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Nanobioremediation technologies for
environmental cleanup: principles, current
advances and applications
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Abstract. Nanobioremediation is an emerging, eco-friendly
technology that integrates nanotechnology with biological processes
to enhance the cleanup of contaminated environments. By combining
doctored nanomaterials with microbes, plants and enzymes, this
strategy profoundly elevates degradation, transformation, or
immobilization of pollutants that includes heavy metals, hydrocarbons,
dyes, pesticides and various industrial wastes. Nanomaterials such as
metal nanoparticles, nano-enzymes, and carbon-based nanostructures
increase pollutant bioavailability, accelerate redox reactions and
strengthen microbial metabolic activity, thereby enabling faster and
more efficient remediation. Additionally, biologically synthesized
nanoparticles offer reduced toxicity and better environmental
compatibility compared to chemically produced alternatives. Key
advancements include the use of nano-bio hybrids for targeted
contaminant removal and nano-enabled biosensors that provide real-
time monitoring of remediation progress. Despite its great promise,
challenges such as nanoparticle toxicity, environmental persistence,
high production costs and regulatory uncertainties must be addressed
before large-scale deployment. Research focused on biodegradable
nanomaterials, risk assessment frameworks and the optimization of
nano-bio interactions will be essential for safe application. Overall,
nanobioremediation provides a sustainable and highly effective
strategy for environmental cleanup, with potential to transform
conventional remediation practices in soil, water, and industrial
ecosystems.

“Corresponding Author: ruchira.mukherjee@iem.edu.in

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 370, 01026 (2026) https://doi.org/10.1051/epjcont/202637001026
IEMPHYS-26

A% @

A N

Bacteria « Improved microbial metabolic

activity

- Production  of  enzymes by
" o = icroe isms
Stimulation of Microbes D
- Formation of biosurfactants by

microbes

Fungi

————p " Nanoremediation of toxic

chemicals
Direct Application

Biosynthesis of Nanoparticles

b
£
i
g
Z
s
g.
=
2
E
é

Microbial

Toxic Chemicals  sessssssnns [ S "“""'°“‘°d"""" _______ ol

Plants

1. Introduction

1.1 Background and Motivation

Rapid and uncontrolled industrialization over the past century has resulted in the widespread
release of persistent pollutants into both terrestrial and aquatic ecosystems. Through intense
agriculture, unsupported mining methods and improper waste disposal, a broad spectrum of
contaminants are released into the biosphere. They can include pollutants like heavy metals,
chlorinated solvents, polycyclic aromatic hydrocarbons (PAHs), synthetic dyes, chemical
fertilizers and pesticides. They have a devastating effect. They can disrupt biogeochemical
cycles like the water cycle, destroy soil fertility and cause acute and chronic risks to human
health [1,2]. Implementation of remediation strategies are often found to be energy-intensive,
exorbitant and in the process generate secondary wastes which jeopardizes the overall
environmental management [6,16]. Thus, in conclusion, remediation techniques that are to
be adopted should be both effective and sustainable.

A promising class of functional agents have evolved in environmental science, namely the
nanomaterials. They have distinct physicochemical characteristics, including high surface
area-to-volume ratios (typically 10-1000 m*g for porous nanomaterials), tunable surface
chemistry and enhanced redox reactivity. These properties make them more advantageous
than the conventional materials used for remediation [17,18]. However, if these materials can
be coupled with the biological agents such as microorganisms, plants and enzymes, the
improvised nanobioremediation approach can be more specific and less harmful to the
environment. [7,8].
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This review categorically examines the principles, biological synthesis routes and the
environmental implications of nanobioremediation. In doing so, it identifies key knowledge
gaps and bridges them for sustainable environmental management. Hence, a comparative
analysis of its performance and a critical appraisal of the current limitations will provide a
groundbreaking methodology that can be universally followed.

1.2 Scope and Novelty

Recent reviews have projected nanomaterials as an alternative to conventional chemicals in
environmental remediation [6,16,42], yet most do not provide a unified, comparative
assessment of the full technology spectrum. This technology spectrum ranges from its
synthesis to sustainable field applications, alongside a precise identification of the knowledge
gaps. The present work differentiates itself by: (i) correcting common conceptual
inaccuracies in the synthesis classification literature; (ii) integrating comparative
performance tables that allow direct evaluation across technology classes; (iii) explicitly
mapping the current state of knowledge against identified gaps and (iv) incorporating recent
high-impact studies (2022-2026) that substantially advance mechanistic understanding of
nano-bio interactions [8,28,38].

2. Nanomaterials: the way ahead

2.1 Defining Characteristics

Nano-sized particles exist in nature and can be created from a variety of products, such as
carbon or minerals like silver, but nanomaterials by definition must have at least one
dimension that is less than approximately 100 nanometers. Most nanoscale materials are too
small to be seen with the naked eye and even with conventional lab microscopes [6]. Their
inherent properties include improved catalytic activity, unique optical absorption and
enriched interaction with biological systems. This, in turn, leads to high surface reactivity,
selective adsorption and photocatalytic degradation, which are the desirable outcomes.

The dimensional classification of nanomaterials provides a useful structural framework.
Zero-dimensional materials, two-dimensional materials and three-dimensional assemblies all
exhibit hierarchical porosity, thus making them effective as sorbents and catalytic scaffolds
[6]. The particle size, shape, surface charges and composition of the functional group all
determine the performance of the nanomaterials. Modifications can be done to customize
both selectivity and biocompatibility. One observation is that all these enhancements are
under laboratory conditions; the real challenge will be faced when they are applied to field
matrices [34].

2.2 Classification by Dimensionality and Composition

Beyond dimensional classification, nanomaterials relevant to nanobioremediation can be
categorized by composition:

*  Metal and metal oxide nanoparticles: include nano zero-valent iron (nZVI), silver
(Ag), gold (Au), zinc oxide (ZnO), titanium dioxide (TiO2), and iron oxides
(Fe203, Fe304). These are extensively studied for both catalytic and adsorptive
remediation.
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*  Carbon-based nanomaterials include single-walled and multi-walled carbon
nanotubes (SWCNTs, MWCNTs), graphene oxide (GO) and fullerenes. These
exhibit exceptionally high surface areas and have been used for organic pollutant
sorption and as electron-transfer scaffolds in nano-bio hybrid systems.

*  Polymeric nanomaterials include dendrimers and polymer nanocomposites.
Poly(amidoamine) (PAMAM) dendrimers are particularly noted for their branched
architecture and amine-rich surfaces, which facilitate heavy metal complexation and
ultrafiltration.

* Biological and hybrid nanomaterials include nano-enzymes (e.g., laccase-
conjugated nanoparticles), biogenic nanoparticles synthesized via microbial or
plant-mediated routes and nano-bio hybrid systems combining nanoparticles with
living cells.

3. Nanoparticle Synthesis: Approaches and Classification

3.1 Top-Down versus Bottom-Up Approaches

Nanofabrication approach is controlled by the direction of the synthesis process, the top-
down approach or the bottom-up approach. As in the top-down approach, physical and
mechanical processes such as ball milling, laser ablation, lithography and plasma etching
convert bulk materials to materials of nano origin. Though these methodologies can control
particle size and morphology, they have several disadvantages. Often, they require high
energy inputs and the reagents which are used are bioincompatible. On the other hand, in the
bottom-up approach, processes including chemical reduction, sol-gel synthesis, hydrothermal
crystallization and biological reduction helps in the assembly of the nano scale structures
from the preceding molecules. In comparison, bottom-up approach is considered to have finer
controls over the surface chemistry and size distribution. In conclusion, it is more sustainable.

Characterization of synthesized nanomaterials typically involves a complementary suite of
techniques, including scanning electron microscopy (SEM), transmission electron
microscopy (TEM) for morphological analysis, X-ray diffraction (XRD) for crystallographic
characterization, Fourier-transform infrared spectroscopy (FTIR) for surface functional
group identification and dynamic light scattering (DLS) for hydrodynamic size and zeta
potential measurement [6,9].

3.2 Comparative Evaluation of Synthesis Methods

Table 1 provides a critical comparison of the principal synthesis approaches based on
categories like the process characteristics, their environmental compatibility and the quality
of the product. It has been found that the green synthesis methods are inherently favoured in
nanobioremediation due to environment friendly approaches.
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Table 1. Comparative evaluation of nanoparticle synthesis strategies

Criterion Physical/ Chemical Green Plant
Chemical (Bottom-up) (Biological) Mediated
(Top-down)
Size Control Moderate Good Moderate Good
Scalability High High Moderate Moderate
Toxicity of High High Low Very Low
Process
Cost High Moderate Low—Moderate Low
Stability of NPs | Good Good Variable Good
Environmental Low Low High Very High
Safety
Functional Limited Moderate High High
Group Diversity (biomolecule-
capped)

3.3 Nanoparticle Synthesis Using Microorganisms

3.3.1 Bacteria

Bacteria can act as natural “nanofactories,” thereby reducing metal ions into eco-friendly
and stable synthesizing nanoparticles through their metabolic processes which can be
either intracellular or extracellular. They are biocompatible, of low toxicity and highly
efficient in applications such as environmental remediation and antimicrobial treatments
[10]. The bacterial strains synthesizing silver nanoparticles metabolically have distinct
sizes and morphologies. Notable examples include Pseudomonas proteolytica,
Escherichia coli, Lactobacillus casei, Bacillus cereus, Aeromonas sp. SHIO,
Phaeocystis  antarctica, Bacillus  indicus, Bacillus cecembensis, Bacillus
amyloliquefaciens, Enterobacter cloacae, Geobacter spp., Arthrobacter gangotriensis,
Corynebacterium sp. SH09, and Shewanella oneidensis [11]. Similarly, there are
bacterial species which have been utilized for the biogenic production of gold
nanoparticles. Prominent examples include Bacillus megaterium D01, Bacillus subtilis
168, Desulfovibrio desulfuricans, E. coli DH5o, Shewanella alga, Plectonema
boryanum UTEX 485, and Rhodopseudomonas capsulate [12]. For example,
Shewanella oneidensis MR-1 reduces Cr(VI) to Cr(IIl) with significantly enhanced
efficiency when carbon nanotube scaffolds are incorporated (approximately 4-fold
increase in removal efficiency) [28]. Table 2 summarizes representative bacterial
species and the nanoparticles they produce.

Table 2. Bacterially synthesized nanoparticles and their primary applications

Bacterial Species Nanoparticle Produced Key Application
Shewanella oneidensis Pd nanoparticles Cr(VI) reduction in
wastewater
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Pseudomonas stutzeri Ag nanoparticles Antimicrobial,
environmental remediation

Klebsiella pneumoniae Au nanoparticles Biosensing and catalysis

Lactobacillus casei ZnO nanoparticles Photocatalytic dye
degradation

Bacillus licheniformis Ti02 nanoparticles Photocatalysis and water
treatment

Geobacter spp. Fe304 nanoparticles Magnetic-assisted
remediation

The particular affinity of these microorganisms for specific metals is totally controlled by
their respective electron transport chains, secreted reductases and metal-binding proteins.

3.3.2 Algae

Algae function as effective biological systems for generating nanoparticles, using their
metabolic and enzymatic pathways to convert metal ions into stable nanostructures—a
process widely documented across brown, red, blue-green and green algae. These algal-
synthesized nanoparticles are environmentally friendly, cost-efficient and sustainable. The
algal secondary metabolites act as reducing, capping and stabilizing agents during
nanoparticle formation [13]. Algal-derived nanoparticles are cost effective for scale up, do
not require sterile conditions and have demonstrated photocatalytic activity relevant to dye
degradation. Table 3 summarizes key examples.

Table 3. Algae-mediated nanoparticle synthesis and primary applications

Algal Species Nanoparticle Produced Key Application

Sargassum muticum Au nanoparticles Catalysis and heavy metal
sensing

Chlorella vulgaris Ag nanoparticles Antimicrobial and dye
degradation

Spirulina platensis Se nanoparticles Antioxidant and biomedical
uses

Ulva lactuca ZnO nanoparticles Photocatalysis

Turbinaria conoides CuO nanoparticles Water disinfection

3.3.3 Fungi

Fungi, both unicellular yeasts and multicellular filamentous species, act as effective
biological systems for green nanoparticle synthesis due to their strong enzymatic metal-
reducing abilities. In addition to this, they have large surface area owing to their hyphal
networks. Unicellular yeasts such as Candida and Cryptococcus produce nanoparticles
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intracellularly using cytosolic enzymes that convert metal ions into nanoscale forms. Candida
albicans and Pycnoporus sanguineus are particularly known for synthesizing gold
nanoparticles through its cytosolic extracts, demonstrating yeast efficiency in nanofabrication
[6]. Filamentous species including Aspergillus, Fusarium and Penicillium produce
nanoparticles abundantly through secreted enzymes. This facilitates large-scale production
of nanoparticles without any need for cell disruption. [20]. Table 4 summarizes fungal
nanoparticle synthesis.

Table 4. Fungal nanoparticle synthesis and key applications

Fungal Species Nanoparticle Produced Key Application

Fusarium oxysporum AgNPs, AuNPs Antimicrobial and catalytic
degradation

Aspergillus niger Ti02 nanoparticles Photocatalytic remediation

Penicillium chrysogenum ZnO nanoparticles Antifungal and

environmental use

Trichoderma asperellum Se nanoparticles Agricultural biocontrol

Saccharomyces cerevisiae AgNPs, AuNPs Drug delivery and
biosensing

Candida glabrata AgNPs, SeNPs Antimicrobial and

antioxidant applications

3.3.4 Plant-Mediated Synthesis

Plant-mediated synthesis utilizes phytochemical-rich extracts as green reducing agents to
convert metal salts into nanoparticles in an eco-friendly manner. These phytochemicals such
as phenolics, flavonoids, terpenoids, and alkaloids act as natural reducing, capping and
stabilizing agents during NP formation. They in the process eliminate the need for synthetic
surfactants or hazardous reducing agents such as sodium borohydride. Thus, plant metabolites
help to control the size of the nanoparticle, their morphology, stability and surface chemistry
through variation in physical parameters such as pH and temperature [14,9,16]. Recent studies
show that nanoparticles synthesized from plants such as Ocimum sanctum, Curcuma longa,
and Azadirachta indica exhibit improved photocatalytic and antibacterial activities. Plant-
derived nanoparticles have huge applications which include their role as nanofertilizers,
nanopesticides and nanosensors in pollutant degradation and water purification. Table 5
presents representative examples.

Table 5. Plant-mediated nanoparticle synthesis and primary applications

Plant Species Nanoparticle Produced Key Application
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Azadirachta indica (Neem)

ZnO nanoparticles

Antimicrobial and

phytoremediation
Camellia sinensis (Green Fe304 nanoparticles Magnetic heavy metal
tea) removal

Ocimum sanctum (Tulsi)

Pt nanoparticles

Catalysis and biomedical
uses

Aloe vera

Au nanoparticles

Drug delivery and
biosensing

Coriandrum sativum
(Coriander)

Ag nanoparticles

Antibacterial and water
treatment

Table 6 presents a consolidated comparative analysis of the advantages and limitations of
nanomaterials in environmental remediation, drawing on quantitative data where available.

Table 6. Comparative advantages and limitations of nanomaterials in environmental
remediation

Advantages

Disadvantages / Limitations

High surface area-to-volume ratio
increases reactivity

Dose-dependent cytotoxicity to microbial
communities

Tunable surface chemistry for selective
pollutant targeting

Risk of nanopollution through
environmental accumulation

Effective at low concentrations (e.g., <10
mg/L for nZVI)

High synthesis and scale-up costs

Versatile mechanisms: adsorption,
catalysis, redox reactions

Agglomeration reduces long-term
reactivity

Penetrates low-permeability zones
inaccessible to conventional methods

Difficult post-application recovery from
complex matrices

Synergistic with microbes and plants
(nano-bio hybrids)

Potential disruption of indigenous
microbial communities

Synergistic with microbes and plants
(nano-bio hybrids)

Potential disruption of indigenous
microbial communities

Reduced remediation time compared to
bioremediation alone

Regulatory frameworks remain
underdeveloped

Biogenic variants are biodegradable and
eco-compatible

Secondary transformation products may be
unpredictable

4. Environmental Remediation Technologies
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4.1 Comparative Technology Overview

Nanobioremediation technologies fall under different categories according to their primary
operational mechanism, i.e metal/metal oxide-based catalysis, membrane nanofiltration,
dendrimer-assisted ultrafiltration and sorption-based approaches. Hence, each technology
can be selected based on their distinct performance profiles, applicability domains and
limitations. Table 7 provides a cross-comparative evaluation of nanobioremediation against

conventional remediation approaches.

Table 7. Comparative performance evaluation: nanobioremediation versus conventional
remediation technologies

Parameter Conventional Chemical Nanoremedi | Nanobioremediati
Bioremediation | Remediation | ation on
Treatment Slow (weeks— Moderate Fast (hours— | Fast to moderate
Speed months) (days—weeks) | days)
Selectivity Low-moderate Variable High High (synergistic)
(tunable)
Environment | Minimal High (toxic Moderate Low (if biogenic
al Impact byproducts) (nanotoxicity | NPs)
)
Pollutant Organics, some | Broad Broad Broad (multi-
Range metals target)
Cost Low-moderate High High Moderate—high
Scalability High High Limited (lab- | Emerging (pilot
scale) scale)
Regulatory Well-established | Well- Limited Nascent
Maturity established
Knowledge Recalcitrant Secondary Long-term Nano-bio
Gaps compound limits | contaminatio | fate unclear interaction data
n sparse

This abovementioned comparative framework emphasizes the key knowledge gaps. It has
been observed that though nanoremediation experiments are well performed in the
laboratory, the field experiments are not so effective. For most technology variants, many
factors such as the transport of nanoparticles through heterogeneous soils, their absorption
and fate of the complexes with the pollutant remains undecided [34].

4.2 Metal and Metal Oxide Nanoparticles

The most broadly studied class of nanomaterials are the nano zero-valent iron (nZVI), zinc
oxide (Zn0O), titanium dioxide (TiO2) and palladium (Pd). The nano zero-valent iron (nZVI)
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system is identified by its strong reducing capacity (standard reduction potential E°® = -0.44
V for Fe?'/Fe®). It carries out reactions like abiotic reductive dechlorination of chlorinated
aliphatic hydrocarbons (CAHs) and simultaneous interactions with heavy metals such as
Cr(VI) and As(V) [17,18]. The reason for such high reactivity is the high specific surface
area of nZVI (typically 20-60 m?/g). Zinc oxide nanoparticles (§0—120 nm diameter) coated
with surface proteins and synthesized by the fungus Cylindrocladium floridanum
demonstrated effective photocatalytic degradation of methylene blue dye [20]. Thus, biogenic
metal nanoparticles work with utmost specificity and accuracy.

4.3 Nanofiltration via Membranes

In the process of nanofiltration, nanoscale membranes with pore size typically 0.5-2 nm or
nanofiber mats, are utilized to eliminate dissolved contaminants from polluted water. A high
level of exclusion can be achieved if the electro spun polyacrylonitrile (PAN) nanofiber mats
can be functionalized with amine groups. They achieve more than 90% removal of heavy
metal ions for example Pb*", Cd*" and Cu*" from contaminated aqueous solutions with
adsorption capacities reaching 200—400 mg/g. This is totally dependent on the metal species
and pH of the solution [23]. For dye removal from textile effluents, nickel oxide (NiO)
nanofibers fabricated with polyethylene oxide binders can be effectively used. Nanofibers
are now actively used in both water treatment and air remediation. Figure 1 shows the
Schematic representation of nanofiltration process.

Nanofiltration Membrane Process

Permeate
High Namofiltration
Pressure Membrane
Pump
Retentate

Figl. Schematic representation of nanofiltration process

4.4 Dendrimers

Another class of synthetic hyperbranched polymers consisting of three basic layers, a central
core, repeating branched interior layers and a multivalent peripheral surface, is the dendrimer.
This unique architecture has the capacity to link functional surface groups which can be
customized for selective interaction with target contaminants. The most prominent example
is poly(amidoamine) (PAMAM) dendrimer. It can be used most efficiently in water
treatments. Dendrimer’s terminal amine or carboxylate groups has the ability to coordinate

10
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transition metal ions and this combined with an ultrafiltration membrane, assists in the
removal of metal ions from dilute streams at low operating pressures [24-26]. The greatest
advantage of these dendrimers is their ability to regenerate with the help of pH adjustments.
Figure 2 shows the structure of a PAMAM dendrimer.
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Fig 2. Structure of a PAMAM dendrimer

4.5 Sorbents

Sorption-based technologies are based on surface interaction. They may be both physical
(van der Waals, electrostatic) and chemical (coordination, ion exchange) in nature and they
capture contaminants on nanoscale sorbent surfaces. Categories include:

*  Nanostructured sorbents: Activated carbon, zeolites, and biochar with engineered
nanoscale pore architectures. They exhibit very high surface areas exceeding 900
m?/g which impart high binding capacities for metal ions.
*  Magnetic nanosorbents: Iron oxide nanoparticles with linked functional groups
enables both sorption and magnetic field assisted separation at one go.
* Biosorbents: This class of sorbents are mainly derived from microbial biomass,
algae, fungal cell walls or agricultural by-products. They are cheap and can remove
a variety of pollutants.
Magnetic nanosorbents are the most advantageous amongst them because the magnetic fields
can keep the recovered particles from dispersal into the treated medium. A schematic diagram
of the environmental remediation technologies is presented in Figure 3

11
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Environmental Remediation
Technologies

Polymeric
Ceramic

Nanofiltration

Activated Carbon
Functionalized

Dendrimers

Fig 3. Environmental remediation technologies

5. Applications of Nanobioremediation

5.1 Wastewater Treatment

One of the most studied nano bio synergies in wastewater treatment is the integration of nZVI
with organochlorine-respiring bacteria (ORB). As nZVI particles carry out abiotic reductive
dichlorination of CAHs, the ORB with its essential cofactors i.e cysteine and cobalamin,
continues biological dechlorination of partially reduced intermediates.This complete
contaminant mineralization would not have been possible by either agent alone [38].The
reductive debromination of polybrominated diphenyl ethers (PBDEs) is conducted by nZVI
alongwith the aerobic bacterium Sphingomonas sp. It helps in the aerobic mineralization of
the lower-brominated products, thus portraying the combined function of nanoparticle
chemistry and aerobic microbial catabolism [25]. Another combination of nZVI with
Peniophora incarnata (white-rot fungus) achieved faster RDX degradation than either agent
alone. [35]. Carbon nanotube scaffolds are being regularly used to enhance biofilm-based
remediation in combination with Shewanella oneidensis MR-1. [27,28].

5.2 Phytoremediation of Contaminated Soils

Nanoparticle assisted phytoremediation involves hyperaccumulator plants with their
enhanced natural metal accumulation and organic compound degradation capabilities.
Whereas conventional phytoremediation has many disadvantages of slow plant growth,
limited pollutants uptake by roots, nanomaterials on the other hand solves many of these
problems. In this approach, nZVI increases the bioavailability of certain hydrophobic organic
contaminants such as chlorpyrifos, atrazine and molinate by desorbing them from soil organic
matter. In the meantime, contaminant transformation at the rhizosphere is carried out by the
enzyme-encapsulating nanoparticles [29]. Now, many factors such as particle size relative to
cell wall pore diameter, surface charge and the nature of the root determine the uptake of
nanoparticles by plants. Uptake pathways can be either apoplastic transport which is through

12
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the extracellular matrix or symplastic transport which is through plasmodesmata and phloem.
Other physical parameters influencing the nanoparticle surface speciation and aggregation
are the temperature of the soil, pH and organic matter content. [30,31].

For a nanoparticle-plant system to be effective in phytoremediation, the nanomaterial should
ideally: (i) stimulate rather than inhibit plant growth; (ii) enhance rather than suppress
phytohormone production; (iii) not inhibit seed germination rates; and (iv) bind stably to the
rhizospheric soil matrix to prevent leaching [32]. Effective remediation of endosulfan-
contaminated soils can be carried out by pairing of nZVI with aromatic plant species such as
Ocimum sanctum, Alpinia calcarata and Cymbopogon citratus [33]. Sialic acid-
functionalized nanoparticles have been shown to increase arsenic phytoextraction efficiency
in Isatis kappadocica Desv., a known arsenic hyperaccumulator. A schematic diagram of the
phytoremediation process is presented in Figure 4.

s

Translocatlon

‘ «~Ligand r‘ Biostimulation

O Nanoparticle ® wvetane
(NP) Complex

[——
1-100 nm (NP size)

Fig 4. Working mechanism of phytoremediation process

6. Challenges and Limitations of Nanoparticle-Based Approaches

Despite the efficacy and accuracy of the nanoparticle based remediation processes in the
laboratory, it faces substantial hurdles in real time applications. A candid evaluation of these
limitations is essential to identify research priorities and avoid overstating the technology's
current readiness.

13
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6.1 Loss of Reactivity and Physical Passivation

The high initial reactivity of nanoparticles may lead to its passivation in the long run by losing
through surface oxidation, precipitation of secondary mineral phases and irreversible
aggregation [34]. One of the best examples is nZVI. Here the formation of iron oxyhydroxide
shells on its surfaces reduces its reductive capacity which can ultimately lead to soil clogging
in injection scenarios. Though chemical stabilizers such as carboxymethyl cellulose (CMC),
guar gum and lactate have tried to slow the aggregation process and maintain the mobility of
the particle, their long-term activity remains an unanswered question.

6.2 Ecotoxicological Effects on Microbial Communities

The impact of engineered nanomaterials on indigenous soil and aquatic microbial
communities is not only complex but also dose-dependent [35]. Studies show that fungal
communities appear generally more resistant to nZVI toxicity than bacterial communities.
This leads to the design of nano-fungal hybrid remediation systems [36].

Critically, soil microorganisms perform essential ecosystem functions including nitrogen
fixation, nitrification, phosphorus solubilization and organic matter decomposition.
Disruption of any of these processes could undermine long-term soil productivity.
Standardized ecotoxicological testing protocols for nanomaterials applied in situ remain
absent from current regulatory frameworks.

6.3 Environmental Persistence and Nano pollution Risk

The nanomaterials that are not fully utilized in remediation reactions may persist in the
environment and may undergo irreversible transformative reactions namely oxidation,
sulfidation, dissolution or agglomeration. Thus, they might be more toxic than their parent
precursor thus creating adverse biological effects. Another detrimental effect is that of
bioaccumulation of certain nanomaterials in aquatic organisms, raising concerns about
trophic transfer [39].

6.4 Scaling, Cost, and Regulatory Gaps

The production cost of engineered nanomaterials remains a significant barrier to its mass
scale production. Biogenic synthesis routes while environmentally preferable, are not yet
optimized for consistent particle quality at production scales relevant to site remediation [9].
This regulatory vacuum creates uncertainty for technology developers and impedes
technology transfer from research to commercial deployment.

7. Nano pollution: Sources, Pathways, and Health Implications

Nano pollution refers to the inadvertent or uncontrolled release of engineered or incidentally
produced nanoscale particles into environmental compartments. Although the use of
nanoparticles has an array of utility in pollution remediation, nanoparticles themselves are
the root cause of a serious type of a pollution known as nano pollution. Nanoparticles are
finding several uses across various industries such as in industrial processes, electronic

14
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gadgets, pharmaceuticals and even in agriculture. As good as it may sound, through these
industries, nanoparticles seep into the ecosystem in the form of surface runoff, effluents and
sewage discharge.

7.1 Soil Nano pollution

It is of grave concern when there is a substantial accumulation of nanomaterials in
agricultural soils. Iron, silver, titanium dioxide and zinc oxide nanoparticles have been
detected in soils which have been treated with nano pesticides [40—42]. They have huge
impact on soil including reduction of soil microbial diversity, inhibition of the enzymes
related to nitrogen cycle and decrease of nutrient uptake by plants. New studies have shown
that the earthworm population has reduced productivity if the soil is exposed to TiO,
nanoparticles for a long period of time. Alongwith it has cascading effects on soil structure
and organic matter decomposition.

7.2 Aquatic Nano pollution

Industrial discharge, surface runoff or atmospheric deposition effects the aquatic organisms
probably across trophic levels [38]. The nanoparticle’s small size facilitates their movement
in gill epithelia and intestinal membranes in fish and invertebrates. Studies in zebrafish
embryo studies show that ZnO nanoparticles at concentrations as low as 1-10 mg/L have
been shown to cause developmental malformations thereby inhibiting hatching. The most
dangerous part is bioaccumulation in primary consumers which can ultimately lead to
biomagnification thus affecting humans via dietary exposure. A schematic diagram of nano
pollution sources and pathways is presented in Figure 5.

Industrial Surface Sewage and Biological Atmospheric
Effluents Runoff Sludge Use Deposition

Y

Pollution

Soil Pollution:

1. Affects microbes
in soil

|2. Reduce soil
Inutrition.

3. Affects food chain |
4. Affects plant
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Fig 5. Nano pollution: its sources and types

8. Critical Knowledge Gaps and Future Research Priorities
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A rigorous review of the current literature reveals several substantive gaps that must be
addressed to advance nanobioremediation from laboratory proof-of-concept to reliable field
application.

*  Nanobio interaction mechanisms at molecular resolution: While the stimulatory and
inhibitory effects of nanomaterials on microbial communities are widely reported,
the underlying molecular mechanisms including specific receptor-ligand
interactions, membrane stress responses and transcriptional regulation of
degradation pathways remain poorly characterized. Advances in single-cell
transcriptomics and cryo-electron microscopy are beginning to address this gap [8].

* Long-term field performance data: The overwhelming majority of
nanobioremediation studies are conducted in batch reactors or short-duration
column experiments. Multi-year field-scale trials under environmentally realistic
conditions (heterogeneous soils, fluctuating groundwater tables, competing ion
concentrations) are essential but largely absent from the published literature.

*  Nanoparticle fate and transformation: The environmental fate of nanomaterials post-
remediation is insufficiently documented. Standardized protocols for tracking
nanoparticle transformation, speciation and ultimate fate under diverse
environmental conditions are needed to support quantitative risk assessment.

»  Standardized ecotoxicological testing: The absence of harmonized ecotoxicological
testing protocols for nanomaterials in soil and aquatic matrices makes cross-study
comparison difficult. Reference nanomaterials and standardized test species,
exposure durations and endpoints would substantially improve the evidence base for
regulatory decision-making.

+  Scalable biogenic synthesis: Green synthesis of nanoparticles is currently hampered
by poor batch-to-batch reproducibility and difficulty in achieving the particle size,
monodispersity and surface functionality required for remediation applications at
production scale. Bioreactor design, process optimization, and quality control
remain open engineering challenges.

*  Regulatory framework development: International harmonization of nanomaterial
classification, risk threshold values and approval pathways for environmental
applications is urgently needed to facilitate responsible technology deployment.

9. Emerging Directions and Future Prospects

Several research frontiers are poised to substantially expand the capabilities and application
range of nanobioremediation over the coming decade.

9.1 Nano-Enabled Biosensors for Real-Time Monitoring

Electrochemical biosensors integrating metallic nanomaterials (nanorods, nanowires) with
biological recognition elements (enzymes, whole cells, aptamers) enable real-time, field-
deployable detection of heavy metals and organic pollutants at sub-micromolar
concentrations [40]. In this approach, usage of eukaryotic microorganisms has been
particularly found to be more effective as whole-cell biosensor hosts. This is because their
compartmentalized cell biology reduces background signal and warrants detection of
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pesticides that act on eukaryotic-specific targets [39]. It could be advantageous if such
biosensors are integrated with nanobioremediation systems. This would enable closed-loop
monitoring, thereby adjusting the remediation intensity.

9.2 Electrokinetic Remediation Coupled with Nanomaterials

In electrokinetic (EK) remediation low-voltage direct current is applied between electrodes
placed in contaminated low-permeability soils to mobilize ionic contaminants by
electromigration toward oppositely charged electrodes. If EK is coupled with permeable
reactive barriers (PRBs) which incorporates nanoparticles like nZV1, it enables in situ capture
of mobilized contaminants within the reactive zone. This integrated approach has displayed
promising results for removal of heavy metals from contaminated clay-rich soils [40].

9.3 Metagenomic and Systems Biology Approaches

The application of culture-independent metagenomic, metatranscriptomic, and
metaproteomic techniques to contaminated sites is proving to be worthwhile as
uncharacterized microbial taxa and metabolic pathways relevant to pollutant degradation can
be elucidated. These surveys have identified novel reductase gene families in both arsenic
and antimony contaminated sites. They have also recognized horizontal gene transfer events
that ultimately lead to both metal resistance and reduction capacity in resident microbial
consortia [40—42]. These findings have redefined the design of engineered microbial
consortia responsible for recalcitrant pollutants.

9.4 Engineered Microbial Consortia and Algal-Bacterial Systems

Studies show that instead of pure bacterial cultures algal-bacterial consortia are effective for
polycyclic aromatic hydrocarbon (PAH) degradation. This occurs because microalgae and
cyanobacteria produce substances that can stimulate PAH-degrading bacterial growth and
biofilm formation [42]. Substances include oxygen, light carbon metabolites (glycolate,
acetate) and biosurfactants. This synergistic approach is redesigning future systems. They are
likely to incorporate genetic engineering methodologies to include photosynthetic
microorganisms providing local oxygen to anaerobic degraders, thus making the processes
fruitful.

9.5 Transgenic and Synthetic Biology Approaches

Transgenic plant and microbial systems, which have been modified by genetic engineering
to overexpress metal transporters, phytochelatin synthases and hydrocarbon-degrading
enzymes are more equipped for enhanced pollutant uptake [42]. Similarly, synthetic biology
tools, including CRISPR-based regulatory circuits could enable dynamic, contaminant-
responsive expression of remediation gene clusters. In hindsight, the unrestricted
environmental release of genetically modified organisms requires stringent regulatory
oversight and public engagement. Otherwise, this translation of laboratory scale synthetic
biology to field applications will face extreme hurdles. In addition to it, rigorous safety,
toxicity and ecological risk assessments will be a prerequisite.
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10. Conclusion

The advancement of nanobioremediation from a concept to a technically substantiated
approach is praiseworthy. The integration of engineered nanomaterials with biological agents
like bacteria, fungi, algae, plants and their enzymatic products have been integrated with
engineered nanomaterials thus producing hybrid systems. Incidentally, these systems are
much more robust compared to the individual processes. Key technological accomplishments
include the mechanistic elucidation of nZVI-bacterial synergies for CAH and PBDE
degradation, the demonstration of MWCNT-enhanced microbial Cr(VI) reduction at 4-fold
improved efficiency relative to free-cell systems and the development of plant-mediated
nanoparticle synthesis platforms. They simultaneously produce functional remediation
agents and reduce synthetic chemical use.

Nonetheless, the application of nanobioremediation at field scale is not without severe
challenges. The challenges faced are nanoparticle toxicity to non-target organisms and their
environmental persistence to name a few. Again, there is huge discrepancy between
laboratory performance and field-scale outcomes and this constitutes the most important
knowledge gap in the field.

If the research directions are to be prioritized, inclusion of biodegradable and stimulus-
responsive nanomaterials that minimize environmental persistence should be developed.
Alongwith it, there should be rigorous and long term field trials with involvement of real-
time biosensors for adaptive remediation management. With these advances and
incorporations, nanobioremediation holds significant promise as a transformative technology
for sustainable environmental management in soil, water, and industrial ecosystems.
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