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ABSTRACT

Environmental contamination by uranium and other heavy metals poses a serious threat to ecosystem
stability and human health, necessitating the development of efficient, cost-effective, and environmentally
sustainable remediation strategies. Conventional remediation techniques are often associated with high
operational costs, energy consumption, and secondary waste generation, highlighting the need for
innovative alternatives. In this context, nanobioremediation, which integrates nanotechnology with
biological remediation processes, has emerged as a promising approach for the removal, immobilization,
and detoxification of environmental pollutants. Among various nanomaterials, biogenic nanoparticles,
particularly manganese dioxide nanoparticles, have attracted considerable attention owing to their high
surface area, adsorption capacity, and redox activity. The biological synthesis of nanoparticles using
microorganisms offers an eco-friendly alternative to conventional physical and chemical methods by
reducing the reliance on toxic chemicals and harsh reaction conditions. Endophytic bacteria are particularly
valuable in this regard because of their ability to synthesize nanoparticles through intracellular and
extracellular mechanisms mediated by bacterial enzymes, proteins, and secondary metabolites. In addition
to nanoparticle synthesis, these bacteria contribute to phytoremediation by promoting plant growth,
enhancing metal tolerance, producing siderophores and metal-binding compounds, and facilitating the
biosorption, chelation, and transformation of heavy metals. Their interactions with nanoparticles may
further improve contaminant immobilization, reduce metal bioavailability, and enhance the remediation
potential of contaminated soils and wastewater. Previous studies have demonstrated the ability of
endophytic bacteria, including Bacillus and Pseudomonas species, to synthesize nanoparticles with
antimicrobial and other functional properties, highlighting their broader biotechnological potential. Despite
these advances, further research is required to elucidate the mechanisms governing nanoparticle
biosynthesis, metal-microbe interactions, long-term environmental stability, and potential ecotoxicological
effects. Overall, endophytic bacteria-mediated nanoparticle synthesis represents a promising component of
sustainable nanobioremediation, with potential applications in the management of uranium and heavy-metal
contamination and the development of environmentally compatible remediation technologies.
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INTRODUCTION other heavy metals, which pose significant threats

The escalating global concern regarding to ecosystems and human health (Ghosh et al.,
environmental ~ contamination  necessitates 2021). Conventional methods for removal of
innovative and sustainable remediation strategies, heavy metals often involve costly and energy-
particularly for radionuclides like uranium and intensive processes that can generate secondary
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waste streams, highlighting the urgent need for
environmentally benign alternatives (Karnwal&
Malik, 2024). Bioremediation, leveraging the
inherent capabilities of biological systems to
detoxify or remove pollutants, has emerged as a
promising approach (Samuel et al., 2022).
Nanomaterials, with their high surface area-to-
volume ratio and wunique physicochemical
properties, can facilitate pollutant adsorption,
degradation, or transformation (Rajput et al.,
2022). Among various nanomaterials, manganese
dioxide nanoparticles have garnered considerable
attention for their exceptional redox properties,
high surface area, and environmental
compatibility, rendering them effective for the
removal of heavy metals and radionuclides from
contaminated water and soil (Patel et al., 2020).
Biological synthesis of nanomaterials offers a
green and sustainable alternative to traditional
chemical methods, mitigating the use of toxic
precursors and harsh reaction conditions.
Microorganisms can be harnessed to synthesize
nanomaterials through various mechanisms,
including redox reactions, precipitation, and
template-directed synthesis (Mandeep& Shukla,
2020). The employment of bacteria in the
synthesis of metal and metal oxide nanoparticles
offers a green alternative by being biocompatible,
biodegradable and cost effective (Saxena et al.,
2021).

Recently, nanotechnology has developed as a
promising technology with multiple applications
in various fields. The vital components of
nanotechnology include nanomaterials and
nanoparticles (NPs), which are established due to
their extraordinary  plasticity, flexible
architecture, and greater performance (Khan et
al., 2022; Soni et al., 2024; Malik et al., 2023). In
general, nanomaterials are materials whose
internal surfaces are non-scale in size. The
external dimensions are in the nanoscale (usually
1-100 nm), because of that, nanomaterials have
some special properties. These special properties
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provided the extraordinary adsorption capability
and high reactivity to these NPs, making them
consider these nanoparticles for removing heavy
metal ions. One of the emerging fields of
nanotechnology is the remediation of metal
contaminants from the environment. To date,
incredible studies have been carried out on
nanomaterials to investigate their applications in
heavy metal water treatment, and they have
exhibited great potential as a promising
alternative for adsorbing heavy metals from
wastewater (Yang et al.,, 2019; Ishfaq et al.,
2023).

The convergence of nanotechnology and
bioremediation offers innovative solutions for
environmental challenges, particularly in the
removal of heavy metals and radioactive
contaminants like polluted ecosystems (Samuel et
al., 2022). Traditional methods often face
limitations in terms of cost-effectiveness,
efficiency, and  environmental  impact,
necessitating the exploration of sustainable
alternatives (Karnwal& Malik, 2024).
Nanobioremediation, integrating the principles of
nanotechnology with biological processes,
presents a promising avenue for enhancing the
remediation of contaminated sites (Rajput et al.,
2022). This approach leverages the unique
properties of nanomaterials, such as their high
surface area-to-volume ratio and enhanced
reactivity, in conjunction with the metabolic
capabilities of microorganisms to achieve
efficient pollutant removal (Guerra et al., 2018).
The in-situ generation of nanoparticles through
microbial activity can be more advantageous than
ex-situ methods, as it reduces the need for
nanoparticle transport and dispersal, potentially
minimizing environmental risks (Ghosh et al.,
2021).

Advancements in the research have identified
some novel cost-effective technologies, such as
nano-remediation, microbial fuel cells, and
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biosorption methods, as the most efficient for the
removal of heavy metals from the environment
(Sharma et al., 2018; Staszak& Regel-Rosocka,
2024; Syarifuddin et al., 2025). Among the
various nanoparticles, biogenic nanoparticles
(BNPs) synthesized using various biological
organisms such as algae, bacteria, fungi, and
plant extracts are gaining more importance, due
to their surface area-to-volume ratios, functional
activity(Azeez et al., 2023; Nain et al., 2025).
These characters enable BNPs to sequestrate,
immobilize, and reduce metal ions from the
metal-contaminated sites (Minhas et al., 2023;
Karnwal et al., 2024). Endophytic bacteria can
synthesize the nanoparticles using either the
extracellular or intracellular pathways. The
bacterial enzymes, secondary metabolites bio-
reduce the metal ions and synthesize the
nanoparticles (Bogas et al., 2022).

Microorganisms, plants, and fungi were
used in the room-temperature for the green
production of nanoparticles.Nanoparticles
created using biological means are preferred due
to their special qualities (Singh. et al., 2015).
Green synthesis is an eco-friendly, and low cost
approach (Nadaroglu, et al 2017). This green
method has several advantages over other
methods, namely cost-effectiveness, simplicity,
use of less temperature, the usage of less toxic
material, moreover, it is compatible for medical
and food applications (Korbekandi et al., 2009;
Zheng et al., 2013).

These nanoparticles are used in a
variety of fields, including biology, medicine,
industry, and others. Recently, the use of
nanoparticles in environmental remediation has
increased tremendously. They have excellent
potential for removing heavy metals and
radioactive ions. Recent developments in the
field have provided numerous potential for
creating next-generation decontamination
techniques for radioactive waste (Teow and
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Mohammad, 2019; Saikia et al., 2019; Yue Liu
etal., 2019).

ENDOPHYTIC BACTERIA
NANOPARTICLE SYNTHESIS

In general, endophytic bacteria, which
reside within plant tissues without causing
apparent harm, represent a unique resource for
bioremediation due to their ability to enhance
plant growth, promote stress tolerance, and
directly interact with pollutants in the rhizosphere
and within plant tissues (Ramanathan et al.,
2014). The convergence of nanotechnology and
bioremediation, termed nanobioremediation,
offers a synergistic approach to enhance the
efficiency and scope of pollutant removal (Guerra
et al., 2018; Rajput et al., 2022).

Microorganisms, including bacteria, fungi,
and algae, possess inherent mechanisms for
tolerating and interacting with heavy metals,
making them valuable assets in bioremediation
strategies (Ramanathan et al., 2014). Some
microbes can dissolve metal minerals, increasing
metal bioavailability, while others immobilize
metals, reducing their bioavailability and toxicity
(Fomina et al., 2004). Microbial-mediated redox
reactions can alter the valence state of metals,
influencing their solubility and mobility (Gaur et
al., 2021). For example, bacteria can reduce
complex toxic metals into soluble form, which
precipitates out of solution, effectively
immobilizing the contaminant. Studies reported
that Bacillus mycoidesendophytic isolated from
Viburnum grandiflorum considerably improved
wheat growth in Zn- and Ni-polluted soils by
alleviating metal toxicity and stimulating
antioxidant enzyme activities (Shahzad et
al.,2024)

Recently, a group of microorganisms,
endophytic bacteria that reside in the internal
tissues of plants without causing any harm to the
host plant, have been identified as key players in
boosting the phytoremediation capability (He et
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al., 2019; Liu et al., 2024; Liu et al., 2025). These
microbes enter the plants through natural
openings, move throughout them, and exert their
effect (Tshikhudo et al., 2023). The endophytes
develop a symbiotic relationship with their host
plants. In contrast, plants provide shelter and
nutrient requirements for the bacteria, and while
the endophyte produces the phytohormones,
metabolic enzymes to improve the nutrient
uptake, growth, and development of the host
plant. The endophytes also improve the
biotic/abiotic stress resistance and detoxify the
metals (Das et al., 2025). In general, endophytes
adopt several mechanisms such as biosorption,
chelation, redox transformations, and
methylation to detoxify and reduce the uranium
and other metal contaminants in plants
(Bhardwaj, 2025; Liu et al., 2024).

The endophytes, such as Bacillus spp. and
Pseudomonasspp, improved the concentrations of
metal accumulation and also tolerance to higher
concentrations of heavy metals such as Cd, Pb,
and U when inoculated into the non-host plants
Brassica napus and Helianthus annuus(Anitha et
al.,2023; Liu et al., 2024). These bacterial species
produce siderophores and organic molecules that
can interact with the mineral elements and heavy
metals, making them more soluble and
phytoavailable. Endophytes' assistance helps to
uptake the metals, detoxify the metal ions,
trapping them in extracellular capsules, which
minimizes the phytotoxicity and stabilizes the re-
entry of metals into the environment (Riseh et al.,
2022;Tsotetsi et al., 2022; Wu et al., 2024).
(Table:1)

Bacterial Type of Location of Size ..
. . ) Applications Reference
Species nanoparticles nanoparticle (nm)
Bacillus ) 20- ) . Sunkar et
cereus Silver Extracellualr 40nm Antibacterial L2012
Cadmi ffect | Cunningh
Clostridium . Crystal a mlum.e © snningha
7 ; Cadmium Extracellular clumbs on bacteria can m et al.
7
ermodceticum ump be determined 1993
Role of proteins | Zhang et al.
Cor;yne Silver Extracellular 10- 1'nvolve.d o 2005
bacterium sp. 15nm biosorption&
bioreduction
Desulfo Zns Intracellular 2-5nm Remediation Labrenz et
bacteraceae al. 2000
Streptomyces Silver Extracellular 10- Antimicrobial Chauhan et
sp. 17nm al., 2013
D . Ph Lvsi .
esulfo.rzbr.zoca Zine sulfide Extracellular 30nm otocatalysis | Sarangi et
ledoiensis al., 2022
Enterococcus Cadmium 50- Antimicrobial Rajeshkuma
Extracellular
sp. sulphate 180nm retal., 2014
Escherichia X 10- . Firdhouse et
coli Silver Extracellular 150m Anti-cancer al., 2015
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Table:1 Green Synthesis of Nanoparticles using Microorganisms and characteristic features of

nanoparticles along with their applications.

Advancements in the research have identified
some novel cost-effective technologies, such as
nano-remediation, microbial fuel cells, and
biosorption methods, as the most efficient for the
removal of heavy metals from the environment
(Sharma et al., 2018; Staszak& Regel-Rosocka,
2024; Syarifuddin et al., 2025). Among the
various nanoparticles, biogenic nanoparticles
(BNPs) synthesized using various biological
organisms such as algae, bacteria, fungi, and
plant extracts are gaining more importance, due
to their surface area-to-volume ratios, functional
activity(Azeez et al., 2023; Nain et al., 2025).
These characters enable BNPs to sequestrate,
immobilize, and reduce metal ions from the
metal-contaminated sites (Minhas et al., 2023;
Karnwal et al., 2024). Endophytic bacteria can
synthesize the nanoparticles using either the
extracellular or intracellular pathways. The
bacterial enzymes, secondary metabolites bio-
reduce the metal ions and synthesize the
nanoparticles (Bogas et al., 2022).

The biosynthesis of nanoparticles (NPs)
using  endophytic  bacteria has  gained
considerable attention as a sustainable and
environmentally ~ benign  alternative  to
conventional physical and chemical synthesis
approaches, particularly due to its potential
applications in environmental bioremediation.
For  example, SwethaSunkar and C.
ValliNachiyar (2012) described the green
synthesis of silver nanoparticles (AgNPs)
employing the endophytic bacterium Bacillus
cereus isolated from Garciniaxanthochymus. The
synthesized nanoparticles were stable and
exhibited strong antimicrobial properties (Asian
Pacific Journal of Tropical Biomedicine,
DOI:10.1016/S2221-1691(13)60006-4).
Likewise, Ezzeldin Ibrahim et al. (2020)
demonstrated that Pseudomonas poae, an
endophyte obtained from garlic, facilitated the
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biosynthesis of AgNPs (around 2045 nm) that
effectively inhibited Fusariumgraminearum,
underscoring their potential in plant disease
control (Nanomaterials,
DOI:10.3390/nan010020219). In another
investigation published in Royal Society of
Chemistry journal RSC Advances (2019,
DOI:10.1039/C9RA04246F), endophytic
Bacillus siamensis isolated from
Coriandrumsativum was utilized for AgNP
production, resulting in significant suppression of
rice pathogenic bacteria along with enhanced
plant growth.

Beyond agricultural applications,
biologically synthesized nanoparticles contribute
significantly to environmental bioremediation by
functioning as efficient nanocatalysts and
adsorbents for heavy metals, synthetic dyes, and
various organic contaminants owing to their high
surface area and reactivity. The emerging field of
nanobioremediation combines microbial

metabolic ~ processes ~ with  nanoparticle
technology to enhance the detoxification of
polluted soils and wastewater systems.
Endophytic bacteria further support
phytoremediation by producing metal-binding
compounds, antioxidative enzymes, and diverse
bioactive metabolites, while the nanoparticles
they generate can accelerate  pollutant
transformation and immobilization. Therefore,
nanoparticle  biosynthesis = mediated by
endophytes represents a promising and
sustainable

protection and remediation strategies.

approach  for  environmental

Thus, the use of microorganisms to synthesize
nanoparticles offers a green and sustainable
approach compared to conventional chemical and
physical methods, which often involve toxic
precursors and energy-intensive processes (Patel
et al., 2020). Endophytic bacteria, which reside
within plant tissues without causing harm,

https://ijerst.org/index.php/ijerst 23



https://ijerst.org/index.php/ijerst

\)ERST ] . . .
Int. J. Engg. Res. & Sci. & Tech. 2026, ISSN 2319-5991 ~4) International Journal of Engineering Research and Science & Technology

International Conference on Ensuring Global Food Safety-ICEGFS-2026

represent a particularly interesting group of
microorganisms for nanobioremediation. They
can promote plant growth, enhance nutrient
uptake, and contribute to the detoxification of
pollutants within the plant system. The utilization
of natural processes in bioremediation, which can
successfully biodegrade a range of pollutants,
even persistent ones, could be a useful and
effective method for reducing soil contaminations
(Karmakar et al., 2024).
CONCLUSION
Endophytic bacteria-mediated nanoparticle
synthesis represents a promising, eco-friendly,
and sustainable approach to nanobioremediation
for the removal and detoxification of uranium
and other heavy metals from contaminated
environments. By combining the unique
physicochemical properties of biogenic
nanoparticles with the metal-tolerance,
biosorption, and plant growth-promoting
capabilities of endophytic bacteria, this approach
offers significant potential for enhancing
phytoremediation and reducing environmental
pollution. However, further research is needed to
optimize nanoparticle synthesis, elucidate
remediation mechanisms, and evaluate long-
term environmental safety and effectiveness
under field conditions. Overall, the integration of
endophytic bacteria and nanotechnology could
contribute to the development of efficient, cost-
effective, and environmentally sustainable
strategies for environmental bioremediation.
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