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Abstract: The intensive applications of nanomaterials in the agroecosystem led to the creation of sev-
eral environmental problems. More efforts are needed to discover new insights in the nanomaterial–
microbe–plant nexus. This relationship has several dimensions, which may include the transport of
nanomaterials to different plant organs, the nanotoxicity to soil microbes and plants, and different
possible regulations. This review focuses on the challenges and prospects of the nanomaterial–
microbe–plant nexus under agroecosystem conditions. The previous nano-forms were selected in this
study because of the rare, published articles on such nanomaterials. Under the study’s nexus, more
insights on the carbon nanodot–microbe–plant nexus were discussed along with the role of the new
frontier in nano-tellurium–microbe nexus. Transport of nanomaterials to different plant organs under
possible applications, and translocation of these nanoparticles besides their expected nanotoxicity to
soil microbes will be also reported in the current study. Nanotoxicity to soil microbes and plants was
investigated by taking account of morpho-physiological, molecular, and biochemical concerns. This
study highlights the regulations of nanotoxicity with a focus on risk and challenges at the ecological
level and their risks to human health, along with the scientific and organizational levels. This study
opens many windows in such studies nexus which are needed in the near future.

Keywords: soil–plant–microbe nexus; microbiomes; rhizosphere; microbe–microbe nexus; nanoparticles;
nanotoxicity

1. Introduction

The agroecosystem is the main ecosystem in which plants, animals, and other organ-
isms can interact together to produce the needed food, feed, fiber, and fuel for human life.
This system is very important for our lives and controls the development and sustainability
of the agriculture sector. Climate change and high food prices are driving food and nutrition
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insecurity, pushing millions into extreme poverty, and reversing hard-won development
gains. Around a quarter of a billion people now face acute food insecurity. Millions of
people are either not eating enough or eating the wrong types of food, resulting in a double
burden of malnutrition that can lead to illnesses and health crises. Agricultural develop-
ment is one of the most powerful tools to end extreme poverty, boost shared prosperity,
and feed a projected 10 billion people by 2050. Growth in the agriculture sector is two to
four times more effective in raising incomes among the poorest compared to other sectors.
Agriculture is also crucial to economic growth: accounting for 4% of global gross domestic
product (GDP) and in some least developing countries, it can account for more than 25%
of GDP (https://www.worldbank.org/ [1]). This potential is very clear from different
reviews published recently with a focus on many topics such as agroecosystem services [2],
microbiomes in agroecosystems [3], nano-plastics in agroecosystems [4,5], pest suppressive
agroecosystems [6], vegetation in the Canadian prairie [7], microbial N-management [8],
engineering of the rhizosphere [9], socio-economic agroecology [10], nano-pollution of
agroecosystems [11,12], and exploration the antimicrobial resistance in agroecosystem [13].
Thus, engineering, designing, and managing the agroecosystem is a crucial issue through
the study of the interaction among the compartments of soil, microbes, and plants [6].

The relationship between agriculture and nanotechnology is not new; rather, it has
existed for a very long time since agricultural soil naturally contains nanoparticles and
other nanomaterials. The penetration of nanotechnology applications into all agricultural
practices has further complicated this situation [14,15] along with many global issues such
as agri-food industries [16], agri-food waste valorization [17], global food insecurity under
climate change [18], proliferating agriculture sector [19], and sustainability [20,21]. The
nanomaterial–microbe–plant nexus has received more concern in recent decades due to
its potential in the agriculture sector [22]. Under agroecosystems, the fate and transport of
nanoparticles (NPs) in soil and plant systems could be considered crucial and mediated
by different microbial communities [23–25]. The microbial role in NP immobilization and
degradation in agroecosystems also is an important issue under such a nexus [26]. Thus,
this nexus opens several windows regarding the crucial interactions among soil, plant,
microbes, and NPs under agroecosystems.

Therefore, this review focuses on the different suggested interactions among the NP–
microbe–plant nexus in agroecosystems. This study also will discuss the possible transport,
nanotoxicity, and regulations of NPs along with the perspectives, and challenging gaps.

2. Microbes and Plants: Amazing World

Under the agroecosystem, the plant–microbe interaction can be noticed as a dynamic,
complex, and continuous process besides its being an old colonization of plants on the
Earth [27]. The association between plants and microbes started from billions with the
stromatolite formation around 3.5 billion years ago and can be found in many forms such
as microbe–microbe or/and plant–microbe interactions [28–30], microbes for phytoremedi-
ation of polluted soil or water or air [31–33], endosymbiosis or plant growth-promoting
micro-organisms [34], microbes on rhizoplane/rhizosphere [35], and microbes live between
plant cells or endophytes [36]. These relationships were discussed from different points of
view including the following issues:

1. Producing small peptides by microbes and/or plants and their role in plant–microbe
interactions in the rhizosphere along with the change in the rhizosphere microbiomes.
This nexus may be also useful in holobiont engineering, and the potential of exploring
transgenic microbes to synthesize small peptides on a large scale [37].

2. The role of plant–microbe interactions in regulating sterols including phytosterol
biosynthesis, recognition, communication, transduction, and/or exchanges between
partners through the expression of genes [38].

3. The plant–microbe interactions and their impacts on polluted soil with microplastics
through the microbial degradation microbial-mediated MPs bioremediation [39].

https://www.worldbank.org/
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4. Genome of the plant–microbe interactions under different ecological, physiological,
and evolutionary implications of both plants and microbes and their impacts on stress
tolerance, growth, and nutrient acquisition [40].

5. The plant–microbe interactions and their role in controlling crop productivity through
impacting the microbial communities, and activities, influencing endogenous and exter-
nal growth factors, and potential targeted applications in agricultural production [41].

6. The role of plant–microbe interactions in transferring immune signals between plant
cells and plant pathogens including different bioactive molecules (as extracellular vesi-
cles) like metabolites, proteins, lipids, and small RNAs and facilitating the exchange
of such active substances between various species [40].

7. Soil microbes and their play in nutrient cycling, soil health, and ecological restora-
tion for food security and nutrient quality, which are controlled by both plants and
microbes [42].

8. The specific role of plant–metabolite–microbe or pathogen interactions and their
complexity for the identification of specialized metabolite pathways using ecological,
mechanistic, and evolutionary models [43].

9. The role of agricultural practices (mainly plant grafting) in increasing or suppressing
crop productivity, alleviating abiotic stress, controlling pathogens, and modulating
the root microbiome [44].

10. The interaction among nanoparticles, plants, and microbes and their roles in crop
production and food security through the use of nano-devices/-products for agro-
applications [45].

3. Relation between Microbes and Plants under Different Soil Conditions

What is the possible nexus between plants and microbes under different soil con-
ditions? What are the main factors controlling this relationship? Soil conditions and
properties are essential in impacting the plant–microbe nexus. These conditions may in-
clude polluted soils which are needed for microbe–plant assisted bioremediation [46], the
intercropping system [47], applying soil organic amendments for a long time [48], soil weed
rhizosphere phenolics [49], the relation among plant, soil, microbe, and anthropogenic
activities for soil health [50], myco-plant remediation of polluted soils [51], and different
types of soil cover [52]. Rhizosphere soil properties are the main controller and guarantee
of the plant—microbe nexus [53], which may be related to the characterization of cropping
systems, and other agro-practices (Table 1).

Table 1. Relation between microbes and plants under different soil conditions.

Plant Species Microbe(s) or Related Item Soil Conditions The Type of
Relationship Refs.

Plants
hyper-accumulators

Pseudomonas aeruginosa, Maytenus
bureaviana and Vibrio

parahaemolyticus

Polluted soil with heavy
metals (As, Cd, Hg, Cr,

Cu, Pb)

Microbe–plant assisted
bioremediation [46]

Tomato (Solanum
lycopersicum L.)

Firmicutes (Caldalkalibacillus,
Bacillus) and Actinobacteria

(Streptomyces)

Tomato 13C-residue
decomposition under
different CO2 levels

Plant residue C in
plant/soil/microbe

system
[54]

Maize, sesame,
soybean, and sweet

potato

Microbial biomass (fungal and
bacterial), and enzyme activities

Sandy loam soil
(11.30 g kg−1 SOM, 5.69 pH)

Intercropping system
(different 4 crops) [47]

Rice, rice, Chinese milk
vetch rotations

Bacterial-derived C proportions
for decomposition of organic

amendments

Organic fertilization for a
40-year field experiment

Organic amendments
under long-term in

paddy soils
[48]
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Table 1. Cont.

Plant Species Microbe(s) or Related Item Soil Conditions The Type of
Relationship Refs.

Eggplant, maize,
cucumber, pumpkin,

soybean

Soil bacterial communities under
weed Ageratina adenophora L.

Soil samples were used in
measure the total phenolic

content

Allelopathic system in
soil and gall-forming in

plant tissues
[49]

Amaranthus
hypochondriacus

Fungus-derived biochar and
salt-tolerant bacterium-plant

Cd-polluted saline-alkali
soils

Myco-plant remediation
of polluted soils [51]

Crop rotations,
alternative, cover, and

green crops

Microbial composition, abundance,
diversity, functions and services

Soil quality, soil fertility, and
soil microbiome functions

Plant–soil–microbe–
anthropogenic activity

nexus
[50]

Grasses besides
soybean, wheat and

maize

Soil heterotrophic bacterial
communities along with soil

respiration rate

Soil OM (3%), well-drained
with sandy-loam texture

Land cover types, plant
residues and soil

microbes
[52]

Pak choi (Brassica
chinensis L.)

Soil microbial biomass-C, -N, -P,
and microbial stoichiometry

Soil pH 5.47, SOM 1.75%,
available K 65.33 mg kg−1

Soil microplastic
pollution [55]

Ginger (Zingiber
officinale L.)

Soil rhizosphere microbial
community, beside 16 S rRNA

gene sequence

Co-polluted soil with
ofloxacin and chromium

Polluted soil with
antibiotics and heavy

metals
[56]

Elymus nutans, Kobresia
humilis, Kobresia

pygmaea

Plant–soil nematode/bacterial and
fungal linkages

Pastoral soils in alpine
swampy meadows as peat

bog

Grazing and plant–soil
biota system [57]

Gymnocarpos
przewalskii L.

Arbuscular mycorrhizal fungal,
fungal–bacterial ratio

Grey-brown desert soil and
aeolian sandy soil

Soil microbial under
hyper-arid desert [58]

Conifer tree, broadleaf
tree, and grasses

Airborne bacterial composition,
urban greenspace microbiomes

Soil samples were collected
using a metal soil corer

Air–phyllosphere–soil
continuum [59]

4. Nanomaterial–Microbe–Plant Nexus
4.1. Carbon Nanodots as Inhibitors of Phytopathogens

Microbes play an important role in agroecosystems, as they are involved in nutrient
cycling, decomposition, and disease suppression. Carbon nanodots (CNDs) have the
potential to be used in agroecosystems to control microbial populations. For example,
CNDs could be used to kill or inhibit the growth of harmful bacteria, such as those that
cause plant diseases. Additionally, CNDs could be used to promote the growth of beneficial
bacteria, such as those that fix nitrogen or solubilize phosphorus. Research has shown
that CNDs, a type of carbon nanomaterial, possess significant antimicrobial properties
for various microbes [60]. Table 2 shows that CNDs derived from various sources have
antimicrobial activity against a wide range of microbes, including both Gram-positive
(Staphylococcus aureus, Bacillus subtilis, Streptococcus mutans) and Gram-negative bacteria
(Escherichia coli, Pseudomonas aeruginosa, Salmonella enteritidis, Porphyromonas gingivalis). For
example, CNDs can inhibit the effect of Phytophthora infestans bacterial and fungal plant
pathogens by silencing the genes of their dsRNA [61]. Moreover, vitamin C-derived CNDs
have been shown to be effective against S. aureus, E. coli, and B. subtilis [62]. Furthermore,
Jhonsi et al. [63] reported that CNDs derived from tamarind can against S. aureus, E. coli,
and P. aeruginosa. The precursors are not only from natural sources but also synthetic
materials such as ciprofloxacin hydrochloride and metronidazole (Table 2). The properties
of CNDs could be modified or completely changed with the change in precursors [60]. The
synthesis of CNDs from antibiotics was applied to expand the antibacterial properties of
CNDs. Hou et al. [64] found that using ciprofloxacin hydrochloride to synthesize CNDs can
enhance the antibacterial properties of CNDs, which resulted in the inhibition of the growth
of both S. aureus and E. coli. Metronidazole, another antibiotic, was also used to produce
CNDs, which can be against S. mutans, E. coli, and P. gingivalis [65]. CNDs produced from
D(1)-glucose monohydrate and diethylenetriamine exhibit specific antibacterial activity
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only against Staphylococcus species bacteria [66]. Although CNDs have the potential to be
a powerful tool for controlling microbial populations in agroecosystems, more research is
needed to determine the best ways to use CNDs in agriculture, but this is a promising area
of research.

In addition to the CNDs, magnetosomes are magnetic nanoparticles coming from a
natural source like magnetotactic bacteria and can be a suitable alternative to chemically
synthesized nanoparticles. Among others, functional magnetic nanomaterials based on iron,
iron oxide, cobalt, and nickel ferrite nanoparticles, etc., are currently being investigated in
agricultural applications due to their unique and tunable magnetic properties, the existing
versatility regarding their (bio)functionalization, and in some cases, their inherent ability to
increase crop yield [67]. Cobalt nanoparticles treasure high magnetic anisotropy properties
and can be easily magnetized in one direction. For this reason, cobalt nanoparticles can be
exploited in applications like energy storage or used as antimicrobial agents based on the
observed high antibacterial activity [68].

Table 2. Antimicrobial activity of carbon nanodots (CNDs) synthesized from different sources.

Microbe Species Applied CNDs Dose Types of CNDs and Their Precursors Refs.

Gram-positive pathogenic organisms

Staphylococcus aureus 100 µg mL−1 for 48 h Vitamin C-derived CNDs [62]

200 µg/mL for >48 h CNDs from tamarind plant (Tamarindus indica L.) [63]

250 µg/mL for 60 min for
spermidine-based CQDs

CNDs from three biogenic polyamines (i.e., spermidine,
putrescine, and spermine) [69]

100 µg/mL for 24 h CNDs from henna plant (Lawsonia inermis L.) [70]

75 µL mL−1 for 12 h CNDs from 2,20-(ethylenedioxy)-bis(ethylamine) and malic acid [71]

100 µg mL−1 for 12 h CNDs from ciprofloxacin hydrochloride [64]

256 µg mL−1 for 18 h
CNDs produced from D(1)-glucose monohydrate and

diethylenetriamine [66]

(7.8–62.5) µg/L for 24 h CNDs from olive solid wastes in a hybrid form of ZnO–CNDs [72]

Bacillus subtilis 100 µg mL−1 for 48 h Vitamin C-derived CNDs [62]

Streptococcus mutans 300 µg mL−1 for 24 h CNDs from metronidazole under hydrothermal process [65]

Gram-negative pathogenic organisms

Escherichia coli 100 µg mL−1 for 48 h Vitamin C-derived CNDs [62]

200 µg/mL for >48 h CNDs from tamarind plant (Tamarindus indica L.) [63]

250 µg/mL for 60 min for
spermidine-based CQDs

CNDs from three biogenic polyamines (i.e., spermidine,
putrescine, and spermine) [69]

100 µg/mL for 24 h CNDs from henna plant (Lawsonia inermis L.) [70]

75 µL mL−1 for 12 h CNDs from 2,20-(ethylenedioxy)-bis(ethylamine) and malic acid [71]

100 µg mL−1 for 12 h CNDs from ciprofloxacin hydrochloride [64]

256 µg mL−1 for 18 h
CNDs produced from D(1)-glucose monohydrate and

diethylenetriamine [66]

Pseudomonas aeruginosa 200 µg/mL for >48 h CNDs from tamarind plant (Tamarindus indica L.) [63]

250 µg/mL for 60 min for
spermidine-based CQDs

CNDs from three biogenic polyamines (i.e., spermidine,
putrescine, and spermine) [69]

200 µg/mL for >48 h CNDs from aminoguanidine and citric acid [73]

Salmonella enteritidis 250 µg/mL for 60 min for
spermidine-based CQDs

CNDs from three biogenic polyamines (i.e., spermidine,
putrescine, and spermine) [69]

Porphyromonas gingivalis 300 µg mL−1 for 24 h CNDs from metronidazole under hydrothermal process [65]
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4.1.1. Microbial Interactions for Synthesis of CNDs

Table 3 shows several studies collected that have used microbes for the green synthesis
of CNDs from organic materials. Fang et al. [74] demonstrated the potential of this approach
by using Bacillus subtilis to produce red emission carbon dots from leaves. Similarly, Wang
et al. [75] utilized cyanobacteria to synthesize water-soluble CNDS with low cytotoxicity and
high photostability. These studies collectively underscore the potential of microbial-based
green synthesis to produce CNDs with various applications.

Table 3. Synthesize CNDs from microbes.

Microbe Species Organic Precursors Target Applications Refs.

Staphylococcus aureus and
Escherichia coli

Potato dextrose agar, and
potato dextrose broth

Using the hydrothermal method at 200 ◦C for 24 h to
detect bacteria, dead/live microbial

differentiation dyes
[76]

Bacillus subtilis Tea leaves Green synthesis of CNDs from fermentation of tea
leaves with Bacillus subtilis [77]

Lactobacillus plantarum
LLC-605

L. plantarum LLC-605 was
isolated from the traditional

Chinese fermented food

Commercial dead/live microbial test dyes as a new
type of anti-biofilm material by hydrothermal method

at 200 ◦C for 24 h
[78]

Cyanobacteria Cyanobacteria powder CNDs was produces using hydrothermal methods
having high photostability and low cytotoxicity [75]

Bacillus cereus MYB41-22 cells Yeast extract Multicolor fluorescence bioimaging at 200 ◦C for 12 h [79]

Lactobacillus acidophilus Cell-free supernatant (CFS) of
L. acidophilus

Producing functionalized nano-paper for UV and
antimicrobial protective food active packaging [80]

E. coli and S. aureus Ampicillin sodium Applied bioimaging with high sensitivity detecting
Hg2+ ions in live/dead microbes at 200 ◦C for 6 h [81]

Saccharomyces cerevisiae 1% glucose, 2% yeast extract,
and pH at 5.8 for 72 h

Homogeneous N and P-doped CDs (~4.1 nm) were
hydrothermal synthesized (7 h at 200 ◦C) as non-toxic

(<3.5 mg/mL) to produce antimicrobial bacterial
nano-cellulose membrane

[82]

Staphylococcus aureus Vancomycin hydrochloride
(VAN)

For detect poisonous tin (Sn4+) using VAN-CNDs
(0.899 nm) through changes in the fluorescence

intensity, with antibacterial low biological toxicity
[83]

Aspergillus flavus Dry fungal biomass by
hydrothermal method

Applied CQDs acted as a high-harvesting agent for
improving the absorption of sunlight during

photosynthesis through stimulating the enzymes
[84]

4.1.2. CNDs for Promoting Plant Growth and Stress Tolerance

CNDs have been shown to enhance plant growth and stress tolerance in various
studies summarized in Table 4. Su et al. [85] found that CNDs significantly improved
the stress resistance of peanut plants. Li et al. [2] demonstrated that CNDs derived from
Salvia miltiorrhiza triggered ROS-independent Ca2+ mobilization in plant roots, enhancing
environmental adaptability. Wang et al. [86] showed that soil application of CNDs improved
nitrogen bioavailability, promoting the growth and nutritional quality of soybeans under
drought stress. Kou [87] synthesized nitrogen and sulfur co-doped CNDs, which enhanced
drought resistance in tomato and mung beans by promoting seed germination and seedling
physiology under drought stress. These studies collectively suggest that CNDs have the
potential to be used as a tool for enhancing plant growth and stress tolerance. Furthermore,
CNDs were reported to have a positive effect on rice plants in both phases, including seed
germination and plant growth [88,89].



Nanomaterials 2024, 14, 1249 7 of 37

Table 4. Effects of CNDs on plant growth promotion.

Plants CND Details Main Findings Refs.

Rice seeds (10–100 ppm) for
10 days (5–10 nm)

Nano-priming rice seeds using green CNDs promoted rice
growth by increasing the aroma compound due to their high

content of phenolic content as antioxidants
[90]

Curcumin (Curcuma
longa L.)

1–5 mg L−1 (7.34 nm)
for 91 days

Plastic-derived CDs significantly enhanced enzymic antioxidants
through nano-priming of seeds, besides content of chlorophyll

and carbohydrate
[84]

Pea (Pisum sativum L.)
seeds

(1.3–4.0 nm; up to
2 mg mL−1)

Plastic derived CDs significantly enhanced enzymic antioxidants
through nano-priming of seeds, beside content of chlorophyll

and carbohydrate
[91]

Tomato (Solanum
lycopersicum L.)

1–30 mg kg−1 (2–8 nm)
for 15 days

Functional CNDs improved tomato growth, and under drought
stress by activating chlorophyll forming, osmolyte synthesis, cell
division, enzymatic activation, along with soil pH, organic matter,

organic carbon and soil biological activities

[92]

Tomato (Solanum
lycopersicum L.)

8–16 mg kg−1

(4–15 nm) for 85 days
of cultivation

Soil-applied functional CNDs ameliorated negative impacts of
saline-alkali condition by up-regulation effects on soil properties
(fertility, enzyme activity and decline both pH and salinity) and
plant physiology (antioxidants, and nutrient uptake) along with

fruit quality

[93]

Salvia miltiorrhiza 0.5 g in 100 mL
(0.8–7.2 nm)

The presence of CNDs during plant growth enhanced the
adaptability to harsh environment without a reactive oxygen

species burst
[2]

Soybeans 1–50 mg kg−1 (for
30 days)

CNDs increased the growth of soybean plant under drought
stress through the enhancement of nitrogen bioavailability [86]

Tomato, mung beans 0.015–0.13 mg mL−1 CNDs improved seed germination under drought stress [87]

Rice seedlings 50–300 µg mL−1 for
16 days; 2.53 nm

Mg-N co-doped CNDs significantly increased the height (22.34%)
and fresh biomass (70.60%) of rice plants [89]

Arabidopsis thaliana 4 mg L−1 (2–8 nm) for
13 days

Applied functional CNDs enhanced seedlings to be longer and
stronger in their roots, bigger rosette and thicker leaves due to
their easier uptake, generating more positive effects on plant

[94]

Soybean, tomato, eggplant 0.14–2.24 mg mL−1

(for 10 days; 5 nm)

The degradable CNDs can effectively enhance the ribulose
bisphosphate carboxylase oxygenase activity and then promote

the dicotyledons’ growth
[95]

Rice plants 0.14–2.24 mg mL−1

(for 10 days; 5 nm)
CNDs can penetrate all parts of rice plants, including the cell

nuclei, which can enhance the disease resistance ability [88]

Peanut plants 180 mg L−1 (2–5 nm
for 25 d)

Significantly improved stress-resistant properties of plants (at
180 ppm) by increasing antioxidants of SOD, CAT, and POD, and

reducing MDA content
[85]

Pumpkin 100–400 ppm (2–6 nm)
for 7 days

CNDs could potentially trigger the antioxidant defense systems
(SOD, CAT, and POD) in pumpkin seedlings with more impacts

on roots than shoots of pumpkin plants
[96]

Abbreviations: superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and malonaldehyde (MDA).

4.1.3. Phytotoxicity Concerns of CNDs

Research has shown that CNDs can have both positive and negative effects on plants,
depending on their concentration and the specific type of CNDs (Table 5). At high con-
centrations, CNDs have been found to reduce gas exchange and photosynthesis rates
in Arabidopsis thaliana [97]. Furthermore, CNDs have been found to reduce root and
shoot growth in maize [98]. However, they can also alleviate the toxicity of heavy metals
such as cadmium in plants, as seen in studies on Citrus maxima seedlings [99] and wheat
seedlings [100]. The toxicity of CNDs can vary depending on their source, with biochar-
derived CNDs from different plant materials showing different levels of ecotoxicity [98].
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The toxicity of water-soluble CNDs to maize was found to be concentration-dependent,
with high concentrations significantly reducing root and shoot fresh weight [98]. These
findings suggest that while CNDs can have negative effects on plants at high concentrations,
they also have the potential to mitigate the toxicity of heavy metals.

Table 5. Phytotoxicity concerns of CNDs on plants.

Plants Applied Level (s) Phytotoxicity Concerns Refs.

Solanum nigrum L. 5–15 mg kg−1 (2–6 nm)
for 60 days cultivation

Functional CNDs improved soil nano-remediation by suppressing
metal translocation (Cd, Pb) to shoots, activated enzymes (SOD, POD,

and glutathione peroxidase), and microbial diversity in
the rhizosphere

[101]

Arabidopsis thaliana
24.93 and

53.55 µg mL−1 for
30 days

CNDs decreased the photosynthesis rates and gas exchange in plants [97]

Allium cepa tubers 20 µg mL−1,
(5–10 nm), for 24 h

Sugar-terminated CNDs were found to be non-toxic as nanofertilizers
can promote the growth of Vigna radiata seedlings under salt stress

(up to 100 mM NaCl)
[102]

Water hyacinth
(Eichhornia crassipes)

4, 8, 16, 30 mg L−1 for
8 days

Functional CNDs improved removing of heavy metals (Cd, Pb) by
nano-phytoremediation, regulate enzymatic levels, moderate their

biotoxicity and inhibit their transfer
[103]

Citrus maxima 600 and 900 ppm for
10 days

CNDs can be used as repair agents to mitigate the toxicity of Cd2+ to
plants at the level of 900 ppm by mitigating the oxidative stress and

reduce transported Cd2+ to leaves
[99]

Wheat seedlings 50 and 75 mg L−1 for
10 days

The toxicity of Cd2+ was reduced with the uptake of CNDs by
reducing Cd2+ uptake and increase root activity

[100]

Arabidopsis thaliana L. 125–1000 ppm for
7 days

The phytotoxic CNDs was 1000 ppm, which led to increased
activities of glutathione reductase in roots and shoots in contrast to

control and reduced the metabolites
[94]

4.1.4. The Transportation of CNDs in Plant Organs

CNDs are shown to be transported via the vascular system in plants, as demonstrated
by the enrichment of pollen-CNDs in the periplasmic space of Brassica parachinensis L. [104].
This transportation has also been observed in maize, where water-soluble carbon nanodots
were found in the root-cap cells, cortex, and vascular bundle of roots, as well as in the
mesophyll cells of leaves [105]. The rapid distribution and excretion of biocompatible CNDs
synthesized using Punica granatum L. peel have been demonstrated in mice, suggesting their
potential for use in biological imaging and drug delivery [105]. These studies collectively
indicate that CNDs can be transported within plant organs, with potential applications in
plant imaging and nutrient tracking. The properties of CNDs, including their size, oxygen
content, and ability to enhance photosynthesis, can influence their transport within plant
organs. Wang et al. [106] and Li et al. [88] both found that CNDs can promote plant growth
and photosynthesis, with Li et al. [88] specifically noting their ability to penetrate all parts
of rice plants. Li et al. [107] added that CNDs can be transferred from roots to stems and
leaves through the vascular system, suggesting their potential as delivery vehicles in plants.
These studies collectively suggest that the properties of CNDs can influence their transport
within plant organs, potentially leading to enhanced growth and photosynthesis.

4.2. Nano-Tellurium: A New Frontier in Nano-Microbe Nexus
4.2.1. Why Nano-Tellurium?

Tellurium is an element of the chalcogen group, including oxygen, sulfur, selenium,
and polonium. In 1782, Franz-Joseph Mueller von Reichenstein (1742–1825), conducting
research on gold-containing ores, made a relatively early historical discovery. Originating
from the Latin word “Tellus”, which means “Earth”, the phrase tellurium means a non-
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essential biological metalloid element that is a member of the chalcogen family is tellurium
(Te) [108]. In contrast to selenium, tellurium’s biological and therapeutic characteristics,
and its derivatives have not been thoroughly studied [109]. Out of all the Te species, such
as tellurides (Te2− [+2]), tellurite (TeO3

2− [+4]), and tellurate (TeO4
2− [+6]), only elemental

tellurium (Te0) is water-insoluble which can be sorted at the nanoscale through chemical or
biological reduction [110]. Microbes can be highly toxic to both Te oxyanions, with TeO3

2−

[+4] being more lethal than TeO4
2− [+6] [111]. Above all, it is noteworthy that toxicity

to pathogens is also accompanied by toxicity to the host. Therefore, the environment, as
well as the flora and fauna, may benefit from the synthesis of tellurium nanoparticles (Te-
NPs) with adjustable features. Additionally, employing biomaterial with the Te-NPs might
improve their biological characteristics while having minimal toxicity [112]. Table 6 consists
of a few examples of the antimicrobial activities of Te-NPs. The promising applications of
nano-tellurium are presented in more detail by [113].

Table 6. Antimicrobial studies on tellurium-based nanoparticles.

Materials Related to Te-NPs Size and Morphology Inhibited Microbes or Anti-Microbes Refs.

Te-nanostructures of Au-, Ag-, and
Au/Ag

Nanotube size (25–30 nm) wall
thickness (5–6 nm) E. coli, S. aureus, and S. enteritidis [114]

Tellurium oxide NPs Spheres diameter ~65 nm S. aureus, K. pneumoniae, and E. coli [115]

Tellurium nanorods Rod-shaped size (22 nm),
length 185 nm

Methicillin-resistant S. aureus, S. typhi
(PTCC 1609), and P. aeruginosa

(PTTC 1574)
[116]

Te-loaded polymeric fiber Clusters ~20µm P. aeruginosa, S. aureus and E. coli [117]

TeO2-NPs sols Spheres diameter ~55 nm Bacillus subtilis, S. enteritidis, and E. coli [118]

Lime-mediated-Te-NPs,
Orange-mediated-Te-NPs,
Lemon-mediated-Te-NPs

Nanorods of orange Te-NPs
(50–200 nm length), cubic shape in

others (100–200 nm in length)

Multidrug-resistant (MDR) E. coli
(ATCC BAA-2471) and

methicillin-resistant S. aureus (MRSA)
(ATCC 4330)

[119]

Chitosan-fabricated Te-NPs Spheres diameter (37 nm) L. monocytogenes, B. cereus, and S. aureus [120]

Myco-synthesized Te-NPs Spheres diameter ~60.8 nm
S. cerevisiae PTCC 5269, C. albicans

ATCC 10231, and K. pneumoniae ATCC
10031

[121]

Gallic acid-Te NPs Spherical size 19.74 nm Staphylococcus aureus, Salmonella enterica,
and Escherichia coli [120]

Nano-tellurium Rod shape (size 21.4 nm) Staphylococcal bacteremia and
Staphylococcus aureus [122]

Te–CeO2 nanocomposite Nanofibrous sphere (nano wools
200 nm)

Klebsiella pneumoniae MTCC 3384 and
Bacillus subtilis MTCC 441 [123]

Te-doped ZnO nanoparticles Nano-sheet at hexagonal pattern
(13 mm)

Anti-bacterial (E. coli and S. aureus), and
antifungal (C. albicans and

E. salmonicolor)
[124]

Biological Te-NPs by Acinetobacter
pittii Rod-shaped (60–130 nm) Escherichia coli BW25113 [125]

Biological Te-NPs by Aromatoleum sp.
CIB Rod-shaped (200 nm) Aromatoleum sp. CIB (pIZ2-0135) strain [126]

Biological Te-NPs by Mortierella sp.
AB1 Rod-shaped (100–500 nm) Shigella dysenteriae, E. coli, Enterobacter

sakazakii, and Salmonella typhimurium [127]

Biological Te-NPs by
Haloferaxalexandrinus GUSF-1 Rod-shaped (7–40 nm) Pseudomonas aeruginosa ATCC 9027 [128]

Biological Te-NPs by Gayadomonas sp.
TNPM15 Nanorods (15–23 nm) Fusarium oxysporum AUMC 10313 and

Alternaria alternata AUMC 3882 [129]
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4.2.2. Antimicrobial Mechanisms of Nano-Tellurium

Metal nanoparticle’s antibacterial properties result from their capacity to damage
membranes of cells, block enzymes, trigger the production of reactive oxygen species,
and restrict microbe entry to essential trace elements. Certain metals may also be directly
toxic to DNA [130–133]. The steps belong the antimicrobial mechanisms of nano-Te can
be noticed in Figure 1. This figure illustrates the different antimicrobial mechanisms of
metal nanoparticles and their reactions with pathogens’ intra- and extracellular components.
These steps may include producing reactive oxygen species (ROS), release of ions, inhibition
of biofilm formation, removal of biofilm, and interaction with membranes.
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4.2.3. Nano-Tellurium: Microbial Synthesis

Several studies reported on the microbial or biosynthesis of nano-tellurium such as
bacteria of Lysinibacillus sp. EBL303 [134], Aromatoleum sp. CIB [126], Streptomyces gramin-
isoli [122], as well as fungi of Mortierella sp. AB1 [127], Aspergillus niger [135], Aureobasidium
pullulans [136] and Archaea of Haloferax alexandrinus GUSF-1 [137]. This biosynthesis of
Te-NPs can be usually formed in the periplasmic space, cytoplasm, or outside the cell. Pro-
ducing biological Te-NPs includes both reduction and precipitation, which may be related
to reducing substances or the reductase at different sites occurring either extracellularly or
intracellularly [138]. The plant-associated microbes can play a crucial role in improving
plant health under environmental stresses, especially in the presence of applied nanomate-
rials [139]. There is little evidence available for the transport mechanism of nano-tellurium
in plant and soil systems. Since Te-NPs have huge potential as antimicrobial agents, they
should be examined against multiple plant pathogens and their mode of action [140]. It
has been reported that the plants can remediate the Te in the soil. Nano-sensing can be
employed to develop a method for the rapid estimation of the Te-NPs and other Te species.
On the other hand, the nexus of nano-Te–plant–microbe still needs to be investigated on
different levels or conditions.
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5. Transport of Nanomaterials to Different Organs

Understanding the transport of nanoparticles into plants is crucial for harnessing their
potential in agriculture and biotechnology. The journey of nanoparticles from external
environments to internal plant tissues involves intricate processes influenced by both the
properties of the nanoparticles and the characteristics of plant structures. Nanoparticles
can be designed to transport specific materials, compounds, or genetic information within
plants, acting as carriers to deliver these payloads to target locations. The controlled deliv-
ery of nanoparticles can be advantageous for precise and efficient plant applications [141].
Several environmental factors such as soil pH, temperature, oxygen gradient, and relative
humidity play pivotal roles in determining the fate and impact of nanoparticles [142].
Moreover, the size and shape of nanoparticles can influence their ability to enter plant cells
or tissues. In some cases, specific shapes or sizes may be more effective [143]. Different
plant species or crops may have varying requirements and responses to nanoparticle-based
applications, affecting the selection of nanoparticle types for their transportation to specific
plant organs [144].

5.1. Soil Application and Uptake of NPs

NPs undergo a range of bio/geo-transformations in the soil that affect their harm-
ful effects and bioavailability. NPs travel to apical regions and congregate in subcellular
structures or cells after connecting with root networks. The first stage of biological ac-
cumulation is the absorption of NPs from the soil through the roots of plants [145,146].
Moreover, it has been noted that microscopic NPs (dimensions spanning 3 to 5 nm) can
enter root systems simply via root epidermal cells or by capillary forces [147,148]. The
primary epidermal cells construct a semipermeable cell wall with tiny pores that effectively
restrict the large-size NPs. Initial pore formation in the epidermal cell wall simplified the
uptake of some NPs [149,150]. After passing through extracellular spaces and through
cell membranes, NPs reach the central vascular cylinder, which permits the xylem to rise
vertically. NPs must traverse the Casparian strip barrier via a symplastic pathway to enter
the core vascular cylinder (Figure 2). This happens through endocytosis, pore establish-
ment, and delivery after attaching to carrier proteins in the membrane of endodermal cells.
NPs, embedded in the cytoplasm, can move across cells via plasmodesmata [151,152]. The
Casparian barrier gathers the NPs that cannot get inside the plant, while the shoots and
roots accept the NPs that have reached the xylem [153]. Absorbed NPs may be placed
in the outer layer cell membrane, cortical cell inner environment, or centers of plants.
Conversely, non-absorbed NPs on the root surface of a soil aggregate can change nutrient
absorption [152,153]. When laying the seed on the soil, seeds can take in the soil-blended
NPs instantly through the coat using parenchymatic intercellular spaces, with consequent
NP diffusion in the cotyledon [152,154,155].
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5.2. Foliar Application and Uptake of NPs

In agriculture, foliar sprays of engineered NPs are used more and more as nano-
fertilizers, nano-pesticides, nano-sensors, and nanocarriers. When matched to the standard
process of soil–root treatment, the efficacy of plant protection technologies is enhanced
when NPs are sprayed directly onto the leaves. Spraying foliar solutions with NPs allows
them to go into the plant primarily through the stomata and then travel throughout the
plant via apoplastic and symplastic pathways (Figure 2). The practice of foliar NPs has
been revealed to increase crop yield and quality, as well as increase plant defenses against
pests and diseases. The processes by which foliar NPs trigger harm, however, remain to be
fully elucidated. In addition, the chemical and physical features of NPs and abiotic factors
like temperature, humidity, and light should be explored to better this technology’s ability
to enhance foliage uptake of NPs. The NPs that are put on the leaves can get in through
the stomata or cuticles [156]. The cuticle is the first line of defense for a leaf, preventing
particles smaller than 5 nm from entering the plant. They get into the plant through stomata,
and their cells place them in the plant’s vascular system through apoplastic and symplastic
pathways [157]. NPs that are between 10 and 50 nm tend to move through the cytoplasm
of the cell next to them (symplastic route). Thus, NPs ranging in size from 50 to 200 nm
migrate between cells (apoplastic pathway).

Adopted NPs move through the sugar-solution-filled phloem sieve tubes. The roots,
stems, fruits, grains, and young leaves all act as powerful sinks for the sap, so NPs can
move in both directions as they are transported via the phloem in the plant’s vascular sys-
tem [158]. As a nonselective path of least resistance, the apoplastic pathway is well-known.
It is commonly accepted that the apoplastic route is the most efficient for the transloca-
tion of numerous water nutrients and non-essential metal complexes [159]. Applicable
adsorption of NPs following foliar application was determined by application method, NP
size and concentration, and environmental conditions [160]. Many factors, including the
morphology of leaves and chemical composition, trichrome presence, and the presence of
leaf exudates and waxes, influence the ambushing of NPs on the leaf surface [150].

The trichomes on plant organs can modify surface activity by capturing NP on the
surface of the plant, lengthening the time that exogenous materials remain on tissues [161].
Impairments and wounds in plants above ground and hypogeal parts can be effective
pathways to internalize NPs. Trapping of NPs on the leaf surface is impacted by numerous
leaf morphological elements, including leaf form and chemical make-up, the existence of
trichrome, leaf exudates, and waxes [162].

5.3. Translocation of NPs

The plant’s body translocation is divided into two important parts: the apoplast
and the symplast. Apoplast-based translocation of nutrients occurs via interconnected
cellular membranes found on the inside of plant cells. On the other hand, symplast-
based translocation of nutrients occurs via the protoplasts of different plant cells that
are connected by a thin cytoplasmic connection. These are two routes through which
dissolved ions can get into and out of the roots. Ions can only enter root cells through
symplastic pathways via membrane-specific channels and transporters that allow them
to cross the plasma membrane (Figure 2). Apoplastic movement has been demonstrated
to promote NPs’ circular motion, which may carry NPs to the vascular tissues and the
root’s core cylinder, allowing their ascent into the plant’s apical portion. This method of
NP translocation is particularly useful for those uses that call for systemic NP delivery.
However, a layer of lignin-like structures called the Casparian strip prevents the root
endodermis from completing its radial migration. NPs must eventually enter cells to
undergo symplastic transport. Plant cells are more challenging than animal cells to deliver
NPs intracellularly since they have a strong cell wall that functions as an external barrier
to the cell entrance. Different cell entrance mechanisms have been identified in cells,
including those that rely on the formation of holes, membrane translocation, or carrier
proteins [163]. Plasmodesmata, which are cytoplasmic bridges (membrane-bound) having
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an adjustable diameter (20–50 nm), aid in the migration of NPs from one cell to another
after they penetrate the cytoplasm. Research has been conducted on Arabidopsis, rice,
and poplar to characterize the movement of different-sized NPs via plasmodesmata [151].
Small particles can translocate throughout the entire plant via the symplastic and apoplastic
passageways, making their way to the xylem and phloem vessels. Interestingly, NPs tend
to accumulate in organs that are highly capable of pulling in phloem fluids (sink activity),
such as flowers, fruits, and seeds. Concerns about NP buildup in particular organs are
equally as chief as concerns about NP toxicity to plants [151].

6. Nanotoxicity on Soil Microbes and Plants
6.1. Toxicity Concerns about Soil Microbes

NPs have interactions with environmental biological systems, changing surface char-
acteristics and affecting microbial communities. They may alter the accessibility of toxins
or nutrients, increase the harmful effects of permanent organic contaminants, or have
direct or indirect toxic effects. Possible mechanisms include damage to cell membranes,
protein oxidation, genotoxicity, interaction with respiratory chains, and reactive oxygen
species production or apoptosis [164,165]. According to the previous discussion, most of
the research that has been published on the topic of ENMs and NPs toxicity to microor-
ganisms has focused on mechanisms occurring at the cellular level, which explains how
these microbes function. For example, NPs interact differently and cause varying degrees
of toxicity with Gram-positive and Gram-negative bacteria due to differences in the cell
wall composition of these species, which include phospholipid bilayer, lipopolysaccharides,
and peptidoglycans (Figure 3). The results of more recent evaluations corroborate this. The
bacterial cell wall composition and charges are major factors in the adherence of graphene
NPs and the resulting toxicity [166,167].
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It has been discovered that NPs, such as TiO2, ZnO, CuO, Ag, carbon nanotubes (CNTs),
and fullerenes, are extremely dangerous to beneficial plant microbes engaged in the nitrogen
cycle, organic carbon breakdown in soil, and nutrient absorption (Figure 3) [166,167]. These
microbes have the ability to diminish soil microbial ecosystems and consortiums that
support plant development, like mycorrhiza and rhizobacteria. Metal ion poisoning can
occasionally result from these NPs dissolving in soil solutions or salt water. Using a pure
culture medium, research has been conducted on the toxicological impacts of Ag-NPs on
different types of bacteria. These bacteria include Escherichia coli, Pseudomonas aeruginosa,
Bacillus subtilis, Staphylococcus aureus, Nitrobacter, and Nitromonas [168–170]. For instance,
Beddow et al. [171] examined the effects of Ag2SO4 and covered and uncovered nano-Ag on
the functioning of several bacterial species. The nitrification ability rates and proliferation of
the microbes, comprising Nitrosomonas europaea, Nitrosospira multiformis, Nitrosococcus oceani,
and E. coli, were shown to be drastically lowered by all treatments employing Ag-NPs.
Results showed that capped nano-Ag had the greatest inhibitory effect on bacterial growth,
followed by uncapped nano-Ag and Ag2SO4. It can be difficult to generalize results from
these types of investigations conducted in controlled lab settings using pure microbial
cultures to real-world settings. Environmental factors, including soil and sediment systems,
can act as a sink for NPs, either decreasing or increasing their bioavailability, depending on
the exposure. Validating the toxicological assessment in the adsorbent system, like soils
and sediments, would be the most appropriate course of action [172]. Similarly, CNMs can
have a direct harmful effect on soil microbes, affect the toxicity of organic substances in
the soil, or interfere with the bioavailability of nutrients. When NPs are harmful to plants,
they may also have an indirect effect on symbiotic microbes [173]. For example, it has
been discovered that C60 can limit the growth of bacteria that are often present in soil and
water. Highly effective oxidizing agents in biological organisms can be hydroxylated C60
or C60-coated polyvinyl pyrrolidone ENMs, as they generate 1O2, which can cause lipid
peroxidation and cell destruction [174]. Studying the effects of C60 and CdSe quantum
dots (QD) on nitrate-reducing bacteria-mediated organic matter oxidation in freshwater
sediments, researchers discovered that C60, at 140 µg/L, completely inhibited microbial
acetate oxidation, while CdSe QD, at 200 µg/L, slowed the rate of acetate oxidation in
the sediment slurries [175]. According to some research, the main reason why QDs are
poisonous to bacteria is because they release toxic components, including ions or heavy
metals, that the bacteria already have in their core or shells [175]. Quantum dots have
powerful harmful effects on microbial communities, yet there are few extensive reports
on their stability and dissociation in the environment. Similarly, CNMs can have a direct
harmful effect on soil microbes, affect the toxicity of organic substances in the soil, or
interfere with the bioavailability of nutrients. When ENMs are harmful to plants, they
may also have an indirect effect on symbiotic microbes [173]. For example, it has been
discovered that C60 can limit the growth of bacteria that are often present in soil and
water. Because they produce singlet oxygen, which can induce lipid peroxidation and
cell damage, hydroxylated C60- or C60-coated polyvinyl pyrrolidone ENMs can function
as powerful oxidizing agents in biological systems [174]. Research on the impact of C60
and CdSe quantum dots (QD) on organic matter oxidation in freshwater sediments by
nitrate-reducing bacteria found that C60 at a concentration of 140 µg per liter entirely
blocked the microbial oxidation of acetate, while CdSe QD at a concentration of 200 µg per
liter retarded the rate of acetate oxidation in the sediment slurries [175]. According to some
research, the main reason why QDs are poisonous to bacteria is because they release toxic
components, including ions or heavy metals, that the bacteria already have in their core or
shells [175]. Quantum dots have powerful harmful effects on microbial communities, yet
there are few extensive reports on their stability and dissociation in the environment. NPs
made of metal oxides are poisonous to soil microbes. The most prevalent and extensively
utilized metal oxide NPs in many goods are those based on Zn, Cu, and titanium, and
there are a plethora of studies and evaluations addressing their toxicity. The photocatalytic
activation of TiO2 often inhibits bacterial development by forming ROS and H2O2 because
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of UV exposure, which in turn causes cell death. Metal oxide-based ENMs in nature are
likewise affected by the same kinds of environmental factors. Soil organic matter quantity
and form, which enhance ENMs’ propensity to aggregate and interact with biomolecules,
and soil pH, which affects ENMs’ effective cation exchange capacity, are environmental
toxicity-governing factors [176]. But it is also true that soil has varying effects on various
orders of bacteria [177].

6.2. Toxicity Concerns in Plants
6.2.1. Morpho-Physiological Concerns

A frequent harmful consequence of metal-based NPs is the suppression of seed germi-
nation (Figure 4). Possibly owing to the dissolved Zn cation toxicity, Lin and Xing (2008)
discovered that Zn NPs on ryegrass and ZnO-NPs on maize inhibited seed germination
at 2000 mg L−1 [147]. El-Temsah and Joner (2012) investigated the harmful impact of
zero-valent Fe-NPs and Ag-NPs, having particle sizes ranging from 1 to 20 nm, on the
germination of ryegrass, barley, and flax seeds (Figure 4) [178]. The concentrations tested
ranged from 0 to 5000 mg L−1 of zero-valent ion NPs and from 0 to 100 mg L−1 of Ag,
respectively. The inhibitory effects of zero-valent iron NPs in aqueous solutions were seen
in their investigation at 250 mg L−1. At concentrations between 1000 and 2000 mg L−1,
zero-valent iron NPs were found to completely suppress germination. At lower doses, Ag
NPs decreased seed germination; however, these effects were not size-dependent and were
never entirely attenuated.

The use of NPs has both a negative and beneficial impact on seed germination. Ac-
cording to the investigation by Feizi et al., TiO2 NPs at concentrations of 2 and 10 mg L−1

have been proven to accelerate wheat germination and boost biomass [179]. There appears
to be a concentration dependency for the impacts on many germination parameters, with
either a null effect, a beneficial effect occurring at low concentrations, or an inhibitory effect
occurring at a high Zn NPs concentration. Multiple crops, including Zea mays [180,181],
Solanum lycopersicum [182,183], Lathyrus sativus, Raphanus sativus [184,185], and Sinapis
alba [186] have been studied. Depending on the study, germination can be either inhibited
or unaffected, as seen in the cases of L. sativa and R. sativus [184,187], S. lycopersicum [188],
and Oryza sativa (Figure 4) [189]. The effect on wheat germination varies with the degree of
oxidation of the Cu in the NPs. Low quantities of Cu2+ were shown to promote germination,
but Cu1+ had little impact [190]. Above a specific dose (0.25–0.5 mg L−1), depending upon
the targeted crop, detrimental effects on germination are seen with Fe NPs (Figure 4) [178].
Root elongation in all the species studied came to a near halt when they were subjected to
Zn NPs or ZnO NPs in suspensions of 2000 mg L−1. Zn NPs and ZnO NPs were predicted
to have 50% inhibitory concentrations (IC50) of approximately 50 mg L−1 for radish and
around 20 mg L−1 for rapeseed and ryegrass. The effects of phenanthrene (Phen) on the
growth of maize, cucumber, soybean, cabbage, and carrot roots [191]. Particle-induced
suppression of root growth was shown to be attenuated when particles were loaded with
either 10.0%, 100.0%, or 432.4% monomolecular layer (MML) of Phen. In their research,
Ma et al. studied the susceptibility of seven different plant species—including radish,
rape, tomato, lettuce, wheat, cabbage, and cucumber—to four unusual metal oxide NPs
throughout the stages of root elongation: CeO2 NPs, La2O3 NPs, Gd2O3 NPs, and Yb2O3
NPs (Figure 4) [192]. Root development was significantly affected by NPs lying in a wide
range. At a concentration of 500 mg L−1, ZnO NPs are found to cause oxidative stress inside
soybean (G. max L.) seedlings. Root cell survival, root stiffness, and plant development
were all significantly reduced by ZnO NP stress. The oxidation–reduction cascade-related
genes were downregulated after being treated with ZnO NPs. These genes included GDSL
motif lipase 5, SKU5 similar 4, galactose oxidase, and quinone reductase [193]. Dimkpa et al.
(2015) evaluated the influence of commercial ZnO (<100 nm) NPs on wheat (T. aestivum
L.) grown in a solid matrix or sand. ZnO NPs acted similarly to their bulk counterparts in
solubilizing metals in the sand. ZnO NPs (500 mg kg−1) added to the sand considerably
(p = 0.05) inhibited root development; however, this effect was mitigated by using the bulk
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amendment [194]. Liu et al. (2016) investigated how aquatic medium-germinated lettuce
(Lactuca sativa) seeds were affected by laboratory-prepared FeOx NPs (likely γ-Fe2O3) [195].
Root elongation was increased by 12–26% over a concentration range of NPs (5–20 mg L−1),
and they were much less harmful than their ionic counterparts. In contrast, at 50 mg L−1,
root growth was suppressed.
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6.2.2. Cellular and Biochemical Concerns

Some NPs damage cells and subcellular organelles, causing cell membrane damage
and mitochondrial dysfunction (Figure 4) [196]. When compared to the control group, the
treatment with Al2O3 NPs changed the structure of the soybean cell walls, resulting in
minute fissures close to the tips of the roots and damage to the root cap (Figure 4) [197].
After being absorbed by soybeans, Al2O3-NPs promoted ROS generation in mitochondria
and chloroplasts, suggesting that ROS may contribute to cell injury [198]. In a study on
Vigna radiata and Brassica campestris, researchers found that Ag NPs might enter cells and
damage vacuoles as well as cell walls, potentially impacting other organelles [199]. Tripathi
et al. discovered that Ag and ZnO NPs reduced vacuole size and cell turgidity in maize
and B. oleracea [182]. TEM pictures showed PS-NPs breaking chloroplast structure and
damaging lettuce cells [189]. FTIR as well as synchrotron computer micro-tomography
demonstrate that PS-NPs (Pd-doped PS-NPs) may impact wheat root cell walls, modi-
fying root anatomy [200]. Chemically manufactured CuO NPs were more harmful than
biologically created ones in physiological assessments [201].

The importance of structural modification in NP toxicology is demonstrated by re-
search on the cytotoxic impacts of SnO2 and Ag/SnO2 NPs in tobacco cell cultures. In
tobacco cells, SnO2 NPs demonstrated low toxicity, whereas Ag-doping caused toxicity
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through oxidative stress. Microscopic analysis revealed cell death in high-level SnO2
NP treatments (0.5 mg/mL) and a high NR concentration in tobacco cells exposed to NP
stress, indicating vacuolar pH acidification (Figure 4) [202]. In O. sativa L., callogenesis
and rejuvenation were enhanced by biosynthesized CuO NPs (1–20 mg/L) derived from
Azadirachta indica leaf extract. The highest regeneration rates were seen in Basmati 385
(92%) at 20 mg L−1, followed by Basmati 2000 (80%), Super Basmati (52%), and Basmati 370
(32%). Low CuO-NP levels (1 and 15 mg/L) resulted in poor Basmati 370 regeneration [203].
In order to stimulate cellular responses to changes in their environment, plants, like other
aerobic organisms, choose ROS as a signal molecule [204–206]. When NPs reach plant cells,
they can alter ROS levels, impede cell metabolism, damage the antioxidant system, and
ultimately stunt plant development. OH, 1O2, O2

−, and H2O2 are all examples of ROS that
are created continually and naturally by cell organelles during metabolism [207–209]. Both
low levels of ROS (which activate a defensive signal) and high levels of ROS (which cause
oxidative damage to amino acids, lipids, and nucleic acids) are crucial [210]. The level of
lipid peroxidation in a cell’s membrane is a useful indicator of membrane health [211–213].
Lipid peroxidation caused by ROS production causes membrane damage, which in turn
causes ion leakage, metabolic disruption, and cell death. Cells and subcellular components
are protected against the harmful effects of active O2· by the antioxidant enzymes and low-
molecular-weight antioxidants found in plants [214]. As a result, most of the research on the
oxidative damage caused by NPs to plants concentrates on measuring ROS, or antioxidant
levels, as well as antioxidant enzyme activity. ROS were produced in response to Ag-NPs
on bean leaves. Since smaller NPs have a greater specific surface area and provide more
cytotoxicity, the findings showed that ROS generation increased with decreasing particle
diameters [215]. The presence of TiO2 NPs under intense sunlight might cause a rise in
tocopherol levels and a reduction in CAT action in SOD activity. Higher quantities of NPs
promote membrane lipid peroxidation, which may be related to particle photoactivation
and increased ROS generation [216]. Although lettuce’s antioxidant enzyme activity rose
in response to the oxidative stress brought on by polymethyl methacrylate nanoplastics
(PMMA-NPs), this did not prevent further damage from free radicals. Still, it had a higher
concentration of active oxygen than the control [217]. Researchers have recently proven
that plants are able to boost defense responses and reduce excessive accumulation of ROS
when exposed to increasing concentrations of polymeric NPs in their root systems [218].
Electron leakage to O2 at the time of electron transport in chloroplasts, mitochondria, and
plasma membranes is a common source of ROS [219]. When ROS builds up to dangerous
levels in plant cells, equilibrium is lost. When the quantity of ROS surpasses the capacity
of the defense system, the cells undergo a condition known as “oxidative stress”, which
causes irreversible damage to the lipids, proteins, and nucleic acids found inside the cell
membranes as well as the stimulation of the production of associated defense genes in
reaction to such damages [211].

In response to NP stimulation, plants release ROS, which has several functions, includ-
ing removal [66,220–223]. However, ROS in excess degrades biomolecules and ultimately
kills cells. Eliminating ROS is the job of antioxidant enzymes [224]. Tarrahi et al. (2017)
evaluated the effect of Se NPs capped with L-cysteine and tannic acid on L. minor by
measuring changes in antioxidant enzyme activity; they found that Se NPs had no effect on
superoxide dismutase (SOD) activity but had a significant depressing effect on peroxidase
(POD) activity. CAT activity rose as opposed to that of POD [225]. To further assess the
toxicity of ionic and NP Se, sodium selenite (Se4+) has been studied. Moreover, the ionic
forms of Se increased the activities of SOD and CAT while significantly inhibiting POD. In
addition, ions had a suppressing effect on POD due to the ROS burst’s ability to denature
the enzyme’s structure. For SOD, it is determined that low Se4+ concentrations, as well
as Se NPs, could not appropriately disrupt the defense system response for POD, but it is
probable that the molecular structure has been altered [225,226].

The uncontrolled ROS formation that occurs during abiotic stress can be neutralized
by a combination of nonenzymatic substances such as glutathione, suitable solutes, phe-
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nolics, alpha-tocopherol (vitamin E), carotenoids, flavonoids, and proline [227]. Changes
in flavonoids and phenols are common when environmental factors, including UV-B ra-
diation, dryness, and heavy metals, are present. Nonantioxidant enzymes can get rid of
ROS [228–231]. In three separate studies, it was found that L-cysteine and tannic acid-
capped Se NPs, ZnSe, and CdSe NPs increased the phenol and flavonoid contents of L.
minor [225,232,233]. Ag NP and ZnO NPs had a similar effect on castor seedlings and
Brassica nigra [234,235]. This growth is associated with ROS scavenging and chelation. The
buildup of MDA could be used to probe membrane integrity [236].

6.2.3. Molecular Concerns

When NPs are liberated into the environment, they tend to accumulate in different food
tiers. Plants can absorb NPs, but they are very vulnerable to nanotoxicity (Figure 4) [237].
That is why plants are held in such high esteem as genetic models for screening and keeping
tabs on potentially harmful substances in the environment [182]. Because NPs can interact
with cellular macromolecules such as the nucleus, cellular elements, or lipids, they may
have cytotoxic and genetically toxic effects on plants. These effects include a hike in the
chromosomal abnormality index and a reduction in the mitotic index, respectively [238].
Cyclins, cyclin-dependent kinases (CDKs), and checkpoint kinases are only a few of the
many proteins and enzymes that play a role in controlling the cell cycle. The cyclin protein
family binds to cyclin-dependent kinases (CDKs) and activates them, hence promoting
cell cycle advancement. Proteins used in DNA replication, chromosomal segregation, and
cell division are only some of the many targets for phosphorylation by CDKs. Checkpoint
kinases detect blunders in the cell cycle and, if necessary, activate DNA repair or apoptosis
pathways. Cell cycle checkpoints are DNA surveillance mechanisms that halt the cell
division process at critical points to avoid the development of genetic mistakes. When
irreparable DNA damage is detected, checkpoints can either halt the cell cycle’s progression
or force the cell to exit the cell cycle or die [239].

Damage to cells caused by PS-NH2 NPs can result in a progressive, combined stoppage
of the cell cycle between the G1/S and G2/M stages. It is interesting to note that despite
the cell cycle stop, neither intracellular ATP levels nor NP internalization decreased [240].
Epigenetics is “the study of mitotically and/or meiotically heritable changes in gene
function that cannot be explained by changes in DNA sequence” [241]. DNA methylation,
histone modifications, and non-coding RNAs are just a few of the mechanisms that have
been discovered during the past several decades to modulate DNA expressions without
affecting the sequence itself [242]. The epigenetic modifications to plant DNA caused
by nanomaterials have only recently begun to be studied. The purpose of this research
was to ascertain if wheat cultivated in a medium containing NPs exhibited epigenetic
modifications to its DNA [243]. Previous research has shown that ZnO NPs also alter the
expression level of the HSFA4A gene in wheat by acting on transcription factors [244]. Zn
may also function through its interactions with biomolecules and cellular organelles, which
might explain the epigenetic polymorphism in callus tissues caused by ZnO-NPs [245].
Zn is an essential mineral since it is used in the production of chlorophyll, carbohydrates,
and phytohormones [246,247]. It has been demonstrated that Cyamopsis tetragonoloba L.,
Gossypium hirsutum, Lycopercicum esculentum, and Stevia all benefit from Zn NPs. According
to the literature (Ul Haq, 2019), plants grown with Zn NPs had longer shoots and roots,
higher chlorophyll and protein content, and higher yields [248]. Increased generation of
ROS may occur when an excessive number of NPs is present [249]. It has been found
that metal NPs cause plants to experience stress. According to (Ul Haq, 2019), Cyamopsis
tetragonoloba L. plants exposed to Zn NPs had considerable changes in biomass, lengths of
the roots and shoots, amounts of protein and chlorophyll, and the activity of enzymes [248].
Abnormalities in the cell cycle and a decrease in biomass, production, and quality might be
caused by micronutrient excess or deficiency, respectively [250,251].

Cu is essential for the metabolism of cell walls, transmission of electrons, and ethylene
receptor facilitation [252]. Since Cu participates in many different physiological processes
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in plants, it finds most of its applications in agriculture [252]. Cu ions, for instance, prevent
oxidative stress in plant cells [253], promote the formation of hydroxyl radicals [254], and
aid in the activation of metabolic pathways [255]. At sublethal quantities, CuO NPs can
disrupt the Krebs cycle, making them more soluble and poisonous [256]. CuO NPs were
found to have a detrimental effect on lettuce, mung beans, kidney beans, alfalfa, wheat,
chickpeas, and many other crops’ seed development and growth [257]. Changes in gene
function that are passed down through generations but do not involve a change in the DNA
sequence are included in epigenetics [258]. Histone modifications and DNA methylation
are two instances of epigenetic events [206]. When compared to the average polymorphism
percentage for MspI digestion, the higher polymorphism percentages observed in the
present study following treatment with non-Fe3O4 NPs, as well as 2X ZnO and CuO, could
be classified as hypermethylation. More and more studies are looking at the potential
impacts of NPs on histone modifications as we learn more about NP-mediated changes
in DNA methylation. The nuclear proteins known as histones have octameric structures
with the subunits H2A, H2B, H3, and H4 duplicated twice. Histones facilitate the compact
packaging of DNA in the nucleus by providing a scaffold for DNA to wind around and
form a nucleosome [259,260].

Understanding the mechanism of nanoparticle toxicity will inform efforts to redesign
nanoparticles with reduced environmental impact. The redesign strategies will need to
be chosen based on the major mode of toxicity, but also considering what changes can
be made to the nanomaterial without impacting its ability to perform in its intended
application. To reduce interactions with the cell surface, nanomaterials can be designed to
have a negative surface charge, use ligands such as polyethylene glycol that reduce protein
binding, or have a morphology that discourages binding with a cell surface. To reduce
the nanoparticle dissolution to toxic ions, the toxic species can be replaced with less toxic
elements that have similar properties, the nanoparticle can be capped with a shell material,
and the morphology of the nanoparticle can be chosen to minimize surface area and thus
minimize dissolution, or a chelating agent can be co-introduced or functionalized onto
the nanomaterial’s surface. To reduce the production of reactive oxygen species, the band
gap of the material can be tuned either by using different elements or by doping, a shell
layer can be added to inhibit direct contact with the core or antioxidant molecules can be
tethered to the nanoparticle surface. When redesigning nanoparticles, it will be important
to test that the redesign strategy reduces toxicity to organisms from relevant environmental
compartments. It is also necessary to confirm that the nanomaterial still demonstrates the
critical physicochemical properties that inspired its inclusion in a product or device [261].

7. Regulations of Nanotoxicity
7.1. Current Challenges of Nanotoxicity
7.1.1. Risk and Challenges in Ecological Level

Soil microbes are infected by NPs made of metal oxides. The toxicity of metal oxide
NPs based on Zn, Cu, and titanium, the three most frequent and extensively utilized
metal oxide NPs in a broad range of products, has been the subject of several studies
and evaluations (Figure 5) [262,263]. The usage of dysprosium oxide NPs (nDy2O3) and
other lanthanide oxide-based NPs (LnO-NPs) is on the rise in the biomedical industries,
but these particles have negative effects on natural biological systems and disrupt the
metabolism and structure of bacteria like E. coli [264]. Using soil samples, Rousk et al.
(2012) investigated the ecotoxicity of NPs based on Zn oxide and Cu oxide on a consortium
of soil microorganisms [176]. The study utilized Zn- and Cu oxide NPs as well as two
reference compounds: non-nanoparticulate bulk oxide and extensively soluble metal sulfate
forms. The purpose of these was to determine whether the observed toxicity was caused
by the nanoparticulate form of the metal or by the solubilization of metal ions in the soil
solution. In addition, the study found that bulk (macro-particulate) CuO was non-toxic
to soil bacteria, whereas CuSO4 and its oxide forms were far more harmful. Soil bacteria
were killed off by all types of Zn; however, bulk ZnO was more hazardous than nano
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ZnO [265,266]. Additionally, the investigation showed a strong correlation between the
growth of bacteria and the quantity of dissolved metals in the solution. The investigators
concluded that the transformation of metal oxides and sulfides into their dangerous metal
ion forms was the primary source of toxic effects. A comparative investigation of the
environmental toxicity of TiO2, SiO2, and ZnO NPs to E. coli and Bacillus subtilis revealed
that antimicrobial activity usually increased from SiO2 to TiO2 to ZnO and that B. subtilis
was particularly vulnerable to such detrimental effects [267]. The in vivo and in vitro
effects of NPs on microbes may also vary. Recent research on the impacts of TiO2 NPs
(ranging in size from 10 to 100 nm) on Drosophila intestine commensal bacteria found that
they could limit the growth of these bacteria in vitro in a way that was dose- and particle-
size-dependent [264]. In addition to this, the in vivo gut microbes of Drosophila were
unaffected by the identical dosage and particle size of TiO2. Another unexpected finding
was that the inhibition did not depend on photocatalytic activation of TiO2, according
to the study. When exposed to ultraviolet light, TiO2 typically undergoes photocatalytic
activation, resulting in the production of ROS and H2O2, which in turn kill microorganisms.
Similarly, ENMs based on metal oxides are affected by environmental factors. Several
environmental factors govern ENM toxicity, including soil organic matter quantity and
shape (which enhance ENM aggregate formation and biomolecule interaction) and ENM
effective cation exchange capacity (which is affected by soil pH) [176]. On the other hand,
many bacterial orders do experience soil effects in distinct ways [268,269]. Since NPs have
been used more often over the past ten years, they have been released into aquatic habitats,
endangering both plants and animals with serious toxicity. AgNPs harmful effects are
influenced by organisms, chemistry, solubility, and bioavailability. Research has indicated
adverse impacts on the development of plants, disturbance of algal growth cycles, and
possible damage to aquatic vegetation. In nanomedicine, NPs are also employed as carriers
for medications. However, when discarded, they can end up in aquatic habitats as soluble
ions and aggregated particles, which can be extremely harmful to marine creatures.
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While certain NPs might not be intrinsically dangerous, their interaction with common
trash might contaminate harmful substances, leading to their absorption and easier entry
into cells. These creatures are at risk due to the rising concentration of NPs in marine
environments.

7.1.2. Human Health-Related Risks and Challenges

NPs have the potential to be harmful through several methods, such as invasion into
the central nervous system and interactions with biological fluids like blood and tissues.
Physical interaction, oral intake, or inhalation are the three ways that exposure can happen.
Breathing, direct skin or eye contact, and absorption via the digestive tract are all common
ways. Certain NPs could be hydrophobic, which would cause them to build up in the liver
and spleen. Soluble metals or elements liberated from the particles might have detrimental
effects on biological systems, which is frequently the cause of the adverse consequences.
Chemically generated NPs are more hazardous to human cells since they include harmful
compounds and agents.

On the other hand, biosynthesized NPs have surface functional groups that are com-
patible with living organisms, which can lessen their toxicity [270]. CNTs are one type of
NP that can mimic the effects of asbestos exposure on cells while being much smaller than
asbestos [271]. Metal NPs (e.g., SiO2 NPs, ZnO NPs, TiO2 NPs, Ag-NPs, and Au NPs) have
been connected to several detrimental impacts on human health, including carcinogenesis,
liver damage, kidney damage, neurological damage, immune system suppression, en-
docrine disruption, and fetal abnormalities (Figure 6) [272]. There has been promising use
of the NPs’ unusual characteristics in biomedicine. The remarkable surface area-to-volume
ratio gives NPs their unique properties. Their optical, mechanical, magnetic, and catalytic
capabilities are all improved by this trait, which increases their utility in several areas,
including biomedicine [273]. Chemical composition is the primary criterion for NP-type
classification in the biomedical domain. Polymers, liposomes, metals, ceramics, inorganic
oxides, quantum dots, and NPs based on carbon are all part of this category [274]. The sig-
nificance of carbon-based NPs (CBNs) has been widely recognized. These NPs, which are
mostly carbon, have several uses in biomedicine, especially in the administration of drugs
and related fields [275]. Nevertheless, there are valid concerns about the biomagnification
and bioaccumulation of NPs in food chains [276]. These particles go along the food chain
after being ingested by a variety of organisms, potentially having an impact on humans
and other higher trophic levels (Figure 6).

Tests performed on exposed personnel in welding activities by Gomes et al. (2012) [277]
showed that their lungs were deposited with high levels of ultrafine particles. Regardless
of these results, there are still no established protocols for determining the possible effects
of NPs. A lack of comprehensive data on the origins, pathways, and possible effects of
NPs on human and environmental health is a pressing concern. To better understand the
effects of NPs on human and environmental health as well as the hazards they pose, it
would be helpful to establish such standards and provide systematic information. NPs,
used in personal care products and cosmetics, can enter the skin, making dermal toxicity
examination critical. A shift in the components of the environment can influence human
health; TiO2 NPs can cause cancer, particularly in individuals in related jobs. When
exposure rates are higher than 20 mg m−3, health problems may arise. While other forms of
NPs, such as CNTs, CeO2 NPs, and Ag NPs, have been connected to lung malignancies, a
high concentration of inhaled NPs in the respiratory tract has been associated with fibrosis.
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7.2. Regulations for Risk Assessment and Management Related to Nanotoxicity
7.2.1. Scientific-Level Regulation

The influence of NPs on the ecosystem is a major concern, and it is imperative to
ensure secure disposal or recycling. Strategies and preventative actions, such as identifying
NPs in trash samples and implementing sustainable production processes and greener
synthesis techniques, are required to stop NP buildup. It is efficient to use a safe-by-design
strategy that incorporates safety concerns from the outset of NP development. To stop
contamination of the environment, regulations pertaining to hazardous wastes must be
passed and treated as dangerous nano-wastes.

Approaches for managing circular waste, involving recycling of resources, source
prevention, and remediation techniques for soil and water, can lessen the negative effects
of NPs in the surroundings and support environmentally friendly practices. For the safe
production, consumption, and removal of NPs, laws and standards tailored to their needs
must be put into place. Guidelines for NP characterization, labeling, management, and
secure discharge into environments should be established by regulatory organizations.
Most significantly, technology-based strategies need to be designed to address the toxic
effects and ubiquity of NPs in ecosystems. Adsorption of NPs is one example of an ad-
vanced engineering approach that tries to decrease NP levels and their effect on ecosystems
by increasing our knowledge of their behavior and transportation in the environment.
All discuss how NPs and other micropollutants can be partially or fully removed from
polluted ecosystems using remediation strategies that combine physical, chemical, and
biological approaches [278,279]. Filtration and adsorption are two of the reported methods
for treating NPs from sewage and water [278]. Another strategy called phytoremediation
takes advantage of the natural capabilities that plants must have to purify contaminated
areas [280–283]. This method is both economical and environmentally friendly. Constructed
wetlands (CWs), a kind of environmental sewage management technique composed of
substrates, plants, and microorganisms, have been studied for their potential for clean-
ing up sewage carrying CuO NPs and other pollutants [284]. The research showed that
after 300 days, CWs could eliminate 98.80–99.84% of CuO NPs. Notably, though, when
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employing CWs as environmentally friendly ways for cleaning up sewage containing CuO
NPs, several aspects need to be considered. Microorganisms can potentially be used as
a solution for NP remediation because of their important involvement in the buildup of
micropollutants and hazardous metals [285,286]. Other physicochemical approaches that
have been used to remove metals and NPs from soil include electrokinetic remediation and
soil washing. By using these measures, the impact of NPs on ecosystems can be reduced.

7.2.2. Organizational Level Regulations

When it comes to the specific problems and possible hazards that nanomaterials pose
to human and environmental health, the existing assessment methodologies for their reg-
ulation are insufficient. Strict regulation of NPs is impeded by a lack of readily available
exposure and hazard data. But things are looking up, and government agencies are working
hard to resolve the problem in many nations. As an example, to comprehend the possible
advantages and disadvantages of NPs, the United States government suggested allocating
USD 2.1 billion (an increase of USD 201 million from the 2010 approved budget) to the
multiagency national nanotechnology programs [287]. The United States and Europe are
among the many nations that are shifting their stances on nanomaterial regulation. Under
the US Toxic Substances Control Act (TSCA) and the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA), the EPA is primarily responsible for regulating nanomaterials.
NPs are regulated by other federal agencies, such as the Food and Drug Administration
(FDA). The FDA and the EPA work together on occasion to keep tabs on NPs found in food,
medical devices, cosmetics, and other product categories. Nanomaterial regulation has
undergone some changes at the EPA. Formerly, the Nanoscale Materials Stewardship Pro-
gram (NMSP) encouraged nanomaterial manufacturers to voluntarily submit information
about their products. However, to provide guidelines for the manufacture, application, and
secure removal of NMs, the Environmental Protection Agency (EPA) is now requiring the
collection of comprehensive data through a variety of approaches. This involves stringent
guidelines for gathering data on both fresh and current NMs, as well as pre-manufacture
notifications for new ones [287].

To assess the potential dangers to human and environmental health, the TSCA requests
detailed information about novel chemical compounds through the pre-manufacture notifi-
cation requirement. More than 160 new chemical substances, including carbon nanotubes
and other nanoscale materials, have been reviewed by the EPA since 2015. The agency
has taken various steps to regulate and restrict these nanomaterials, including limiting
their use, mandating the use of appropriate PPE, limiting their environmental release, and
conducting testing to generate data on their health and environmental effects. The TSCA
restricts the production of some nanoscale materials to those that are subject to a consent
order, or SNUR [288]. By requesting that manufacturers notify specifics of materials for
one-time reporting and recordkeeping, the EPA is attempting to collect more thorough
information on nanoscale materials under the information collection regulation. Prior to
the production of these nanoscale materials, manufacturers are required to provide the
EPA with information regarding the following: the amount of material to be manufactured,
the method of manufacturing and processing, specifics regarding exposure and environ-
mental discharge, and any relevant health and safety data that are available [289]. Several
nanoscale pesticides are also being addressed by the EPA as part of FIFRA. To identify
the nanomaterial components in pesticides, FIFA is revising pesticide registration criteria.
These materials are designed to reduce or eliminate pests and germs. The FDA, like the EPA,
oversees regulating nanomaterials found in a wide range of food, cosmetic, and medicinal
items [290]. When it comes to cosmetics, food components, food contact compounds, and
food color additives, the FDA has issued several industry recommendations [25]. Classi-
fication, Labelling, and Packaging of Substances and Mixtures (CLP) and “Registration,
Evaluation, Authorization, and Restriction of Chemicals” (REACH) rules govern chemical
management primarily in the European Union. Nanomaterials are not yet the subject of
any specific legislation in Europe, and the REACH rules governing chemical substances
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fail to provide a clear distinction between nanomaterials and other chemicals. Nonetheless,
European legislation regarding nanotechnology has been evolving at a rapid pace. The
European Commission issued detailed guidelines for the inclusion of nanomaterials in
various European legislation, including REACH and CLP, in 2011 [291]. Additionally,
to make nanomaterial accounting easier for industry, the European Chemicals Agency
(ECHA) and other EU Member States have released several guidance guidelines [291]. For
nanomaterial safety, both Austria’s Nanotechnology Action Plan and France’s Grenelle II
Act impose various reporting and tracking requirements. Nanomaterials in Canada are
governed by several statutes that already exist, such as the Fertilizers, Feeds, Food, and
Drugs Act, the Pest Control Products Act, and the Canadian Environmental Protection Act,
1999 (CEP). Despite this, the Canadian government is supporting and funding research
on nanomaterial health and safety to reform the legislation around these materials [292].
Nanotechnology regulation and promotion programs also receive heavy funding from
Asian governments. The Japanese Ministry of the Environment (MOE) and the Ministry of
Health, Labor, and Welfare (MHLW) are now working on several survey reports regarding
nanomaterial safety studies. In its pursuit of nanomaterial regulation, the National Institute
of Advanced Industrial Science and Technology (AIST) has released crucial risk assessment
data and studies on fullerenes, carbon nanotubes (CNTs), and titanium dioxide (TiO2),
among others [292]. Several nations are implementing policies and measures to control
nanomaterials, including Australia, Thailand, and Korea.

8. Conclusions, Challenges, and Prospects

The study looked at many interactions in the agroecosystem, including soil, plant,
microbes, and different nanomaterials used. In the world of microbes and plants, most of
the reactions are totally controlled in soil rhizosphere. Depending on the species of both
plants and microbes, these relationships between microbes and plants under different soils
can be positive or negative on such agroecosystem. This trend may differ under natural or
engineered nanomaterials under this microbe–plant nexus. In the current review, carbon
nanodots and nano-tellurium were reported as a case study with focus on the microbe–plant
nexus. Transport, uptake, accumulation and nanotoxicity of nanomaterials in different plant
organs and in soil microbes as well as suggested regulations were also discussed. From one
side, NMs can affect soil physicochemical properties, microbial activities and plants growth,
many hot topics still need more investigations such as impacts of NMs-microbes, plants
nexus on soil pollution and behavior of pollutants in soil and groundwater, nano-stress on
soil–plant–microbe system and understanding these interactions for the ecological impacts
on human health. Microbial engineering strategies are needed for reducing the nanotoxicity
on food chain in the agroecosystems. Evaluation of NMs presence in agroecosystems
and their monitoring methods are crucial in a multidisciplinary approach along with the
integrated analytical methodologies and techniques. Economically, the nano-agri sector
promises substantial yield increases, but it also requires significant investments. As the
technology permeates the agricultural supply chain, ramifications on job markets, trade
dynamics, and global competitiveness become evident. Looking forward, anticipated
advancements include smart nanodevices, potent nano-bio interfaces, and self-repairing
materials. Nanobots, soil health rejuvenation techniques, and advanced nano-encapsulation
are among the many potential R&D avenues. The road ahead requires collaborative efforts
from governments, research institutions, farmers, and the private sector. Public–private
partnerships, in particular, could prove indispensable, merging public-sector oversight
with private-sector innovation.

Author Contributions: H.E.-R., J.P. and M.R. developed the main idea and outline of the review. The
second and third section was written by A.F. and H.E.-R. The fourth section (part one) was written by
D.H.H.N., whereas the second part by A.M. The fifth, sixth, and seventh sections were written and
revised by A.S., S.A., K.G. and V.D.R. The last section was written by J.P. and H.E.-R. M.R., D.H.H.N.,
H.E.-R. and J.P. revised the manuscript thoroughly and finalized it. All authors have read and agreed
to the published version of the manuscript.



Nanomaterials 2024, 14, 1249 26 of 37

Funding: The authors thank the support of the 2020-1.1.2-PIACI-KFI-2020-00100 Project “Develop-
ment of innovative food raw materials based on Maillard reaction by functional transformation of
traditional and exotic mushrooms for food and medicinal purposes”. The research was also supported
by the Stipendium Hungaricum Scholarship Program.

Acknowledgments: VDR acknowledges the support by the Strategic Academic Leadership Program
of Southern Federal University, known as “Priority 2030”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Agriculture and Food. Available online: https://www.worldbank.org/ (accessed on 20 June 2024).
2. Li, Y.; Tang, Z.; Pan, Z.; Wang, R.; Wang, X.; Zhao, P.; Liu, M.; Zhu, Y.; Liu, C.; Wang, W.; et al. Calcium-Mobilizing Properties of

Salvia miltiorrhiza-Derived Carbon Dots Confer Enhanced Environmental Adaptability in Plants. ACS Nano 2022, 16, 4357–4370.
[CrossRef] [PubMed]

3. Xiong, C.; Lu, Y. Microbiomes in Agroecosystem: Diversity, Function and Assembly Mechanisms. Environ. Microbiol. Rep. 2022,
14, 833–849. [CrossRef] [PubMed]

4. Verma, K.K.; Song, X.-P.; Xu, L.; Huang, H.-R.; Liang, Q.; Seth, C.S.; Li, Y.-R. Nano-Microplastic and Agro-Ecosystems: A
Mini-Review. Front. Plant Sci. 2023, 14, 1283852. [CrossRef] [PubMed]

5. Okeke, E.S.; Chukwudozie, K.I.; Addey, C.I.; Okoro, J.O.; Chidike Ezeorba, T.P.; Atakpa, E.O.; Okoye, C.O.; Nwuche, C.O. Micro
and Nanoplastics Ravaging Our Agroecosystem: A Review of Occurrence, Fate, Ecological Impacts, Detection, Remediation, and
Prospects. Heliyon 2023, 9, e13296. [CrossRef] [PubMed]

6. Hatt, S.; Döring, T.F. Designing Pest Suppressive Agroecosystems: Principles for an Integrative Diversification Science. J. Clean.
Prod. 2023, 432, 139701. [CrossRef]

7. Aguiar, M.; Conway, A.J.; Bell, J.K.; Stewart, K.J. Agroecosystem Edge Effects on Vegetation, Soil Properties, and the Soil Microbial
Community in the Canadian Prairie. PLoS ONE 2023, 18, e0283832. [CrossRef] [PubMed]

8. Beeckman, F.; Annetta, L.; Corrochano-Monsalve, M.; Beeckman, T.; Motte, H. Enhancing Agroecosystem Nitrogen Management:
Microbial Insights for Improved Nitrification Inhibition. Trends Microbiol. 2024, 32, 590–601. [CrossRef] [PubMed]

9. Wang, C.; Kuzyakov, Y. Rhizosphere Engineering for Soil Carbon Sequestration. Trends Plant Sci. 2024, 29, 447–468. [CrossRef]
[PubMed]

10. Mouratiadou, I.; Wezel, A.; Kamilia, K.; Marchetti, A.; Paracchini, M.L.; Bàrberi, P. The Socio-Economic Performance of
Agroecology. A Review. Agron. Sustain. Dev. 2024, 44, 19. [CrossRef]

11. Chowardhara, B.; Saha, B.; Awasthi, J.P.; Deori, B.B.; Nath, R.; Roy, S.; Sarkar, S.; Santra, S.C.; Hossain, A.; Moulick, D. An Assess-
ment of Nanotechnology-Based Interventions for Cleaning up Toxic Heavy Metal/Metalloid-Contaminated Agroecosystems:
Potentials and Issues. Chemosphere 2024, 359, 142178. [CrossRef]

12. Umair, M.; Huma Zafar, S.; Cheema, M.; Usman, M. New Insights into the Environmental Application of Hybrid Nanoparticles in
Metal Contaminated Agroecosystem: A Review. J. Environ. Manag. 2024, 349, 119553. [CrossRef] [PubMed]

13. Kalpana, P.; Falkenberg, T.; Yasobant, S.; Saxena, D.; Schreiber, C. Agroecosystem Exploration for Antimicrobial Resistance in
Ahmedabad, India: A Study Protocol [Version 2; Peer Review: 2 Approved]. F1000Research 2024, 12, 316. [CrossRef] [PubMed]

14. Singh, A.; Rajput, V.D.; Varshney, A.; Ghazaryan, K.; Minkina, T. Small Tech, Big Impact: Agri-Nanotechnology Journey to
Optimize Crop Protection and Production for Sustainable Agriculture. Plant Stress 2023, 10, 100253. [CrossRef]

15. Yadav, N.; Garg, V.K.; Chhillar, A.K.; Rana, J.S. Recent Advances in Nanotechnology for the Improvement of Conventional
Agricultural Systems: A Review. Plant Nano Biol. 2023, 4, 100032. [CrossRef]

16. Shah, M.A.; Shahnaz, T.; Zehab-ud-Din; Masoodi, J.H.; Nazir, S.; Qurashi, A.; Ahmed, G.H. Application of Nanotechnology in the
Agricultural and Food Processing Industries: A Review. Sustain. Mater. Technol. 2024, 39, e00809. [CrossRef]

17. Preethi, B.; Karmegam, N.; Manikandan, S.; Vickram, S.; Subbaiya, R.; Rajeshkumar, S.; Gomadurai, C.; Govarthanan, M.
Nanotechnology-Powered Innovations for Agricultural and Food Waste Valorization: A Critical Appraisal in the Context of
Circular Economy Implementation in Developing Nations. Process Saf. Environ. Prot. 2024, 184, 477–491. [CrossRef]

18. Vaidya, S.; Deng, C.; Wang, Y.; Zuverza-Mena, N.; Dimkpa, C.; White, J.C. Nanotechnology in Agriculture: A Solution to Global
Food Insecurity in a Changing Climate? NanoImpact 2024, 34, 100502. [CrossRef] [PubMed]

19. Ridhi, R.; Saini, G.S.S.; Tripathi, S.K. Nanotechnology as a Sustainable Solution for Proliferating Agriculture Sector. Mater. Sci.
Eng. B 2024, 304, 117383. [CrossRef]

20. Balusamy, S.R.; Joshi, A.S.; Perumalsamy, H.; Mijakovic, I.; Singh, P. Advancing Sustainable Agriculture: A Critical Review of
Smart and Eco-Friendly Nanomaterial Applications. J. Nanobiotechnol. 2023, 21, 372. [CrossRef]

21. Wahab, A.; Muhammad, M.; Ullah, S.; Abdi, G.; Shah, G.M.; Zaman, W.; Ayaz, A. Agriculture and Environmental Management
through Nanotechnology: Eco-Friendly Nanomaterial Synthesis for Soil-Plant Systems, Food Safety, and Sustainability. Sci. Total
Environ. 2024, 926, 171862. [CrossRef]

22. Upadhayay, V.K.; Chitara, M.K.; Mishra, D.; Jha, M.N.; Jaiswal, A.; Kumari, G.; Ghosh, S.; Patel, V.K.; Naitam, M.G.; Singh,
A.K.; et al. Synergistic Impact of Nanomaterials and Plant Probiotics in Agriculture: A Tale of Two-Way Strategy for Long-Term
Sustainability. Front. Microbiol. 2023, 14, 1133968. [CrossRef] [PubMed]

https://www.worldbank.org/
https://doi.org/10.1021/acsnano.1c10556
https://www.ncbi.nlm.nih.gov/pubmed/35200008
https://doi.org/10.1111/1758-2229.13126
https://www.ncbi.nlm.nih.gov/pubmed/36184075
https://doi.org/10.3389/fpls.2023.1283852
https://www.ncbi.nlm.nih.gov/pubmed/38053770
https://doi.org/10.1016/j.heliyon.2023.e13296
https://www.ncbi.nlm.nih.gov/pubmed/36816258
https://doi.org/10.1016/j.jclepro.2023.139701
https://doi.org/10.1371/journal.pone.0283832
https://www.ncbi.nlm.nih.gov/pubmed/37023039
https://doi.org/10.1016/j.tim.2023.10.009
https://www.ncbi.nlm.nih.gov/pubmed/37973432
https://doi.org/10.1016/j.tplants.2023.09.015
https://www.ncbi.nlm.nih.gov/pubmed/37867041
https://doi.org/10.1007/s13593-024-00945-9
https://doi.org/10.1016/j.chemosphere.2024.142178
https://doi.org/10.1016/j.jenvman.2023.119553
https://www.ncbi.nlm.nih.gov/pubmed/37976639
https://doi.org/10.12688/f1000research.131679.2
https://www.ncbi.nlm.nih.gov/pubmed/38644926
https://doi.org/10.1016/j.stress.2023.100253
https://doi.org/10.1016/j.plana.2023.100032
https://doi.org/10.1016/j.susmat.2023.e00809
https://doi.org/10.1016/j.psep.2024.01.100
https://doi.org/10.1016/j.impact.2024.100502
https://www.ncbi.nlm.nih.gov/pubmed/38508516
https://doi.org/10.1016/j.mseb.2024.117383
https://doi.org/10.1186/s12951-023-02135-3
https://doi.org/10.1016/j.scitotenv.2024.171862
https://doi.org/10.3389/fmicb.2023.1133968
https://www.ncbi.nlm.nih.gov/pubmed/37206335


Nanomaterials 2024, 14, 1249 27 of 37

23. Lv, W.; Geng, H.; Zhou, B.; Chen, H.; Yuan, R.; Ma, C.; Liu, R.; Xing, B.; Wang, F. The Behavior, Transport, and Positive Regulation
Mechanism of ZnO Nanoparticles in a Plant-Soil-Microbe Environment. Environ. Pollut. 2022, 315, 120368. [CrossRef]

24. Zheng, T.; Zhou, Q.; Tao, Z.; Ouyang, S. Magnetic Iron-Based Nanoparticles Biogeochemical Behavior in Soil-Plant System: A
Critical Review. Sci. Total Environ. 2023, 904, 166643. [CrossRef]

25. Tran, T.-K.; Nguyen, M.-K.; Lin, C.; Hoang, T.-D.; Nguyen, T.-C.; Lone, A.M.; Khedulkar, A.P.; Gaballah, M.S.; Singh, J.; Chung,
W.J.; et al. Review on Fate, Transport, Toxicity and Health Risk of Nanoparticles in Natural Ecosystems: Emerging Challenges in
the Modern Age and Solutions toward a Sustainable Environment. Sci. Total Environ. 2024, 912, 169331. [CrossRef]

26. Moulick, D.; Majumdar, A.; Choudhury, A.; Das, A.; Chowardhara, B.; Pattnaik, B.K.; Dash, G.K.; Murmu, K.; Bhutia, K.L.;
Upadhyay, M.K.; et al. Emerging Concern of Nano-Pollution in Agro-Ecosystem: Flip Side of Nanotechnology. Plant Physiol.
Biochem. 2024, 211, 108704. [CrossRef]

27. Dolatabadian, A. Plant–Microbe Interaction. Biology 2021, 10, 15. [CrossRef]
28. Cheng, Y.T.; Zhang, L.; He, S.Y. Plant-Microbe Interactions Facing Environmental Challenge. Cell Host Microbe 2019, 26, 183–192.

[CrossRef] [PubMed]
29. Nadarajah, K.; Abdul Rahman, N.S.N. Plant–Microbe Interaction: Aboveground to Belowground, from the Good to the Bad. Int.

J. Mol. Sci. 2021, 22, 10388. [CrossRef] [PubMed]
30. Diwan, D.; Rashid, M.M.; Vaishnav, A. Current Understanding of Plant-Microbe Interaction through the Lenses of Multi-Omics

Approaches and Their Benefits in Sustainable Agriculture. Microbiol. Res. 2022, 265, 127180. [CrossRef]
31. Zhu, Y.; Wang, Y.; He, X.; Li, B.; Du, S. Plant Growth-Promoting Rhizobacteria: A Good Companion for Heavy Metal Phytoreme-

diation. Chemosphere 2023, 338, 139475. [CrossRef]
32. Ali, M.H.; Muzaffar, A.; Khan, M.I.; Farooq, Q.; Tanvir, M.A.; Dawood, M.; Hussain, M.I. Microbes-Assisted Phytoremediation of

Lead and Petroleum Hydrocarbons Contaminated Water by Water Hyacinth. Int. J. Phytoremediat. 2024, 26, 405–415. [CrossRef]
[PubMed]

33. James, A.; Rene, E.R.; Bilyaminu, A.M.; Chellam, P.V. Advances in Amelioration of Air Pollution Using Plants and Associated
Microbes: An Outlook on Phytoremediation and Other Plant-Based Technologies. Chemosphere 2024, 358, 142182. [CrossRef]
[PubMed]

34. Singh, D.; Thapa, S.; Singh, J.P.; Mahawar, H.; Saxena, A.K.; Singh, S.K.; Mahla, H.R.; Choudhary, M.; Parihar, M.; Choudhary,
K.B.; et al. Prospecting the Potential of Plant Growth-Promoting Microorganisms for Mitigating Drought Stress in Crop Plants.
Curr. Microbiol. 2024, 81, 84. [CrossRef] [PubMed]

35. Iqbal, A.; Maqsood Ur Rehman, M.; Sajjad, W.; Degen, A.A.; Rafiq, M.; Jiahuan, N.; Khan, S.; Shang, Z. Patterns of Bacterial
Communities in the Rhizosphere and Rhizoplane of Alpine Wet Meadows. Environ. Res. 2024, 241, 117672. [CrossRef] [PubMed]

36. Ameen, M.; Mahmood, A.; Sahkoor, A.; Zia, M.A.; Ullah, M.S. The Role of Endophytes to Combat Abiotic Stress in Plants. Plant
Stress 2024, 12, 100435. [CrossRef]

37. Tan, W.; Nian, H.; Tran, L.-S.P.; Jin, J.; Lian, T. Small Peptides: Novel Targets for Modulating Plant–Rhizosphere Microbe
Interactions. Trends Microbiol. 2024, in press. [CrossRef] [PubMed]

38. Der, C.; Courty, P.-E.; Recorbet, G.; Wipf, D.; Simon-Plas, F.; Gerbeau-Pissot, P. Sterols, Pleiotropic Players in Plant–Microbe
Interactions. Trends Plant Sci. 2024, 29, 524–534. [CrossRef] [PubMed]

39. Zhai, Y.; Bai, J.; Chang, P.; Liu, Z.; Wang, Y.; Liu, G.; Cui, B.; Peijnenburg, W.; Vijver, M.G. Microplastics in Terrestrial Ecosystem:
Exploring the Menace to the Soil-Plant-Microbe Interactions. TrAC Trends Anal. Chem. 2024, 174, 117667. [CrossRef]

40. Zhang, H.; Liu, H.; Han, X. Traits-Based Approach: Leveraging Genome Size in Plant–Microbe Interactions. Trends Microbiol.
2024, 32, 333–341. [CrossRef]

41. Shi, X.; Zhao, Y.; Xu, M.; Ma, L.; Adams, J.M.; Shi, Y. Insights into Plant–Microbe Interactions in the Rhizosphere to Promote
Sustainable Agriculture in the New Crops Era. New Crops 2024, 1, 100004. [CrossRef]

42. Jagadesh, M.; Dash, M.; Kumari, A.; Singh, S.K.; Verma, K.K.; Kumar, P.; Bhatt, R.; Sharma, S.K. Revealing the Hidden World
of Soil Microbes: Metagenomic Insights into Plant, Bacteria, and Fungi Interactions for Sustainable Agriculture and Ecosystem
Restoration. Microbiol. Res. 2024, 285, 127764. [CrossRef]

43. Kliebenstein, D.J. Specificity and Breadth of Plant Specialized Metabolite–Microbe Interactions. Curr. Opin. Plant Biol. 2024, 77,
102459. [CrossRef]

44. Morais, M.C.; Torres, L.F.; Kuramae, E.E.; de Andrade, S.A.L.; Mazzafera, P. Plant Grafting: Maximizing Beneficial Microbe-Plant
Interactions. Rhizosphere 2024, 29, 100825. [CrossRef]

45. Handa, M.; Kalia, A. Nanoparticle-Plant-Microbe Interactions Have a Role in Crop Productivity and Food Security. Rhizosphere
2024, 30, 100884. [CrossRef]

46. Omotayo, A.O.; Omotayo, O.P. Potentials of Microbe-Plant Assisted Bioremediation in Reclaiming Heavy Metal Polluted Soil
Environments for Sustainable Agriculture. Environ. Sustain. Indic. 2024, 22, 100396. [CrossRef]

47. Zhu, Q.; Yang, Z.; Zhang, Y.; Wang, Y.; Fei, J.; Rong, X.; Peng, J.; Wei, X.; Luo, G. Intercropping Regulates Plant- and Microbe-
Derived Carbon Accumulation by Influencing Soil Physicochemical and Microbial Physiological Properties. Agric. Ecosyst.
Environ. 2024, 364, 108880. [CrossRef]

48. Bian, Q.; Zhao, L.; Cheng, K.; Jiang, Y.; Li, D.; Xie, Z.; Sun, B.; Wang, X. Divergent Accumulation of Microbe- and Plant-Derived
Carbon in Different Soil Organic Matter Fractions in Paddy Soils under Long-Term Organic Amendments. Agric. Ecosyst. Environ.
2024, 366, 108934. [CrossRef]

https://doi.org/10.1016/j.envpol.2022.120368
https://doi.org/10.1016/j.scitotenv.2023.166643
https://doi.org/10.1016/j.scitotenv.2023.169331
https://doi.org/10.1016/j.plaphy.2024.108704
https://doi.org/10.3390/biology10010015
https://doi.org/10.1016/j.chom.2019.07.009
https://www.ncbi.nlm.nih.gov/pubmed/31415751
https://doi.org/10.3390/ijms221910388
https://www.ncbi.nlm.nih.gov/pubmed/34638728
https://doi.org/10.1016/j.micres.2022.127180
https://doi.org/10.1016/j.chemosphere.2023.139475
https://doi.org/10.1080/15226514.2023.2245905
https://www.ncbi.nlm.nih.gov/pubmed/37578104
https://doi.org/10.1016/j.chemosphere.2024.142182
https://www.ncbi.nlm.nih.gov/pubmed/38685321
https://doi.org/10.1007/s00284-023-03606-4
https://www.ncbi.nlm.nih.gov/pubmed/38294725
https://doi.org/10.1016/j.envres.2023.117672
https://www.ncbi.nlm.nih.gov/pubmed/37980986
https://doi.org/10.1016/j.stress.2024.100435
https://doi.org/10.1016/j.tim.2024.03.011
https://www.ncbi.nlm.nih.gov/pubmed/38670883
https://doi.org/10.1016/j.tplants.2024.03.002
https://www.ncbi.nlm.nih.gov/pubmed/38565452
https://doi.org/10.1016/j.trac.2024.117667
https://doi.org/10.1016/j.tim.2023.10.004
https://doi.org/10.1016/j.ncrops.2023.11.002
https://doi.org/10.1016/j.micres.2024.127764
https://doi.org/10.1016/j.pbi.2023.102459
https://doi.org/10.1016/j.rhisph.2023.100825
https://doi.org/10.1016/j.rhisph.2024.100884
https://doi.org/10.1016/j.indic.2024.100396
https://doi.org/10.1016/j.agee.2023.108880
https://doi.org/10.1016/j.agee.2024.108934


Nanomaterials 2024, 14, 1249 28 of 37

49. Kanjana, N.; Li, Y.; Shen, Z.; Mao, J.; Zhang, L. Effect of Phenolics on Soil Microbe Distribution, Plant Growth, and Gall Formation.
Sci. Total Environ. 2024, 924, 171329. [CrossRef]

50. Wang, L.; Lu, P.; Feng, S.; Hamel, C.; Sun, D.; Siddique, K.H.M.; Gan, G.Y. Strategies to Improve Soil Health by Optimizing the
Plant–Soil–Microbe–Anthropogenic Activity Nexus. Agric. Ecosyst. Environ. 2024, 359, 108750. [CrossRef]

51. Zhao, Z.; Liu, L.; Sun, Y.; Xie, L.; Liu, S.; Li, M.; Yu, Q. Combined Microbe-Plant Remediation of Cadmium in Saline-Alkali Soil
Assisted by Fungal Mycelium-Derived Biochar. Environ. Res. 2024, 240, 117424. [CrossRef]

52. D’Acunto, L.; Iglesias, M.A.; Poggio, S.L.; Semmartin, M. Land Cover, Plant Residue and Soil Microbes as Drivers of Soil
Functioning in Temperate Agricultural Lands. A Microcosm Study. Appl. Soil Ecol. 2024, 193, 105133. [CrossRef]

53. Shao, M.; Wang, C.; Zhou, L.; Peng, F.; Zhang, G.; Gao, J.; Chen, S.; Zhao, Q. Rhizosphere Soil Properties of Waxy Sorghum under
Different Row Ratio Configurations in Waxy Sorghum-Soybean Intercropping Systems. PLoS ONE 2023, 18, e0288076. [CrossRef]

54. Wang, H.; Fan, H.; Zheng, N.; Yao, H. Elevated CO2 Enhanced the Incorporation of 13C-Residue into Plant but Depressed It in
the Microbe in the Tomato (Solanum lycopersicum L.) Rhizosphere Soils. Appl. Soil Ecol. 2024, 198, 105388. [CrossRef]

55. Palansooriya, K.N.; Zhou, Y.; An, Z.; Cai, Y.; Chang, S.X. Microplastics Affect the Ecological Stoichiometry of Plant, Soil and
Microbes in a Greenhouse Vegetable System. Sci. Total Environ. 2024, 924, 171602. [CrossRef]

56. Xu, J.-M.; Zhang, Y.; Wang, K.; Zhang, G.; Liu, Y.; Xu, H.-R.; Zi, H.-Y.; Wang, A.-J.; Lv, Y.; Xu, K.; et al. Tissue-Specific Responses
and Interactive Characteristics of Crop-Microbe “One Health” System to Soil Chromium and Ofloxacin Pollution. Process Saf.
Environ. Prot. 2024, 186, 798–807. [CrossRef]

57. Chen, S.; Sun, Y.; Wang, Y.; Luo, G.; Ran, J.; Zeng, T.; Zhang, P. Grazing Weakens the Linkages between Plants and Soil Biotic
Communities in the Alpine Grassland. Sci. Total Environ. 2024, 913, 169417. [CrossRef]

58. Li, M.; He, C.; Gong, F.; Zhou, X.; Wang, K.; Yang, X.; He, X. Seasonal and Soil Compartmental Responses of Soil Microbes of
Gymnocarpos Przewalskii in a Hyperarid Desert. Appl. Soil Ecol. 2024, 200, 105447. [CrossRef]

59. Lu, C.; Xiao, Z.; Li, H.; Han, R.; Sun, A.; Xiang, Q.; Zhu, Z.; Li, G.; Yang, X.; Zhu, Y.-G.; et al. Aboveground Plants Determine
the Exchange of Pathogens within Air-Phyllosphere-Soil Continuum in Urban Greenspaces. J. Hazard. Mater. 2024, 465, 133149.
[CrossRef]

60. Chatzimitakos, T.; Stalikas, C. Chapter 14—Antimicrobial Properties of Carbon Quantum Dots. In Nanotoxicity; Rajendran,
S., Mukherjee, A., Nguyen, T.A., Godugu, C., Shukla, R.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 301–315,
ISBN 978-0-12-819943-5.

61. Kostov, K.; Andonova-Lilova, B.; Smagghe, G. Inhibitory activity of carbon quantum dots against Phytophthora infestans and fungal
plant pathogens and their effect on dsRNA-induced gene silencing. Biotechnol. Biotechnol. Equip. 2022, 36, 949–959. [CrossRef]

62. Li, H.; Huang, J.; Song, Y.; Zhang, M.; Wang, H.; Lu, F.; Huang, H.; Liu, Y.; Dai, X.; Gu, Z.; et al. Degradable Carbon Dots with
Broad-Spectrum Antibacterial Activity. ACS Appl. Mater. Interfaces 2018, 10, 26936–26946. [CrossRef]

63. Jhonsi, M.A.; Ananth, D.A.; Nambirajan, G.; Sivasudha, T.; Yamini, R.; Bera, S.; Kathiravan, A. Antimicrobial Activity, Cytotoxicity
and DNA Binding Studies of Carbon Dots. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2018, 196, 295–302. [CrossRef]
[PubMed]

64. Hou, P.; Yang, T.; Liu, H.; Li, Y.F.; Huang, C.Z. An Active Structure Preservation Method for Developing Functional Graphitic
Carbon Dots as an Effective Antibacterial Agent and a Sensitive pH and Al(III) Nanosensor. Nanoscale 2017, 9, 17334–17341.
[CrossRef]

65. Liu, J.; Lu, S.; Tang, Q.; Zhang, K.; Yu, W.; Sun, H.; Yang, B. One-Step Hydrothermal Synthesis of Photoluminescent Carbon
Nanodots with Selective Antibacterial Activity against Porphyromonas Gingivalis. Nanoscale 2017, 9, 7135–7142. [CrossRef]
[PubMed]

66. Zhao, C.; Wang, X.; Wu, L.; Wu, W.; Zheng, Y.; Lin, L.; Weng, S.; Lin, X. Nitrogen-Doped Carbon Quantum Dots as an Antimicrobial
Agent against Staphylococcus for the Treatment of Infected Wounds. Colloids Surf. B Biointerfaces 2019, 179, 17–27. [CrossRef]
[PubMed]

67. Spanos, A.; Athanasiou, K.; Ioannou, A.; Fotopoulos, V.; Krasia-Christoforou, T. Functionalized Magnetic Nanomaterials in
Agricultural Applications. Nanomaterials 2021, 11, 3106. [CrossRef]

68. Winkler, R.; Ciria, M.; Ahmad, M.; Plank, H.; Marcuello, C. A Review of the Current State of Magnetic Force Microscopy to Unravel
the Magnetic Properties of Nanomaterials Applied in Biological Systems and Future Directions for Quantum Technologies.
Nanomaterials 2023, 13, 2585. [CrossRef]

69. Jian, H.-J.; Wu, R.-S.; Lin, T.-Y.; Li, Y.-J.; Lin, H.-J.; Harroun, S.G.; Lai, J.-Y.; Huang, C.-C. Super-Cationic Carbon Quantum Dots
Synthesized from Spermidine as an Eye Drop Formulation for Topical Treatment of Bacterial Keratitis. ACS Nano 2017, 11,
6703–6716. [CrossRef]

70. Shahshahanipour, M.; Rezaei, B.; Ensafi, A.A.; Etemadifar, Z. An Ancient Plant for the Synthesis of a Novel Carbon Dot and
Its Applications as an Antibacterial Agent and Probe for Sensing of an Anti-Cancer Drug. Mater. Sci. Eng. C 2019, 98, 826–833.
[CrossRef]

71. Anand, S.R.; Bhati, A.; Saini, D.; Gunture; Chauhan, N.; Khare, P.; Sonkar, S.K. Antibacterial Nitrogen-Doped Carbon Dots as a
Reversible “Fluorescent Nanoswitch” and Fluorescent Ink. ACS Omega 2019, 4, 1581–1591. [CrossRef]

72. Hamed, R.; Sawalha, S.; Assali, M.; Shqair, R.A.; Al-Qadi, A.; Hussein, A.; Alkowni, R.; Jodeh, S. Visible Light-Driven ZnO
Nanoparticles/Carbon Nanodots Hybrid for Broad-Spectrum Antimicrobial Activity. Surf. Interfaces 2023, 38, 102760. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2024.171329
https://doi.org/10.1016/j.agee.2023.108750
https://doi.org/10.1016/j.envres.2023.117424
https://doi.org/10.1016/j.apsoil.2023.105133
https://doi.org/10.1371/journal.pone.0288076
https://doi.org/10.1016/j.apsoil.2024.105388
https://doi.org/10.1016/j.scitotenv.2024.171602
https://doi.org/10.1016/j.psep.2024.04.065
https://doi.org/10.1016/j.scitotenv.2023.169417
https://doi.org/10.1016/j.apsoil.2024.105447
https://doi.org/10.1016/j.jhazmat.2023.133149
https://doi.org/10.1080/13102818.2022.2146533
https://doi.org/10.1021/acsami.8b08832
https://doi.org/10.1016/j.saa.2018.02.030
https://www.ncbi.nlm.nih.gov/pubmed/29459160
https://doi.org/10.1039/C7NR05539K
https://doi.org/10.1039/C7NR02128C
https://www.ncbi.nlm.nih.gov/pubmed/28513713
https://doi.org/10.1016/j.colsurfb.2019.03.042
https://www.ncbi.nlm.nih.gov/pubmed/30928801
https://doi.org/10.3390/nano11113106
https://doi.org/10.3390/nano13182585
https://doi.org/10.1021/acsnano.7b01023
https://doi.org/10.1016/j.msec.2019.01.041
https://doi.org/10.1021/acsomega.8b03191
https://doi.org/10.1016/j.surfin.2023.102760


Nanomaterials 2024, 14, 1249 29 of 37

73. Otis, G.; Bhattacharya, S.; Malka, O.; Kolusheva, S.; Bolel, P.; Porgador, A.; Jelinek, R. Selective Labeling and Growth Inhibition of
Pseudomonas aeruginosa by Aminoguanidine Carbon Dots. ACS Infect. Dis. 2019, 5, 292–302. [CrossRef] [PubMed]

74. Fang, G.; Li, W.; Shen, X.; Perez-Aguilar, J.M.; Chong, Y.; Gao, X.; Chai, Z.; Chen, C.; Ge, C.; Zhou, R. Differential Pd-Nanocrystal
Facets Demonstrate Distinct Antibacterial Activity against Gram-Positive and Gram-Negative Bacteria. Nat. Commun. 2018, 9,
129. [CrossRef] [PubMed]

75. Wang, X.; Yang, P.; Feng, Q.; Meng, T.; Wei, J.; Xu, C.; Han, J. Green Preparation of Fluorescent Carbon Quantum Dots from
Cyanobacteria for Biological Imaging. Polymers 2019, 11, 616. [CrossRef] [PubMed]

76. Hua, X.-W.; Bao, Y.-W.; Wang, H.-Y.; Chen, Z.; Wu, F.-G. Bacteria-Derived Fluorescent Carbon Dots for Microbial Live/Dead
Differentiation. Nanoscale 2017, 9, 2150–2161. [CrossRef] [PubMed]

77. Fang, Q.; Guan, Y.; Wang, M.; Hou, L.; Jiang, X.; Long, J.; Chi, Y.; Fu, F.; Dong, Y. Green Synthesis of Red-Emission Carbon Based
Dots by Microbial Fermentation. New J. Chem. 2018, 42, 8591–8595. [CrossRef]

78. Lin, F.; Li, C.; Chen, Z. Bacteria-Derived Carbon Dots Inhibit Biofilm Formation of Escherichia coli without Affecting Cell Growth.
Front. Microbiol. 2018, 9, 259. [CrossRef] [PubMed]

79. Zhang, S.; Zhang, D.; Ding, Y.; Hua, J.; Tang, B.; Ji, X.; Zhang, Q.; Wei, Y.; Qin, K.; Li, B. Bacteria-Derived Fluorescent Carbon Dots
for Highly Selective Detection of p-Nitrophenol and Bioimaging. Analyst 2019, 144, 5497–5503. [CrossRef] [PubMed]

80. Kousheh, S.A.; Moradi, M.; Tajik, H.; Molaei, R. Preparation of Antimicrobial/Ultraviolet Protective Bacterial Nanocellulose Film
with Carbon Dots Synthesized from Lactic Acid Bacteria. Int. J. Biol. Macromol. 2020, 155, 216–225. [CrossRef]

81. Yuan, X.; Tu, Y.; Chen, W.; Xu, Z.; Wei, Y.; Qin, K.; Zhang, Q.; Xiang, Y.; Zhang, H.; Ji, X. Facile Synthesis of Carbon Dots Derived
from Ampicillin Sodium for Live/Dead Microbe Differentiation, Bioimaging and High Selectivity Detection of 2,4-Dinitrophenol
and Hg(II). Dyes Pigments 2020, 175, 108187. [CrossRef]

82. Ghorbani, M.; Tajik, H.; Moradi, M.; Molaei, R.; Alizadeh, A. One-Pot Microbial Approach to Synthesize Carbon Dots from
Baker’s Yeast-Derived Compounds for the Preparation of Antimicrobial Membrane. J. Environ. Chem. Eng. 2022, 10, 107525.
[CrossRef]

83. Jiang, Y.; Zhao, X.; Zhou, X.; He, X.; Zhang, Z.; Xiao, L.; Bai, J.; Yang, Y.; Zhao, L.; Zhao, Y.; et al. Multifunctional Carbon Nanodots
for Antibacterial Enhancement, pH Change, and Poisonous Tin(IV) Specifical Detection. ACS Omega 2023, 8, 41469–41479.
[CrossRef]

84. Vasanthkumar, R.; Baskar, V.; Vinoth, S.; Roshna, K.; Mary, T.N.; Alagupandi, R.; Saravanan, K.; Radhakrishnan, R.; Arun, M.;
Gurusaravanan, P. Biogenic Carbon Quantum Dots from Marine Endophytic Fungi (Aspergillus flavus) to Enhance the Curcumin
Production and Growth in Curcuma longa L. Plant Physiol. Biochem. 2024, 211, 108644. [CrossRef]

85. Su, L.-X.; Ma, X.-L.; Zhao, K.-K.; Shen, C.-L.; Lou, Q.; Yin, D.-M.; Shan, C.-X. Carbon Nanodots for Enhancing the Stress Resistance
of Peanut Plants. ACS Omega 2018, 3, 17770–17777. [CrossRef]

86. Wang, C.; Ji, Y.; Cao, X.; Yue, L.; Chen, F.; Li, J.; Yang, H.; Wang, Z.; Xing, B. Carbon Dots Improve Nitrogen Bioavailability to
Promote the Growth and Nutritional Quality of Soybeans under Drought Stress. ACS Nano 2022, 16, 12415–12424. [CrossRef]

87. Kou, E.; Li, W.; Zhang, H.; Yang, X.; Kang, Y.; Zheng, M.; Qu, S.; Lei, B. Nitrogen and Sulfur Co-Doped Carbon Dots Enhance
Drought Resistance in Tomato and Mung Beans. ACS Appl. Bio Mater. 2021, 4, 6093–6102. [CrossRef]

88. Li, H.; Huang, J.; Lu, F.; Liu, Y.; Song, Y.; Sun, Y.; Zhong, J.; Huang, H.; Wang, Y.; Li, S.; et al. Impacts of Carbon Dots on Rice
Plants: Boosting the Growth and Improving the Disease Resistance. ACS Appl. Bio Mater. 2018, 1, 663–672. [CrossRef]

89. Li, Y.; Xu, X.; Lei, B.; Zhuang, J.; Zhang, X.; Hu, C.; Cui, J.; Liu, Y. Magnesium-Nitrogen Co-Doped Carbon Dots Enhance Plant
Growth through Multifunctional Regulation in Photosynthesis. Chem. Eng. J. 2021, 422, 130114. [CrossRef]

90. Seesuea, C.; Sansenya, S.; Thangsunan, P.; Wechakorn, K. Green Synthesis of Elephant Manure-Derived Carbon Dots and
Multifunctional Applications: Metal Sensing, Antioxidant, and Rice Plant Promotion. Sustain. Mater. Technol. 2024, 39, e00786.
[CrossRef]

91. Liang, L.; Wong, S.C.; Lisak, G. Effects of Plastic-Derived Carbon Dots on Germination and Growth of Pea (Pisum sativum) via
Seed Nano-Priming. Chemosphere 2023, 316, 137868. [CrossRef] [PubMed]

92. Chen, Q.; Cao, X.; Nie, X.; Li, Y.; Liang, T.; Ci, L. Alleviation Role of Functional Carbon Nanodots for Tomato Growth and Soil
Environment under Drought Stress. J. Hazard. Mater. 2022, 423, 127260. [CrossRef] [PubMed]

93. Chen, Q.; Cao, X.; Li, Y.; Sun, Q.; Dai, L.; Li, J.; Guo, Z.; Zhang, L.; Ci, L. Functional Carbon Nanodots Improve Soil Quality and
Tomato Tolerance in Saline-Alkali Soils. Sci. Total Environ. 2022, 830, 154817. [CrossRef] [PubMed]

94. Chen, J.; Liu, B.; Yang, Z.; Qu, J.; Xun, H.; Dou, R.; Gao, X.; Wang, L. Phenotypic, Transcriptional, Physiological and Metabolic
Responses to Carbon Nanodot Exposure in Arabidopsis thaliana (L.). Environ. Sci. Nano 2018, 5, 2672–2685. [CrossRef]

95. Li, H.; Huang, J.; Liu, Y.; Lu, F.; Zhong, J.; Wang, Y.; Li, S.; Lifshitz, Y.; Lee, S.-T.; Kang, Z. Enhanced RuBisCO Activity and
Promoted Dicotyledons Growth with Degradable Carbon Dots. Nano Res. 2019, 12, 1585–1593. [CrossRef]

96. Qian, K.; Guo, H.; Chen, G.; Ma, C.; Xing, B. Distribution of Different Surface Modified Carbon Dots in Pumpkin Seedlings. Sci.
Rep. 2018, 8, 7991. [CrossRef] [PubMed]

97. Subalya, M.; Voleti, R.; Wait, D.A. The Effects of Different Solid Content Carbon Nanotubes and Silver Quantum Dots on Potential
Toxicity to Plants through Direct Effects on Carbon and Light Reactions of Photosynthesis. Wseas Trans. Electron. 2022, 13, 11–18.
[CrossRef]

98. Chen, J.; Dou, R.; Yang, Z.; Wang, X.; Mao, C.; Gao, X.; Wang, L. The Effect and Fate of Water-Soluble Carbon Nanodots in Maize
(Zea mays L.). Nanotoxicology 2016, 10, 818–828. [CrossRef] [PubMed]

https://doi.org/10.1021/acsinfecdis.8b00270
https://www.ncbi.nlm.nih.gov/pubmed/30589261
https://doi.org/10.1038/s41467-017-02502-3
https://www.ncbi.nlm.nih.gov/pubmed/29317632
https://doi.org/10.3390/polym11040616
https://www.ncbi.nlm.nih.gov/pubmed/30960600
https://doi.org/10.1039/C6NR06558A
https://www.ncbi.nlm.nih.gov/pubmed/27874123
https://doi.org/10.1039/C8NJ00705E
https://doi.org/10.3389/fmicb.2018.00259
https://www.ncbi.nlm.nih.gov/pubmed/29503644
https://doi.org/10.1039/C9AN01103J
https://www.ncbi.nlm.nih.gov/pubmed/31386712
https://doi.org/10.1016/j.ijbiomac.2020.03.230
https://doi.org/10.1016/j.dyepig.2020.108187
https://doi.org/10.1016/j.jece.2022.107525
https://doi.org/10.1021/acsomega.3c05319
https://doi.org/10.1016/j.plaphy.2024.108644
https://doi.org/10.1021/acsomega.8b02604
https://doi.org/10.1021/acsnano.2c03591
https://doi.org/10.1021/acsabm.1c00427
https://doi.org/10.1021/acsabm.8b00345
https://doi.org/10.1016/j.cej.2021.130114
https://doi.org/10.1016/j.susmat.2023.e00786
https://doi.org/10.1016/j.chemosphere.2023.137868
https://www.ncbi.nlm.nih.gov/pubmed/36642132
https://doi.org/10.1016/j.jhazmat.2021.127260
https://www.ncbi.nlm.nih.gov/pubmed/34844369
https://doi.org/10.1016/j.scitotenv.2022.154817
https://www.ncbi.nlm.nih.gov/pubmed/35341861
https://doi.org/10.1039/C8EN00674A
https://doi.org/10.1007/s12274-019-2397-5
https://doi.org/10.1038/s41598-018-26167-0
https://www.ncbi.nlm.nih.gov/pubmed/29789656
https://doi.org/10.37394/232017.2022.13.2
https://doi.org/10.3109/17435390.2015.1133864
https://www.ncbi.nlm.nih.gov/pubmed/26694806


Nanomaterials 2024, 14, 1249 30 of 37

99. Li, J.; Xiao, L.; Cheng, Y.; Cheng, Y.; Wang, Y.; Wang, X.; Ding, L. Applications of Carbon Quantum Dots to Alleviate Cd2+

Phytotoxicity in Citrus maxima Seedlings. Chemosphere 2019, 236, 124385. [CrossRef] [PubMed]
100. Xiao, L.; Guo, H.; Wang, S.; Li, J.; Wang, Y.; Xing, B. Carbon Dots Alleviate the Toxicity of Cadmium Ions (Cd2+) toward Wheat

Seedlings. Environ. Sci. Nano 2019, 6, 1493–1506. [CrossRef]
101. Cao, X.; Chen, Q.; Xu, L.; Zhao, R.; Li, T.; Ci, L. The Intrinsic and Extrinsic Mechanisms Regulated by Functional Carbon Nanodots

for the Phytoremediation of Multi-Metal Pollution in Soils. J. Hazard. Mater. 2024, 462, 132646. [CrossRef]
102. Sarkar, M.M.; Pradhan, N.; Subba, R.; Saha, P.; Roy, S. Sugar-Terminated Carbon-Nanodots Stimulate Osmolyte Accumulation

and ROS Detoxification for the Alleviation of Salinity Stress in Vigna Radiata. Sci. Rep. 2022, 12, 17567. [CrossRef]
103. Chen, Q.; Cao, X.; Liu, B.; Nie, X.; Liang, T.; Suhr, J.; Ci, L. Effects of Functional Carbon Nanodots on Water Hyacinth Response to

Cd/Pb Stress: Implication for Phytoremediation. J. Environ. Manag. 2021, 299, 113624. [CrossRef] [PubMed]
104. Zheng, Y.; Zhang, H.; Li, W.; Liu, Y.; Zhang, X.; Liu, H.; Lei, B. Pollen Derived Blue Fluorescent Carbon Dots for Bioimaging and

Monitoring of Nitrogen, Phosphorus and Potassium Uptake in Brassica parachinensis L. RSC Adv. 2017, 7, 33459–33465. [CrossRef]
105. Zhang, Y.; Lu, Y.; Zeng, W.; Cheng, J.; Zhang, M.; Kong, H.; Qu, H.; Lu, T.; Zhao, Y. Fluorescence Imaging, Metabolism, and

Biodistribution of Biocompatible Carbon Dots Synthesized Using Punica granatum L. Peel. J. Biomed. Nanotechnol. 2022, 18,
381–393. [CrossRef] [PubMed]

106. Wang, H.; Zhang, M.; Song, Y.; Li, H.; Huang, H.; Shao, M.; Liu, Y.; Kang, Z. Carbon Dots Promote the Growth and Photosynthesis
of Mung Bean Sprouts. Carbon 2018, 136, 94–102. [CrossRef]

107. Li, W.; Zheng, Y.; Zhang, H.; Liu, Z.; Su, W.; Chen, S.; Liu, Y.; Zhuang, J.; Lei, B. Phytotoxicity, Uptake, and Translocation of
Fluorescent Carbon Dots in Mung Bean Plants. ACS Appl. Mater. Interfaces 2016, 8, 19939–19945. [CrossRef] [PubMed]

108. Mohanty, A.; Liu, Y.; Yang, L.; Cao, B. Extracellular Biogenic Nanomaterials Inhibit Pyoverdine Production in Pseudomonas
Aeruginosa: A Novel Insight into Impacts of Metal(Loid)s on Environmental Bacteria. Appl. Microbiol. Biotechnol. 2015, 99,
1957–1966. [CrossRef]

109. Ba, L.A.; Döring, M.; Jamier, V.; Jacob, C. Tellurium: An Element with Great Biological Potency and Potential. Org. Biomol. Chem.
2010, 8, 4203. [CrossRef]

110. Cunha, R.L.O.R.; Gouvea, I.E.; Juliano, L. A Glimpse on Biological Activities of Tellurium Compounds. An. Acad. Bras. Ciências
2009, 81, 393–407. [CrossRef] [PubMed]

111. Zannoni, D.; Borsetti, F.; Harrison, J.J.; Turner, R.J. The Bacterial Response to the Chalcogen Metalloids Se and Te. In Advances in
Microbial Physiology; Poole, R.K., Ed.; Academic Press: Cambridge, MA, USA, 2007; Volume 53, pp. 1–312.

112. Shah, V.; Medina-Cruz, D.; Vernet-Crua, A.; Truong, L.B.; Sotelo, E.; Mostafavi, E.; González, M.U.; García-Martín, J.M.; Cholula-
Díaz, J.L.; Webster, T.J. Pepper-Mediated Green Synthesis of Selenium and Tellurium Nanoparticles with Antibacterial and
Anticancer Potential. J. Funct. Biomater. 2022, 14, 24. [CrossRef] [PubMed]

113. Sári, D.; Ferroudj, A.; Semsey, D.; El-Ramady, H.; Brevik, E.C.; Prokisch, J. Tellurium and Nano-Tellurium: Medicine or Poison?
Nanomaterials 2024, 14, 670. [CrossRef]

114. Chang, H.-Y.; Cang, J.; Roy, P.; Chang, H.-T.; Huang, Y.-C.; Huang, C.-C. Synthesis and Antimicrobial Activity of Gold/Silver–
Tellurium Nanostructures. ACS Appl. Mater. Interfaces 2014, 6, 8305–8312. [CrossRef] [PubMed]

115. Gupta, P.K.; Sharma, P.P.; Sharma, A.; Khan, Z.H.; Solanki, P.R. Electrochemical and Antimicrobial Activity of Tellurium Oxide
Nanoparticles. Mater. Sci. Eng. B 2016, 211, 166–172. [CrossRef]

116. Shakibaie, M.; Adeli-Sardou, M.; Mohammadi-Khorsand, T.; ZeydabadiNejad, M.; Amirafzali, E.; Amirpour-Rostami, S.; Ameri,
A.; Forootanfar, H. Antimicrobial and Antioxidant Activity of the Biologically Synthesized Tellurium Nanorods; A Preliminary In
Vitro Study. Iran. J. Biotechnol. 2017, 15, 268–276. [CrossRef] [PubMed]

117. Matharu, R.K.; Charani, Z.; Ciric, L.; Illangakoon, U.E.; Edirisinghe, M. Antimicrobial Activity of Tellurium-Loaded Polymeric
Fiber Meshes. J. Appl. Polym. Sci. 2018, 135, 46368. [CrossRef]

118. Zhong, C.L.; Qin, B.Y.; Xie, X.Y.; Bai, Y. Antioxidant and Antimicrobial Activity of Tellurium Dioxide Nanoparticles Sols. J. Nano
Res. 2013, 25, 8–15. [CrossRef]

119. Medina Cruz, D.; Tien-Street, W.; Zhang, B.; Huang, X.; Vernet Crua, A.; Nieto-Argüello, A.; Cholula-Díaz, J.L.; Martínez, L.;
Huttel, Y.; González, M.U.; et al. Citric Juice-Mediated Synthesis of Tellurium Nanoparticles with Antimicrobial and Anticancer
Properties. Green Chem. 2019, 21, 1982–1998. [CrossRef]

120. Sathiyaseelan, A.; Zhang, X.; Wang, M.-H. Biosynthesis of Gallic Acid Fabricated Tellurium Nanoparticles (GA-Te NPs) for
Enhanced Antibacterial, Antioxidant, and Cytotoxicity Applications. Environ. Res. 2024, 240, 117461. [CrossRef] [PubMed]

121. Vahidi, H.; Kobarfard, F.; Alizadeh, A.; Saravanan, M.; Barabadi, H. Green Nanotechnology-Based Tellurium Nanoparticles:
Exploration of Their Antioxidant, Antibacterial, Antifungal and Cytotoxic Potentials against Cancerous and Normal Cells
Compared to Potassium Tellurite. Inorg. Chem. Commun. 2021, 124, 108385. [CrossRef]

122. Abed, N.N.; Abou El-Enain, I.M.M.; El-Husseiny Helal, E.; Yosri, M. Novel Biosynthesis of Tellurium Nanoparticles and
Investigation of Their Activity against Common Pathogenic Bacteria. J. Taibah Univ. Med. Sci. 2023, 18, 400–412. [CrossRef]

123. Singh, A.; Sharma, K.; Sharma, M.; Modi, S.K.; Nenavathu, B.P. Novel Tellurium Doped CeO2 Nano Wools as a next Generation
Antibacterial Therapeutic Agent. Mater. Chem. Phys. 2023, 307, 128172. [CrossRef]

124. Umar, M.; Ajaz, H.; Javed, M.; Mansoor, S.; Iqbal, S.; Alhujaily, A.; Bahadur, A.; Althobiti, R.A.; Alzahrani, E.; Farouk, A.-E.; et al.
Designing of Te-Doped ZnO and S-g-C3N4/Te-ZnO Nano-Composites as Excellent Photocatalytic and Antimicrobial Agents.
Polyhedron 2023, 245, 116664. [CrossRef]

https://doi.org/10.1016/j.chemosphere.2019.124385
https://www.ncbi.nlm.nih.gov/pubmed/31545192
https://doi.org/10.1039/C9EN00235A
https://doi.org/10.1016/j.jhazmat.2023.132646
https://doi.org/10.1038/s41598-022-22241-w
https://doi.org/10.1016/j.jenvman.2021.113624
https://www.ncbi.nlm.nih.gov/pubmed/34467867
https://doi.org/10.1039/C7RA04644H
https://doi.org/10.1166/jbn.2022.3245
https://www.ncbi.nlm.nih.gov/pubmed/35484738
https://doi.org/10.1016/j.carbon.2018.04.051
https://doi.org/10.1021/acsami.6b07268
https://www.ncbi.nlm.nih.gov/pubmed/27425200
https://doi.org/10.1007/s00253-014-6097-5
https://doi.org/10.1039/c0ob00086h
https://doi.org/10.1590/S0001-37652009000300006
https://www.ncbi.nlm.nih.gov/pubmed/19722011
https://doi.org/10.3390/jfb14010024
https://www.ncbi.nlm.nih.gov/pubmed/36662072
https://doi.org/10.3390/nano14080670
https://doi.org/10.1021/am501134h
https://www.ncbi.nlm.nih.gov/pubmed/24832728
https://doi.org/10.1016/j.mseb.2016.07.002
https://doi.org/10.15171/ijb.1580
https://www.ncbi.nlm.nih.gov/pubmed/29845079
https://doi.org/10.1002/app.46368
https://doi.org/10.4028/www.scientific.net/JNanoR.25.8
https://doi.org/10.1039/C9GC00131J
https://doi.org/10.1016/j.envres.2023.117461
https://www.ncbi.nlm.nih.gov/pubmed/37890834
https://doi.org/10.1016/j.inoche.2020.108385
https://doi.org/10.1016/j.jtumed.2022.10.006
https://doi.org/10.1016/j.matchemphys.2023.128172
https://doi.org/10.1016/j.poly.2023.116664


Nanomaterials 2024, 14, 1249 31 of 37

125. Tang, A.; Ren, Q.; Wu, Y.; Wu, C.; Cheng, Y. Investigation into the Antibacterial Mechanism of Biogenic Tellurium Nanoparticles
and Precursor Tellurite. Int. J. Mol. Sci. 2022, 23, 11697. [CrossRef] [PubMed]

126. Alonso-Fernandes, E.; Fernández-Llamosas, H.; Cano, I.; Serrano-Pelejero, C.; Castro, L.; Díaz, E.; Carmona, M. Enhancing
Tellurite and Selenite Bioconversions by Overexpressing a Methyltransferase from Aromatoleum sp. CIB. Microb. Biotechnol. 2023,
16, 915–930. [CrossRef]

127. Ao, B.; He, F.; Lv, J.; Tu, J.; Tan, Z.; Jiang, H.; Shi, X.; Li, J.; Hou, J.; Hu, Y.; et al. Green Synthesis of Biogenetic Te(0) Nanoparticles
by High Tellurite Tolerance Fungus Mortierella sp. AB1 with Antibacterial Activity. Front. Microbiol. 2022, 13, 1020179. [CrossRef]

128. Alvarado-Reveles, O.; Fernández-Michel, S.; Jiménez-Flores, R.; Cueto-Wong, C.; Vázquez-Moreno, L.; Montfort, G.R.-C. Survival
and Goat Milk Acidifying Activity of Lactobacillus rhamnosus GG Encapsulated with Agave Fructans in a Buttermilk Protein Matrix.
Probiotics Antimicrob. Prot. 2018, 11, 1340–1347. [CrossRef] [PubMed]

129. Abd El-Ghany, M.N.; Hamdi, S.A.; Korany, S.M.; Elbaz, R.M.; Farahat, M.G. Biosynthesis of Novel Tellurium Nanorods by
Gayadomonas sp. TNPM15 Isolated from Mangrove Sediments and Assessment of Their Impact on Spore Germination and
Ultrastructure of Phytopathogenic Fungi. Microorganisms 2023, 11, 558. [CrossRef] [PubMed]

130. Sharma, R.; Sharma, N.; Prashar, A.; Hansa, A.; Asgari Lajayer, B.; Price, G.W. Unraveling the Plethora of Toxicological
Implications of Nanoparticles on Living Organisms and Recent Insights into Different Remediation Strategies: A Comprehensive
Review. Sci. Total Environ. 2024, 906, 167697. [CrossRef] [PubMed]

131. Skłodowski, K.; Chmielewska-Deptuła, S.J.; Piktel, E.; Wolak, P.; Wollny, T.; Bucki, R. Metallic Nanosystems in the Development
of Antimicrobial Strategies with High Antimicrobial Activity and High Biocompatibility. Int. J. Mol. Sci. 2023, 24, 2104. [CrossRef]
[PubMed]

132. Pereira, Y.; Lagniel, G.; Godat, E.; Baudouin-Cornu, P.; Junot, C.; Labarre, J. Chromate Causes Sulfur Starvation in Yeast. Toxicol.
Sci. 2008, 106, 400–412. [CrossRef] [PubMed]

133. Si, Y.; Liu, H.; Li, M.; Jiang, X.; Yu, H.; Sun, D. An Efficient Metal–Organic Framework-Based Drug Delivery Platform for
Synergistic Antibacterial Activity and Osteogenesis. J. Colloid Interface Sci. 2023, 640, 521–539. [CrossRef]

134. Hosseini, F.; Lashani, E.; Moghimi, H. Simultaneous Bioremediation of Phenol and Tellurite by Lysinibacillus sp. EBL303 and
Characterization of Biosynthesized Te Nanoparticles. Sci. Rep. 2023, 13, 1243. [CrossRef] [PubMed]

135. Sinharoy, A.; Lens, P.N.L. Selenite and Tellurite Reduction by Aspergillus Niger Fungal Pellets Using Lignocellulosic Hydrolysate.
J. Hazard. Mater. 2022, 437, 129333. [CrossRef] [PubMed]

136. Nwoko, K.C.; Liang, X.; Perez, M.A.; Krupp, E.; Gadd, G.M.; Feldmann, J. Characterisation of Selenium and Tellurium Nanopar-
ticles Produced by Aureobasidium pullulans Using a Multi-Method Approach. J. Chromatogr. A 2021, 1642, 462022. [CrossRef]
[PubMed]

137. Alvares, J.J.; Furtado, I.J. Anti-Pseudomonas aeruginosa Biofilm Activity of Tellurium Nanorods Biosynthesized by Cell Lysate of
Haloferax alexandrinus GUSF-1(KF796625). BioMetals 2021, 34, 1007–1016. [CrossRef] [PubMed]

138. Wei, Y.; Yu, S.; Guo, Q.; Missen, O.P.; Xia, X. Microbial Mechanisms to Transform the Super-Trace Element Tellurium: A Systematic
Review and Discussion of Nanoparticulate Phases. World J. Microbiol. Biotechnol. 2023, 39, 262. [CrossRef] [PubMed]

139. Ahmed, T.; Noman, M.; Gardea-Torresdey, J.L.; White, J.C.; Li, B. Dynamic Interplay between Nano-Enabled Agrochemicals and
the Plant-Associated Microbiome. Trends Plant Sci. 2023, 28, 1310–1325. [CrossRef] [PubMed]

140. Muthu, A.; Sári, D.; Ferroudj, A.; El-Ramady, H.; Béni, Á.; Badgar, K.; Prokisch, J. Microbial-Based Biotechnology: Production and
Evaluation of Selenium-Tellurium Nanoalloys. Appl. Sci. 2023, 13, 11733. [CrossRef]

141. Sembada, A.A.; Lenggoro, I.W. Transport of Nanoparticles into Plants and Their Detection Methods. Nanomaterials 2024, 14, 131.
[CrossRef] [PubMed]

142. Goswami, L.; Kim, K.H.; Deep, A.; Das, P.; Bhattacharya, S.S.; Kumar, S.; Adelodun, A.A. Engineered nano particles: Nature,
behavior, and effect on the environment. J. Environ. Manag. 2017, 196, 297–315. [CrossRef]

143. Zhang, H.; Goh, N.S.; Wang, J.W.; Pinals, R.L.; González-Grandío, E.; Demirer, G.S.; Butrus, S.; Fakra, S.C.; Flores, A.D.R.; Zhai, R.;
et al. Nanoparticle cellular internalization is not required for RNA delivery to mature plant leaves. Nat. Nanotechnol. 2022, 17,
197–205. [CrossRef]

144. Mittal, D.; Kaur, G.; Singh, P.; Yadav, K.; Ali, S.A. Nanoparticle-based sustainable agriculture and food science: Recent advances
and future outlook. Front. Nanotechnol. 2020, 2, 579954. [CrossRef]

145. Nair, R.; Varghese, S.H.; Nair, B.G.; Maekawa, T.; Yoshida, Y.; Kumar, D.S. Nanoparticulate Material Delivery to Plants. Plant Sci.
2010, 179, 154–163. [CrossRef]

146. Rajput, V.; Minkina, T.; Mazarji, M.; Shende, S.; Sushkova, S.; Mandzhieva, S.; Burachevskaya, M.; Chaplygin, V.; Singh, A.;
Jatav, H. Accumulation of Nanoparticles in the Soil-Plant Systems and Their Effects on Human Health. Ann. Agric. Sci. 2020, 65,
137–143. [CrossRef]

147. Lin, D.; Xing, B. Root Uptake and Phytotoxicity of ZnO Nanoparticles. Environ. Sci. Technol. 2008, 42, 5580–5585. [CrossRef]
[PubMed]

148. Xu, L.; Wang, X.; Shi, H.; Hua, B.; Burken, J.G.; Ma, X.; Yang, H.; Yang, J.J. Uptake of Engineered Metallic Nanoparticles in Soil by
Lettuce in Single and Binary Nanoparticle Systems. ACS Sustain. Chem. Eng. 2022, 10, 16692–16700. [CrossRef]

149. Du, W.; Sun, Y.; Ji, R.; Zhu, J.; Wu, J.; Guo, H. TiO2 and ZnO Nanoparticles Negatively Affect Wheat Growth and Soil Enzyme
Activities in Agricultural Soil. J. Environ. Monit. 2011, 13, 822–828. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms231911697
https://www.ncbi.nlm.nih.gov/pubmed/36232999
https://doi.org/10.1111/1751-7915.14162
https://doi.org/10.3389/fmicb.2022.1020179
https://doi.org/10.1007/s12602-018-9475-y
https://www.ncbi.nlm.nih.gov/pubmed/30276720
https://doi.org/10.3390/microorganisms11030558
https://www.ncbi.nlm.nih.gov/pubmed/36985132
https://doi.org/10.1016/j.scitotenv.2023.167697
https://www.ncbi.nlm.nih.gov/pubmed/37832694
https://doi.org/10.3390/ijms24032104
https://www.ncbi.nlm.nih.gov/pubmed/36768426
https://doi.org/10.1093/toxsci/kfn193
https://www.ncbi.nlm.nih.gov/pubmed/18794233
https://doi.org/10.1016/j.jcis.2023.02.149
https://doi.org/10.1038/s41598-023-28468-5
https://www.ncbi.nlm.nih.gov/pubmed/36690691
https://doi.org/10.1016/j.jhazmat.2022.129333
https://www.ncbi.nlm.nih.gov/pubmed/35728327
https://doi.org/10.1016/j.chroma.2021.462022
https://www.ncbi.nlm.nih.gov/pubmed/33714080
https://doi.org/10.1007/s10534-021-00323-y
https://www.ncbi.nlm.nih.gov/pubmed/34173930
https://doi.org/10.1007/s11274-023-03704-2
https://www.ncbi.nlm.nih.gov/pubmed/37507604
https://doi.org/10.1016/j.tplants.2023.06.001
https://www.ncbi.nlm.nih.gov/pubmed/37453924
https://doi.org/10.3390/app132111733
https://doi.org/10.3390/nano14020131
https://www.ncbi.nlm.nih.gov/pubmed/38251096
https://doi.org/10.1016/j.jenvman.2017.01.011
https://doi.org/10.1038/s41565-021-01018-8
https://doi.org/10.3389/fnano.2020.579954
https://doi.org/10.1016/j.plantsci.2010.04.012
https://doi.org/10.1016/j.aoas.2020.08.001
https://doi.org/10.1021/es800422x
https://www.ncbi.nlm.nih.gov/pubmed/18754479
https://doi.org/10.1021/acssuschemeng.2c04748
https://doi.org/10.1039/c0em00611d
https://www.ncbi.nlm.nih.gov/pubmed/21267473


Nanomaterials 2024, 14, 1249 32 of 37

150. Dong, S.; Jing, X.; Lin, S.; Lu, K.; Li, W.; Lu, J.; Li, M.; Gao, S.; Lu, S.; Zhou, D.; et al. Root Hair Apex Is the Key Site for Symplastic
Delivery of Graphene into Plants. Environ. Sci. Technol. 2022, 56, 12179–12189. [CrossRef] [PubMed]

151. Pérez-de-Luque, A. Interaction of Nanomaterials with Plants: What Do We Need for Real Applications in Agriculture? Front.
Environ. Sci. 2017, 5, 12. [CrossRef]

152. Tripathi, D.K.; Singh, S.; Singh, V.P.; Prasad, S.M.; Dubey, N.K.; Chauhan, D.K. Silicon Nanoparticles More Effectively Alleviated
UV-B Stress than Silicon in Wheat (Triticum aestivum) Seedlings. Plant Physiol. Biochem. 2017, 110, 70–81. [CrossRef]

153. Wang, Z.; Xie, X.; Zhao, J.; Liu, X.; Feng, W.; White, J.C.; Xing, B. Xylem- and Phloem-Based Transport of CuO Nanoparticles in
Maize (Zea mays L.). Environ. Sci. Technol. 2012, 46, 4434–4441. [CrossRef]

154. Zhang, Y.; Fu, L.; Li, S.; Yan, J.; Sun, M.; Giraldo, J.P.; Matyjaszewski, K.; Tilton, R.D.; Lowry, G.V. Star Polymer Size, Charge
Content, and Hydrophobicity Affect Their Leaf Uptake and Translocation in Plants. Environ. Sci. Technol. 2021, 55, 10758–10768.
[CrossRef] [PubMed]

155. Avellan, A.; Yun, J.; Morais, B.P.; Clement, E.T.; Rodrigues, S.M.; Lowry, G.V. Critical Review: Role of Inorganic Nanoparticle
Properties on Their Foliar Uptake and in Planta Translocation. Environ. Sci. Technol. 2021, 55, 13417–13431. [CrossRef] [PubMed]

156. Elmer, W.H.; Zuverza-Mena, N.; Triplett, L.R.; Roberts, E.L.; Silady, R.A.; White, J.C. Foliar Application of Copper Oxide
Nanoparticles Suppresses Fusarium Wilt Development on Chrysanthemum. Environ. Sci. Technol. 2021, 55, 10805–10810.
[CrossRef] [PubMed]

157. Zhao, L.; Peralta-Videa, J.R.; Varela-Ramirez, A.; Castillo-Michel, H.; Li, C.; Zhang, J.; Aguilera, R.J.; Keller, A.A.; Gardea-
Torresdey, J.L. Effect of Surface Coating and Organic Matter on the Uptake of CeO2 NPs by Corn Plants Grown in Soil: Insight
into the Uptake Mechanism. J. Hazard. Mater. 2012, 225–226, 131–138. [CrossRef] [PubMed]

158. Silva, S.; Dias, M.C.; Pinto, D.C.G.A.; Silva, A.M.S. Metabolomics as a Tool to Understand Nano-Plant Interactions: The Case
Study of Metal-Based Nanoparticles. Plants 2023, 12, 491. [CrossRef] [PubMed]

159. Ma, C.; Han, L.; Shang, H.; Hao, Y.; Xu, X.; White, J.C.; Wang, Z.; Xing, B. Nanomaterials in Agricultural Soils: Ecotoxicity and
Application. Curr. Opin. Environ. Sci. Health 2023, 31, 100432. [CrossRef]

160. Wang, W.-N.; Tarafdar, J.C.; Biswas, P. Nanoparticle Synthesis and Delivery by an Aerosol Route for Watermelon Plant Foliar
Uptake. J. Nanopart. Res. 2013, 15, 1417. [CrossRef]

161. Sanzari, I.; Leone, A.; Ambrosone, A. Nanotechnology in Plant Science: To Make a Long Story Short. Front. Bioeng. Biotechnol.
2019, 7, 120. [CrossRef]

162. Eichert, T.; Goldbach, H.E. Equivalent Pore Radii of Hydrophilic Foliar Uptake Routes in Stomatous and Astomatous Leaf
Surfaces—Further Evidence for a Stomatal Pathway. Physiol. Plant. 2008, 132, 491–502. [CrossRef]

163. Nel, A.E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M. Understand-
ing Biophysicochemical Interactions at the Nano–Bio Interface. Nat. Mater. 2009, 8, 543–557. [CrossRef]

164. Dinesh, R.; Anandaraj, M.; Srinivasan, V.; Hamza, S. Engineered Nanoparticles in the Soil and Their Potential Implications to
Microbial Activity. Geoderma 2012, 173–174, 19–27. [CrossRef]

165. Salem, N.M.; Albanna, L.S.; Awwad, A.M. Green Synthesis of Sulfur Nanoparticles Using Punica Granatum Peels and the Effects
on the Growth of Tomato by Foliar Spray Applications. Environ. Nanotechnol. Monit. Manag. 2016, 6, 83–87. [CrossRef]

166. Tegou, E.; Magana, M.; Katsogridaki, A.E.; Ioannidis, A.; Raptis, V.; Jordan, S.; Chatzipanagiotou, S.; Chatzandroulis, S.; Ornelas,
C.; Tegos, G.P. Terms of Endearment: Bacteria Meet Graphene Nanosurfaces. Biomaterials 2016, 89, 38–55. [CrossRef] [PubMed]

167. Zou, X.; Zhang, L.; Wang, Z.; Luo, Y. Mechanisms of the Antimicrobial Activities of Graphene Materials. J. Am. Chem. Soc. 2016,
138, 2064–2077. [CrossRef]

168. Li, M.; Pokhrel, S.; Jin, X.; Mädler, L.; Damoiseaux, R.; Hoek, E.M.V. Stability, Bioavailability, and Bacterial Toxicity of ZnO and
Iron-Doped ZnO Nanoparticles in Aquatic Media. Environ. Sci. Technol. 2011, 45, 755–761. [CrossRef] [PubMed]

169. Pelletier, D.A.; Suresh, A.K.; Holton, G.A.; McKeown, C.K.; Wang, W.; Gu, B.; Mortensen, N.P.; Allison, D.P.; Joy, D.C.; Allison,
M.R.; et al. Effects of Engineered Cerium Oxide Nanoparticles on Bacterial Growth and Viability. Appl. Environ. Microbiol. 2010,
76, 7981–7989. [CrossRef] [PubMed]

170. Sotiriou, G.A.; Pratsinis, S.E. Antibacterial Activity of Nanosilver Ions and Particles. Environ. Sci. Technol. 2010, 44, 5649–5654.
[CrossRef] [PubMed]

171. Beddow, J.; Stolpe, B.; Cole, P.; Lead, J.R.; Sapp, M.; Lyons, B.P.; Colbeck, I.; Whitby, C. Effects of Engineered Silver Nanoparticles
on the Growth and Activity of Ecologically Important Microbes. Environ. Microbiol. Rep. 2014, 6, 448–458. [CrossRef] [PubMed]

172. Masrahi, A.; VandeVoort, A.R.; Arai, Y. Effects of Silver Nanoparticle on Soil-Nitrification Processes. Arch. Environ. Contam.
Toxicol. 2014, 66, 504–513. [CrossRef]

173. Mukherjee, A.; Majumdar, S.; Servin, A.D.; Pagano, L.; Dhankher, O.P.; White, J.C. Carbon Nanomaterials in Agriculture: A
Critical Review. Front. Plant Sci. 2016, 7, 172. [CrossRef]

174. Xu, Z.; Long, X.; Jia, Y.; Zhao, D.; Pan, X. Occurrence, Transport, and Toxicity of Nanomaterials in Soil Ecosystems: A Review.
Environ. Chem. Lett. 2022, 20, 3943–3969. [CrossRef]

175. Gao, J.; Wang, Y.; Hovsepyan, A.; Bonzongo, J.-C.J. Effects of Engineered Nanomaterials on Microbial Catalyzed Biogeochemical
Processes in Sediments. J. Hazard. Mater. 2011, 186, 940–945. [CrossRef] [PubMed]

176. Rousk, J.; Ackermann, K.; Curling, S.F.; Jones, D.L. Comparative Toxicity of Nanoparticulate CuO and ZnO to Soil Bacterial
Communities. PLoS ONE 2012, 7, e34197. [CrossRef] [PubMed]

https://doi.org/10.1021/acs.est.2c01926
https://www.ncbi.nlm.nih.gov/pubmed/35947795
https://doi.org/10.3389/fenvs.2017.00012
https://doi.org/10.1016/j.plaphy.2016.06.026
https://doi.org/10.1021/es204212z
https://doi.org/10.1021/acs.est.1c01065
https://www.ncbi.nlm.nih.gov/pubmed/34283571
https://doi.org/10.1021/acs.est.1c00178
https://www.ncbi.nlm.nih.gov/pubmed/33988374
https://doi.org/10.1021/acs.est.1c02323
https://www.ncbi.nlm.nih.gov/pubmed/34265207
https://doi.org/10.1016/j.jhazmat.2012.05.008
https://www.ncbi.nlm.nih.gov/pubmed/22633924
https://doi.org/10.3390/plants12030491
https://www.ncbi.nlm.nih.gov/pubmed/36771576
https://doi.org/10.1016/j.coesh.2022.100432
https://doi.org/10.1007/s11051-013-1417-8
https://doi.org/10.3389/fbioe.2019.00120
https://doi.org/10.1111/j.1399-3054.2007.01023.x
https://doi.org/10.1038/nmat2442
https://doi.org/10.1016/j.geoderma.2011.12.018
https://doi.org/10.1016/j.enmm.2016.06.006
https://doi.org/10.1016/j.biomaterials.2016.02.030
https://www.ncbi.nlm.nih.gov/pubmed/26946404
https://doi.org/10.1021/jacs.5b11411
https://doi.org/10.1021/es102266g
https://www.ncbi.nlm.nih.gov/pubmed/21133426
https://doi.org/10.1128/AEM.00650-10
https://www.ncbi.nlm.nih.gov/pubmed/20952651
https://doi.org/10.1021/es101072s
https://www.ncbi.nlm.nih.gov/pubmed/20583805
https://doi.org/10.1111/1758-2229.12147
https://www.ncbi.nlm.nih.gov/pubmed/25646535
https://doi.org/10.1007/s00244-013-9994-1
https://doi.org/10.3389/fpls.2016.00172
https://doi.org/10.1007/s10311-022-01507-9
https://doi.org/10.1016/j.jhazmat.2010.11.084
https://www.ncbi.nlm.nih.gov/pubmed/21159427
https://doi.org/10.1371/journal.pone.0034197
https://www.ncbi.nlm.nih.gov/pubmed/22479561


Nanomaterials 2024, 14, 1249 33 of 37

177. Frenk, S.; Ben-Moshe, T.; Dror, I.; Berkowitz, B.; Minz, D. Effect of Metal Oxide Nanoparticles on Microbial Community Structure
and Function in Two Different Soil Types. PLoS ONE 2013, 8, e84441. [CrossRef] [PubMed]

178. El-Temsah, Y.S.; Joner, E.J. Impact of Fe and Ag Nanoparticles on Seed Germination and Differences in Bioavailability during
Exposure in Aqueous Suspension and Soil. Environ. Toxicol. 2012, 27, 42–49. [CrossRef] [PubMed]

179. Feizi, H.; Rezvani Moghaddam, P.; Shahtahmassebi, N.; Fotovat, A. Impact of Bulk and Nanosized Titanium Dioxide (TiO2) on
Wheat Seed Germination and Seedling Growth. Biol. Trace Elem. Res. 2012, 146, 101–106. [CrossRef] [PubMed]

180. Ahmed, B.; Rizvi, A.; Syed, A.; Elgorban, A.M.; Khan, M.S.; AL-Shwaiman, H.A.; Musarrat, J.; Lee, J. Differential Responses of
Maize (Zea mays) at the Physiological, Biomolecular, and Nutrient Levels When Cultivated in the Presence of Nano or Bulk ZnO
or CuO or Zn2+ or Cu2+ Ions. J. Hazard. Mater. 2021, 419, 126493. [CrossRef] [PubMed]

181. López-Moreno, M.L.; de la Rosa, G.; Cruz-Jiménez, G.; Castellano, L.; Peralta-Videa, J.R.; Gardea-Torresdey, J.L. Effect of ZnO
Nanoparticles on Corn Seedlings at Different Temperatures; X-Ray Absorption Spectroscopy and ICP/OES Studies. Microchem. J.
2017, 134, 54–61. [CrossRef]

182. Tripathi, D.K.; Shweta; Singh, S.; Singh, S.; Pandey, R.; Singh, V.P.; Sharma, N.C.; Prasad, S.M.; Dubey, N.K.; Chauhan, D.K.
An Overview on Manufactured Nanoparticles in Plants: Uptake, Translocation, Accumulation and Phytotoxicity. Plant Physiol.
Biochem. 2017, 110, 2–12. [CrossRef]

183. Raliya, R.; Nair, R.; Chavalmane, S.; Wang, W.-N.; Biswas, P. Mechanistic Evaluation of Translocation and Physiological Impact of
Titanium Dioxide and Zinc Oxide Nanoparticles on the Tomato (Solanum lycopersicum L.) Plant. Metallomics 2015, 7, 1584–1594.
[CrossRef]

184. Ko, K.-S.; Kong, I.C. Toxic Effects of Nanoparticles on Bioluminescence Activity, Seed Germination, and Gene Mutation. Appl.
Microbiol. Biotechnol. 2014, 98, 3295–3303. [CrossRef]

185. Singh, D.; Kumar, A. Assessment of Toxic Interaction of Nano Zinc Oxide and Nano Copper Oxide on Germination of Raphanus
sativusseeds. Environ. Monit. Assess. 2019, 191, 703. [CrossRef] [PubMed]

186. Landa, P.; Cyrusova, T.; Jerabkova, J.; Drabek, O.; Vanek, T.; Podlipna, R. Effect of Metal Oxides on Plant Germination:
Phytotoxicity of Nanoparticles, Bulk Materials, and Metal Ions. Water Air Soil Pollut. 2016, 227, 448. [CrossRef]

187. Kolesnikov, S.; Timoshenko, A.; Minnikova, T.; Minkina, T.; Rajput, V.D.; Kazeev, K.; Feizi, M.; Fedorenko, E.; Mandzhieva,
S.; Sushkova, S. Ecotoxicological Assessment of Zn, Cu and Ni Based NPs Contamination in Arenosols. Sains Tanah J. Soil Sci.
Agroclimatol. 2021, 18, 143. [CrossRef]

188. Zhao, X.; Chen, Y.; Li, H.; Lu, J. Influence of Seed Coating with Copper, Iron and Zinc Nanoparticles on Growth and Yield of
Tomato. IET Nanobiotechnol. 2021, 15, 674–679. [CrossRef]

189. Li, Y.; Liang, L.; Li, W.; Ashraf, U.; Ma, L.; Tang, X.; Pan, S.; Tian, H.; Mo, Z. ZnO Nanoparticle-Based Seed Priming Modulates Early
Growth and Enhances Physio-Biochemical and Metabolic Profiles of Fragrant Rice against Cadmium Toxicity. J. Nanobiotechnol.
2021, 19, 75. [CrossRef]

190. Essa, H.L.; Abdelfattah, M.S.; Marzouk, A.S.; Shedeed, Z.; Guirguis, H.A.; El-Sayed, M.M.H. Biogenic Copper Nanoparticles from
Avicennia Marina Leaves: Impact on Seed Germination, Detoxification Enzymes, Chlorophyll Content and Uptake by Wheat
Seedlings. PLoS ONE 2021, 16, e0249764. [CrossRef] [PubMed]

191. Yang, L.; Watts, D.J. Particle Surface Characteristics May Play an Important Role in Phytotoxicity of Alumina Nanoparticles.
Toxicol. Lett. 2005, 158, 122–132. [CrossRef]

192. Ma, Y.; Kuang, L.; He, X.; Bai, W.; Ding, Y.; Zhang, Z.; Zhao, Y.; Chai, Z. Effects of Rare Earth Oxide Nanoparticles on Root
Elongation of Plants. Chemosphere 2010, 78, 273–279. [CrossRef]

193. Hossain, Z.; Mustafa, G.; Sakata, K.; Komatsu, S. Insights into the Proteomic Response of Soybean towards Al2O3, ZnO, and Ag
Nanoparticles Stress. J. Hazard. Mater. 2016, 304, 291–305. [CrossRef]

194. Dimkpa, C.O.; McLean, J.E.; Britt, D.W.; Anderson, A.J. Nano-CuO and Interaction with Nano-ZnO or Soil Bacterium Provide
Evidence for the Interference of Nanoparticles in Metal Nutrition of Plants. Ecotoxicology 2015, 24, 119–129. [CrossRef] [PubMed]

195. Liu, R.; Zhang, H.; Lal, R. Effects of Stabilized Nanoparticles of Copper, Zinc, Manganese, and Iron Oxides in Low Concentrations
on Lettuce (Lactuca sativa) Seed Germination: Nanotoxicants or Nanonutrients? Water Air Soil Pollut. 2016, 227, 42. [CrossRef]

196. Tripathi, D.K.; Tripathi, A.; Shweta; Singh, S.; Singh, Y.; Vishwakarma, K.; Yadav, G.; Sharma, S.; Singh, V.K.; Mishra, R.K.; et al.
Uptake, Accumulation and Toxicity of Silver Nanoparticle in Autotrophic Plants, and Heterotrophic Microbes: A Concentric
Review. Front. Microbiol. 2017, 8, 7. [CrossRef] [PubMed]

197. de Almeida, G.H.G.; de C. Siqueira-Soares, R.; Mota, T.R.; de Oliveira, D.M.; Abrahão, J.; de P. Foletto-Felipe, M.; dos Santos,
W.D.; Ferrarese-Filho, O.; Marchiosi, R. Aluminum Oxide Nanoparticles Affect the Cell Wall Structure and Lignin Composition
Slightly Altering the Soybean Growth. Plant Physiol. Biochem. 2021, 159, 335–346. [CrossRef] [PubMed]

198. Rastogi, A.; Zivcak, M.; Sytar, O.; Kalaji, H.M.; He, X.; Mbarki, S.; Brestic, M. Impact of Metal and Metal Oxide Nanoparticles on
Plant: A Critical Review. Front. Chem. 2017, 5, 78. [CrossRef] [PubMed]

199. Mazumdar, H. Comparative Assessment of the Adverse Effect of Silver Nanoparticles to Vigna Radiata and Brassica campestris
Crop Plants. J. Eng. Res. Appl. 2014, 4, 118–124.

200. del Real, A.E.P.; Mitrano, D.M.; Castillo-Michel, H.; Wazne, M.; Reyes-Herrera, J.; Bortel, E.; Hesse, B.; Villanova, J.; Sarret, G.
Assessing Implications of Nanoplastics Exposure to Plants with Advanced Nanometrology Techniques. J. Hazard. Mater. 2022,
430, 128356. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0084441
https://www.ncbi.nlm.nih.gov/pubmed/24349575
https://doi.org/10.1002/tox.20610
https://www.ncbi.nlm.nih.gov/pubmed/20549639
https://doi.org/10.1007/s12011-011-9222-7
https://www.ncbi.nlm.nih.gov/pubmed/21979242
https://doi.org/10.1016/j.jhazmat.2021.126493
https://www.ncbi.nlm.nih.gov/pubmed/34323709
https://doi.org/10.1016/j.microc.2017.05.007
https://doi.org/10.1016/j.plaphy.2016.07.030
https://doi.org/10.1039/C5MT00168D
https://doi.org/10.1007/s00253-013-5404-x
https://doi.org/10.1007/s10661-019-7902-5
https://www.ncbi.nlm.nih.gov/pubmed/31673860
https://doi.org/10.1007/s11270-016-3156-9
https://doi.org/10.20961/stjssa.v18i2.56697
https://doi.org/10.1049/nbt2.12064
https://doi.org/10.1186/s12951-021-00820-9
https://doi.org/10.1371/journal.pone.0249764
https://www.ncbi.nlm.nih.gov/pubmed/33857218
https://doi.org/10.1016/j.toxlet.2005.03.003
https://doi.org/10.1016/j.chemosphere.2009.10.050
https://doi.org/10.1016/j.jhazmat.2015.10.071
https://doi.org/10.1007/s10646-014-1364-x
https://www.ncbi.nlm.nih.gov/pubmed/25297564
https://doi.org/10.1007/s11270-015-2738-2
https://doi.org/10.3389/fmicb.2017.00007
https://www.ncbi.nlm.nih.gov/pubmed/28184215
https://doi.org/10.1016/j.plaphy.2020.12.028
https://www.ncbi.nlm.nih.gov/pubmed/33429191
https://doi.org/10.3389/fchem.2017.00078
https://www.ncbi.nlm.nih.gov/pubmed/29075626
https://doi.org/10.1016/j.jhazmat.2022.128356
https://www.ncbi.nlm.nih.gov/pubmed/35149499


Nanomaterials 2024, 14, 1249 34 of 37

201. Mahjouri, S.; Movafeghi, A.; Divband, B.; Kosari-Nasab, M.; Kazemi, E.M. Assessing the Toxicity of Silver Nanoparticles in Cell
Suspension Culture of Nicotiana Tabacum. Biointerface Res. Appl. Chem. 2018, 8, 3252–3258.

202. Mahjouri, S.; Kosari-Nasab, M.; Mohajel Kazemi, E.; Divband, B.; Movafeghi, A. Effect of Ag-Doping on Cytotoxicity of SnO2
Nanoparticles in Tobacco Cell Cultures. J. Hazard. Mater. 2020, 381, 121012. [CrossRef]

203. Anwaar, S.; Maqbool, Q.; Jabeen, N.; Nazar, M.; Abbas, F.; Nawaz, B.; Hussain, T.; Hussain, S.Z. The Effect of Green Synthesized
CuO Nanoparticles on Callogenesis and Regeneration of Oryza sativa L. Front. Plant Sci. 2016, 7, 217278. [CrossRef]

204. Keunen, E.; Remans, T.; Bohler, S.; Vangronsveld, J.; Cuypers, A. Metal-Induced Oxidative Stress and Plant Mitochondria. Int. J.
Mol. Sci. 2011, 12, 6894–6918. [CrossRef] [PubMed]

205. Kumar, A.; Dhawan, A. Genotoxic and Carcinogenic Potential of Engineered Nanoparticles: An Update. Arch. Toxicol. 2013, 87,
1883–1900. [CrossRef] [PubMed]

206. Samrot, A.V.; Ram Singh, S.P.; Deenadhayalan, R.; Rajesh, V.V.; Padmanaban, S.; Radhakrishnan, K. Nanoparticles, a Double-
Edged Sword with Oxidant as Well as Antioxidant Properties—A Review. Oxygen 2022, 2, 591–604. [CrossRef]

207. Dedejani, S.; Mozafari, A.; Ghaderi, N. Salicylic Acid and Iron Nanoparticles Application to Mitigate the Adverse Effects of
Salinity Stress Under In Vitro Culture of Strawberry Plants. Iran. J. Sci. Technol. Trans. Sci. 2021, 45, 821–831. [CrossRef]

208. Hasanuzzaman, M.; Hossain, M.A.; Fujita, M. Nitric Oxide Modulates Antioxidant Defense and the Methylglyoxal Detoxification
System and Reduces Salinity-Induced Damage of Wheat Seedlings. Plant Biotechnol. Rep. 2011, 5, 353–365. [CrossRef]

209. Liu, J.; Shabala, S.; Zhang, J.; Ma, G.; Chen, D.; Shabala, L.; Zeng, F.; Chen, Z.-H.; Zhou, M.; Venkataraman, G.; et al. Melatonin
Improves Rice Salinity Stress Tolerance by NADPH Oxidase-Dependent Control of the Plasma Membrane K+ Transporters and
K+ Homeostasis. Plant Cell Environ. 2020, 43, 2591–2605. [CrossRef] [PubMed]

210. Kapoor, D.; Singh, S.; Kumar, V.; Romero, R.; Prasad, R.; Singh, J. Antioxidant Enzymes Regulation in Plants in Reference to
Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS). Plant Gene 2019, 19, 100182. [CrossRef]
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