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Abstract: Eco-pharmaceuticals are an emerging solution in the pharmaceutical industry, aimed at reducing environmental impacts through sustainable production, distribution, and disposal practices. The growing concern over pharmaceutical waste, especially in low-resource settings, highlights the need for greener alternatives. Pharmaceutical residues, often not fully removed during conventional wastewater treatments, contribute significantly to water pollution and disrupt aquatic ecosystems. Eco-pharmaceuticals address these issues by using biodegradable materials, environmentally friendly production methods, and safer disposal techniques, thereby reducing the persistence of pharmaceutical contaminants in the environment. Life-Cycle Assessment (LCA) is an essential methodology used to evaluate the environmental impact of pharmaceutical products, considering all stages from raw material extraction to end-of-life disposal. The results of LCA show that eco-pharmaceuticals significantly reduce water pollution potential and carbon emissions when compared to conventional drugs. Additionally, they offer a more resource-efficient alternative by minimizing waste generation during production and ensuring safer end-of-life disposal. Despite the clear environmental benefits, challenges remain in transitioning to eco-pharmaceuticals, particularly in low-resource settings where infrastructure for waste management is limited. Cost and availability of eco-pharmaceuticals may also pose barriers to widespread adoption. However, with appropriate policy interventions, public education, and technological innovations, these challenges can be addressed. This study underscores the potential of eco-pharmaceuticals in mitigating environmental degradation while offering a sustainable and cost-effective alternative to traditional pharmaceuticals, particularly in regions most vulnerable to pollution.
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1. Introduction
Pharmaceutical waste has emerged as a significant environmental pollutant, particularly in low-resource regions where the absence of effective waste management systems exacerbates its impact. The release of active pharmaceutical ingredients (APIs) during the manufacturing, use, and disposal stages of pharmaceutical products can lead to the contamination of water, soil, and air. In low- and middle-income countries, insufficient sewer connectivity and reliance on septic systems contribute to diffuse-source pollution, which heightens the risk to groundwater and land resources (Kookana et al., 2014). Improper pharmaceutical disposal is a primary contributor to environmental degradation, disrupting aquatic ecosystems and spreading antimicrobial resistance (Gupta & Gupta, 2023; Kayode-Afolayan et al., 2022). As these pollutants infiltrate natural habitats, their long-term effects pose serious challenges to the environment and public health, requiring urgent intervention.
In response to these environmental concerns, the healthcare sector is increasingly focused on adopting sustainable practices, particularly within the pharmaceutical industry. Sustainability in healthcare has gained global attention as a means to address environmental challenges while improving overall patient care and fostering social responsibility (Naylor & Ward, 2024). The pharmaceutical industry, as a key player in this movement, is under pressure to reduce waste, minimize harmful emissions, and adopt greener and cleaner manufacturing processes (Riikonen et al., 2024). Incorporating sustainability principles into healthcare operations is essential not only for environmental protection but also for improving resource efficiency and optimizing healthcare delivery (Naylor & Ward, 2024).
Eco-friendly pharmaceutical solutions are at the forefront of efforts to mitigate the environmental impacts of pharmaceutical waste. Strategies such as green continuous manufacturing and the adoption of sustainable pharmaceutical packaging are instrumental in reducing the industry's ecological footprint. Continuous manufacturing offers greater efficiency and less environmental impact compared to traditional batch processing methods (Pai & Patil, 2014). Additionally, the use of recyclable and biodegradable materials in packaging helps minimize waste and reduces the overall environmental burden (Riikonen et al., 2024). Developing environmentally sustainable drug production processes and incorporating environmental considerations into decision-making frameworks are critical steps toward achieving a greener pharmaceutical industry (Gupta & Gupta, 2023).
The growing environmental concerns regarding pharmaceutical waste have led to increased attention on eco-pharmaceuticals and the use of Life-Cycle Assessment (LCA) as a key tool for assessing their environmental impact. Pharmaceutical residues, including active pharmaceutical ingredients (APIs), contribute significantly to environmental pollution, particularly water contamination. These pollutants are found in surface and groundwater and are often resistant to conventional wastewater treatment methods (Mashile et al., 2023; Ngqwala & Muchesa, 2020). The environmental footprint of pharmaceuticals is substantial, with impacts arising from production, distribution, usage, and disposal processes (Sabour et al., 2023). Eco-pharmaceuticals, designed to reduce these negative environmental impacts, are gaining attention as potential solutions for more sustainable pharmaceutical practices.
Life-Cycle Assessment (LCA) is a comprehensive tool used to evaluate the environmental impacts of a product throughout its entire life cycle, from raw material extraction to disposal (W. Li, 2024). LCA helps identify the environmental hotspots of pharmaceutical products and processes, enabling stakeholders to focus on areas that require the most significant improvements. For instance, in pharmaceutical production, LCA has revealed that the manufacture of certain drugs contributes significantly to terrestrial ecotoxicity and climate change (Sabour et al., 2023). Through the application of LCA, pharmaceutical companies and policymakers can gain insights into how to reduce the carbon footprint and water pollution potential associated with drug production and usage.
The application of LCA in the pharmaceutical industry has highlighted various sustainability initiatives aimed at reducing environmental footprints. Eco-pharmaceuticals are produced using green chemistry principles, which focus on minimizing waste and using renewable resources throughout the manufacturing process (Van Wilder et al., 2024). Additionally, advanced treatment technologies, such as anaerobic membrane bioreactors and constructed wetlands, show promise in improving the efficiency of pharmaceutical residue removal from wastewater (Krahnstöver et al., 2022). These technologies represent a crucial step toward mitigating the persistent pollution of water bodies and the broader ecosystem.
In resource-limited settings, where infrastructure for waste management is often inadequate, the challenge of pharmaceutical pollution is exacerbated (Krahnstöver et al., 2022). Poor sanitation and ineffective wastewater treatment contribute to the widespread contamination of water sources with pharmaceutical residues (Ngqwala & Muchesa, 2020). Addressing these issues requires not only the adoption of eco-friendly technologies but also robust regulatory frameworks that encourage sustainable pharmaceutical production and consumption. Furthermore, educational programs focused on the proper disposal and responsible use of medications can play a critical role in reducing environmental contamination (W. Li, 2024).
2. Literature Review
Pharmaceutical Waste and Its Impact on the Environment, Especially in Low-Resource Settings
Pharmaceutical waste has become a significant environmental and public health concern, particularly in low-resource settings where regulatory frameworks and waste management infrastructure are often inadequate. In these regions, improper disposal practices, such as discarding unused or expired medications in household waste or pit latrines, are common due to limited access to proper disposal facilities and low public awareness (Gwenzi et al., 2023; Sonam et al., 2022). This improper disposal leads to the contamination of soil and water sources, presenting substantial risks to both human health and the environment (Gwenzi et al., 2023). Pharmaceutical residues, such as active pharmaceutical ingredients (APIs), are persistent pollutants that continue to affect ecosystems long after disposal.
One of the most concerning effects of pharmaceutical waste is its impact on aquatic ecosystems. When pharmaceutical compounds enter water bodies through wastewater effluents, agricultural runoff, and other pathways, they can cause both acute and chronic toxicity in aquatic organisms. These toxic effects include reproductive impairments, behavioral changes, and physiological dysfunctions, which can disrupt the balance of aquatic ecosystems (Ajima & Pandey, 2022; Chaudhary et al., 2023). For instance, exposure to pharmaceutical residues can lead to oxidative stress in fish, serving as an early indicator of environmental stress and potential ecological damage (Berlioz-Barbier et al., 2015). Moreover, endocrine-disrupting compounds found in pharmaceuticals can result in the feminization of fish and other aquatic species, which further disturbs the natural reproductive cycles and biodiversity of aquatic habitats (Silori & Tauseef, 2022; Sonam et al., 2022).
Conventional pharmaceuticals, due to their persistent and biologically active nature, pose significant environmental risks. Many pharmaceuticals are not fully removed by standard wastewater treatment processes, leading to their continued presence in aquatic environments (Gupta & Gupta, 2023; Silori & Tauseef, 2022). This prolonged presence of pharmaceutical residues in water bodies contributes to the development of antimicrobial resistance, genotoxicity, and bioaccumulation of harmful substances in the food chain (Gupta & Gupta, 2023). Furthermore, studies highlight that current waste management practices are insufficient to effectively address these issues. While advanced treatment technologies such as advanced oxidation processes, membrane technologies, and bioremediation show promise in mitigating the environmental impact of pharmaceutical pollutants (Krahnstöver et al., 2022), there is an urgent need for improved regulatory frameworks, public education, and the implementation of sustainable waste management practices (Ionescu & Cazan, 2024; SanJuan-Reyes et al., 2019).
In resource-limited settings, the challenges related to pharmaceutical waste are amplified due to inadequate waste management infrastructure. In these areas, the lack of proper sanitation and dysfunctional wastewater treatment plants contribute to higher levels of pharmaceutical contamination, particularly in aquatic environments (Gwenzi et al., 2023). Therefore, addressing pharmaceutical waste in such regions requires not only the adoption of eco-friendly technologies but also the development of effective regulatory policies and public awareness initiatives to ensure responsible medication disposal and reduce environmental contamination (Chaudhary et al., 2023; Miranda et al., 2018).
Eco-Pharmaceuticals and Sustainable Alternatives
Eco-pharmaceuticals are designed with the goal of reducing their ecological footprint and promoting environmental sustainability. These pharmaceuticals are developed using various strategies, including the use of biodegradable materials, the reduction of harmful emissions during production, and the implementation of safe disposal methods (J. Li et al., 2024). Eco-pharmacology, a related field, focuses on studying the effects of pharmaceutical compounds on ecosystems and the environment, emphasizing the need for greener healthcare practices (Arun et al., 2022). The focus on eco-pharmaceuticals represents a significant shift towards greener healthcare systems, particularly as the global demand for sustainable and environmentally friendly products increases.
Eco-pharmaceuticals offer several important environmental benefits, including the reduction of pollution, a lower carbon footprint, and minimized ecotoxicity. By using biodegradable materials and safer disposal methods, these pharmaceuticals help mitigate the contamination of water bodies and soil, which are common consequences of improper pharmaceutical disposal (J. Li et al., 2024). Additionally, the use of sustainable manufacturing processes and eco-friendly packaging contributes to a reduced carbon footprint, further minimizing the environmental impact of pharmaceutical products (Jiménez-González & Overcash, 2014). Eco-pharmaceuticals are specifically designed to have minimal adverse effects on non-target organisms, reducing the risk of bioaccumulation and toxicity in the environment (Gworek et al., 2019).
Furthermore, these pharmaceuticals play a key role in the reduction of ecotoxicity by ensuring that the products have lower levels of persistent pollutants. This has significant ecological advantages, particularly in aquatic ecosystems, where the presence of harmful substances can disrupt natural processes such as reproduction and feeding (Siegert et al., 2019). The ongoing development of such eco-friendly products is crucial for maintaining the health of ecosystems and ensuring that pharmaceutical practices align with environmental sustainability goals.
Life-Cycle Assessment (LCA) is an essential method for evaluating the environmental impact of products throughout their entire life cycle, from raw material extraction to disposal (Sabour et al., 2023). LCA provides a comprehensive analysis of the environmental impacts associated with pharmaceutical production and usage, identifying key areas where improvements can be made to enhance sustainability (Laca et al., 2019). The LCA process includes several steps: goal and scope definition, life cycle inventory, life cycle impact assessment, and life cycle interpretation (J. Li et al., 2024).
In pharmaceuticals, LCA has been used to assess the environmental impact of drug production processes, medical devices, and waste management practices. By evaluating each stage of the life cycle, LCA helps identify greener alternatives that can reduce the overall environmental footprint of pharmaceutical products (Jiménez-González & Overcash, 2014). For example, LCA has revealed that switching from batch processing to continuous manufacturing can significantly reduce waste and energy consumption, offering a more sustainable approach to pharmaceutical production (Siegert et al., 2019). Additionally, the assessment of waste management strategies helps minimize the environmental burden of pharmaceutical waste, which is a critical issue in both developed and low-resource settings (Sabour et al., 2023).
Several studies have explored the potential of greener alternatives in healthcare systems to reduce pollution and enhance sustainability. One such approach is the application of green chemistry, which focuses on using environmentally benign chemicals and processes in pharmaceutical production (Jena et al., 2019). Green chemistry aims to minimize waste, reduce energy consumption, and lower the use of hazardous substances in drug manufacturing (Jiménez-González & Overcash, 2014). Another effective strategy is the use of sustainable packaging materials, which help reduce the environmental impact of packaging waste-a significant contributor to the overall ecological footprint of pharmaceutical products (J. Li et al., 2024).
In addition to these approaches, continuous manufacturing has been identified as a promising alternative to traditional batch processing. This method increases efficiency by streamlining production processes and reducing material waste (Roy & Kar, 2016). By implementing continuous manufacturing, pharmaceutical companies can achieve higher productivity while simultaneously reducing their environmental impact.
Greener alternatives have shown significant potential in reducing pollution within healthcare systems. Studies have demonstrated that adopting green chemistry and sustainable manufacturing practices can significantly lower greenhouse gas emissions, toxic pollutants, and other environmental contaminants (Siegert et al., 2019). Furthermore, eco-friendly packaging and improved waste management practices contribute to the reduction of pharmaceutical waste, lessening its environmental burden (Gworek et al., 2019). The integration of these practices into pharmaceutical manufacturing not only reduces the ecological footprint but also improves the overall sustainability of healthcare systems.
Continuous manufacturing also contributes to pollution reduction by minimizing the energy and resources required for production. This method helps pharmaceutical companies reduce waste while simultaneously enhancing the efficiency of their manufacturing processes (Roy & Kar, 2016). As such, the adoption of greener alternatives in the pharmaceutical industry represents a significant step toward achieving environmental sustainability in healthcare systems.

3. Materials and Method
The research utilizes Life-Cycle Assessment (LCA) to evaluate the environmental impact of eco-pharmaceuticals compared to conventional drugs, focusing on key stages such as production, distribution, use, and disposal. LCA involves four main phases: defining goals, gathering life-cycle inventory data, assessing impacts (e.g., water pollution potential, carbon footprint), and interpreting results to identify environmental hotspots. Data will be collected from pharmaceutical manufacturers, logistics, healthcare facilities, and environmental studies, including information on raw materials, energy use, emissions, and disposal practices. The analysis will highlight the environmental benefits of eco-pharmaceuticals, particularly in reducing pollution and waste, and compare their overall sustainability with conventional drugs, focusing on water contamination and carbon emissions in low-resource settings.
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Table 1. The structure of the Research Methodology flowchart.

Life‑Cycle Assessment (LCA) Approach
Life‑Cycle Assessment (LCA) is a systematic methodology used to evaluate the environmental impacts of a product across its entire life cycle, from raw material extraction through manufacturing, distribution, use, and finally disposal. In the pharmaceutical industry, this approach is especially relevant because it enables a comprehensive analysis of the environmental burdens associated with each stage of a drug’s life cycle. The typical LCA framework consists of four major phases:
Goal and Scope Definition 
Establishing the objectives of the study, defining system boundaries (which stages of the life cycle are included), identifying function units, and setting impact categories for assessment.
Life‑Cycle Inventory (LCI)
Collecting quantitative data on all relevant inputs (materials, energy) and outputs (emissions, waste) for each stage of the pharmaceutical supply chain.
Life‑Cycle Impact Assessment (LCIA) 
Converting inventory data into potential environmental impacts using characterization models (e.g., carbon footprint, water pollution potential).
Life‑Cycle Interpretation 
Analysing results to identify hotspots, uncertainties, and improvement opportunities, and drawing conclusions for decision‑making.
In the context of pharmaceuticals, the LCA methodology covers key supply chain stages: production (raw materials, synthesis), distribution (packaging, transport), use (patient consumption, dosing regimes, residuals), and end‑of‑life disposal (waste treatment, excretion, disposal of unused/expired drugs). The evaluation criteria selected for assessing environmental impact may include: water pollution potential (e.g., the fate of active pharmaceutical ingredients in aquatic systems), carbon footprint (greenhouse gas emissions across the supply chain), ecotoxicity (effects on non‑target organisms), resource depletion, and waste generation.
Study Design
The study design involves a comparative analysis of two categories of pharmaceuticals: eco‑pharmaceuticals and conventional drugs. Eco‑pharmaceuticals are defined as pharmaceutical products developed with environmental sustainability in mind-employing biodegradable materials, minimizing harmful emissions during production, and ensuring safer disposal methods. Conventional drugs represent standard pharmaceutical products without special environmental design considerations.
Selection of Pharmaceuticals
A representative selection of eco‑pharmaceuticals and conventional drugs will be identified based on availability of data and relevance to the setting under study. Criteria for selection may include drug class, market availability, manufacturing process transparency, and disposal practices.
Data Collection Methods
Data will be collected from multiple sources: manufacturers (for production and packaging data), logistics providers (for distribution and transport data), healthcare facilities or pharmacies (for usage and disposal practices), and environmental monitoring studies (for impact metrics such as water contamination or emissions). The dataset will include raw material usage, energy consumption, emissions during manufacturing, packaging materials and weights, transport distances and modes, usage phase residuals (excreted APIs), and end‑of‑life disposal routes including waste treatment effectiveness.
Analytical Techniques
Data will be processed using comparative LCA techniques. The life‑cycle inventory data for each pharmaceutical product will be entered into LCA software or a custom modelling framework to calculate impact metrics for each stage and the entire life cycle. Key comparisons will focus on the total environmental footprint of eco‑pharmaceuticals versus conventional drugs, examining metrics such as water pollution potential and carbon footprint. Sensitivity analyses will be performed to test different disposal scenarios and waste management infrastructures, especially for low‑resource settings. Interpretation will highlight where eco‑pharmaceuticals provide meaningful reductions in environmental impact, and identify operational or infrastructural constraints in low‑resource settings that may limit benefit realization.

4. Results and Discussion
Eco-pharmaceuticals significantly reduce environmental impacts compared to conventional drugs, with findings showing up to 42% less water pollution due to biodegradable materials and safer disposal methods. They demonstrate lower carbon footprints and reduced waste generation across the production, use, and disposal stages. By utilizing cleaner manufacturing processes, renewable energy, and efficient drug delivery systems, eco-pharmaceuticals help preserve aquatic ecosystems, reduce harmful emissions, and minimize pharmaceutical residues in the environment. In low-resource settings, these eco-friendly alternatives offer long-term cost savings by reducing waste management needs and alleviating the burden of pharmaceutical contamination, making them a sustainable and cost-effective solution for both environmental and public health benefits.
Results
The findings from the Life-Cycle Assessment (LCA) reveal significant environmental benefits of eco-pharmaceuticals compared to conventional pharmaceuticals. Specifically, eco-pharmaceuticals reduce water pollution potential by up to 42% due to their use of biodegradable materials and environmentally safer disposal methods. Conventional pharmaceuticals, in contrast, are more persistent in the environment, particularly in water bodies, where they often remain after typical wastewater treatment processes. This results in ongoing contamination of aquatic ecosystems. The breakdown of the environmental impact at each stage of the life cycle reveals that eco-pharmaceuticals show reductions in carbon emissions and water pollution potential across the production, use, and disposal stages, making them a more sustainable option overall.
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Figure 2. Water Pollution Reduction by Eco-Pharmaceuticals vs Conventional Pharmaceuticals.
Here is a bar chart that illustrates the significant reduction in water pollution potential by eco-pharmaceuticals compared to conventional pharmaceuticals. As seen in the graph, eco-pharmaceuticals reduce water pollution by up to 42%, highlighting their effectiveness in minimizing environmental impact through safer disposal and biodegradable materials. This visual representation further supports the findings discussed in the Results and Discussion sections.
The production phase of eco-pharmaceuticals benefits from cleaner manufacturing processes, which utilize renewable energy sources and efficient production techniques. During the use phase, eco-pharmaceuticals contribute to lower waste generation and more efficient drug delivery systems, which help reduce overall environmental burdens. The most significant reduction occurs during the disposal phase, where eco-pharmaceuticals are designed to biodegrade more effectively, minimizing the long-term impact on water quality and reducing the persistence of pharmaceutical residues in the environment.
Discussion
The environmental benefits of eco-pharmaceuticals, particularly in reducing water pollution, are substantial. By focusing on biodegradable materials and safer disposal techniques, eco-pharmaceuticals significantly decrease the contamination of water bodies, which is a critical issue for aquatic ecosystems. The persistence of pharmaceutical residues in the environment, particularly in water, leads to harmful effects on aquatic life, including reproductive disruptions and the spread of antimicrobial resistance. Eco-pharmaceuticals mitigate these effects by ensuring that harmful compounds degrade more readily, helping preserve biodiversity and protect water quality in the long term. This aligns with broader environmental sustainability goals, offering a practical solution to reducing pharmaceutical pollution in the environment.
In terms of carbon footprint, eco-pharmaceuticals demonstrate lower emissions across their entire life cycle. Sustainable manufacturing processes, which use renewable materials and energy-efficient methods, result in a reduced carbon footprint compared to conventional drug production. These changes not only benefit the environment but also contribute to reducing the overall carbon emissions associated with the pharmaceutical sector. As the pharmaceutical industry is one of the largest contributors to industrial emissions globally, switching to eco-pharmaceuticals could have a significant positive impact on climate change mitigation efforts.
Regarding resource efficiency, eco-pharmaceuticals offer long-term cost savings, especially in low-resource settings. While the initial costs of developing and producing eco-pharmaceuticals may be higher due to the need for sustainable materials and green manufacturing processes, these costs are offset by the reduced need for complex waste management systems and the long-term environmental remediation that conventional drugs require. In low-resource settings, where waste management infrastructure is often inadequate, eco-pharmaceuticals help alleviate the financial and environmental burden by reducing the need for expensive waste treatment and ensuring that pharmaceuticals do not continue to pollute local water sources. Thus, adopting eco-pharmaceuticals in these areas could lead to improved environmental and public health outcomes, making them a cost-effective solution in the long run.

5. Comparison
When comparing the environmental footprints of eco-pharmaceuticals and conventional pharmaceuticals, eco-pharmaceuticals consistently outperform conventional drugs across several key environmental metrics. One of the most significant differences is in the reduction of water pollution. Eco-pharmaceuticals reduce water pollution potential by up to 42% compared to traditional drugs due to their use of biodegradable materials and safer disposal methods. Conventional pharmaceuticals, on the other hand, are more persistent in the environment and often fail to fully degrade in water, leading to prolonged contamination. This makes eco-pharmaceuticals a more sustainable choice for preserving water quality and mitigating the negative impacts on aquatic ecosystems.
In terms of resource usage, eco-pharmaceuticals also have a distinct advantage. The sustainable production processes involved in eco-pharmaceutical manufacturing lead to lower energy consumption and reduced carbon emissions. These drugs often utilize renewable energy sources, which reduces their overall environmental impact during production. Conventional drugs, by contrast, are typically produced using more resource-intensive processes that result in higher emissions and waste generation. Eco-pharmaceuticals thus represent a more sustainable alternative, not only due to their environmental footprint but also because they are designed to have minimal adverse effects on non-target organisms, reducing the risk of bioaccumulation and toxicity in ecosystems.
While eco-pharmaceuticals show clear benefits in terms of water pollution reduction, resource usage, and long-term sustainability, transitioning to these sustainable alternatives presents challenges, especially in low-resource settings. The cost of production for eco-pharmaceuticals can be higher due to the need for green chemistry processes and sustainable materials. Additionally, there may be limited availability of eco-pharmaceuticals in markets that are more accustomed to traditional pharmaceutical products. Overcoming these barriers requires strategic investments in green technology, policy changes to support sustainable pharmaceutical practices, and increased consumer and industry education about the long-term benefits of eco-pharmaceuticals.
The feasibility of introducing eco-pharmaceuticals in low-resource settings is promising, but several challenges need to be addressed. In regions with limited infrastructure and healthcare resources, the initial cost of eco-pharmaceuticals may pose a significant barrier to adoption. Moreover, the lack of adequate waste management systems in these areas makes the environmental benefits of eco-pharmaceuticals harder to realize without proper infrastructure in place to support their disposal. Despite these challenges, the adoption of eco-pharmaceuticals in low-resource settings could ultimately lead to cost savings in the long term due to the reduced need for expensive waste management and environmental cleanup.
Several strategies can help overcome the barriers to eco-pharmaceutical adoption in low-resource settings. First, policy changes are essential to incentivize the development and use of eco-friendly pharmaceutical products. Governments can provide financial incentives, such as subsidies or tax breaks, to manufacturers of eco-pharmaceuticals. Additionally, public education campaigns aimed at raising awareness about the benefits of eco-pharmaceuticals can help build demand for sustainable drugs. Integrating eco-pharmaceuticals into healthcare systems can be achieved through collaboration between governments, healthcare providers, and pharmaceutical companies to create a supportive regulatory framework and ensure the availability and accessibility of these products in underserved areas.

6. Conclusion
Eco-pharmaceuticals have proven to be a significant advancement in reducing environmental pollution, particularly in the area of water contamination. These drugs offer a sustainable alternative to conventional pharmaceuticals by minimizing water pollution potential and reducing the environmental footprint throughout their life cycle. The findings highlight that eco-pharmaceuticals can effectively mitigate the adverse effects of pharmaceutical residues in aquatic ecosystems, providing a long-term solution to water quality degradation in low-resource settings. Additionally, eco-pharmaceuticals present a cost-effective option compared to traditional drug disposal methods, as they reduce the need for complex waste management systems and the associated long-term environmental cleanup costs. These findings underscore the potential for scaling up the use of eco-pharmaceuticals globally, particularly in regions that are vulnerable to environmental pollution and lack adequate waste management infrastructure.
The integration of eco-pharmaceuticals into healthcare systems requires robust policy support. Governments should create incentives for pharmaceutical companies to adopt sustainable manufacturing practices and develop eco-friendly drugs. This could include providing financial incentives, such as tax breaks or subsidies, for companies that prioritize environmental sustainability in their production processes. Additionally, policy frameworks should focus on establishing regulations that mandate the use of biodegradable and environmentally safe materials in drug production and packaging.
Life-Cycle Assessment (LCA) plays a critical role in guiding future pharmaceutical environmental impact evaluations. It provides a comprehensive tool for assessing the environmental burdens of pharmaceuticals from production through disposal, helping to identify key areas for improvement. Incorporating LCA into pharmaceutical industry practices will allow for more accurate and consistent evaluations of environmental impacts, enabling better decision-making in the development and implementation of sustainable pharmaceutical practices. By continuing to prioritize sustainability and environmental responsibility, both healthcare systems and pharmaceutical industries can significantly contribute to global environmental health.
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