
Convergence of Technology & Biology – Transforming Life Sciences 

 

 

 
32 

 

NANOTECHNOLOGY IN GREEN CHEMISTRY AND LIFE 

SCIENCES: A SUSTAINABLE APPROACH 

 

Ms. Bachu Melissa Judith   

B.Sc BtCFs III year 

Department of Chemistry & Forensic Science 

RBVRR Women’s College, Narayanaguda, Hyderabad  

 

Dr. V. Jeevana Jyothi 
Associate Professor 

Department of Chemistry RBVRR Women’s College 

Narayanaguda, Hyderabad 

 

https://doi.org/10.34293/ctbtls.2025.ch004 

Abstract 
Nanotechnology has emerged as a transformative tool in Green Chemistry and Life Sciences, offering innovative 

solutions to environmental, industrial, and healthcare challenges. This paper reviews recent advancements in 

nanotechnology, focusing on sustainable applications such as nano-catalysts for energy-efficient processes, 

nano-adsorbents for biomedical waste management, and biodegradable nanomaterials for drug delivery. 

Furthermore, the study explores the role of metal and non-metal oxide nanoparticles in optimizing catalyst 

reactions for green biomedicine. Despite the promising prospects, concerns regarding nanoparticle toxicity, 

environmental impact, and sustainability management remain critical challenges that necessitate regulatory 

and ethical considerations. 

Keywords: Nanotechnology, Sustainable applications, nano-adsorbents, biomedical waste, biodegradable, drug 
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1.  Introduction 

 The intersection of nanotechnology with green chemistry and life sciences has opened 

the door to revolutionary developments that seek to solve critical environmental and health 

challenges (Joshi, 2016). Nanotechnology, which is the manipulation and use of materials at 

the nanoscale (1 to 100 nanometers), has become a revolutionary discipline because of the 

distinctive physicochemical properties displayed by nanomaterials (Hutchison, 2008). All 

these properties, such as high surface area-to-volume ratio, increased reactivity, and 

optically and electronically tunable characteristics, have made it possible to create new 

applications in a wide range of scientific and industrial fields (Fazal et al., 2023). Using 

nanotechnology in coordination with the principles of green chemistry and life sciences, 

scientists and industries have created new technologies that are both sustainable and very 

efficient (Ruben, 2023). 

 Green chemistry, or sustainable chemistry, focuses on the design of chemical products 

and processes that minimize or eliminate the use of hazardous substances, energy, and 

environmental damage (Hutchison, 2008). The incorporation of nanotechnology into green 

chemistry has resulted in the creation of more effective catalysts, high-performance 
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adsorbents, and biodegradable nanomaterials that are used in sustainable industrial 

processes and environmental remediation (Kim et al., 2024). For example, nanocatalysts 

have played a crucial role in enhancing reaction efficiencies, reducing waste, and 

encouraging cleaner production methods (Ruben, 2023). Besides, nanostructured adsorbents 

have been used for water cleaning and removal of pollutants, solving such essential 

environmental issues as heavy metal pollution and toxic organic pollutants (Noah & 

Ndangili, 2021). 

 In life sciences, nanotechnology has transformed medical diagnostics, drug delivery, and 

therapeutic intervention (Fazal et al., 2023). Nanoparticles, owing to their minute size and 

surface functionalization ability, have been widely used in targeted drug delivery systems, 

which improve the efficacy and specificity of treatments and decrease systemic toxicity 

(Singh et al., 2023). This has been especially useful in the treatment of chronic diseases like 

cancer, where nanocarriers allow for the controlled release of chemotherapeutic agents to 

tumour sites (Singh et al., 2023). In addition, nanotechnology has been significant in the 

creation of enhanced diagnostic aids, such as biosensors and imaging agents, which allow 

for the early detection of disease and personalized medicine strategies (Fazal et al., 2023). 

 Despite these incredible advances, several challenges and concerns are still attached to 

the widespread use of nanotechnology. Matters of toxicity, environmental impact, 

scalability, and regulatory environments need to be well addressed to secure the safe and 

ethical use of nanomaterials (Joshi, 2016; Hutchison, 2008). The potential hazards arising 

from nanoparticle deposition in biological systems and ecosystems call for in-depth studies 

to assess their long-term consequences and create suitable mitigation mechanisms 

(Hutchison, 2008). 

 This paper seeks to give an exhaustive overview of the latest developments in 

nanotechnology applications in green chemistry and life sciences (Himel et al., 2022; Martins 

& Kaczerewska, 2021). It will identify sustainable solutions, discuss the potential advantages 

and limitations, and touch on emerging challenges that need to be addressed to ensure the 

maximum positive impact of nanotechnology in these disciplines (Joshi, 2016; Noah & 

Ndangili, 2021). Through an analysis of frontier research and new methods, this review will 

make a significant contribution to an understanding of how nanotechnology can facilitate 

sustainable development and enhance health outcomes with minimal environmental risk 

(Kim et al., 2024; Zhang et al., 2024). 

 

2. Scope of the Research 

This review concentrates on several critical domains: 

 Nano-Catalysts for Energy-Efficient Processes: Analysing the development and 

utilization of nanostructured catalysts to enhance reaction efficiency and selectivity in 

chemical processes (Hutchison, 2008; Kim et al., 2024; Ruben, 2023). 

 Nano-Adsorbents for Biomedical Waste Management: Investigating the application of 

nano-adsorbents for the removal of contaminants, including antibiotic-resistant bacteria and 

heavy metals, from biomedical waste and waste water (Noah & Ndangili, 2021; Jiang et al., 

2024). 
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 Biodegradable Nanomaterials for Drug Delivery: Evaluating the design and 

deployment of biodegradable nanoparticles in targeted drug delivery systems to improve 

therapeutic outcomes and minimize side effects (Fazal et al., 2023; Singh et al., 2023). 

 Metal and Non-Metal Oxide Nanoparticles in Green Biomedicine: Exploring the 

contribution of these nanoparticles to optimizing catalytic reactions and their potential 

biomedical applications (Joshi, 2016; Kim et al., 2024). 

 Moreover, this review addresses concerns related to nanoparticle toxicity, environmental 

impact, and the necessity for sustainable management practices. 

 

3. Literature Survey 

3.1 Nano-Catalysts for Energy-Efficient Processes 

 Nanostructured catalysts have gained immense attention due to their exceptional surface 

area-to-volume ratios, which provide numerous active sites for chemical 

reactions(Hutchison, 2008). This unique property significantly enhances reaction rates, 

selectivity, and overall efficiency, enabling processes to occur under milder conditions and 

reducing energy consumption (Kim et al., 2024). 

 For instance, metal nanoparticles such as platinum, palladium, and gold have been 

widely employed in catalytic converters to efficiently reduce vehicular emissions and 

industrial pollutants(Hutchison, 2008). Recent advancements have focused on the 

development of bimetallic and alloy nanoparticles, which offer improved catalytic 

performance, enhanced stability, and resistance to poisoning(Ruben, 2023). Furthermore, 

novel synthesis techniques, such as atomic layer deposition and electrochemical methods, 

have been explored to fine-tune the structure and composition of these nanocatalysts for 

optimal functionality (Hutchison, 2008). 

 In addition to metal-based catalysts, research into non-metallic catalysts, including 

carbon-based nanomaterials like graphene, carbon nanotubes, and doped carbon 

frameworks, has shown great potential in promoting sustainable chemical reactions with 

lower environmental impact(Ruben, 2023). These materials offer tunable electronic 

properties, excellent conductivity, and high durability, making them viable alternatives for 

green energy applications such as hydrogen production, CO₂ reduction, and fuel cell 

technologies(Jiang et al., 2024).. 

 Moreover, advances in nanostructured photocatalysts, including titanium dioxide and 

perovskite-based materials, have demonstrated remarkable potential for solar-driven 

energy conversion and environmental remediation(Kim et al., 2024). With continued 

progress in material design, synthesis techniques, and computational modeling, nano-

catalysts are poised to revolutionize energy-efficient industrial processes and drive the 

transition toward sustainable chemical manufacturing(Joshi, 2016). 

 

3.2 Nano-Adsorbents for Biomedical Waste Management 

 The application of nano-adsorbents in wastewater treatment has emerged as a highly 

effective strategy for addressing pollution from biomedical waste, particularly contaminants 

such as pharmaceuticals, heavy metals, and pathogens. Due to their high surface area, 
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tunable surface chemistry, and superior adsorption capacities, nanomaterials have shown 

remarkable efficiency in removing a wide range of pollutants from aqueous solutions(Noah 

& Ndangili, 2021). 

 Among these, magnetic nanoparticles functionalized with antimicrobial enzymes have 

gained significant attention for their ability to selectively adsorb and degrade harmful 

substances. For example, a study reported the synthesis of a magnetic nano-sorbent 

incorporating papain, an antimicrobial enzyme, which effectively removed levofloxacin (an 

antibiotic) and lead (Pb²⁺) ions from wastewater. The nano-sorbent exhibited outstanding 

adsorption capacities of 2445 mg/g for levofloxacin and 830 mg/g for Pb²⁺, underscoring its 

potential in water purification. 

 Beyond enzyme-functionalized nanoparticles, researchers have explored various other 

nanomaterials, including metal-organic frameworks (MOFs), carbon-based nanostructures 

(such as graphene oxide and carbon nanotubes), and bio-inspired nanocomposites, all of 

which offer excellent adsorption properties. Additionally, the integration of nanomaterials 

with photocatalytic properties, such as titanium dioxide (TiO₂) and zinc oxide (ZnO), has 

enabled simultaneous adsorption and degradation of pollutants under visible or UV light, 

enhancing the overall treatment efficiency. 

 Moreover, smart nano-adsorbents with stimuli-responsive properties, such as pH-

sensitive and temperature-sensitive materials, have been developed for targeted pollutant 

removal and controlled regeneration. The use of nanotechnology in wastewater treatment 

not only enhances contaminant removal efficiency but also promotes sustainability by 

enabling the recovery of valuable materials and minimizing secondary waste generation. As 

research continues, the combination of advanced nanomaterials, green synthesis methods, 

and scalable applications is expected to revolutionize the field of wastewater treatment, 

making it more efficient, cost-effective, and environmentally friendly. 

 

3.3 Biodegradable Nanomaterials for Drug Delivery 

 Biodegradable nanoparticles have transformed drug delivery systems by enabling 

precise, targeted delivery and controlled release of therapeutics, improving treatment 

efficacy while minimizing systemic side effects. These nanoparticles, composed of 

biocompatible and degradable materials such as polylactic acid (PLA), polyglycolic acid 

(PGA), and their copolymers (PLGA), have been widely studied for their ability to 

encapsulate a variety of drugs, including small molecules, proteins, and nucleic acids. By 

protecting drugs from premature degradation and ensuring their release at specific sites 

within the body, these nanocarriers enhance bioavailability and therapeutic effectiveness. 

 Recent advancements in the field have led to the development of stimuli-responsive 

nanoparticles that release their payload in response to environmental triggers such as pH, 

temperature, enzymatic activity, or redox conditions. For example, pH-sensitive 

nanoparticles are designed to release drugs in the acidic microenvironment of tumors or 

inflamed tissues, ensuring localized drug action. Similarly, temperature-responsive 

nanoparticles can be triggered by hyperthermia, making them particularly useful in cancer 

therapy. 
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 Additionally, surface-functionalized biodegradable nanoparticles have been engineered 

for  enhanced targeting by conjugating them with ligands such as antibodies, peptides, or 

aptamers that recognize specific biomarkers on diseased cells. This active targeting approach 

significantly improves drug accumulation at the desired site while reducing off-target 

effects. Furthermore, advancements in lipid-polymer hybrid nanoparticles, dendrimer-

based nanocarriers, and extracellular vesicle-inspired delivery systems have opened new 

possibilities for precision medicine applications. 

 Biodegradable nanoparticles are also playing a crucial role in gene therapy, allowing the 

safe and efficient delivery of nucleic acids such as siRNA, mRNA, and CRISPR-Cas9 

components. With ongoing research and the integration of nanotechnology with artificial 

intelligence and machine learning, the design of smart nanoparticles with real-time 

monitoring and adaptive drug release capabilities is on the horizon. These innovations hold 

great promise for revolutionizing personalized medicine, improving therapeutic outcomes, 

and minimizing adverse effects in various diseases, including cancer, neurodegenerative 

disorders, and infectious diseases. 

 

3.4 Metal and Non-Metal Oxide Nanoparticles in Green Biomedicine 

 Metal and non-metal oxide nanoparticles have been extensively explored for their 

catalytic properties in various biomedical applications, offering innovative solutions for 

disease treatment and medical diagnostics. These nanoparticles exhibit unique 

physicochemical properties such as high surface reactivity, tunable band gaps, and redox 

activity, making them valuable in therapeutic and diagnostic fields. 

 For instance, cerium oxide (CeO₂) nanoparticles demonstrate remarkable antioxidant 

activity by mimicking the behavior of natural enzymes such as catalase and superoxide 

dismutase. This property makes them highly promising for treating oxidative stress-related 

diseases, including neurodegenerative disorders, cardiovascular diseases, and cancer. 

Additionally, their regenerative redox cycling ability allows for prolonged therapeutic 

effects, making them attractive candidates for long-term biomedical applications. 

 Similarly, titanium dioxide (TiO₂) nanoparticles have gained attention for their strong 

photocatalytic properties, which can be harnessed for antimicrobial treatments, cancer 

therapy, and photodynamic therapy (PDT). Under ultraviolet (UV) or visible light 

irradiation, TiO₂ nanoparticles generate reactive oxygen species (ROS), which can effectively 

destroy bacterial cells and cancerous tissues without harming surrounding healthy cells. 

 Other metal oxide nanoparticles, such as zinc oxide (ZnO) and iron oxide (Fe₃O₄), also 

exhibit significant biomedical potential. ZnO nanoparticles possess intrinsic antimicrobial, 

anti-inflammatory, and wound-healing properties, making them valuable in topical 

treatments and regenerative medicine. Meanwhile, Fe₃O₄ nanoparticles are widely used in 

magnetic resonance imaging (MRI), targeted drug delivery, and hyperthermia-based cancer 

treatments due to their superparamagnetic behavior and biocompatibility. 

 In addition to metal oxides, non-metal oxide nanoparticles such as silica (SiO₂) 

nanoparticles have been explored as versatile platforms for drug delivery, biosensing, and 

tissue engineering. Their tunable porosity and surface chemistry allow for controlled drug 
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release and functionalization with bioactive molecules for enhanced therapeutic 

performance. 

 With continuous advancements in nanomaterial synthesis and functionalization, these 

oxide nanoparticles are paving the way for innovative biomedical solutions, contributing to 

the advancement of green biomedicine and the development of safer, more effective 

treatments for a wide range of diseases. 

 

4. Case Studies 

4.1 Nano-Catalysts Enhancing Industrial Chemical Processes 

 A notable example of nano-catalyst application is in the hydrogenation of nitro 

compounds to amines, a fundamental reaction in the chemical industry. Researchers have 

developed palladium nanoparticles supported on graphene oxide, which exhibit high 

catalytic activity and selectivity for this reaction. The nanocatalyst operates efficiently under 

ambient conditions, reducing energy consumption and minimizing the generation of 

hazardous byproducts. This advancement underscores the potential of nano-catalysts in 

promoting sustainable industrial processes. 

 

4.2 Nano-Adsorbents in Wastewater Treatment 

 The Indian Institute of Technology Kanpur developed a novel nano-adsorbent 

technology for the purification of polluted water. The nano-adsorbent selectively removes 

antibiotic and metal-resistant bacteria from contaminated water sources. The uniform 

cubical nano-adsorbent is eco-friendly, reusable, and functionalized for selective removal of 

harmful bacteria, addressing both water pollution and public health concerns. 

 

4.3 Biodegradable Nanoparticles for Targeted Drug Delivery 

 A groundbreaking study by researchers at MIT demonstrated the effectiveness of 

biodegradable polymeric nanoparticles in targeted cancer therapy. These nanoparticles, 

made from poly(lactic-co-glycolic acid) (PLGA), were engineered to encapsulate 

chemotherapy drugs and deliver them specifically to tumor cells. By incorporating targeting 

ligands on the nanoparticle surface, the system significantly improved drug accumulation 

at the tumor site while reducing off-target toxicity, leading to enhanced therapeutic efficacy 

and fewer side effects. 

 

4.4 Metal Oxide Nanoparticles in Antimicrobial Applications 

 Researchers at the University of California developed zinc oxide (ZnO) nanoparticles as 

an effective antimicrobial agent in medical and food packaging applications. The ZnO 

nanoparticles exhibited strong antibacterial activity against drug-resistant pathogens, 

making them a promising alternative to traditional antibiotics. Their incorporation into 

wound dressings and food packaging materials enhanced microbial resistance and 

prolonged shelf life without harmful chemical additives. 
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4.5 Nano-Photocatalysts for Air Purification 

 A collaborative study between European research institutes introduced titanium dioxide 

(TiO₂) nanoparticles for air purification systems in urban environments. These 

photocatalytic nanoparticles were integrated into building materials and coatings, enabling 

them to degrade airborne pollutants such as nitrogen oxides (NOx) and volatile organic 

compounds (VOCs) under sunlight. The application of TiO₂ nanotechnology in smart cities 

contributes to improved air quality and reduced environmental pollution. 

These case studies illustrate the diverse and transformative applications of nanotechnology 

across multiple fields, emphasizing its role in promoting sustainability, efficiency, and 

innovation in industrial, environmental, and biomedical sectors. 

 

5. Future Prospects & Research 

 Future nanotechnology research should focus on developing greener and more 

sustainable synthesis methods, including bio-inspired and plant-based techniques to reduce 

reliance on toxic solvents and precursors. Enhancing the biodegradability and recyclability 

of nanomaterials is essential to ensure their safe breakdown without harming ecosystems. 

Interdisciplinary collaboration among chemists, biologists, material scientists, and 

environmental experts will drive innovation, leading to multifunctional and hybrid 

nanostructures that balance performance with safety. Rigorous toxicological studies and 

standardized assessment protocols must be developed to evaluate the long-term health and 

environmental impacts of nanomaterials. Regulatory frameworks should be continuously 

updated to promote ethical and responsible production, application, and disposal of 

nanoparticles. Governments and international bodies must work together to establish clear 

policies that foster sustainable nanotechnology while minimizing risks. Public awareness 

and engagement are crucial for ensuring the responsible adoption of nanotechnology, and 

transparent communication about its benefits, risks, and ethical considerations will help 

build trust. Integrating AI and machine learning can accelerate research, optimizing 

nanomaterial design for efficiency and sustainability. Additionally, nanotechnology must 

align with global sustainability goals, ensuring it contributes to cleaner industries, safer 

medicines, and greener environments. By adopting a balanced approach that prioritizes 

safety, efficiency, and environmental responsibility, nanotechnology can unlock its full 

potential while safeguarding human health and the planet for future generations. 

 

6. Conclusion 

 Nanotechnology has shown great promise in promoting green chemistry and life 

sciences with its varied applications in catalysis, waste treatment, environmental clean-up, 

energy storage, and biomedicine. Nanocatalysts improve reaction efficiency and decrease 

energy utilization along with harmful byproducts, thereby ensuring sustainable industrial 

processes. In the treatment of wastewater, nano-adsorbents effectively eliminate pollutants 

such as heavy metals and pharmaceutical residues, ensuring access to cleaner water 

resources. In biomedicine, biodegradable nanoparticles allow for targeted drug delivery, 

enhancing therapeutic effectiveness while reducing side effects. Even with these advantages, 
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issues of nanoparticle toxicity, bioaccumulation, and long-term environmental sustainability 

must be ensured by stringent safety assessments and harmonized risk estimation. 

Policymaking hurdles, such as the necessity for exhaustive guidelines on nanoparticle 

manufacture, use, and disposal, need international collaborations involving policymakers, 

scientists, and industry players. Ethical aspects, including fair access to nanotechnology-

based healthcare and the potential for societal effects, also need to be emphasized. 

Techniques for green nanotechnology, such as bio-inspired synthesis and biodegradable 

nanomaterials, are needed to ensure environmental safety without slowing down 

technological advancements. Public perception and open communication of benefits and 

risks associated with nanotechnology will build trust and promote responsible adoption. By 

incorporating sustainability, safety, and ethical models, nanotechnology can continue to 

transform various industries while providing long-term advantages to human health and 

the environment. 
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