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Abstract: 

Nanotechnology has emerged as one of the most transformative scientific fields of the twenty-first 

century, offering innovative solutions to environmental, biomedical, and industrial challenges. Among 

various nanomaterials, metal-based nanocomposites have attracted considerable attention due to their 

unique physicochemical properties, including high surface area, enhanced catalytic activity, 

antimicrobial efficacy, and tunable optical characteristics. Conventional methods for synthesizing metal 

nanoparticles often involve toxic chemicals and energy-intensive processes, leading to environmental 

concerns. Consequently, green synthesis approaches utilizing plant extracts, microorganisms, and 

biopolymers have gained significant importance as environmentally friendly and sustainable 

alternatives. This research paper reviews recent advances in the green synthesis of novel metal-based 

nanocomposites, their characterization techniques, and biological evaluations for environmental and 

biomedical applications. The study highlights the role of eco-friendly synthesis methods in producing 

functional nanocomposites with improved biocompatibility, reduced toxicity, and enhanced performance. 

Furthermore, environmental applications such as wastewater treatment, pollutant degradation, and 

antimicrobial water purification, along with biomedical applications including drug delivery, anticancer 

therapy, biosensing, and tissue engineering, are discussed. The paper concludes with future perspectives 

and challenges in translating green nanotechnology into practical industrial and clinical applications. 
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1. Introduction 

The rapid advancement of nanotechnology has revolutionized multiple scientific disciplines, including 

chemistry, biology, medicine, materials science, and environmental engineering. Nanomaterials exhibit 

unique properties distinct from their bulk counterparts due to quantum confinement effects, high surface-

to-volume ratios, and altered electronic structures. 

 

Metal-based nanocomposites, consisting of metallic nanoparticles embedded within polymeric, ceramic, 

carbonaceous, or hybrid matrices, have demonstrated remarkable potential in diverse applications. These 

materials combine the advantages of individual components, resulting in enhanced mechanical strength, 

catalytic activity, conductivity, and biological functionality. 

 

Traditional chemical and physical methods used for nanoparticle synthesis often require hazardous 

reducing agents, stabilizers, and solvents. Such approaches generate toxic by-products and increase 

environmental burdens. In response, green synthesis methods have emerged as sustainable alternatives 

that employ biological resources such as plant extracts, algae, fungi, bacteria, and natural polymers. 

Green nanotechnology aligns with the principles of sustainable chemistry by minimizing waste 

generation, reducing energy consumption, and eliminating harmful chemicals. The resulting 
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nanocomposites often exhibit superior biocompatibility and environmental safety, making them suitable 

for biomedical and ecological applications. 

 

2. Green Synthesis of Metal-Based Nanocomposites 

Green synthesis refers to the fabrication of nanomaterials using environmentally benign biological 

systems and renewable resources. 

2.1 Plant-Mediated Synthesis 

Plant extracts contain a variety of phytochemicals, including: 

• Flavonoids  

• Polyphenols  

• Alkaloids  

• Terpenoids  

• Proteins  

• Sugars  

 

These compounds act as both reducing and stabilizing agents during nanoparticle formation. 

Commonly synthesized nanoparticles include: 

• Silver (Ag)  

• Gold (Au)  

• Zinc oxide (ZnO)  

• Copper oxide (CuO)  

• Iron oxide (Fe₃O₄)  

Advantages include: 

• Low cost  

• Simple procedures  

• Scalability  

• Minimal toxicity  

Plant-mediated synthesis has become one of the most widely adopted green approaches due to its 

simplicity and effectiveness. 

 

2.2 Microbial Synthesis 

Microorganisms such as bacteria, fungi, yeast, and algae can produce nanoparticles through intracellular 

and extracellular mechanisms. 

Examples include: 

• Silver nanoparticles synthesized by fungal species  

• Gold nanoparticles produced by bacteria  

• Magnetite nanoparticles generated by algae  

Benefits include: 

• Controlled particle morphology  

• High yield  

• Enhanced stability  

However, microbial cultivation requires sterile conditions and longer synthesis times. 

 

2.3 Biopolymer-Assisted Synthesis 

Natural polymers serve as eco-friendly templates and stabilizing matrices. 

Examples include: 

• Chitosan  

• Cellulose  

• Starch  

• Alginate  

• Gelatin  
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These biopolymers facilitate nanoparticle formation while improving mechanical properties and 

biocompatibility. 

 

3. Types of Metal-Based Nanocomposites 

3.1 Silver-Based Nanocomposites 

Silver nanoparticles possess strong antimicrobial properties against bacteria, fungi, and viruses. 

Applications include: 

• Wound dressings  

• Water disinfection  

• Antimicrobial coatings  

• Medical devices  

Silver-polymer nanocomposites have demonstrated enhanced biological activity and long-term stability. 

 

3.2 Gold-Based Nanocomposites 

Gold nanoparticles exhibit unique optical properties arising from surface plasmon resonance. 

Applications include: 

• Drug delivery systems  

• Cancer diagnosis  

• Photothermal therapy  

• Biosensors  

Green synthesized gold nanocomposites have shown improved biocompatibility and reduced 

cytotoxicity. 

 

3.3 Zinc Oxide Nanocomposites 

ZnO nanoparticles possess: 

• Antimicrobial activity  

• Photocatalytic behavior  

• UV-blocking properties  

These materials are widely used in environmental remediation and biomedical engineering. 

 

3.4 Iron Oxide Nanocomposites 

Magnetic iron oxide nanoparticles are highly attractive due to: 

• Superparamagnetism  

• Biocompatibility  

• Easy magnetic separation  

Applications include: 

• Magnetic drug targeting  

• MRI contrast agents  

• Wastewater treatment  

 

3.5 Copper-Based Nanocomposites 

Copper nanocomposites provide cost-effective alternatives to noble metal nanoparticles. 

Applications include: 

• Antimicrobial materials  

• Catalysis  

• Environmental cleanup  

• Biosensing  

 

4. Characterization Techniques 

Accurate characterization is essential for understanding nanocomposite structure, composition, and 

functionality. 
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4.1 UV–Visible Spectroscopy 

UV–Visible spectroscopy is used to monitor nanoparticle formation through characteristic absorption 

peaks. 

Applications: 

• Surface plasmon resonance analysis  

• Particle stability assessment  

• Optical property evaluation  

 

4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR identifies functional groups responsible for nanoparticle synthesis and stabilization. 

It helps determine: 

• Surface chemistry  

• Biomolecule interactions  

• Capping agents  

 

4.3 X-Ray Diffraction (XRD) 

XRD provides information regarding: 

• Crystal structure  

• Crystallinity  

• Particle size estimation  

This technique confirms successful nanoparticle synthesis. 

 

4.4 Scanning Electron Microscopy (SEM) 

SEM enables visualization of: 

• Surface morphology  

• Particle distribution  

• Composite architecture  

High-resolution images reveal structural details. 

 

4.5 Transmission Electron Microscopy (TEM) 

TEM provides nanoscale imaging for determining: 

• Particle size  

• Shape  

• Internal structure  

TEM remains one of the most important characterization tools. 

 

4.6 Dynamic Light Scattering (DLS) 

DLS measures: 

• Particle size distribution  

• Hydrodynamic diameter  

• Colloidal stability  

It is particularly useful for biomedical formulations. 

 

4.7 Energy Dispersive X-Ray Analysis (EDX) 

EDX confirms elemental composition and purity of synthesized nanocomposites. 

 

5. Biological Evaluation of Metal-Based Nanocomposites 

Biological evaluation determines the safety and efficacy of nanocomposites for medical applications. 

5.1 Antibacterial Activity 

Metal nanoparticles exhibit strong antibacterial properties through: 

• Membrane disruption  

• Reactive oxygen species generation  
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• Protein denaturation  

• DNA damage  

Studies have demonstrated effectiveness against: 

• Escherichia coli  

• Staphylococcus aureus  

• Pseudomonas aeruginosa  

• Klebsiella pneumoniae  

Green synthesized silver and zinc oxide nanocomposites show particularly strong antimicrobial activity. 

 

5.2 Antifungal Activity 

Nanocomposites inhibit fungal growth by: 

• Altering membrane permeability  

• Inducing oxidative stress  

• Disrupting cellular metabolism  

Applications include: 

• Agricultural disease management  

• Antifungal coatings  

• Biomedical treatments  

 

5.3 Anticancer Activity 

Metal-based nanocomposites demonstrate promising anticancer properties through: 

• Selective cellular uptake  

• Induction of apoptosis  

• Oxidative stress-mediated cytotoxicity  

• Photothermal destruction of tumor cells  

Gold and iron oxide nanocomposites are widely investigated for targeted cancer therapy. 

 

5.4 Cytotoxicity Studies 

Biocompatibility assessment involves: 

• MTT assays  

• Cell viability studies  

• Hemolysis testing  

• Genotoxicity analysis  

Green synthesized nanoparticles generally exhibit lower toxicity than chemically synthesized 

counterparts. 

 

5.5 Anti-Inflammatory Properties 

Several nanocomposites reduce inflammation through: 

• Cytokine modulation  

• Oxidative stress reduction  

• Enhanced tissue regeneration  

These properties are valuable for wound healing applications. 

 

6. Environmental Applications 

6.1 Wastewater Treatment 

Industrial wastewater contains: 

• Heavy metals  

• Organic pollutants  

• Dyes  

• Pharmaceuticals  

Metal-based nanocomposites effectively remove contaminants through: 

• Adsorption  
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• Catalytic degradation  

• Photocatalysis  

• Magnetic separation  

 

6.2 Dye Degradation 

Textile industries release large quantities of synthetic dyes into aquatic environments. 

Nanocomposites accelerate degradation of: 

• Methylene blue  

• Rhodamine B  

• Congo red  

• Crystal violet  

Photocatalytic systems based on ZnO and TiO₂ composites are particularly effective. 

 

6.3 Heavy Metal Removal 

Iron oxide nanocomposites can adsorb toxic metals such as: 

• Lead  

• Cadmium  

• Mercury  

• Chromium  

Magnetic recovery enables easy separation after treatment. 

 

6.4 Antimicrobial Water Purification 

Silver and copper nanocomposites effectively eliminate pathogenic microorganisms from contaminated 

water. 

Applications include: 

• Point-of-use filters  

• Rural water purification systems  

• Emergency water treatment technologies  

 

6.5 Air Pollution Control 

Nanocomposites are increasingly employed for: 

• Volatile organic compound degradation  

• Gas sensing  

• Air filtration systems  

These technologies contribute to improved air quality. 

 

7. Biomedical Applications 

7.1 Drug Delivery Systems 

Nanocomposites enable controlled drug release and targeted delivery. 

Advantages include: 

• Reduced side effects  

• Improved therapeutic efficacy  

• Enhanced bioavailability  

Magnetic nanoparticles allow site-specific drug targeting using external magnetic fields. 

 

7.2 Tissue Engineering 

Nanocomposite scaffolds support: 

• Cell adhesion  

• Cell proliferation  

• Tissue regeneration  

Applications include: 

• Bone repair  
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• Skin regeneration  

• Cartilage engineering  

 

7.3 Biosensors 

Metal nanoparticles improve sensor sensitivity due to: 

• Enhanced conductivity  

• Large surface area  

• Superior signal amplification  

Applications include disease diagnosis and environmental monitoring. 

 

7.4 Medical Imaging 

Iron oxide and gold nanocomposites enhance imaging techniques such as: 

• Magnetic Resonance Imaging (MRI)  

• Computed Tomography (CT)  

• Photoacoustic Imaging  

Improved imaging assists in early disease detection. 

 

7.5 Wound Healing 

Nanocomposite-based wound dressings provide: 

• Antimicrobial protection  

• Moisture retention  

• Enhanced tissue regeneration  

Silver nanocomposites are particularly effective in chronic wound management. 

 

8. Challenges and Limitations 

Despite significant progress, several challenges remain. 

8.1 Scale-Up Issues 

Laboratory synthesis protocols often face difficulties during industrial-scale production. 

Challenges include: 

• Reproducibility  

• Cost optimization  

• Process standardization  

 

8.2 Toxicity Concerns 

Long-term exposure effects remain insufficiently understood. 

Potential concerns include: 

• Bioaccumulation  

• Organ toxicity  

• Environmental persistence  

Comprehensive safety assessments are required. 

 

8.3 Regulatory Challenges 

Commercialization requires compliance with strict regulations regarding: 

• Safety  

• Quality control  

• Environmental impact  

International guidelines continue to evolve. 

 

8.4 Stability Problems 

Nanocomposites may experience: 

• Aggregation  

• Oxidation  
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• Reduced functionality during storage  

Improved stabilization strategies remain an active research area. 

 

9. Future Perspectives 

Future research is expected to focus on: 

• Artificial intelligence-guided nanomaterial design  

• Multifunctional nanocomposites  

• Smart drug delivery systems  

• Sustainable industrial manufacturing  

• Clinical translation of green nanomedicines  

• Circular economy approaches in nanotechnology  

 

The integration of nanotechnology, biotechnology, and materials science will accelerate the development 

of next-generation sustainable nanocomposites. Particular emphasis should be placed on designing 

environmentally benign nanomaterials with enhanced therapeutic performance and reduced ecological 

impact. 

 

10. Conclusion 

Green synthesis has emerged as a sustainable and environmentally friendly approach for producing novel 

metal-based nanocomposites with significant environmental and biomedical applications. The utilization 

of plant extracts, microorganisms, and biopolymers provides safer alternatives to conventional synthetic 

methods while enhancing biocompatibility and reducing toxicity. 

 

Advanced characterization techniques such as UV–Visible spectroscopy, FTIR, XRD, SEM, TEM, DLS, 

and EDX have enabled comprehensive understanding of nanocomposite structures and properties. 

Biological evaluations have demonstrated remarkable antimicrobial, antifungal, anticancer, and anti-

inflammatory activities, highlighting the potential of these materials in modern healthcare. 

Simultaneously, environmental applications including wastewater treatment, pollutant degradation, 

heavy metal removal, and water purification underscore the importance of green nanotechnology in 

addressing global environmental challenges. Although issues related to toxicity, scalability, and 

regulatory approval remain, ongoing research continues to advance the field toward practical 

implementation. 

 

The future of green metal-based nanocomposites lies in the development of multifunctional, safe, and 

sustainable nanomaterials capable of contributing to both environmental protection and human health, 

thereby supporting the broader goals of sustainable development and green chemistry. 
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