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Abstract

Background and Objective: Nanobioremediation using various biological entities has
emerged as a rapidly evolving field of research. These biologically synthesized
nanoparticles are increasingly used in various uses, primarily in the remediation of
environmental contaminants and biomedicine. Additionally, the increasing influx of
harmful pollutants into the environment, driven by swift technological progress and
population expansion, has become a significant issue. A significant number of chemicals
have been recognized as endocrine disruptor chemicals, including various pesticides.
Therefore, this subject was chosen due to the significant failure rate associated with
traditional remediation methods in addressing persistent pesticides. While nanobio-
remediation has verified effective as a hybrid solution, there is a significant absence of
comprehensive reviews focusing on the food chain.

Results and Conclusion: Although there are various physical, chemical and biological
remediation technologies available, their effectiveness frequently diminishes because of
complex processes. Therefore, linking nanoscience and bioremediation strategies can
play a promising role in decreasing the endocrine-linked disorders associated with
pesticide contamination.

Keywords: Nanotechnology, Bioremediation, Nanobioremediation, Pesticides,

Endocrine-disrupting chemicals, Food

What is “already known” on
this topic:

> Nanoparticles are already recognized for successful use in both environmental

remediation and biomedicine.

> Pesticides act as Endocrine-Disrupting Chemicals (EDCs), posing a threat to health

by interfering with hormonal systems.

> Existing physical, chemical, and biological remediation technologies are known to

struggle or fail against the complexity and persistence of these contaminants.

What this article adds:

There is a significant lack of comprehensive review literature that specifically bridges
nanobioremediation with the entire food chain context (i.e., from environmental
contaminant to food matrix to potential human exposure).

> Synthesis of Nanoscience and Bioremediation as the necessary, advanced hybrid

solution to tackle complex pesticide contamination specifically linked to endocrine
disruption is presented.
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1. Introduction

The presence of pesticide residues in the food chains is
majorly resulted from their uses in agriculture to enhance
crop production and pest control. They can contaminate soil,
water and food products. Only a small portion of pesticides
target the intended pests, while the rest remain in the
environment, leading to  bioaccumulation  and
biomagnification in higher trophic levels, including
humans. These pesticide residues can persist for years,
transforming into metabolites that may be more toxic than
that the original compounds are. The various techniques
used to detect pesticide residues have well documented the
occurrence of these residues and their metabolites in various
environmental compartments. Humans are majorly exposed
through consuming contaminated foods and water, with
residues accumulating in fatty tissues and being transferred
through breast milk and animal products [1, 2].

Exposure to endocrine-disrupting pesticides, such as
organochlorines and organophosphates, may interfere with
hormone receptors (e.g., estrogen androgen and
glucocorticoid),  disrupt  hormone  synthesis  and
result in changes to the levels of gene expression, leading to
reproductive, neurological and metabolic disorders [3, 4].
Because the endocrine system forms during early
developmental stages, toxic effects can disrupt tissue
growth in this system [4, 5]. Various remediation
techniques have been developed for removing pesticides.

Traditional remediation technologies (physical, chemical
and biological) include photodegradation, advanced
oxidation and microbial degradation [6, 7] . However, these
are often affected by high costs, incomplete removal,
secondary pollution and limited efficiency for persistent
endocrine disrupting pesticides [6, 7]. A combination of
nanotechnology (e.g., nanoparticles with large surface area
and greater reactivity) and bioremediation (microbial or
enzymatic degradation), called nanobioremediation, can
overcome the current difficulties [8, 9].
Pesticides can be adsorbed, catalyzed and transformed using
nanoparticles, while microbes or enzymes can break these
down [10, 11]. Therefore, developing a synergistic approach
to improve degradation rate, selectivity and efficiency is a
promising outcome of nanobioremediation. Studies show
that nanoparticle-mediated bioremediation can achieve high
(> 90%) removal rates for a range of pesticides in soil and
water; however, results depend on pollutant type, conditions
and technology integration [12, 13].

This review methodically battled these challenges in
various sections, encompassing the details of pesticide entry
routes into the food chain and human exposure pathways. It
investigated pesticide-induced endocrine disorders with
their molecular mechanisms, assessed the limitations of
conventional remediation and introduced the fundamentals

of bioremediation and nanotechnology [8, 14]. Furthermore,
it presented the principles and mechanisms of
nanobioremediation, including nanophytoremediation and
microbial nanobioremediation with their advantages and
specific uses that achieved over 90% degradation of
endocrine-disrupting pesticides. In conclusion, this study
described further directions and emphasized the
groundbreaking novelty of hybrid nanostrategies aimed at
enhancing food safety.

2. Literature Search Strategy

A comprehensive review of the relevant literature was
carried out from 2010 to 2025 using PubMed, Scopus, Web
of Science and Google Scholar. The search terms were
("'nano-bioremediation™ OR bioremediation OR
nanotechnology) AND pesticides AND (“endocrine
disrupting chemicals® OR EDCs) AND food. Inclusion
criteria included peer-reviewed articles reporting endocrine-
disrupting pesticide degradation via nanobioremediation,
focusing on food chain uses, mechanisms and/or human
health effects. The exclusion criteria were non-English
articles and conference abstracts.

3. Pesticides in the Food Chain, Sources
and Transfer to the Body

Pesticides, as the substances used to control pests, enter
the body through direct and indirect exposures [15].
Insecticides, herbicides, rodenticides and fungicides are
well-known pesticides that are routinely used. Others,
including disinfectants, attractants, plant defoliants,
swimming pool treatments and plant growth regulators, are
less well-known pesticides. Their Direct exposure causes
immediate health effects; however, indirect exposure
happens when pesticide residues remain on food, leach into
water supplies or accumulate in the environment, eventually
affecting human health through ingestion or contact. A
significant issue associated with pesticide use is
bioaccumulation where these chemicals are stored in the
body over time, especially when exposure is frequent and/or
prolonged [16]. Pesticides are persistent in the environment
and can magnify through the food chain, called
biomagnification. After using, these can be carried into
aquatic environments by runoff and/or transported to farms,
grazing areas and populated areas, endangering other
animals by wind [17]. Therefore, animal-based foods and
aquatic life contain pesticide residues, which can be harmful
to human safety [18]. Pesticides have entered the food
chain-chemicals from pesticides enter the groundwater or
streams, grass and other vegetation, herbivorous animals
and carnivorous and omnivorous animals such as humans
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[19]. Rainfall is one of the major factors for the dispersion
of the pesticide residues, which enter rivers, seas and oceans
[20]. Then, these bioaccumulate into the fish by direct or
indirect routes through contaminated abiotic media and
ingested prey, respectively. Accumulation of pesticides in
organisms at lower trophic levels transfers them to other
trophic levels consumed by organisms at higher levels,
leading to higher concentrations at each step [21].

Pesticides can directly or indirectly be ingested through
foods, as well as being used in residential, agricultural and
work settings. Pesticides are detected in everyday products,
food packaging and agricultural residues. Furthermore,
pesticides are used in golf courses, major thoroughfares and
other locations, where, the public may be exposed to them.
Pesticides are mostly exposed to humans through the food
chain, air, water, soil, plants and animals. Although the
bloodstream carries pesticides throughout the body.
Additionally, they can be expelled by the urine, skin and air
that is breathed [22]. Pesticides can enter the human body
through four major routes of cutaneous, oral, ocular and
respiratory systems. Depending on the route of exposure,
dermal, oral, or respiratory, pesticide toxicity can differ
(inhalation) [23]. Populations are at risk based on race, sex,
age and life cycle. The dose and duration of exposure are
factors on outcomes. Developmental duration is further
critical, including the perinatal period. Table 1 provides a
summary of essential pesticide categories with examples
and associated endocrine/metabolic disorders, emphasizing
their potential for disruption.

4. Pesticides and Endocrine Disorders

The endocrine system regulates essential human
functions including growth, metabolism, reproduction and

stress response through precise hormone signaling from
glands (thyroid, gonads, adrenals and pituitary). Disruption
by pesticides leads to profound health consequences,
including reproductive disorders (infertility and early
puberty), metabolic diseases (diabetes and obesity), thyroid
dysfunction  (hypothyroidism),  neurological  issues
(attention deficit hyperactivity disorder and Parkinson's
disease) and cancers that affecting global annual costs in
healthcare and lost productivity. Epidemiological studies
link pesticide exposure to increased risks of diabetes,
obesity, thyroid diseases and reproductive impairments
(Figure 1). Key pesticides, including organophosphates,
organochlorines, carbamates, pyrethroids, triazoles and
fluorinated pesticides, have been associated with thyroid
dysfunction, reproductive issues, obesity and cancers. These
compounds interfere with hormone signaling pathways.
Common classes include organochlorines [e.g., dichloro-
diphenyl-trichloroethane  (DDT) and  endosulfan],
organophosphates  (e.g.,  chlorpyrifos), carbamates,
pyrethroids and herbicides such as atrazine and glyphosate.
Fluorinated pesticides such as fipronil have been shown as
a broad EDC within organisms. Legal pesticides such as
DDT persist in the environment and bioaccumulate.
Mancozeb carbamate and chlorothalonil, organochlorine,
are the highest concerning fungicides that show deleterious
effects on the reproductive systems. Dieldrin,
organochlorine and DDT are banned insecticides with
disrupting effects on male and female fertilities, which are
environmentally persistent. A widely used herbicide is
glyphosate organophosphonate, whose safety is under
debate [35].

Table 1. The list of key pesticide classes, examples and linked endocrine/metabolic disorders.

Pesticide Class Pesticide Examples Pesticide Type Associated Disorders & Effects

Organochlorines DDT Insecticide Thyroid dysfunction, Reproductive issues (infertility, early
Endosulfan Insecticide puberty), Estrogenic effects, Reproductive effects. [24-26]
Methoxychlor Insecticide
Chlorothalonil Fungicide

Organophosphates Chlorpyrifos Insecticide Thyroid dysfunction, Metabolic diseases (diabetes,
Glyphosate Herbicide obesity), Hormone synthesis disruption. [27, 28]

Carbamates Mancozeb Fungicide Reproductive disorders, Thyroid hormone inhibition,

Maneb Thyroid hormone blockade. [24, 29]

Pyrethroids Cyhalothrin Insecticide Thyroid hormone synthesis inhibition. [30]

Triazines Atrazine Herbicide Sex hormone imbalance (aromatase induction androgen
receptor blockade). [31]

Dicarboximides Vinclozolin Fungicide Reproductive issues. [32]

Phenylpyrazoles Fipronil Insecticide Broad endocrine disruption, Thyroid dysfunction. [33]

Benzanilides Flutolanil Fungicide Estrogen-responsive gene changes.[34]
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Figure 1. Pesticide exposure and increased risks of endocrine system-linked diseases.
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4.1 Mechanisms of Action
Suggested mechanisms of action:

i) Sex-hormone linked disorders through receptor binding
and activation/antagonism effects: Several pesticides bind
to hormone receptors, acting as agonists or antagonists. For
example, organochlorines such as methoxychlor bind to
estrogen receptor o/f (ERa and B), exerting estrogenic
effects. Flutolanil changes the gene expression of estrogen-
responsive genes. Atrazine induces aromatase, converting
androgens to estrogens and disrupting sex hormone
balance. The endosulfan causes estrogen-disrupting effects
on the breast cancer cells. Some pesticides block the
androgen receptors such as fungicide of vinclozolin [36]. ii)
Hormone Synthesis and Metabolism Inhibition: Pesticides
can inhibit enzymes involved in hormone production.
Thyroid hormone synthesis is blocked by compounds such
as amitrole, cyhalothrin, fipronil, ioxynil, maneb and
mancozeb, leading to hypothyroidism. Endosulfan disrupts
the ecdysteroidal system in invertebrates, affecting molting
and development [37]. iii) Transport and Clearance
Disruption: pesticides interfere with hormone-binding
proteins and metabolic enzymes, altering hormone
availability. For example, some pesticides inhibit
cytochrome P450 enzymes, prolonging hormone action;
although these changes are linked to the host
polymorphisms [38, 39]. iv) Epigenetic and Non-genomic
Effects: Pesticides may cause epigenetic changes such as
DNA methylation and histone modification, affecting gene
expression linked to endocrine function. The DNA
methylation can inhibit detoxification genes and activate
pathways associated with resistance, whereas histone
changes dynamically modify chromatin to regulate genes
responsive to stress. Non-genomic pathways involve rapid
signaling through membrane receptors. Some pesticides
interact with nuclear receptors such as peroxisome
proliferator-activated receptors (PPARs) and retinoid X
receptors (RXRs), which play roles in metabolic regulation
[40]. These mechanisms often lead to oxidative stress,
neurotransmitter interference and enzyme dysregulation,
exacerbating endocrine imbalances.

5. Conventional approaches to
decreasing pesticides from food and
their limitations

Conventional methods of pesticide residue removal from
food are washing, soaking, peeling, blanching, oven drying,
boiling, frying, cooking and canning. These methods have
deficiencies such as not demonstrating unequivocal
efficacy, loss of minerals such as vitamins and rendering
pesticides less reliable as standalone tools for consumers
particularly vulnerable groups such as children, pregnant
women and the elderly people. Moreover, their performance

varies based on produce characteristics, pesticide
mechanism and treatment duration, often achieving only
partial surface-level removal while failing against systemic
pesticides where deeply embedded residues persist [41-43].

In recent years, innovative approaches have gained
further attention for modifying pesticide residues in food
products. A variety of novel techniques for removing
pesticides such as ultrasound, ozone, lye peeling,
electrolyzed water, non-thermal plasma (NTP) and cold
plasma have been described in Figure 2 [41-44] . These
innovative methods include disadvantages such as high
costs for setup/maintenance, infeasibility for small-scale
operations, resistance to some pesticides and energy-
intensive processes. To overcome these restrictions, hybrid
strategies have been used [42].

6. Fundamentals of Bioremediation and
Nanotechnology in Pesticide Remedia-
tion

Bioremediation represents an ecofriendly cost-effective
strategy for degrading hazardous pesticide contaminants to
safe levels within a variety of environments by harnessing
microbial metabolic pathways, offering a superior
alternative to physicochemical approaches due to lower
capital costs, sustainability, minimal disruption and
decreased secondary pollution [45, 46]. This process
operates via bioaugmentation (inoculation of inactive oil-
degrading bacteria) and bio-stimulation (growth of native
microorganisms), where microorganisms such as bacteria
(e.g., Alcaligenes, Pseudomonas and Bacillus spp.), fungi
(e.g., Phanerochaete and Trametes effective against lindane,
atrazine and DDT) and algae (e.g., Spirulina and Chlorella
via bioaccumulation and adsorption) uptake pesticides
through passive diffusion and/or active transport, using
enzymes such as hydrolases (ester bond hydrolysis),
oxidoreductases (electron transfer) and transferases
(functional group relocation) to metabolize the chemicals as
carbon/energy sources or convert them into less toxic
intermediates, ultimately yielding CO,, inorganic ions and
water [45, 47]. Despite being a sustainable method,
bioremediation has certain shortcomings [47].

Using nanomaterials to  surpass conventional
bioremediation limits, nanotechnology as an innovation
technology enables effective, affordable environmental-
friendly  pollutant elimination through improved
degradation processes. It is used in a variety of fields,
including biodegradation, cosmetics, medicine, food
production and agriculture [47]. Nanotechnology, involving
materials sized 1-100 nm whose characteristics are
profoundly affected by size, shape and geometry, has
emerged as a transformative tool for pesticide remediation
[45, 46].
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Electrochemically Activated Water
(Electrolyzed water)

Capable of inactivating a wide spectrum of germs,
highly effective, wuseful in reducing pesticide
residue, no effect on product quality

Poor efficacy for water-insoluble pesticides, limited
penetration into produce surfaces, degradation
dependent on chlorine species, residual chlorine,
equipment corrosion

Ultrasonication

No hazardous by-products, very effective,
environmental friendliness, synergistic potential
when combined with other techniques

Degradation of bioactive compounds, adverse effects O
on sensory and nutritional characteristics, reduces
accessibility for widespread use

High efficacy. eco-friendly, effective against diverse
pesticides, no chemical traces or byproducts, cost-effective,
commercially available o
Alter the food’s appearance, texture, and taste, degrade
other beneficial organic compounds

Innovative
approaches for
pesticide residues
removal in food
products

Non-thermal (Cold) Plasma,
Plasma-activated Water

Enhanced oxidation potential; gentle handling of sensitive produce
0 without harm; production of fewer toxic, readily biodegradable
byproducts; eco-friendly; and reduced heat-induced changes to
nutrient profiles
. Constraints on efficacy: substantial capital investment; challenges
in process upscale; reduced plasma depth; reliance on plasma
setup; adverse effects on nuiritional, sensory, and organoleptic
attributes

Photocatalytic degradation J

High efficacy in residue removal, quality preservation
potential, eco-friendly, cost-effective

Nutrient and Quality Loss (under UV light), Byproduct
Formation, Scalability Challenges

Lye peeling

6.

Relatively low efficiency, no safety, nutrient loss,
adverse effect on environmental

Figure 2. Advanced techniques to remove pesticide residues from foods and advantages/disadvantages of these techniques.

Key tools include photocatalysts such as metal dioxide
semiconductors that generate electron-hole pairs to oxidize
organic pollutants into less harmful compounds under
specific wavelengths; nanofilters leveraging high-surface-
area materials such as metal oxides, graphene oxide and
carbon nanotubes to trap pesticides via physical and
chemical interactions often functionalized for selectivity;
nanocomposites, combining nanoparticles with polymer or
oxide matrices for superior adsorption and catalytic
capabilities, reinforced with nanofillers to boost optical,
magnetic and mechanical traits while trapping contaminants
in tiny pores; and nanobiocomposites, integrating
biopolymers such as chitosan or cellulose with
nanomaterials such as graphene oxide or iron nanoparticles
to immobilize degrading enzymes or microbes, offering
sustainable biocompatible cleanup with improved stability
and reactivity, as illustrated in sequential mechanisms
leading to pollutant-free environments [45].

7. Nanobioremediation: Emerging
Hybrid Approach

Nanobioremediation, an innovative technique, is
popularizing as it integrates nanoparticles with
microorganisms to enhance the efficacy of the
decomposition of pesticides. This approach uses
nanotechnology to remove environmental pollutants from
contaminated sites, using nanoparticles derived from
prokaryotes (e.g., Gram-negative bacteria and actinobac-

teria) as well as eukaryotes (e.g., fungi, algae and plants)
[48]. This strategy is an economic eco-friendly treatment
method with minimal side effects [46]. Integrating
nanotechnology with bioremediation can boost the overall
efficiency, speed and eco-friendliness of the cleanup
process; thereby, amplifying its overall advantages [49].

7.1. Principals and Mechanisms of Nanobioremediation

It is reported that using a technology for the remediation
of contaminants such as pesticides may not be the most
appropriate choice for selection. Therefore, it is essential to
combine uses of multiple technologies to overcome the
issues linked to the use of a method. Nanotechnology is a
field of science that focuses on synthesized particles, which
are very small (1-100 nm). Over the past few years,
nanotechnology has been used in several areas such as
environmental contaminants remediation. The integration of
nanotechnology with the bioremediation process is
currently known as nanobioremediation. Nanobioremedi-
ation aims to clean the environment by increasing the speed
of bioremediation with nanoparticles [12]. Degradation of
contaminants using catalysts as nanoparticles is the basic
concept of nanobioremediation. Nanoparticle small size
allows it to interact further deeply and include a larger
surface area per unit mass, which allows it to contact the
environment further frequently [50]. Nanobioremediation is
a method that uses physicochemical and biological
techniques (e.g., living organisms) and currently the subject
of extensive research at various contaminated locations.
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Nanomaterials are used in the nanobioremediation
technique first to decrease contaminants to a level that is
conducive to biodegradation, which subsequently facilitates
the biodegradation of these contaminants. In some cases, the
interaction between nanoparticles and biotic components
led to biocidal effects and was demonstrated harmful to
organisms involved in bioremediation [51]. Therefore, the
nanobioremediation process requires an assessment of the
interaction between nanoparticles and biotic components.
The effectiveness of hanobioremediation can be affected by
various parameters such as size, shape and chemical
composition of the nanoparticles and physiological
characteristics of the organism as well as pH and
temperature of the soil and type of the contaminant.
Generally, nanobioremediation consists of a two-phase
process. Initially, nanoparticles decompose contaminants to
a level that is appropriate for bioremediation and then
pollutants undergo biodegradation [50].

Pesticides can effectively be adsorbed, catalyzed and
transported to sites of microbial and enzymatic
degradations, owing to their high surface area to volume
ratio, enhanced reactivity and altered surface structures such
as those in nanocomposites or nanoparticles. In contrast,
microorganisms and enzymes possess the metabolic ability
to detect, recognize, metabolize and absorb pesticide
molecules, decomposing them into simpler less harmful
compounds. The integration of nanomaterials with

Table 2. The two sub-groups of nanobioremediation and nanopart

microbial consortia or enzymes enhances the rate of
pesticide degradation, increases the accessibility of
substrates and offers protection against environmental
stressors and inhibitory elements. Therefore, physical,
chemical and biological processes are combined in
bioremediation/nanobioremediation mechanisms to
effectively decrease pesticide pollution in the environment
through synergistic actions [45].

Two sub-groups of nanobioremediation are reported,
including nanophytoremediation of nanoparticles with i)
phytoremediation and ii) microbial nanoremediation (Table
2) [52]. Nanophytoremediation is a technique used for the
remediation of contaminants via synthesized nanoparticles
derived from plants such as nano-zero valent iron (nZVI)
and nanohydroxyapatite to boost plant ability to uptake or
degrade pesticides such as chlorpyrifos and atrazine. Plants
serve as natural detoxifiers for the soil as they can absorb
various types of compounds and detoxify them. However,
phytoremediation include certain limitations, including
slow remediation process and generation of plant waste.
Nanophytoremediation has verified effective for a diverse
array of soil contaminants, including heavy metals and
organic compounds. Use of nanoparticles has facilitated the
absorption of these pollutants by plants while
simultaneously enhancing their ability to withstand stress
[53, 54].

icles in nanobioremediation.

Nano-bioremediation (nanoparticles + living organisms)

1) Microbial nano-bioremediation Orga

nisms:
Gram-negative bacteria

Actinobacteria

Fungi

Algae
Mechanisms:

Biostimulation
Biotransformation

Adsorption, Absorption and Photocatalyst

2) Nano-phytoremediation Orga

nisms:
Plants

Mechanisms:

Tech

Chemical additive

Apoplastic and symplastic transport
Genetic engineering

niques:

Phytoextraction

Rhizofiltration

Phytovolatilization
Phytostabilization

Nanomaterials in bioremediation

Engineering polymers NPs
Enzyme-based NPs
Photocatalytic NPs
Dendrimers

Nanofibers

Carbon nanomaterials

NPs: Nanoparticles
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Microbial nanobioremediation involves the use of
nanoparticles with soil microbes to enhance biodegradation
processes. Microorganisms can take up metal ions and
reduce them. In this process, the metal ions are converted
into nanoparticles. Combination of microbial enzymes and
metals produces advantageous nanoparticles  for
nanobioremediation [55]. Microbial nanobioremediation
consists of a two-phase process, incorporating abiotic and
biotic mechanisms. During the initial phase, nanoparticles
are introduced into the system, where pollutant particles
undergo various processes such as adsorption, absorption,
dissolution and photocatalysis [56]. The other phase
involves several biotic processes, including biostimulation
and biotransformation, which facilitate the removal of these
particles from the system [57]. The second phase, known as
the biotic phase, is critical for the effective bioremediation
of pollutants. Nanobioremediation of pesticides using
biological-system immobilized nanoparticles is shown in
Figure 3. The process of nanoparticle biosynthesis can occur
through one of two primary methods of bottom-up and top-
down syntheses. The top-down approach is a traditional
method that begins with bulk materials and decreases them
to nanoparticle size through slicing or cutting. Techniques
such as grinding/milling, chemical etching, -electro-
explosion and laser ablation are commonly used in this
process. In contrast, the bottom-up approach involves
assembling nanoparticles atom-by-atom or molecule-by-
molecule to attain desired characteristics. This includes
sedimentation and reduction techniques such as spinning,
template-supported synthesis, laser pyrolysis, biochemical
synthesis and biological synthesis [58]. The production of
nanoparticles through biological means can be achieved
using biosorption or bioreduction method [58].

In  microbial-derived nanoparticles, microbes with
multiple mechanisms are used for nanoparticle production.
Biogenic synthesis represents a green method that promotes

m Nano-bioremediation

Biological
system

Biological system
- Nanoparticle
‘ Pesticide

>

an eco-friendly environment. Various biological agents
facilitate the synthesis of biogenic nanomaterials,
interacting differently with metal solutions via intracellular
or extracellular process [59]. From the nanoparticles derived
microbes, these can be highlighted: iron oxide from
Aspergillus tubingensis [60] and copper from Escherichia
spp. [61] .
7.2. Advantages of Nanobioremediation

Nanomaterials show distinctive physical and chemical
characteristics, which is why they have significantly been
interested by the scientists and researchers in various fields
of environmental sciences, particularly in the field of
pesticide bioremediation [62]. Therefore, nanomaterials can
be used for bioremediation, resulting in a decreased toxic
effect on microorganisms while simultaneously enhancing
the microbial activity associated with specific wastes and
toxic substances. This approach leads to decreases in time
and costs of the process [62]. Nanobioremediation
represents a synergistic  technique that merges
bioremediation with nanotechnology; thereby, offering
numerous benefits. By combining the metabolic capabilities
of living organisms with the catalytic characteristics of
nanomaterials, these substances enhance the rate; at which,
pesticides are broken down. The synergistic effects facilitate
pesticide degradation and their efficiency can further be
increased using nanomaterials as carriers or immobilization
matrices for microbial cells and enzymes [13]. Using the
distinct characteristics of nanoparticles, including their high
surface area-to-volume ratio and reactivity with the catalytic
capabilities of microbial enzymes, nanobioremediation
presents itself as an extraordinarily efficient precise method
for breaking down pesticides into non-toxic byproducts
[63].

&
.l

Degraded products
(non-toxic)

Figure 3. Nanobioremediation of pesticides (as EDCs) using biological system immobilized nanoparticles. EDCs, Endocrine disrupting

chemicals.
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The capacity for pesticide remediation is enhanced
through nanobioremediation, as it specifically targets
certain pesticides while leaving non-target substances
unaffected; thereby, decreasing the risk of unintended harms
to the beneficial organisms within the ecosystem.
Additionally, it diminishes the likelihood of further
pesticide bioaccumulation by breaking it down into non-
toxic chemicals, resulting in a fewer residues that could lead
to further contaminations [45, 64]. Use of natural
components derived from biological processes decreases
energy use; thereby, decreasing environmental effect and
resource consumption. In-situ nanobioremediation treats
pesticide-contaminated sites on location, eliminating the
need of evacuation or material transport, which minimizes
ecosystem disruption and decreases costs, compared to ex-
situ methods. In summary, these benefits highlight
nanobioremediation as a practical cost-effective strategy for
effective pesticide cleanup [63, 64].

8. Use of Nanobioremediation in
Decreasing Endocrine-disrupting
Pesticides (Studies in This Field)

The excessive use of pesticides to enhance crop yields
and maintain food production is leading to numerous
significant environmental and human health problems such
as disorders linked to the endocrine system through
affecting the food chain. The effective administration of
pesticide use and remediation of the pesticide-contaminated
food chain represent one of the most critical challenges. The
efficiency of current methods for the biodegradation of
pesticides using diverse microbes and enzymes is limited.
Therefore, a novel approach is urgently needed to protect
food production from significant health threats. The use of
nanomaterials has become further popular in recent years
due to their distinctive characteristics of decreasing sizes
and increasing surface areas. Nanotechnology is addressed
as a promising effective technology in various
bioremediation processes, using nanomaterials that
demonstrate high performance to enhance environmental
technologies and offering numerous significant advantages
[13]. Approximately 40% of the pesticides are transformed
into various products, which can persist in the soil for
extended durations, potentially lasting up to ten years [65].
These transformed products can leach into groundwater,
leading to contamination [66]. Residues of pesticides that
enter the food chain can include detrimental effects on
human health by effecting various organs; for example, they
can disrupt the endocrine system, including the thyroid
gland. Huang et al. (2017) have reported that
anticholinesterase pesticide poisoning is associated with
increased risk for hypothyroidism issue [67].

Hence, researchers have developed various advanced
nanobiomaterials, including a biocatalyst that degrades the
widely used pesticide of ethyl-paraoxon. This is achieved by
functionalizing a magnetic membrane with phosphorhydro-
lase. They have fused the Opd gene from Flavobacterium
ATCC 27551 into the mamC protein within the
magnetosome membrane. When compared to the purified
enzymes, the catalytic characteristics revealed Km and Kcal
values of 58 uM and 178 s* for the immobilized Opd and
43 uM and 314 s for the purified enzyme [68].

An investigation carried out by Salam and Das assessed
the efficacy of an integrated bionanohybrid system that used
nanoscale zinc oxide with the lindane-degrading yeast
Candida VITJzNO4. The nanoparticles were incorporated
into yeast cells and successfully transported into the cell
cytoplasm without causing harmful effects. The degradation
of lindane was assessed, revealing that the nanobiohybrid
showed greater efficacy than that the native yeasts did,
achieving complete removal within a span of 3 d. This
suggested the potential use of nZNO-mediated
dichlorination with the innovative bionanohybrid system for
the treatment of lindane-polluted wastewater [69]. In a study
by Zubaidi et al., biogenic zinc oxide (ZnO) nanoparticles
achieved 40% remediation efficiency against the
chlorpyrifos pesticide after 7 d of treatment with 82.46%
degradation observed by Day 8 of incubation [70]. Chen et
al. hybridized a phosphotriesterase (PTE) with copper ions
to form a Cu-PTE hybrid nanoflower, showing high
catalytic activity and efficiency in biodegrading
organophosphorus pesticides [71]. Nozhat et al. investigated
the elimination of diazinon and butachlor from aqueous
solutions using TiO, and ZnO nanophotocatalysts. The
results showed that ZnO nanoparticles demonstrated higher
efficiency in degrading butachlor, whereas TiO,
nanoparticles performed better against diazinon [72].
Recently, Li and colleagues developed a novel
nanocomposite for multi-pesticide bioremediation by
encapsulating hydrolase enzymes in magnetic zeolitic
imidazolate frameworks-8 (mZIF-8). The material achieved
effective degradation of chlorpyrifos and quizalofop-P-
ethyl, demonstrating high efficiency and cost-effectiveness
[73].

Computational toxicology is a rapidly increasing field
using artificial intelligence (Al) or machine learning as the
cost-effective tools to predict the toxicity potential of
chemicals and substances [63]. The quantitative structure-
activity relationship (QSAR) models, high-throughput
screening assays, machine-learning algorithms, deep
learning and toxicogenomics are examples of the
computational toxicology [74-76]. These novel tools can
predict bioaccumulation of contaminants in the environment
and biological systems as well as human hazardous effects
to create management decisions [77]. The QSAR models are
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commonly used to establish the relationship between
chemical structures and their aquatic toxicity. The random
forest, artificial neural networks, support vector machines,
Bayesian networks, k-nearest neighbor, probabilistic neural
networks, naive Bayes and decision trees are the most used
QSAR models. However, deep learning methods such as
convolutional neural networks and recurrent neural
networks are used to improve the accuracy of the
predictions. Moreover, data mining graphs, networks and
graph kernels are used to extract relevant characteristics
from chemical structures and improve predictive
capabilities [78].

9. Future Perspectives and Research

Directions

Nowadays, the rapid release of pollutants such as
pesticides can pose a serious risk to human health.
Therefore, it is essential to develop efficient methods to
remove these chemicals from various environments. To
overcome the limitations and disadvantages of conventional
methods, novel approaches with high operational potentials
for maximum removal of various pollutants are needed.
Nanoscale technology is one of the most advanced fields.
The economic effect of nanotechnology research projects
has been created due to the advances in this field. The
integration of nanomaterials and microorganisms can form
a synergistic platform for removing pesticides from the food
chain. Nanobioremediation provides an efficient, cost-
effective eco-friendly approach for pesticide degradation
and surpasses conventional methods in several ways.
However, further detailed studies are needed to identify
pesticide metabolites and degradation products in the food
chain. In addition, assessment of the long-term effects and
safety implications of nanomaterials should be pursued.

While nanotechnology offers significant advantages for
eliminating or decreasing pesticide residues, it carries
environmental implications and associated challenges,
compared to conventional approaches. For example,
nanoparticles in soil alter pH, a key factor affecting nutrient
availability, microbial dynamics, overall soil health and
plant growth [79]. Moreover, scaling up nanoparticle
biosynthesis and enhancing use efficacy requires the
development of novel techniques. Researchers are
developing  innovative  approaches to translate
nanobioremediation from theoretical concepts to practical
uses. Future studies should prioritize enzyme-based
nanobioremediation, which enables targeted pesticide
degradation while preserving surrounding ecological
processes. For the enzyme stability, it is essential to identify
inert material nanoparticles that enhance speed of the
process and are stable through the remediation without
posing any environmental risks. While this presents a

significant challenge, the interdisciplinary aspect of
nanobioremediation offers extensive opportunities for real-
time use [45].

10. Ethical Implications and Biosafety
of Nanomaterials

Ethical considerations in nanotechnology are rooted in
the principles of beneficence, non-maleficence, justice and
autonomy. The nanomaterial development should aim to
benefit society and emphasize the need to minimize
potential harms. Equal distribution of the benefits and risks
associated with nanomaterials and avoidance of
disproportionate burdens on vulnerable populations are
other characteristics of nanomaterials. Informed consent and
public participation in decisions must be highlighted in the
use of nanotechnology. Toxicological effects of
nanoparticles must be studied on health and environmental
concerns with transparency.

11. Conclusion

Pesticide pollution, particularly from EDCs, poses
persistent threats to human health and ecosystems through
food chain bioaccumulation. This review uniquely provided
nanobioremediation emerging roles in EDC remediation,
spotlighting novel hybrid strategies such as microbial
nanobioremediation with ZnO nanoparticles and magnetic
ZIF-8 encapsulating hydrolases for multi-pesticide
breakdown that surpass conventional methods. The novelty
of this study included the explanation of synergistic two-
phase mechanisms (initial nanoparticle pre-degradation
followed by biotic transformation) specifically designed for
persistent pesticides such as atrazine and fipronil,
incorporating biogenic synthesis (e.g., fungal iron oxide
nanoparticles) with uses tailored to the food chain,
infrequently addressed in previous studies. These methods
present environmentally friendly scalable alternatives that
moderate endocrine risks such as hypothyroidism and
reproductive disorders. Further initiatives should focus on
the genetic engineering of microbial ‘nanofactories,'
optimization driven by omics and field trials to confirm
long-term safety; thereby, facilitating industrial-scale EDC
modification.
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