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Abstract: Green synthesis of bioactive molecules has gained immense attention in recent years due to its 

eco-friendly, cost-effective, and sustainable nature.

Traditional chemical synthesis often involves toxic reagents, high energy consumption, and hazardous 

waste generation. In contrast, green synthesis utilizes biological systems such as plants, microbes, and 

enzymes, as well as environmentally benign solvent

compounds. This review summarizes the principles, methods, recent advancements, and future 

perspectives in the green synthesis of bioactive molecules.
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Green synthesis is a modern approach in chemical and pharmaceutical sciences that aims to be more environmentally 

friendly than traditional methods. It uses renewable resources, biological systems, a

create high-value compounds, which helps address issues like resource depletion and pollution. The method supports a 

circular economy by using renewable materials, reducing energy use, and minimizing waste. It is particula

in the pharmaceutical industry for creating safer, more sustainable drugs and therapeutic compounds with properties 

like antimicrobial and anticancer effects. 

From a sustainability perspective, green synthesis supports the circular economy by

minimizing energy consumption, and reducing waste generation. Methods such as plant

transformation, and enzyme catalysis exemplify the use of natural and renewable systems for producing diverse

of bioactive molecules under mild and environmentally benign conditions.

The pharmaceutical relevance of green synthesis is particularly significant. The global demand for safer and more 

sustainable drug manufacturing processes has led to increasi

compatible synthesis routes. Green methods facilitate the production of bioactive compounds with therapeutic 

properties, including antimicrobial, anticancer, antioxidant, and anti

products and solvent residues Additionally, biocatalytic and plant

improve yield, stereoselectivity, and cost efficiency in drug development.

I J A R S C T  
   

International Journal of Advanced Research in Science, Communication and Technology

Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

Volume 5, Issue 5, December 2025 

 DOI: 10.48175/568   

  

 

Synthesis of Bioactive Molecules
Jadhav Kanchan Marotrao1 and Dr. Deshmukh Sangram U2 
Pharmaceutical Chemistry, Latur College of Pharmacy, Hasegaon, Latur, India

Pharmaceutical Chemistry, Latur College of Pharmacy, Hasegaon, Latur,

Green synthesis of bioactive molecules has gained immense attention in recent years due to its 

effective, and sustainable nature. 

Traditional chemical synthesis often involves toxic reagents, high energy consumption, and hazardous 

waste generation. In contrast, green synthesis utilizes biological systems such as plants, microbes, and 

enzymes, as well as environmentally benign solvents and catalysts, to produce pharmaceutically active 

compounds. This review summarizes the principles, methods, recent advancements, and future 

perspectives in the green synthesis of bioactive molecules. 

Green chemistry, plant medicated synthesis, renewable resources, echo friendly approach, 

 

I. INTRODUCTION 

Green synthesis is a modern approach in chemical and pharmaceutical sciences that aims to be more environmentally 

friendly than traditional methods. It uses renewable resources, biological systems, and less harmful reaction media to 

value compounds, which helps address issues like resource depletion and pollution. The method supports a 

circular economy by using renewable materials, reducing energy use, and minimizing waste. It is particula

in the pharmaceutical industry for creating safer, more sustainable drugs and therapeutic compounds with properties 

From a sustainability perspective, green synthesis supports the circular economy by utilizing renewable feedstocks, 

minimizing energy consumption, and reducing waste generation. Methods such as plant-mediated synthesis, microbial 

transformation, and enzyme catalysis exemplify the use of natural and renewable systems for producing diverse

of bioactive molecules under mild and environmentally benign conditions. 

The pharmaceutical relevance of green synthesis is particularly significant. The global demand for safer and more 

sustainable drug manufacturing processes has led to increasing interest in biologically derived and environmentally 

compatible synthesis routes. Green methods facilitate the production of bioactive compounds with therapeutic 

properties, including antimicrobial, anticancer, antioxidant, and anti-inflammatory agents, while minimizing toxic by

products and solvent residues Additionally, biocatalytic and plant-based synthetic strategies have been shown to 

improve yield, stereoselectivity, and cost efficiency in drug development.  
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IMPORTANCE OF GREEN SYNTHESIS 

Green synthesis aims to produce chemical substances—especially nanoparticles, drugs, and intermediates—using 

environmentally benign, energy-efficient, and non-toxic processes. Its importance includes: 

1. Environmental Protection 

Reduces the use of hazardous chemicals, solvents, and reagents. 

Minimizes toxic waste generation and environmental pollution. 

Utilizes natural materials (plants, microbes, biodegradable polymers) as eco-friendly reducing and stabilizing agents. 

2. Safety and Human Health 

Avoids carcinogenic, corrosive, or volatile chemicals used in conventional synthesis. 

Reduces exposure risk for researchers, industry workers, and end-users. 

Final products are often biocompatible and safer for biomedical applications. 

3. Economic Benefits 

Uses cost-effective raw materials such as plant extracts, agricultural waste, or renewable feedstocks. 

Reduces energy consumption due to milder reaction conditions (room temperature, ambient pressure). 

Lowers disposal and regulatory costs associated with hazardous waste. 

4. Improved Product Quality 

Produces materials with enhanced biocompatibility, stability, and functional properties. 

In nanoparticle synthesis, green routes often yield improved bioactivity and reduced toxicity. 

 
Fig. Green Synthesis 

 

SUSTAINABILITY IN GREEN SYNTHESIS: 

Sustainability ensures that chemical production meets current needs without compromising future resources. In the 

context of green synthesis: 

1. Renewable Resource Utilization 

Involves plant extracts, microorganisms, enzymes, and biodegradable solvents. 

Encourages circular economy approaches using industrial or agricultural waste. 

2. Energy-Efficient Processes 

Green methods often work at low temperatures, reducing energy consumption. 

Techniques like microwave, ultrasound, or photochemical synthesis further cut energy usage. 

3. Reduced Ecological Footprint 

Sustainable protocols minimize carbon emissions, water consumption, and chemical load. 
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Aligns with UN Sustainable Development Goals (SDGs), especially SDG-3 (Good Health), SDG-12 (Responsible 

Consumption), and SDG-13 (Climate Action). 

4. Scalability and Long-Term Viability 

Green methods can often be scaled without harmful environmental impact. 

Offers long-term industrial feasibility and regulatory acceptability. 

 

PHARMACEUTICAL RELEVANCE OF GREEN SYNTHESIS 

Green synthesis has become increasingly important in drug development, formulation, and biomedical engineering. 

1. Eco-friendly Drug and Nanoparticle Production: 

Enables the synthesis of metal nanoparticles (Ag, Au, ZnO, Fe₃O₄) used in drug delivery, antimicrobial coatings, 

imaging, and diagnostics. 

Produces safer drug intermediates with fewer harmful by-products. 

2. Enhanced Biocompatibility: 

Plant- or microbe-mediated products exhibit better compatibility with human tissues. 

Decreases the risk of toxicity, making them ideal for therapeutic and diagnostic applications. 

3. Regulatory and Industry Demand: 

FDA and EMA encourage greener production processes for improved safety and reduced environmental impact. 

Pharmaceutical companies adopt green chemistry to meet sustainability goals and regulatory pressures. 

4. Improved Therapeutic Efficiency: 

Green-synthesized nanoparticles can enhance: 

drug solubility, 

targeted delivery, 

controlled release, 

antimicrobial and anticancer properties. 

5. Waste Reduction in Drug Manufacturing: 

Green chemistry reduces steps and reagents in multi-stage synthesis of APIs. 

Supports continuous manufacturing and solvent-free or water-based systems. 

6. Alignment with Quality-by-Design (QbD) Principles: 

Emphasizes predictability, safety, and consistency in pharmaceutical production. 

Improves reproducibility and reduces process variability. 

 

GREEN CHEMISTRY PRINCIPLES IN DRUG SYNTHESIS 

Green chemistry aims to design chemical processes and products that reduce or eliminate the use and generation of 

hazardous substances. In drug synthesis, these principles promote eco-friendly, efficient, and sustainable production 

methods. 

The 12 Principles of Green Chemistry, introduced by Anastas and Warner (1998), guide the development of greener 

pharmaceutical processes. Key principles include: 

Prevention of waste: Avoiding by-products and minimizing pollution. 

Atom economy: Maximizing incorporation of all materials into the final product. 

Use of safer solvents and reagents: Replacing toxic solvents with water, ethanol, or ionic liquids. 

Energy efficiency: Using microwave, ultrasound, or photochemical reactions to save energy. 

Use of renewable feedstocks: Employing plant-based or biomass-derived raw materials. 

Catalysis: Using enzymes or reusable catalysts instead of stoichiometric reagents. 

Design for degradation: Ensuring products break down into harmless substances after use. 

In pharmaceuticals, these principles lead to cleaner synthesis, reduced waste, and safer products. Examples include 

green processes for ibuprofen, paracetamol, and artemisinin, where catalytic and solvent-free routes replaced traditional 

methods. 
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GREEN METHODS: 

Green methods are environmentally friendly approaches used in chemical and pharmaceutical synthesis to minimize 

pollution, energy use, and hazardous waste. These methods are based on the principles of green chemistry, focusing on 

sustainability, efficiency, and safety. 

Common green methods include: 

Microwave-assisted synthesis: Reduces reaction time and energy consumption.

Ultrasound-assisted synthesis: Enhances reaction rates under mild conditions.

Solvent-free synthesis: Avoids toxic solvents, redu

Biocatalytic synthesis: Uses enzymes or microorganisms for selective and eco

Supercritical CO₂ synthesis: Employs carbon dioxide as a clean and recyclable solvent.

  Utilize light or electricity as clean energy 

These green synthetic techniques provide high yields, lower costs, and safer operations, making them essential for 

sustainable drug development and green manufacturing.

Fig. Method of preparation of green nano

 

APPLICATIONS OF GREEN SYNTHESIS IN DRUG DEVELOPMENT

Green synthesis plays a crucial role in the sustainable production of diverse bioactive molecules with pharmaceutical 

importance. 

Bioactive Heterocycles: Green methods enable efficient synthe

and quinolines using eco-friendly catalysts and solvents. These compounds exhibit antimicrobial, anticancer, and anti

inflammatory activities. 

Natural Product Derivatives: Environmentally benign reac

compounds to enhance bioavailability, potency, and selectivity while maintaining natural origin and safety.

Peptides: Enzyme-catalyzed and solvent-

stereoselectivity, supporting green peptide synthesis for therapeutic applications.

Small-Molecule Drugs: Sustainable synthetic routes and biocatalysis are employed for producing common drugs (e.g., 

ibuprofen, paracetamol, artemisinin) with r
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Green methods are environmentally friendly approaches used in chemical and pharmaceutical synthesis to minimize 

pollution, energy use, and hazardous waste. These methods are based on the principles of green chemistry, focusing on 

Reduces reaction time and energy consumption. 

Enhances reaction rates under mild conditions. 

Avoids toxic solvents, reducing environmental impact. 

Uses enzymes or microorganisms for selective and eco-safe reactions. 

Employs carbon dioxide as a clean and recyclable solvent. 

Utilize light or electricity as clean energy sources. 

These green synthetic techniques provide high yields, lower costs, and safer operations, making them essential for 

sustainable drug development and green manufacturing. 

Fig. Method of preparation of green nanoparticals 

APPLICATIONS OF GREEN SYNTHESIS IN DRUG DEVELOPMENT  

Green synthesis plays a crucial role in the sustainable production of diverse bioactive molecules with pharmaceutical 

Green methods enable efficient synthesis of heterocyclic scaffolds such as pyrroles, indoles, 

friendly catalysts and solvents. These compounds exhibit antimicrobial, anticancer, and anti

Environmentally benign reactions are used to modify plant- and microbe

compounds to enhance bioavailability, potency, and selectivity while maintaining natural origin and safety.

-free peptide coupling techniques reduce hazardous reagent

stereoselectivity, supporting green peptide synthesis for therapeutic applications. 

Sustainable synthetic routes and biocatalysis are employed for producing common drugs (e.g., 

ibuprofen, paracetamol, artemisinin) with reduced waste and energy use. 
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Advantages of green synthesis of bioactive molecules 

 Green synthesis offers a sustainable and environmentally responsible approach to the preparation of bioactive 

molecules.  

 It minimizes the use of toxic reagents and hazardous solvents, thereby reducing environmental pollution and 

improving laboratory safety. 

 The methodology often employs renewable natural resources—such as plant extracts, enzymes, or 

microorganisms—as catalysts or reducing agents, promoting sustainability and resource efficiency. 

 Reactions carried out under mild conditions (ambient temperature and pressure) lead to lower energy 

consumption and cost-effectiveness.  

 Moreover, green synthesis frequently enhances the selectivity, yield, and purity of products, producing 

bioactive compounds with better pharmacological properties and reduced toxicity.  

 The use of biodegradable solvents and renewable feedstocks aligns with the principles of green chemistry, 

supporting safer and cleaner drug discovery processes. 

 Overall, green synthesis represents a significant advancement toward eco-friendly and economically viable 

production of therapeutically important molecules. 

 

Disadvantages of Green Synthesis of Bioactive Molecules: 

 Despite its numerous benefits, green synthesis also presents several disadvantages that limit its widespread 

application in the synthesis of bioactive molecules.  

 One major challenge lies in the limited range of chemical reactions that can be efficiently adapted to green 

conditions, particularly when using biological or plant-based catalysts.  

 Many green synthetic methods require extensive optimization to achieve desirable yields and selectivity, 

which can be time-consuming and resource-intensive. 

 Additionally, biocatalysts such as enzymes and microorganisms often exhibit low stability and sensitivity to 

changes in pH, temperature, and solvent composition, thereby restricting their operational efficiency. 

 

Regulatory and Industrial Perspectives of Green Synthesis of Bioactive Molecules 

From both regulatory and industrial standpoints, green synthesis has emerged as an essential approach to achieving 

sustainable pharmaceutical and chemical manufacturing. Regulatory agencies such as the U.S. Environmental 

Protection Agency (EPA), the European Medicines Agency (EMA), and the Food and Drug Administration (FDA) 

increasingly emphasize the adoption of environmentally responsible and safe production processes. These agencies 

encourage compliance with green chemistry principles, focusing on minimizing hazardous waste, improving atom 

economy, and ensuring the safety of both workers and the environment. In pharmaceutical development, regulatory 

frameworks now consider not only product efficacy and safety but also the environmental impact of synthesis routes 

used during drug manufacturing. 

Industrially, green synthesis is gaining attention as companies seek to align with Environmental, Social, and 

Governance (ESG) goals and reduce their carbon footprint. The implementation of green synthetic methods—such as 

the use of biocatalysts, solvent-free reactions, or renewable feedstocks—has led to improved process efficiency, cost 

savings, and reduced waste disposal requirements. However, large-scale adoption remains limited due to challenges in 

process optimization, scalability, and regulatory validation of novel green technologies. Industries must ensure that any 

new synthesis pathway meets Good Manufacturing Practice (GMP) standards and complies with international 

environmental and safety regulations. 

Overall, the integration of green synthesis into industrial and regulatory frameworks represents a transformative shift 

toward sustainable production of bioactive molecules. Strengthening collaborations between academia, industry, and 

regulatory bodies can accelerate the development of standardized guidelines, promote green innovation, and ensure the 

long-term environmental and economic sustainability of pharmaceutical manufacturing. 
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Future Prospects and Research Gaps for Green Synthesis of Bioactive Molecules 

Green synthesis continues to evolve as a promising and sustainable strategy for the development of bioactive 

molecules, yet several research gaps remain that must be addressed to fully realize its potential. Future research is 

expected to focus on the design of novel, efficient, and recyclable catalysts, including enzyme mimetics, nanocatalysts, 

and biomimetic systems, to enhance reaction selectivity and yield. The integration of computational modeling, artificial 

intelligence (AI), and machine learning can further accelerate the optimization of green synthetic routes by predicting 

reaction outcomes and minimizing resource consumption. Expanding the use of renewable feedstocks, bio-based 

solvents, and non-toxic reagents will also be critical for improving sustainability and scalability. 

However, there are still significant research gaps that hinder large-scale industrial adoption. The lack of standardized 

protocols and regulatory frameworks for assessing the greenness and safety of synthetic methods poses a challenge. 

Moreover, limited understanding of reaction mechanisms in biologically mediated synthesis restricts process 

predictability and control. The instability of biocatalysts, along with difficulties in recycling and reuse, continues to 

affect process efficiency. Furthermore, scaling up laboratory procedures without compromising product quality, yield, 

or environmental benefits remains a major bottleneck. 

Looking ahead, interdisciplinary collaboration among chemists, biotechnologists, environmental scientists, and process 

engineers will be essential to overcome these barriers. The development of integrated green synthesis platforms, 

supported by automation, continuous-flow technologies, and life-cycle assessment (LCA), can pave the way for cleaner, 

safer, and more cost-effective production of bioactive molecules. Addressing these research gaps will not only advance 

the field of green chemistry but also contribute to the global goal of sustainable pharmaceutical manufacturing. 

 

II. CONCLUSION 

Green synthesis of bioactive molecules offers an eco-friendly and sustainable alternative to conventional synthetic 

methods. By utilizing renewable resources, non-toxic reagents, and energy-efficient processes, it minimizes 

environmental hazards while enhancing product safety and biocompatibility. Although challenges such as scalability, 

process optimization, and catalyst stability remain, ongoing research and technological advancements are steadily 

overcoming these limitations. The integration of green chemistry principles into pharmaceutical synthesis holds great 

potential to promote sustainable drug development, reduce environmental impact, and support global efforts toward 

cleaner and safer chemical manufacturing. 
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