantly. Similarly, in a SBR, compared with the microbial community
exposed to silver ions (Ag*), the change in and recovery speed of the microbial community
exposed to Ag NPs is slower, and the recovery speed of the microbial community is also
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different due to the different coating on the surface of Ag NPs [47]. When Ag NPs were
added to a vertical flow constructed wetland (VFCW) [48], the removal efficiency of organic
matter did not change significantly, but the removal efficiency of nitrogen and phosphorus
had a certain effect. High-throughput sequencing results showed that the presence of Ag
NPs changed the relative abundance of functional bacteria associated with nitrogen and
phosphorus removal.

As one of the three most widely used inorganic nanomaterials in commercial prod-
ucts [49], nano zinc oxide (ZnO NPs) has a large industrial production, a wide range of
applications and a relatively large potential risk of discharge into the environment [50].
Hu'’s study [51] showed that high concentration of ZnO NPs would lead to a decrease in
microbial community richness in the system. Wu et al. [52] discussed the impacts of zinc
(Zn) NPs, ZnO NPs and Zn ions (Zn**) on the nitrifying bacterial communities. When zinc
concentration is low, Zn?* can improve the nitrification rate, but at high concentrations,
both zinc NPs inhibit the nitrification rate. This result suggests that it is the NPs themselves,
rather than the released Zn?*, that are responsible for the toxicity to nitrifying bacteria.
The authors suggest that the presence of NPs can cause nitrifying bacteria to produce
large amounts of ROS. However, Zhang’s work [53] shows that under the condition of low
concentration, the existence of ZnO NPs is conducive to the removal of nitrogen, and the
inhibition effect can be produced only at high concentration. Long-term exposure to ZnO
NPs will lead to declines in microbial diversity. Chen’s group [54] investigated the effects of
four conductive nanomaterials (carbon powder NPs, Al,O3 NPs, ZnO NPs, CuO NPs) on
sludge anaerobic digestion (AD) performance and microbial community. The experimental
data showed that carbon powder NPs and Al,O3 NPs could improve the biogas production
of AD, while ZnO NPs and CuO NPs had the opposite effect, which was caused by the fact
that ZnO NPs and CuO NPs reduced the diversity and richness of microbial community.
The toxic effects of CuO, ZnO and TiO, NPs on the nitrogen removal, microbial activity
and community were also compared by Zhang's group [55]. The results showed that all
three NPs were toxic to the Anammox process, leading to a decrease in nitrogen removal
efficiency and microbial activity. The comparison results showed that the toxic effect of
CuO NPs was the most serious, but the cumulative effect was the least, while the toxic
effect of TiO, NPs was the least, but the cumulative effect was the most serious. This result
also indicates that different types of NPs will have different effects on the same system.

Nano zero valent iron (nZVI) is one of the most widely used nanomaterials in the
remediation of polluted soil and groundwater. It mainly aims at the biodegradation of
chlorinated compounds, the fixation of heavy metals and the adsorption of inorganic anions
in the field of pollution control [35,56-59]. In addition, maghemite (y-Fe;O3), hematite (x-
Fe;0O3) and magnetite (Fe3Oy) are also the most common magnetic nanomaterials applied
in remediation and water treatments. Many studies have shown that nZVI and magnetic
NPs can affect biochemical processes in microorganisms and microbial communities in
the activated sludge of sewage treatment plants. The effects of nZVI on sludge anaerobic
digestion were investigated by Yu’s group [60]. Data showed that the initial addition of
nZVIled to a decrease in methane production. However, with the adjustment of microbial
community structure to adapt to environmental changes, the yield of methane increased,
indicating that nZVI could directly affect sludge fermentation liquor and microbial com-
munity structure. The same results were also obtained in Pan’s research [61]. The results
showed that the presence of nZVI could improve the abundance of methanogenic bacteria
and promoted the production of methane. Magnetic Fe304 NPs have been proved to have
little effect on the removal of NH;*-N and a slight effect on the removal of COD. The
production of ROS and the release of LDH increased with the increase of magnetic Fe3O4
NPs in the system, indicating that magnetic Fe3O4 NPs has toxicity to activated sludge.
High-throughput sequencing results also confirmed that magnetic Fe304 NPs did change
the structure and diversity of microbial communities in the system [62]. Zhang’s work [63]
pointed out that the existence of high concentration of maghemite NPs would not affect
the anammox activity, the production of ROS or the integrity of cell membrane, and the
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long-term addition of high concentration of maghemite NPs had no adverse effect on
the performance of the high-rate anammox reactor. On the contrary, with the increase of
maghemite NPs concentration, the anammox activity increased. The experimental results
showed that maghemite NPs had good biocompatibility and could be used to improve the
characteristics of anammox flocculent sludge.

The effects of other nanomaterials on microbial community in sewage treatment
system have also been reported. The effects of TiO, NPs on the performance and microbial
community of activated sludge in a SBR were studied by Li’s group [64] and Zheng's
group [65], respectively. The research results of the two groups showed that TiO, NPs
had certain toxicity to the microbial community and significantly changed the richness
and diversity of the microbial community, resulting in the degradation of activated sludge
performance. Wang’s group [66] proved that the presence of CeO, NPs had obvious effect
on the microbial richness and diversity of activated sludge, and his another work [67] also
confirmed that nickel dioxide NPs (NiO NPs) had a similar impact on sludge microbial
communities. In addition, a series of works has also proved that Bi;WO¢ NPs, silica NPs
and copper oxide NPs had varying degrees of influence on the microbial community in
sewage treatment system [68-70].

The ecotoxicity of nanomaterials is affected by many factors, which is not only related
to their own physical and chemical properties but also has a variety of different interaction
relationships with activated sludge, natural particles, organic pollutants and biological
macromolecules in the sewage treatment system [71], increasing the difficulty and complex-
ity of the ecotoxicity research of nanomaterials. There is still no general consensus on the
law and mechanism of the influence of nanomaterials on the wastewater treatment process
and the impact on the environment.

2.2. Effects of NPs on Microbial Community in Natural Water Bodies

With the development of agriculture, industry and urbanization, human pollution of
water resources is becoming more and more serious. Estuaries and offshore areas are important
transitional areas where oceans and rivers or land meet. This area plays a vital role in regu-
lating the geochemical cycle of materials, human health and sustainable development [72,73].
Microorganisms in estuaries and marine sediments play an irreplaceable role in pollutant
transformation, nutrient cycling and maintaining ecosystem health [74-76]. It has important
ecological value and has always been hot spots in environmental geoscience research.

It has been found that the microbial community changes significantly when the natural
river water is exposed to the environmental concentration of ZnO NPs [77]. In addition,
studies have shown that the impacts of Ag NPs of different sizes and coatings on freshwater
sediment microbial community may be significantly influenced by the conditions [78].
Du’s group [79] evaluated the effects of ZnO NPs on ecosystem function by studying
the decomposition of leaf litter by microbial communities in aquatic ecosystem. The
experimental data showed that ZnO NPs could significantly reduce the degradation rate
of leaf litter in freshwater system. However, the transformation process (aggregation,
settlement and dissolution) of ZnO NPs with various diameters in natural water was nother,
resulting in different effects on microbial communities in water body. In addition, studies
have assessed the effects of AgNPs on microbial communities that decompose leaf litter in
river ecosystems [80]. Evidence showed that the microbial community structure changed
during short-term exposure to AgNPs, but the metabolic activities of microorganisms were
not affected. However, when Ag NPs were exposed for a long time, the structure and
metabolic function of microbial community were strongly affected. Another study assessed
the effects of coated and uncoated Ag NPs on oxygen consumption in freshwater benthic
microbial communities [81]. The experimental results showed that the presence of coating
on the surface of Ag NPs had a significant effect on their ecotoxicity. Uncoated Ag NPs
were more ecotoxic. In another work [82], the authors evaluated the effects of three different
types of nano-sized polystyrene (nPS) on the structure and function of freshwater microbial
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community. The results showed they were less ecotoxic than expected and basically had no
effect on the function of the microbial community.

The ocean is one of the largest ecosystems in the world, and just like that, the ocean has
become the largest recipient of pollutants. Marine microorganisms need not only to deal
with the adverse effects of marine climate change but also to respond appropriately to the
environmental pollutants in the ocean. Due to the complexity of the marine environment
and the diversity of microbial composition, there are few reports on how NPs affect the
marine microbial community.

Biogenic palladium NPs (bio-Pd NPs) can degrade or transform heavy metals, pesti-
cides and organic halides in water, air, soil and sediments through catalysis, so they are
widely used in the remediation of polluted environments [83]. The toxicity of bio-Pd NPs
to a marine microbial community was evaluated by Nuzzo’s team [84]. Some respira-
tory metabolic effects of microorganisms were slightly inhibited by bio-Pd NPs, and the
diversity of microbial community was slightly increased, which was the adjustment of
microorganisms to cope with the toxicity of bio-Pd NPs. Overall, bio-Pd NPs in the study
had little effect on the marine microbial community. Another work compared the effects
of polymer-coated Ag NPs and Ag* on marine microbial communities [85]. Compared
with the control seawater, the microbial community richness in the seawater treated with
polymer-coated Ag NPs and Ag™ was affected, although there was a long lag phase, indi-
cating that some bacteria were not sensitive to polymer-coated Ag NPs and Ag* or can
adapt to the existence of polymer-coated Ag NPs and Ag™ in the environment.

3. Effects of NPs on Soil Microbial Community

In recent years, nanomaterials have been incorporated into plant nutrition and disease
management as fungicides and nano fertilizers [86-88]; among them nano pesticides
and nano fertilizers are the most widely used agricultural products. In addition, some
nanomaterials have been used in the remediation of contaminated soil [89]. As a result,
the large-scale use of nanomaterials leads to increasing opportunities for and quantities
of nanomaterials leaking into the soil directly. In addition to directly entering the soil
through the above means, nanomaterials can also be collected from water and air into the
soil through precipitation, atmospheric deposition and irrigation [90-92]. Furthermore,
due to the weak migration ability of nanomaterials, soil will eventually be the main final
recipient of nanomaterials in the environment compared with water and air [14,93-96].

With genetic diversity, functional diversity and community diversity, soil microorganisms
participate in almost all biochemical reactions in the soil and are closely related to the quality
of the soil, the ecosystem and the growth and productivity of plants [97]. In recent years, it
has been reported that the content of organic matter and humic substances in soil is the main
factor affecting the adsorption of NPs in soil [98-101], and these substances are important
nutrient sources of soil microorganisms. Therefore, once NPs enter the soil environment,
the impact on microbial community is inevitable. Soil has very complex and diverse special
properties, such as pH, organic matter, ionic properties, mineral composition, particle size
distribution and complex pore structure [90,99,101,102]. These factors will affect the migration
and transformation behavior of NPs in soil [99,103], resulting in different disturbances to the
abundance and community composition of soil microorganisms.

3.1. Effect of Nanomaterials on Microbial Community Structure and Diversity

Studies have reported that the type of nanomaterials as well as the soil types can affect
the activity and the community of soil microorganisms differently [15]. Currently, multiple
studies have initially revealed the impact of nanomaterials (metal and nonmetal NPs) on
microbial communities under different conditions with specific nanomaterials, soil type,
exposure time and concentration.

Studies have confirmed that heavy metal pollution in soil impairs microbial commu-
nity structure and diversity. The different species and characteristics of metal NPs will have
different effects on the structure and diversity of soil microbial community. Commercial Ag
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NPs are increasingly used in a variety of consumer products, which greatly increases the
risk of their environmental release and soil accumulation. Of all the reports existing so far,
Liu’s results [104] showed that Ag NPs will have a short-term impact on the structure and
diversity of soil microbial community, but the microbial community will return to normal
level after long-term exposure. On the contrary, another study [105] found that the effects
of Ag NPs on microbial communities were long-lasting, and the longer Ag NPs existed, the
more significant the effects became. The different results can be attributed to the heterogene-
ity of the different environments, which brings about different environmental responses to
the NDPs, leading to the different effects of the same NPs on microbial community diversity.
Metal NPs are also affected by multiple factors in soil and affect the microorganisms in a
dynamic and long-term process. Therefore, assessing the ecological risk of soil microbial
communities to metal NPs should trace their environmental behavior in soil over a long
time. Wang’s work [106] suggested that Ag NPs could have an effect on microbial com-
munities, and the effect depended on the dose of Ag NPs. In addition, another work [107]
assessed the different effects of Ag NPs on microbial communities in terms of particle
state, ion release and shape. The results showed that the relative contribution of particle
of Ag NPs to toxicity increased with increasing Ag NP concentration, and the toxicity of
Ag NPs to the microbial community was different with different shapes. At the same time,
the authors also emphasized that the results obtained in a relatively simple laboratory
environment cannot fully reflect the real situation of Ag NPs in the natural environment,
which should be noted by all researchers. Kumar et al. studied on the influence of NPs (Ag,
Cu) on soil in the possibly vulnerable ecosystems of polar region. As a result, Cu NPs were
not found significant effect on polar soil bacteria, but Ag nanomaterials showed highly
toxic to these arctic consortia [108].

Researchers are studying multiple kinds of metallic oxide nanomaterials for their
effects on microbial communities. In Ge’s work [31], the group investigated the effects
of TiO, and ZnO NPs on natural soil bacterial communities. The results showed that
although the two kinds of NPs had certain toxicity and changed the structure and diversity
of soil microbial community, their dose-response curve and the structural changes in the
microbial community were different, indicating that the ecological toxicity of different NPs
was affected by other factors such as composition, size and shape. In addition to the direct
toxicity of NPs, the authors suggest that NPs may alter soil properties to indirectly affect
microbial community structure, or environmental factors of soil may mediate the effects
of NPs on microbial community. The authors also confirmed through experiments that
the effect of TiO, on soil microbial community was indeed mediated by soil water [109].
Researchers in 2021 [110] came to a similar conclusion that TiO, NPs could affect the
biomass of microorganisms in clay soil, but in another study [111] using metal NPs to repair
agricultural soil, the type and dose of NPs used affected the soil microbial community to
varying degrees, depending on the type, concentration and dissolution behavior of NPs.
The results of this study showed that the high dose of TiO, NPs did not affect the structure
of the soil microbial community. Hankui Chai [112] exposed agricultural soil to ZnO, SiO,,
TiO, and CeO, NPs and found that ZnO and CeO, NPs significant inhibited numbers of
soil Azotobacter, P-solubilizing and K-solubilizing bacteria, TiO, NPs reduced the abundance
of functional bacteria, and SiO, NPs slightly boosted the soil microbial activity.

Nonmetal NPs such as graphene oxide (GO) [113] and carbon nanotubes (CNTs) were
also studied about the effect on the microbial communities in soil. Haegeun Chung [113]
treated soil with GO and found that GO lowered the soil enzyme activity in short term
and had no significant effect on microbial biomass. Fei He [114] incubated farmland soil
repeatedly treated with different concentrations of CNTs and found that different CNT
doses and exposure times affected enzyme activity significantly differently and indicated
that the repeated addition of CNTs affected the structure and function of soil microorganism
communities. However, in some studies, it was found that some kinds of nanomaterials
hardly affect the microbial communities in soil significantly, such as Pd, Au, C60, Al,O3,
SiO, and Cu [115-120].
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3.2. Response of Typical Microbial Groups to NPs in Soil

Typical microorganisms are sensitive or slow to external environmental changes
in many microbial species, and they are important or have special functions in the soil
ecosystem. Microbial taxa with organic matter decomposition have certain tolerance to
NPs in the external environment. When exposed to pollution, they can improve the
influence of microbial community for more energy intake from the external environment
to adapt to the adverse living conditions, and thus affect the material transformation
in the soil circulation. In Ge’s study [31], abundances of Streptomyce, Streptomycetaceae
and Sphingomonadaceae showed significant positive correlations with the concentration of
ZnO and TiO, NPs. He’s study [121] showed that the relative abundance of Nocardioides,
Actinobacteria, Streptomycetaceae and Duganella, which are all involved in the decomposition
of organic matter in soil increased significantly when they were exposed to the Fe3O4 NPs.
Shrestha [119] found that multi-walled carbon nanotubes (MWNTs) could promote the
growth of Cellulomonas, Pseudomonas, Rhodococcus and Nocardioides, and inhibit Holophaga,
Waddlia, Derxia and Opitutus. The tolerance of these bacterial under the nanomaterials stress
enables them to survive and reproduce. This survival advantage in the acute exposure may
have a relatively large survival probability with high concentration of nanomaterials.

However, the relative abundance of increased or decreased microbial communities
does not necessarily mean the increase or decrease of the absolute content of the taxa. It is
highly likely that the exposure of microorganisms to NPs causes the decline of their total
amount, while some resistant bacteria become dominant taxa. Therefore, in the process of
studying microbial typical taxa, a variety of related biological biochemical and physiologi-
cal indicators should be combined to better understand the response characteristics and
mechanisms of typical microbial taxa to nanoparticle stress.

4. Discussion on the Effects of NPs on Microbial Communities in
Different Environments

In Table 1, we summarize the recent knowledge about the impacts of NPs on the
structure and function of microbial communities in different environments and provide a
reference for us to evaluate whether the release of nanomaterials into the environment may
pose a potential risk to the environmental microbial communities.

To investigate the ecological effect and mechanism of nanomaterials on microorgan-
isms in activated sludge, we should not only detect the changes in individual levels of
microorganisms, such as microbial morphological changes and cell survival status, but also
explore the succession of microbial community and the changes in functional genes. Re-
searchers should continue to explore to better predict the potential role of nanomaterials in
wastewater biological treatment systems and to find more effective ways to mitigate adverse
effects or make full use of the strengthening effect of nanomaterials on the performance of
wastewater biological treatment system to improve the efficiency of wastewater treatment.

Compared with other environmental systems, natural water bodies accept a large
amount of various materials from other environmental inputs in a typically complex
interface of atmosphere, water and sediment, and the gradients of various environmental
factors (physical, chemical, biological and other factors) change dramatically. In this
complex environment, it is particularly difficult to study the effect of nanomaterials on
microbial communities because it is difficult to determine whether changes in the microbial
community are caused by the nanomaterials themselves or by the environment, or even
nanomaterials interacting with other chemical substances in the environment.

Due to the high heterogeneity of soil, the limitation of orthotopic tracking technology
and microbiological detection methods, the effect mechanism of NPs on the structure and
diversity of microbial community still needs to be deeply studied.
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Table 1. Effect of NPs on microbial of different environments.

Type of NPs Subject Effects of Exposure to the Microbial Dosage Duration Evaluation Method Ref.
The SBR microbial community composition shifted immediately upon
" . . g
wastewater exposure to Ag . but recovered quickly, while the Ag NP-treated ‘ 02 and 2 ppm 944 165 rDNA, SBR treatment efficiency [47]
Ag NPs treatment plants communities shifted and recovered more slowly, with the longest lasting
& effect produced by GA-Ag NPs.
. A broad range of microbial endpoints as well as rates of litter Automated ribosomal intergenic spacer analysis
natural water bodies decomposition were strongly affected. 0.05and 0.5 uM 25d (ARISA), Leaf Mass Loss [80]
heterotrophic plate counting, microbial
Notable impact on microbial functional and genomic diversity. ZZSZPI;ITSZZj\c:tg arlllii)lrgaﬁzll‘ Sﬁiﬁ?ggzﬁm' ot
soil Emergence of a silver tolerant bacterium was observed at Ag NP 49 to 1815 mg kg ™! 28d nz]m ity 1 y,l h gl loical profi fili,n [105]
concentrations of 49-287 mg kg ~! after 14-28 days of incubation commanity eve' physiological pro &
(CLPP), Ion TorrentDNA sequencing and
denaturinggradient gel electrophoresis (DGGE)
wastewater Results show that the species richness in the EBPR system was reduced . .
710 NP treatment plants under the condition of ZnO NPs with high concentration. 2-6mg/L 43d High-throughput sequencing, P-removal process (511
n s natural water bodi A significant decrease of the microbial biomass and enzyme activities was 100 me L1 454 Extracellular enzyme activities, [79]
aturat water bodies observed in the ZnO NP exposure microcosms. mg High-throughput pyrosequencing
Nano-ZnO reduced both microbial biomass (as indicated by declines in 0.05.0.1 and Zigjzs;;lznfoﬁf %il\}‘zsptgfrﬂﬁgﬁggr?;fo?tal
soil both SIR and DNA) and diversity (by T-RFLP) and altered the O 5’m. ) 60d fragment length pol ,m ohism [31]
composition of the soil bacterial community. S mEs agmen’t ength polymorphis
(T-RFLP) analysis
NPs performed immediate and durable toxicity on Anammox. The . .
wastewater . . 1 batch experiments, High-throughput
CuO NPs nitrogen removal efficiency decreased, the Anammox rate decreased and 1gL 63d . . . [55]
treatment plants the relative abundance of AAOB decreased pyrosequencing and phylogenetic assignment
wastewater Fe304 NPs led to the toxioity to activated sludge and destroyed the the dichlorodihydroflfluorescein (DCF) assay
Fe;O4 NPs treatment plants integrity of microbial cytomembrane. Fe3O4 NPs could obviously affect 5-60 mg/L 57 d method, a LDH kit, the [62]
P the microbial richness and diversity of activated sludge. high-throughput sequencing
50 mg/L TiO, NPs was observed to significantly decrease total nitrogen
wastewater (TN) removal ?ff1c1gncy aft.er lopg—term exposure (70 d ays), and obviously total nitrogen (TN) removal efficiency,
TiO, NP treatment olant reduced the diversity of microbial community in activated sludge. The 0.15-0.50 mg/L 70d fluorescence in situ hvbridization analvsi [65]
o2 NS catment plants abundance of nitrifying bacteria, especially ammonia-oxidizing bacteria, uorescencen s 4 aton anatysts
was highly decreased
The biomass of total phospho lipid fatty acid (PLFA), Gram positive,
soil Gram negative bacteria, fungi, actinomyctetes and anaerobes were found 5, 10, 20, 40, 80, 454 fluorescein diacetate (FDA) hydrolyzing capacity, [109]
to be increased up to dose of 80 mg TiO; NPs kg~! soil, but, significantly 100 mg kg~! phospholipid fatty acid (PLFA) analysis
declined at 100 mg TiO; NPs kg~! soil dose
tewater The presence of CeO, NPs had obvious effect on the microbial richness
CeO, NPs tre‘;vtirsleilvtva IZnts and diversity of activated sludge. High CeO, NPs concentration could 5-60 mg/L 290d the dichlorodihydroflfluorescein (DCF) [66]
2 P result in the biotoxicity to activated sludge
CeO, NPs were observed to hinder thermogenic metabolism, reduce thermal metabolism. the abundance of functional
soil numbers of soil Azotobacter, P-solubilizing and K-solubilizing bacteria 1mg g’1 30d ’ [112]

and inhibit enzymatic activities.

bacteria and enzymatic activity.




Microorganisms 2022, 10, 2080

10 of 16

On the whole, the current studies on nanomaterials are mainly focused on their short-
term effects, while there are few studies on their long-term effects, and the research on
microbial communities is not very in-depth; further research and discussions are needed.
Studies on the ecological toxicity of nanomaterials are mainly carried out in a single labora-
tory environment, which cannot accurately reflect the ecological effects of nanomaterials in
the real environment. The toxicity mechanism of nanomaterials mainly focuses on their
toxicity to a single microorganism, and there are very few studies on their ecotoxicity
mechanism, so it is hard to make an accurate and specific evaluation.

Furthermore, the study of nanomaterial toxicity in the environment is difficult and
complex due to the multiple relationships between NPs and microorganisms and between
NPs and the environment, all of which have been shown to alter nanomaterial toxicity in
model systems. It is not difficult to see from our summary of existing studies that there are
situations where the research results of different teams are contradictory. The occurrence of
this situation also indicates that there are different influencing factors in different ecological
environments, which leads to different ecotoxicity of nanomaterials [108].

In addition, combined pollution is also a problem that cannot be ignored in studying
the effects of nanomaterials on microbial communities. Combined pollution refers to the en-
vironmental pollution by multiple pollutants with different properties (or different sources
of the same pollutant) simultaneously existing in the same environmental medium [122]. It
is a common pattern that chemical pollutants exist in various mixed forms in the environ-
ment [123]. The combined exposure of multiple chemical pollutants may produce stronger
synergistic effects than single exposure, or weaker antagonistic effect than single exposure,
or equivalent to the additive effect of single exposure. The basic principles of toxicology
can be used to predict the health risks of a single chemical contaminant, but it is difficult to
accurately predict the risks of mixing two or more chemical substances. If nanomaterials
are present in the composite system, the combined effects of various chemical pollutants
in the mixed system will be more difficult to predict because nanomaterials not only have
unique physical and chemical properties but also often interact with other chemicals in
various forms and mechanisms. Therefore, when studying the biological effects of nanoma-
terials, we should not only consider the toxic effects of individual NPs but also consider
the interactions between NPs and other chemical pollutants [124]. It has been found that
when organisms are exposed to multiple chemical pollutants simultaneously, the effects
are significantly different from those produced by a single pollutant [125,126].

5. Conclusions

In the future, we should strengthen the study of the toxicity of nanomaterials in real
environments, further explain the ecotoxicity mechanisms of nanomaterials and introduce
new molecular technologies to improve the research system on the ecological effects of
nanomaterials and accelerate the research process from nano ecotoxicology to nano ecotoxi-
cology genomics. Our results should be interpreted with caution, as it remains uncertain
whether the patterns observed in the laboratory incubation of the current study reflect
those occurring in natural systems.

In the study of the combined toxicity of mixed chemical pollutants, evaluating the
mode of action of combined toxicity of chemical pollutants is one of the important research
tasks. It is of great significance to study the combined toxic effects of mixed NPs for their
possible environmental risk assessment. Evaluation and prediction of mixed toxic effects of
pollutants in the environment is one of the research hotspots in the field of ecotoxicology.

Nanomaterials are widely used and enter the environment, which brings potential
risks to environmental ecology, and their toxic effects on organisms may affect the balance of
the entire ecosystem. Ecotoxicity studies on nanomaterials mainly focus on the individual
toxicity studies of nanomaterials on ecological species, while the joint toxicity studies on
multicomponent nanomaterials on ecological species are still very limited, especially for the
joint toxicity between nanomaterials with different dimensions and the combined toxicity
between nanomaterials with different activities. Studying the environmental behavior
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and ecotoxicity of nanomaterials and evaluating the ecological risks and potential hazards
that nanomaterials may bring are the prerequisites for scientific and rational development,
design and use of nanomaterials, and they are also of great significance for the healthy
and sustainable development of nanotechnology and ecological protection. Establishing a
complete ecological risk assessment procedure for nanomaterials is of great significance to
solve the problem of nanomaterial pollution and is also an important direction for future
nanomaterial ecotoxicology research.
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