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INTRODUCTION 
Recently, researchers have received much attention to 

nanotechnology due to its benefits in related scientific 

fields such as ecology and environmental health. In 

1952, Feynman introduced the concept of 

nanotechnology, which has since become one of the most 

prominent research areas (Yadav et al. 2017). The 

simplest definition of nanotechnology is "technology at 

the nanoscale" The rapidly developing discipline of 

nanotechnology is based on the precise synthesis, 

utilization, and application of materials at the nanoscale 

(10 _9m) (Drexler and Peterson, 1989, Balzani, 2005). 

Eric Drexler contributed to the growing popularity of 

nanomaterials research in the 1980s as nanotechnology 

entered a new era. Numerous industries, including the 

food, pharmaceutical, medical, agricultural, and 

environmental sectors, have discovered nanotechnology 

for themselves. Rapid development and modernization 

have increased the unsustainable burden on the 

environment. The environmental pollution load became 

increasingly unsustainable with the fast pace of 

modernization and industrialization (Singh et al., 2020). 

Toxic pollutants, rising at a concerning rate, are 

undermining ecosystem health and posing significant 

risks to human well-being. The Global Agenda 2015 

highlights that the escalating pollution levels in India 

represent the third most prominent global trend 

(Councils, 2015, Vara and Karnena, 2021). As a result, 

numerous research teams have developed many methods 

to clean up the polluted region on a larger scale. 

However, due to their high energy requirements, high 

operating and maintenance costs, and other 

disadvantages, these technologies have not been widely 

used. In recent decades, nanotechnology has become 

increasingly important in many areas of our daily lives, 

including environmental remediation. The currently 

available literature on nanotechnology makes it clear that 

it will solve numerous problems and improve the 

possibilities of remediation technologies. The use of 

nanotechnology has expanded across various sectors of 

daily life over the past few decades, with notable 

advancements in the field of environmental remediation 

(Chauhan et al., 2020, Chauhan et al., 2022).  

 

In recent years, sustainable remediation methods have 

become increasingly important. Their main aim is to 

reduce dangerous concentrations of pollutants to a safe 

level without further harming the environment. In 
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bioremediation processes, microorganisms eliminate 

contaminants from soils and water (Singh et al., 2020, 

Ramezani et al., 2021). Compared to physicochemical 

methods, bioremediation offers several advantages, such 

as lower energy consumption, specificity, and cost 

efficiency. One of the disadvantages of these methods is 

the fact that it can take months or even years for the toxic 

or resistant materials in the soil to decompose. The 

effectiveness of these technologies is restricted when 

contaminated sites contain elevated concentrations of 

hazardous chemicals (Konni et al., 2021, Kahraman et 

al., 2022). However, these problems could be solved by 

combining these strategies with other strategies. Through 

this interdisciplinary collaboration, pollution can be 

tackled more effectively and efficiently by utilizing the 

expertise of both fields (Hemalatha et al., 2022).  

 

Nanobioremediation to enhance pollutant removal in a 

more efficient, environmentally sustainable, and time-

effective manner. By leveraging the advantages of both 

nanotechnology and bioremediation, this method offers a 

more effective, sustainable, and cost-efficient solution to 

environmental pollution, which is essential for advancing 

environmental sustainability objectives (Carata et al., 

2017). This review paper offers a comprehensive 

overview of nanotechnology and nanobioremediation, 

detailing their interactions and possible use in the 

removal of environmental pollutants. It also explores 

their role in achieving and advancing environmental 

sustainability objectives. 

 

Key Properties and Significance of Nanoparticles:- 

With diameters of 1 to 100 nanometers (nm), 

nanoparticles are typically incredibly small particles of 

materials (Khan et al., 2019). The nanoscale represents a 

captivating region of the dimensional scale, where 

nanostructures are positioned at the interface between the 

smallest engineered devices and the largest biological 

molecules. The following key properties and their 

significance are listed: - 

1. The high surface-to-volume ratio of nanoparticles 

enhances surface interactions, which can result in 

improved performance, increased reactivity, and 

elevated catalytic activity. These properties are 

particularly beneficial in applications like chemical 

energy storage and drug delivery. 

2. Nanoparticles can exhibit both unique optical 

behavior and remarkable mechanical properties. 

3. The low electrical conductivity and high thermal 

conductivity of nanoparticles can be advantageous 

for heat control. 

4. The self-assembly of nanoparticles into ordered 

structures, driven by nanoscale intermolecular 

forces, enables the fabrication of sophisticated 

nanostructures and nanocomposites. 

 

For these important properties and attributes, 

nanoparticles are extremely valuable and flexible in 

various sectors such as materials technology, electronics, 

environmental science, and medicine.  

Methodology of Nanoparticle Biosynthesis: -The 

biosynthesis of nanoparticles primarily involves two 

main approaches: (1) top-down and (2) bottom-up 

synthesis. In the traditional top-down method, bulk 

materials are progressively broken down or fragmented 

into nanoscale dimensions. Common techniques used in 

the top-down approach include electro-explosion, 

grinding, and milling. These methods involve the 

mechanical or physical manipulation of larger particles 

to achieve nanometer-sized structures. In the bottom-up 

approach, conversely, a nanoparticle is assembled atom 

by atom and molecule by molecule to achieve the desired 

properties. This category includes sedimentation and 

reduction techniques, including spinning, template 

support synthesis, biological synthesis, biochemical 

synthesis, etc (Khan et al., 2019).  

 

Nanoparticles can be synthesized through biosorption 

and bioreduction processes. Metal interacts with cell wall 

components to generate stable nanoparticles. 

Complexation, physisorption, ion exchange, and 

precipitation are the main mechanisms leading to the 

biosorption of metals on microbial surfaces (Saravanan 

et al., 2021). Although reported by some to occur during 

the stationary phase, these bioreduction strategies usually 

take place during the growth phase of the microbial 

culture.  Microbial enzymes isolated from the growing 

culture can also produce them extracellularly. The 

biogenic production of nanoparticles, which is also used 

in bioremediation, is one of the green ways to maintain 

an environmentally friendly environment. When it comes 

to cost, environmental impact, and human health, 

biogenic nanoparticles are a preferable alternative to 

physicochemical ones (Kumari et al., 2019).  

 

The Role of Nanobioremediation in Attaining or 

Advancing Sustainable Environmental Goals:-

Nanobioremediation involves the use of nanotechnology 

to address environmental pollution, including the 

removal of heavy metals and other harmful 

contaminants. Biogenic nanoparticles, synthesized by 

biological systems such as plants, bacteria, and fungi, 

offer a promising approach for the effective remediation 

of contaminated environments. These nanoparticles 

significantly enhance the uptake, transformation, and 

immobilization of pollutants, facilitating their removal or 

detoxification from the environment. 

Nanobioremediation is gaining increasing interest as a 

flexible technology for environmentally friendly 

remediation (Koul and Taak, 2018). Incineration, 

bioremediation, chemical and physical remediation are 

the most advanced technologies available for the 

remediation of contaminated environments (Singh, 

2006). Three main methods are used in bioremediation: 

enzymatic remediation, plant-based bioremediation, and 

the use of microbes.  

 

In recent years, nanotechnology and nanomaterials have 

emerged as promising alternatives to conventional 

remediation techniques due to their potential for 
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enhanced efficiency, reduced costs, and greater 

environmental sustainability. These properties make 

them a viable solution for addressing various challenges 

in environmental remediation and other industrial 

applications (Dastjerdi and Montazer, 2010). An 

innovative method of environmental remediation is the 

combination of nanotechnology and bioremediation, 

sometimes referred to as nanobioremediation. It tackles 

pollution more effectively and efficiently by combining 

biological systems (such as bacteria or plants) with the 

special capabilities of nanomaterials. Bioremediation 

leverages natural biological systems to degrade, 

transform, or remove environmental contaminants. 

Nanotechnology offers innovative tools to enhance the 

efficiency and efficacy of these bioremediation 

processes. Due to its potential to enhance the 

effectiveness, speed, and affordability of conventional 

bioremediation processes, this new field is crucial to 

achieving environmentally sustainable goals. The 

following (Fig-1) are several ways in which 

nanobioremediation contributes to environmental 

sustainability and the advancement of its diverse 

applications:- 

 

 
Figure 1:- Role of Nanobioremediation to achieve environmental sustainability goals. 

 

1. Improved efficiency in removing pollutants: - By 

significantly increasing the surface area and reactivity of 

materials used in bioremediation, nanomaterials can 

improve their ability to encapsulate or trap contaminants, 

including pesticides, heavy metals, and toxins. In 

contrast to conventional methods, nanoparticles such as 

zero-valent iron (ZVI) exhibit enhanced efficacy in 

degrading and neutralizing pollutants like chlorinated 

hydrocarbons in groundwater, leading to faster and more 

complete remediation (Ghormade et al., 2011). 

 

2. Enhanced degradation of Contaminants:- Nano-

sized carriers are more effective at supplying 

microorganisms involved in biodegradation with 

nutrients, oxygen, or other necessary components than 

larger particles. In environments with high pollutant 

concentrations or delayed microbial activity due to 

environmental variables, this could accelerate the 

breakdown of pollutants. By combining biological 

systems with nano-catalysts, chemical breakdown 

processes can be accelerated, reducing the overall 

cleanup time (Zhu et al., 2019). 

 

3. Mitigating Toxicity Through Advanced 

Nanotechnology:- Nanotechnology offers a promising 

solution for transforming toxic compounds into less 

hazardous or entirely non-toxic forms. For example, 

nanoparticles can aid in the transformation of hazardous 

pollutants like lead, mercury, and arsenic into less toxic 

forms, thereby reducing their long-term health risks to 

both humans and ecosystems. One prominent application 

is the use of zero-valent iron nanoparticles (ZVI), which 

efficiently mitigate the toxicity of metal contaminants 

and chlorinated organic compounds (Boente et al., 2018). 

Moreover, biologically integrated nanomaterials can 

enhance the activity of microbes that degrade pollutants, 
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enabling the conversion of hazardous substances into 

harmless byproducts like water and carbon dioxide (Xiu 

et al., 2010). 

 

4. Enhanced Detection and Monitoring of 

Environmental Contaminants:- Nanotechnology 

enhances the sensitivity and precision of sensors and 

biosensors, significantly improving their effectiveness in 

monitoring environmental pollution. These advanced 

nano sensors enable real-time tracking of pollution levels 

and the assessment of bioremediation efforts. By 

detecting even trace aggregate of contaminants in soil, 

water, and air, nano sensors facilitate faster and more 

accurate responses to environmental damage, promoting 

timely interventions and better management of 

ecological health (Singh et al., 2020). 

 

5. Sustainability and Ecosystem Restoration:- 
Ecosystems damaged by environmental pollution can be 

effectively restored through nano-bioremediation, a 

technology that cleans contaminated soil, water, and air 

while supporting biodiversity and ecological 

sustainability (Green, 2017). Nano-bioremediation 

utilizes nano-encapsulated nutrients and nanoparticle-

based systems to enhance microbial activity, facilitating 

the breakdown and degradation of pollutants with 

minimal intervention. This approach promotes the 

natural recovery of ecosystems and contributes to 

biodiversity conservation. Additionally, nanoparticles 

play a key role in mineralizing and detoxifying pollutants 

by converting harmful substances into non-toxic 

compounds, such as water and carbon dioxide. This 

process ensures long-term environmental remediation, 

making nano-bioremediation a promising solution for 

restoring and sustaining natural ecosystems (Otto et al., 

2008). Nanobioremediation promotes sustainable 

practices by minimizing chemical usage, reducing energy 

consumption, and generating less waste during 

remediation processes.  

 

6. Cost-Effectiveness, Environmental Sustainability 

and Circular Economy:- Nano-bioremediation presents 

a more cost-effective and environmentally sustainable 

alternative to traditional remediation techniques, such as 

chemical treatments and physical removal methods. By 

enhancing microbial activity or promoting the 

neutralization of pollutants, nano-bioremediation 

minimizes the need for costly chemicals and labour-

intensive physical interventions, thereby offering a more 

efficient and eco-friendly approach to pollutant 

management. This approach line up with the concept of a 

circular economy by enhancing resource efficiency, 

reducing waste, and decreasing energy consumption. In 

doing so, it supports sustainable environmental 

management and contributes to the long-term goal of 

minimizing ecological impact (Lateef, 2023). By 

mitigating environmental damage and optimizing 

resource efficiency, nanobioremediation contributes to 

long-term sustainability and the preservation of 

ecological balance. 

7. Enhancement of Phytoremediation:- 
Phytoremediation, a plant-based technology for the 

uptake, detoxification, and removal of environmental 

pollutants, can be significantly enhanced through the 

integration of nanomaterials. Nanoparticles increase the 

regulation of phytoremediation by stimulating plant 

growth, enhancing the bioavailability of contaminants, 

and aiding in the translocation of pollutants from soil 

into plant tissues (Raskin et al., 1997). This accelerated 

remediation process makes nanomaterial-assisted 

phytoremediation a promising and effective strategy for 

environmental cleanup. For example, iron oxide 

nanoparticles increase the regulation of plants in 

remediating contaminated soils by facilitating the uptake 

of heavy metals such as lead and arsenic. These 

nanoparticles also promote the release of organic acids 

from plant roots, which aids in the solubilization of 

metals, making them more bioavailable for absorption. 

This dual mechanism significantly improves the overall 

effectiveness of phytoremediation (Prakash, 2023). 

 

8. Nanobioremediation in oil spill cleanup:- 
Nanobioremediation significantly enhances the 

biodegradation of hydrocarbons during oil spill 

remediation by augmenting microbial activity (Basak et 

al., 2020). Nanomaterials, such as nanoparticles and 

nano-encapsulated nutrients, increase the bioavailability 

of oil pollutants, making them more accessible to oil-

degrading microorganisms. Furthermore, these 

nanomaterials promote microbial growth and enhance 

microbial activity, thereby accelerating the breakdown of 

complex hydrocarbons into benign byproducts such as 

carbon dioxide and water. This process significantly 

improves the efficiency of hydrocarbon degradation in 

contaminated environments (Karan et al., 2009). By 

facilitating faster and more efficient remediation, nano-

bioremediation provides a sustainable and 

environmentally friendly solution to reduce the impact of 

oil spills on both terrestrial and marine ecosystems. This 

approach enhances the natural processes of pollutant 

degradation, promoting ecological recovery in 

contaminated environments. 

 

Challenges and Considerations in 

Nanobioremediation:- Nanomaterials have the potential 

to enhance bioremediation processes significantly. 

However, poorly designed, inadequately monitored, or 

unrestricted use of nanoparticles may introduce new 

environmental risks. The prolonged consequence of 

nanomaterials on ecosystems and human health remains 

uncertain, with potential impacts on humans, plants, and 

animals. Additionally, raising the production of 

nanoparticles while maintaining cost efficiency poses a 

significant challenge. Ongoing research aims to enhance 

the productivity, affordability, and scalability of these 

technologies for wider application. Additional research is 

necessary to examine the stability, biodegradability, and 

potential for bioaccumulation of these materials. To 

ensure safety and effectiveness, nanobioremediation 

processes require well-defined regulations, standards, 
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and guidelines. Developing comprehensive frameworks 

is essential for achieving widespread acceptance.  

 

CONCLUSION 

Nanobioremediation offers an effective and sustainable 

solution to complex environmental contamination 

challenges. By enhancing traditional bioremediation 

methods, it contributes to environmental sustainability 

goals, including pollution control, resource conservation, 

and ecosystem restoration. However, a thorough 

assessment of the potential environmental risks and long-

term impacts of nanomaterials is crucial. While 

nanobioremediation significantly contributes to global 

sustainability goals, further research is making sure to 

secure, efficient, and environmentally benign use of 

nanomaterials in the long term. With continued research, 

nanobioremediation has the potential to become a vital 

tool in the global pursuit of sustainability and the 

mitigation of environmental damage. The capacity of this 

technology to enhance pollutant degradation could 

significantly contribute to addressing critical 

environmental challenges. 
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