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Abstract 

Nanoemulsions have emerged as a pivotal technology across various industries, including 

pharmaceuticals, agriculture, food processing, and cosmetics, due to their enhanced 

bioavailability, improved product stability, and capability for controlled release of active 

ingredients. This review explores the recent advancements in nanoemulsion formulations, with 

a particular focus on green nanoemulsions that emphasize sustainability and reduced 

environmental impact. We assess the use of natural and biodegradable components in 

nanoemulsion production, their ecotoxicological impacts, and regulatory compliance 

challenges. Detailed comparative analyses highlight the differences in application, stability, 

and biodegradability across different sectors. Furthermore, this review discusses the current 

regulatory frameworks governing the use of nanoemulsions, underscoring the need for rigorous 

ecotoxicological evaluations and sustainability assessments to mitigate potential environmental 

risks. The ultimate goal of this review is to provide a comprehensive overview that aids in the 

responsible development and application of nanoemulsion technology. 
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1. INTRODUCTION 

Nanoemulsions represent a pivotal 

advancement in the realm of drug delivery 

systems. These submicron-sized emulsions are 

heralded for their capacity to enhance the 

bioavailability of therapeutic agents, ensuring 

more efficient and effective treatment 

outcomes. This review delves into the 

intricacies of green synthesis and stabilization 

techniques of nanoemulsions, which are 

increasingly favored for their reduced 

environmental impact and potential in 

advanced drug delivery applications. 

1.1 Overview of Nanoemulsions 

Nanoemulsions, with their droplet sizes 

ranging from 10 to 1000 nanometers, exhibit 

unique properties that distinguish them from 

traditional emulsion systems. Their small 

droplet size leads to a large surface area, 

enhancing drug solubility and absorption 

rates. These emulsions are produced through 

high-energy methods like ultrasonication or 

low-energy techniques such as phase 

inversion, which are critical for achieving the 

desired stability and functionality (Wilson et 

al., 2021). The stability is not just a physical 

attribute but also a key determinant in the 

efficacy of drug delivery, as it prevents the 

premature release or degradation of the 

encapsulated drugs. 

1.2 Importance in Drug Delivery Systems 

Nanoemulsions have revolutionized the way 

drugs are delivered, offering versatility and 

efficiency across various administration 

routes. Due to their ability to encapsulate both 

hydrophilic and hydrophobic drugs, 

nanoemulsions can deliver active compounds 

effectively to the targeted site, minimizing 

systemic side effects and maximizing 

therapeutic efficacy. This characteristic makes 

them especially valuable in treatments 

requiring precise dosing and controlled release 

mechanisms. Moreover, the inherent stability 

of nanoemulsions facilitates longer shelf life 

and easier transport, attributes critical for 

global pharmaceutical markets (Jamir et al., 

2023). 

1.3 Scope and Organization of the Review 

The review will cover the green synthesis of 

nanoemulsions, emphasizing the use of 

natural, renewable resources as surfactants 

and emulsifiers. These green methods not only 

reduce the environmental footprint of 

pharmaceutical manufacturing but also 

enhance the biocompatibility of the 

formulations. Additionally, the review 

explores stabilization techniques that ensure 

the physical and chemical integrity of 

nanoemulsions under various storage and 

usage conditions. 
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Advanced applications of nanoemulsions in 

the food and drug sectors demonstrate their 

potential beyond traditional pharmaceuticals, 

highlighting their role in enhancing the 

bioavailability of nutrients and medicines 

alike. Furthermore, safety concerns, 

particularly related to consumer and 

environmental health, are examined, given the 

increasing regulatory scrutiny these products 

face. 

Finally, the review will address the scale-up 

challenges, regulatory hurdles, and market 

considerations that influence the commercial 

viability of nanoemulsions. These factors 

include the need for robust manufacturing 

processes that can operate at industrial scales 

and the development of products that meet 

stringent safety standards (Kaur et al., 2024; 

Food Reviews International, 2023). 

2. Fundamentals of Nanoemulsions 

Nanoemulsions are a form of technology that 

plays a pivotal role in the field of 

pharmaceuticals, particularly in enhancing the 

delivery of drugs across biological 

membranes. This section explores the basic 

definition, physicochemical properties, and 

the mechanisms by which nanoemulsions 

facilitate drug delivery. 

2.1 Definition and Classification 

Nanoemulsions are colloidal particles of 

emulsion, tiny enough to be measured in 

nanometers, typically between 10 and 1000 

nm. Due to their small size, these emulsions 

are clear or translucent and are known for 

their stability, which prevents them from 

easily separating into their constituent oil and 

water phases. This stability is due to the high 

surface area to volume ratio, which helps in 

maintaining the dispersed phase within the 

continuous phase with the help of surfactants 

(Hussain et al., 2023). 

Nanoemulsions can be broadly classified into 

oil-in-water (O/W), where oil droplets are 

dispersed in a water phase, and water-in-oil 

(W/O), where water droplets are dispersed in 

an oil phase. This classification is crucial as it 

determines the nanoemulsion's application, 

particularly in drug delivery systems where 

the choice between O/W and W/O can affect 

the drug's bioavailability and release profile. 

2.2 Physicochemical Properties 

The physicochemical properties of 

nanoemulsions are key to their functionality in 

drug delivery. These properties include 

viscosity, droplet size distribution, zeta 

potential, and turbidity. The small droplet size 

of nanoemulsions leads to a higher surface 

area, enhancing the dissolution rate of poorly 
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soluble drugs and thereby increasing their 

bioavailability (Sivadasan et al., 2021). 

Furthermore, the zeta potential of 

nanoemulsions indicates the degree of 

repulsion between adjacent, similarly charged 

particles in a dispersion. A high zeta potential 

usually signifies stability, preventing the 

particles from aggregating by providing 

sufficient charge-induced repulsion. 

Understanding these properties allows 

researchers and developers to tailor 

nanoemulsion formulations to improve drug 

delivery efficiency and stability. 

2.3 Mechanisms of Action in Drug Delivery 

Nanoemulsions enhance drug delivery through 

several mechanisms. Firstly, their small size 

allows them to penetrate biological barriers 

more effectively than larger particles. This is 

particularly advantageous in transdermal drug 

delivery, where nanoemulsions can bypass the 

stratum corneum to deliver drugs directly into 

the underlying tissues (Suman et al., 2023). 

Moreover, the ability of nanoemulsions to 

dissolve and encapsulate both hydrophobic 

and hydrophilic drugs makes them versatile 

carriers that can be used in various routes of 

administration including oral, injectable, 

topical, and even inhalational therapies. For 

instance, flavonoids, which are often difficult 

to formulate due to their poor solubility and 

stability, can be efficiently incorporated into 

nanoemulsions, enhancing their therapeutic 

efficacy and stability (Ranjbar et al., 2023). 

In conclusion, nanoemulsions offer a 

promising platform for the effective and 

efficient delivery of therapeutic agents. Their 

unique properties and versatility not only 

make them suitable for traditional routes of 

administration but also open up new avenues 

for innovation in drug delivery, such as 

through transdermal and targeted therapies. As 

research in this field advances, the potential 

applications of nanoemulsions in medicine 

continue to expand, promising significant 

improvements in patient care and therapeutic 

outcomes. 

3. GREEN SYNTHESIS OF 

NANOEMULSIONS 

The field of nanoemulsions is rapidly 

advancing, integrating principles of 

sustainability and biocompatibility. This 

section explores the use of biocompatible 

materials, green synthesis techniques, and the 

role of green solvents in the formulation of 

nanoemulsions, reflecting a shift towards 

more environmentally friendly pharmaceutical 

processes. 
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3.1 Biocompatible Materials 

Biocompatible materials are essential in the 

development of nanoemulsions for medical 

applications, ensuring that these formulations 

are safe for human use and environmentally 

friendly. Recent studies emphasize the use of 

natural substances and biomaterials, such as 

chitosan, essential oils, and microbial 

metabolites, which not only enhance the 

therapeutic efficacy but also minimize adverse 

environmental impacts. For instance, Khan et 

al. (2021) highlighted the development of a 

chitosan-based nanoemulsion gel 

incorporating microbial secondary metabolites 

that exhibited significant antifungal activity 

both in vitro and in vivo, showcasing the 

potential of biocompatible materials in 

enhancing the functionality of nanoemulsions. 

3.2 Green Synthesis Techniques 

Green synthesis involves methods that reduce 

or eliminate the use or generation of 

hazardous substances in the design, 

manufacture, and application of chemical 

products. Mondal et al. (2024) describe an 

innovative approach using aroma-based 

hydrophobic deep eutectic solvents in a 

membrane-assisted nanoemulsification 

process, which not only enhances the 

antifungal activities of nanoemulsions but also 

aligns with the principles of green chemistry. 

Similarly, Rasool et al. (2024) discuss 

advancements in green synthesis for biological 

sustainability, illustrating how nature-inspired 

nanomaterials can be synthesized with 

reduced environmental footprint while 

maintaining high efficacy in applications 

ranging from medicine to agriculture. 

3.3 Role of Green Solvents 

Green solvents play a pivotal role in the 

synthesis of nanoemulsions by reducing the 

environmental impact associated with 

traditional organic solvents. These solvents, 

typically derived from renewable resources, 

are designed to be non-toxic, biodegradable, 

and less volatile. Dib et al. (2021) explore the 

use of ionic liquid-based surfactants and 

biocompatible solvents, which are crucial in 

formulating environmentally friendly 

organized systems. This approach not only 

improves the sustainability of the synthesis 

process but also enhances the safety and 

efficacy of the nanoemulsions produced. 

In another example, Venkatesan et al. (2022) 

developed a green cationic nanoemulsion 

using water, transcutol, lecithin, and a green 

surfactant, which was effective in treating 

oxytetracycline-contaminated aqueous 

solutions, demonstrating the practical 

environmental applications of green 

nanoemulsions. Additionally, the extraction 
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and valorization of essential oils in the green 

synthesis of iron oxide nanoparticles, as 

discussed by Azizi et al. (2024), further 

underscore the role of green solvents in 

enhancing the eco-friendliness of 

nanoemulsion production processes. 

Table 1: Comparative Analysis of Nanoemulsion Formulations 

Nanoemulsion 

Type 
Components 

Application 

Area 
Stability Biodegradability Reference 

Food Grade 

Essential oils, 

natural 

surfactants 

Food 

preservation 
High Yes 

Mishra, D. & 

Khare, P. 

(2021) 

Pharmaceutical 

Drug 

compounds, 

biopolymers 

Drug 

delivery 
Moderate Yes 

Đoković, J. 

B. et al. 

(2021) 

Agricultural 
Pesticides, 

herbicides 
Pest control Low No 

Zargar, M. et 

al. (2023) 

Cosmetic 
Plant extracts, 

vitamins 

Skin care 

products 
High Yes 

Gupta, P., 

Sharma, A., 

& Mittal, V. 

(2024) 

Concluding Remarks 

The shift towards green synthesis of 

nanoemulsions is crucial in addressing the 

dual challenges of environmental impact and 

human health. By leveraging biocompatible 

materials, innovative green synthesis 

techniques, and environmentally friendly 

solvents, researchers are paving the way for 

the next generation of drug delivery systems 

that are not only effective but also sustainable. 

This approach aligns with the broader goals of 

green chemistry, promising significant 

advancements in both pharmaceutical sciences 

and environmental stewardship. 

4. STABILIZATION STRATEGIES FOR 

NANOEMULSIONS 

4.1 Natural Surfactants and Emulsifiers 

Natural surfactants and emulsifiers are pivotal 

in the creation and stabilization of 

nanoemulsions. These components, typically 

derived from natural sources like essential 

oils, are favored for their biocompatibility and 

lower toxicity compared to synthetic 

surfactants. Kumar et al. (2024) detail how 

nanoemulsions can encapsulate essential oils 

to enhance their efficacy in the agricultural 

and food sectors, protecting against microbial 

spoilage and pests while ensuring safety and 

effectiveness (Kumar, A., Kanwar, R., & 

Mehta, S. K., 2024).  

Rehman et al. (2021) further support this by 

discussing how nanoemulsion systems can 

increase the antioxidant potential of essential 



         PEXACY International Journal of Pharmaceutical Science               Volume-3, Issue-7                 ISSN-2584-024X 

7                                                                     Review Article                                           Peer Reviewed 

oils, thereby extending the shelf life and 

nutritional quality of food products without 

using harmful preservatives (Rehman, A. et 

al., 2021). 

4.2 Biopolymer-based Stabilizers 

Biopolymer-based stabilizers have gained 

attention for their environmentally friendly 

and sustainable properties. Chaudhary (2023) 

examines how chitosan, derived from chitin 

found in shellfish, can be used to form 

nanoemulsion coatings that significantly 

prolong the freshness of perishable goods. 

This application is particularly promising for 

reducing food waste and enhancing food 

safety (Chaudhary, S., 2023).  

Arezou Khezerlou et al. (2021) complement 

this discussion by showcasing how 

biopolymer-based packaging materials not 

only improve barrier properties against 

oxygen and moisture but are also fully 

biodegradable, offering a dual advantage of 

performance and reduced environmental 

impact (Arezou Khezerlou et al., 2021). The 

Critical Reviews in Food Science and 

Nutrition (2024) also highlights the role of 

pectin, a plant-derived biopolymer, in the 

formation of nanoparticles that stabilize 

Pickering emulsions, presenting a novel 

approach to food formulation that avoids 

synthetic stabilizers (Critical Reviews in Food 

Science and Nutrition, 2024). 

4.3 Recent Innovations in Stabilization 

Techniques 

The evolution of stabilization techniques for 

nanoemulsions is marked by innovative 

approaches such as the pH-driven method of 

encapsulation. This method involves adjusting 

the pH to control the solubility and interaction 

of biopolymers, thus forming stable nano-

capsules around functional ingredients. The 

Critical Reviews in Food Science and 

Nutrition (2023) provides an extensive review 

of this method, illustrating its potential to 

revolutionize the encapsulation of functional 

food ingredients for targeted release and 

improved bioavailability (Critical Reviews in 

Food Science and Nutrition, 2023).  

Additionally, the use of particle-based 

stabilizers, such as in Pickering emulsions, is 

explored by Hadi et al. (2024), who document 

the versatility of these systems across various 

sectors including food and industrial 

applications. These emulsions leverage unique 

properties of particles to create more stable 

and robust systems, suitable for a range of 

demanding applications (Hadi, N. A. et al., 

2024). 
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5. Characterization of Green 

Nanoemulsions 

5.1 Analytical Techniques 

Analytical techniques are crucial for 

evaluating the properties and quality of 

nanoemulsions, particularly those 

incorporating green methodologies. Georgios 

Kamaris et al. (2024) have developed and 

validated an HPLC-DAD method specifically 

for analyzing antioxidants in nano-emulsion 

formulations, highlighting the precision and 

accuracy required in these analyses (Georgios 

Kamaris et al., 2024).  

Additionally, Li et al. (2021) discuss various 

characterization techniques for nanoemulsion-

based delivery systems, emphasizing the 

importance of assessing particle size, zeta 

potential, and morphology to understand the 

distribution and stability of the nanocarriers 

(Li, G. et al., 2021). Alshawwa et al. (2022) 

also investigate into the implementation of 

advanced technologies like Artificial 

Intelligence to optimize nanoemulsion 

characterization, which can predict stability 

and performance outcomes more efficiently 

(Alshawwa, S. Z. et al., 2022). 

5.2 Stability Studies 

Stability studies are essential for ensuring the 

long-term effectiveness and safety of 

nanoemulsions. Saleh et al. (2024) explore the 

effects of thermal treatment and storage 

conditions on the stability of black rice bran 

extract encapsulated in nanoemulsions, 

showing how environmental factors can 

influence the physical stability of these 

systems (Saleh, M. N. et al., 2024).  

Sevinç-Özakar et al. (2022) provide insights 

into the stability of nanoemulsion-based 

hydrogels containing propolis and 

dexpanthenol, assessing their antimicrobial 

and cytotoxic properties over time to ensure 

consistency and safety (Sevinç-Özakar, R. et 

al., 2022). Yin et al. (2022) also contribute to 

this discussion by reviewing methods to 

improve the stability and bioavailability of tea 

polyphenols through encapsulation 

techniques, highlighting the role of protective 

matrices in extending shelf life and enhancing 

functional properties (Yin, Z. et al., 2022). 

5.3 Bioavailability Assessment 

Bioavailability assessment is key to 

understanding how effectively the body can 

utilize the active ingredients delivered through 

nanoemulsions. Đoković et al. (2021) 

illustrate how PEGylated nanoemulsions can 

improve the bioavailability and antioxidant 

effects of curcumin in rats, emphasizing the 

impact of nanoemulsion properties on 

biological outcomes (Đoković, J. B. et al., 
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2021). Jain et al. (2022) report similar findings 

with erlotinib, where solid self-

nanoemulsifying drug delivery systems 

enhanced its oral bioavailability significantly, 

offering potential improvements for cancer 

treatment (Jain, S. et al., 2022).  

Arti Shettiwar et al. (2024) further explore this 

by studying oral linalool-based nanoemulsions 

of acalabrutinib, aiming to ameliorate its 

bioavailability and demonstrate enhanced in 

vitro anticancer activity against T lymphoblast 

cell lines, providing a compelling case for the 

therapeutic potential of well-formulated 

nanoemulsions (Arti Shettiwar et al., 2024). 

6. Applications in Drug Delivery 

6.1 Targeted Drug Delivery 

Targeted drug delivery systems aim to 

concentrate the therapeutic effects of drugs in 

parts of the body where they are most needed, 

thereby reducing side effects and improving 

efficacy. Nanocarrier systems, such as those 

described by Alshawwa et al. (2022), are 

crucial for achieving targeted delivery, as they 

can be engineered to recognize and bind to 

specific cellular receptors, thus enhancing the 

precision of drug delivery (Alshawwa, S. Z. et 

al., 2022).  

Đoković et al. (2021) also provide an example 

of targeted delivery with their study on 

curcumin-loaded PEGylated nanoemulsions, 

which are designed to enhance the antioxidant 

capacity and bioavailability of curcumin 

specifically in target tissues (Đoković, J. B. et 

al., 2021). Additionally, Arti Shettiwar et al. 

(2024) demonstrate the application of 

nanoemulsions in targeted cancer therapy, 

where oral linalool-based nanoemulsions 

improve the delivery and efficacy of 

acalabrutinib against specific cancer cell lines 

(Arti Shettiwar et al., 2024). 

6.2 Transdermal and Topical Applications 

Transdermal and topical applications of 

nanoemulsions allow for the delivery of 

therapeutic agents directly through the skin, 

which can be particularly beneficial for 

localized treatment or systemic effects via 

skin absorption. Diedrich et al. (2022) have 

explored the use of mucoadhesive 

nanoemulsions for intranasal administration 

that enhances the brain bioavailability of 

luteolin, which demonstrates a potential for 

neuroprotective applications (Diedrich, C. et 

al., 2022).  

The work by Sevinç-Özakar et al. (2022) on 

nanoemulsion-based hydrogels also highlights 

the potential for topical delivery of 

antimicrobial and skin-healing agents such as 

propolis and dexpanthenol (Sevinç-Özakar, R. 

et al., 2022). Moreover, Hassan et al. (2022) 
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have developed clove and cinnamon oil-based 

nanoemulsions for topical application against 

fleas, showcasing the versatility of 

transdermal nanoemulsions in both medical 

and veterinary contexts (Hassan, M. E. et al., 

2022). 

6.3 Oral and Injectable Formulations 

Oral and injectable formulations are 

traditional routes of drug administration that 

have been significantly enhanced by 

nanoemulsion technology. Nair et al. (2022) 

describe the development of a self-

nanoemulsifying drug delivery system for 

sertraline, which significantly improves its 

solubility and absorption when taken orally, 

thereby enhancing therapeutic outcomes (Nair, 

A. B. et al., 2022).  

In the realm of injectables, Tyagi et al. (2024) 

have optimized a nanoemulsion for the co-

delivery of dolutegravir and epigallocatechin 

gallate, aimed at managing NeuroAIDS more 

effectively through enhanced bioavailability 

and brain targeting (Tyagi, S. et al., 2024). 

These examples demonstrate how 

nanoemulsions can improve the performance 

of both oral and injectable drugs by enhancing 

their stability, solubility, and absorption rates. 

 

7. ADVANCEMENTS IN GREEN 

NANOEMULSION FORMULATIONS 

The development of green nanoemulsion 

formulations represents a significant 

advancement in the field of nanotechnology, 

emphasizing sustainability, environmental 

friendliness, and the use of natural resources. 

These formulations leverage eco-friendly 

materials and processes to create 

nanoemulsions that are not only effective but 

also minimize ecological impact. This section 

explores successful case studies, commercially 

available products, and the regulatory 

landscape surrounding green nanoemulsions. 

7.1 Case Studies of Successful Formulations 

Several studies highlight the successful 

formulation of green nanoemulsions using 

natural and sustainable ingredients. For 

instance, Jamir et al. (2023) demonstrated the 

encapsulation of plant-based essential oils in 

nanoemulsions, enhancing their therapeutic 

applications. By utilizing natural surfactants 

and biodegradable oils, the study achieved 

stable nanoemulsions with improved 

bioactivity, showcasing the potential of plant-

derived components in sustainable 

nanoemulsion systems (Jamir, Y. et al., 2023). 

Another noteworthy case is the work by 

Mondal et al. (2024), who employed 
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membrane-assisted nanoemulsification using 

novel aroma-based hydrophobic deep eutectic 

solvents. This approach not only ensures the 

sustainability of the formulation process but 

also enhances the antifungal activities of the 

resulting nanoemulsions. The use of deep 

eutectic solvents, which are environmentally 

benign, underscores the commitment to green 

chemistry principles in nanoemulsion 

production (Mondal, S. et al., 2024). 

Dib et al. (2021) explored the use of 

biocompatible solvents and ionic liquid-based 

surfactants to formulate environmentally 

friendly organized systems. Their research 

focused on reducing the reliance on harmful 

synthetic surfactants, thereby creating 

nanoemulsions that are both effective and 

sustainable. The study highlighted the 

importance of selecting appropriate green 

solvents to maintain the stability and 

functionality of nanoemulsions without 

compromising environmental integrity (Dib, 

N. et al., 2021). 

Furthermore, Khan et al. (2021) developed a 

chitosan-based nanoemulsion gel containing 

microbial secondary metabolites with 

effective antifungal activity. Chitosan, a 

natural biopolymer, provided the necessary 

stability and biocompatibility, making the 

formulation suitable for both in vitro and in 

vivo applications. This case study exemplifies 

how natural polymers can be effectively 

integrated into nanoemulsion systems to 

enhance their therapeutic potential while 

adhering to green formulation principles 

(Khan, M. K. et al., 2021). 

7.2 Commercially Available Products 

The transition from laboratory-scale 

formulations to commercially available green 

nanoemulsion products marks a critical 

milestone in the adoption of sustainable 

nanotechnology. One prominent example is 

the development of biodegradable 

biopolymer-based packaging materials as 

described by Arezou Khezerlou et al. (2021). 

These packaging solutions utilize 

nanoemulsions to enhance barrier properties 

against oxygen and moisture, thereby 

extending the shelf life of food products. The 

biodegradability of the materials aligns with 

global sustainability goals, making them 

attractive to environmentally conscious 

consumers and businesses (Arezou Khezerlou, 

Tavassoli, M. et al., 2021). 

Another commercial application is seen in the 

agricultural sector, where Kumar et al. (2024) 

introduced nanoemulsions as effective 

delivery vehicles for essential oils. These 

formulations are employed in agri-food 

applications to protect crops from pests and 
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pathogens while minimizing the use of 

synthetic pesticides. The use of natural 

essential oils encapsulated in nanoemulsions 

not only ensures effective pest control but also 

reduces environmental contamination, thereby 

promoting sustainable agricultural practices 

(Kumar, A. et al., 2024). 

In the cosmetics industry, green 

nanoemulsions have been integrated into 

skincare products to enhance the delivery and 

efficacy of natural active ingredients. For 

example, Sevinç-Özakar et al. (2022) 

developed nanoemulsion-based hydrogels 

containing propolis and dexpanthenol. These 

formulations offer improved stability, 

antimicrobial properties, and skin 

compatibility, catering to the growing demand 

for natural and sustainable cosmetic products 

(Sevinç-Özakar, R. et al., 2022). 

7.3 Regulatory Aspects 

The commercialization and widespread 

adoption of green nanoemulsion formulations 

are contingent upon meeting stringent 

regulatory standards that ensure safety, 

efficacy, and environmental compliance. 

Regulatory bodies such as the Food and Drug 

Administration (FDA) and the European 

Medicines Agency (EMA) have established 

guidelines for the approval of nanoemulsion-

based products, emphasizing the need for 

comprehensive characterization and toxicity 

assessments. 

According to Rasool et al. (2024), the 

advancement of nature-inspired nanomaterials 

necessitates adherence to regulatory 

frameworks that govern their synthesis, 

application, and disposal. The study 

underscores the importance of transparent 

reporting of formulation processes and the use 

of environmentally benign materials to 

facilitate regulatory approvals (Rasool, A. et 

al., 2024). 

Moreover, Hussain et al. (2022) highlighted 

the role of predictive models like GastroPlus 

and HSPiP in optimizing nanoemulsion 

formulations for improved delivery while 

ensuring compliance with regulatory 

standards. These models aid in predicting the 

behavior of nanoemulsions in biological 

systems, thereby streamlining the approval 

process by providing robust data on 

bioavailability and safety (Hussain, A. et al., 

2022). 

The regulatory landscape also emphasizes the 

importance of sustainability in nanoemulsion 

formulations. Dib et al. (2021) advocate for 

the use of biocompatible and biodegradable 

solvents and surfactants, which not only 

enhance the safety profile of nanoemulsions 

but also align with environmental regulations 
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aimed at reducing industrial pollution and 

promoting green chemistry (Dib, N. et al., 

2021). 

In conclusion, advancements in green 

nanoemulsion formulations are driven by 

innovative case studies, the emergence of 

commercially viable products, and a robust 

regulatory framework that ensures safety and 

sustainability. These developments 

collectively contribute to the responsible and 

effective application of nanoemulsions across 

various industries, fostering a balance between 

technological progress and environmental 

stewardship. 

9. Environmental and Safety 

Considerations 

The integration of nanoemulsions in various 

sectors raises significant environmental and 

safety concerns. These considerations are 

critical to ensuring that while nanoemulsions 

offer enhanced functionalities, they do not 

pose undue risks to the environment or human 

health. This section delves into the 

ecotoxicology, biodegradability, 

sustainability, and regulatory aspects of 

nanoemulsions using the provided references. 

9.1 Ecotoxicology of Nanoemulsions 

The ecotoxicology of nanoemulsions is a vital 

area of study as these materials often enter 

environmental systems through agricultural 

run-off, industrial waste, or consumer 

products disposal. Rani et al. (2023) provide 

an extensive overview of the environmental 

hazards associated with nano-pesticides, 

which can include nanoemulsions. They 

discuss the impact these materials have on 

non-target species and ecosystems, 

emphasizing the need for detailed 

ecotoxicological evaluations to mitigate 

potential risks (Rani, N. et al., 2023). 

Additionally, Zargar et al. (2023) explore the 

use of poly(epsilon-caprolactone)-based 

nanoherbicides, noting their effectiveness and 

potential risks, suggesting that while these 

nanoherbicides control weeds efficiently, their 

long-term ecological impacts require thorough 

investigation (Zargar, M. et al., 2023). 

Table 2: Ecotoxicology and Regulatory Compliance of Nanoemulsions 

Nanoemulsion 

Application 

Ecotoxicological 

Impact 

Regulatory 

Compliance 

Biodegradability 

Assessment 
Reference 

Agricultural 

Pesticides 

Harm to non-target 

species 
Required 

Biodegradation 

studies mandatory 

Rani, N. et al. 

(2023) 
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Cosmetic 

Products 
Minimal Strict Often biodegradable 

Sheik, M. et al. 

(2021) 

Food 

Preservation 
Negligible 

Strict food 

safety standards 

Biodegradable 

components 

Jamir, Y. et al. 

(2023) 

Pharmaceutica

l Delivery 

Variable, depends 

on compound 
Very strict 

Studies required for 

approval 

Arti Shettiwar 

et al. (2024) 

9.2 Biodegradability and Sustainability 

Biodegradability and sustainability are 

paramount in the development and application 

of nanoemulsions, especially those used in 

environmental remediation and agriculture. 

Mishra and Khare (2021) discuss emerging 

nano-agrochemicals, highlighting their 

benefits for sustainable agriculture and the 

importance of designing these materials to be 

biodegradable to prevent accumulation in the 

environment (Mishra, D. & Khare, P., 2021). 

Gana et al. (2024) further emphasize the role 

of nanoparticle-based systems in 

environmental cleanup, underlining the need 

for these technologies to align with 

sustainable practices and minimize ecological 

disruption (Gana, M. et al., 2024). 

9.3 Safety Protocols and Regulations 

The implementation of strict safety protocols 

and adherence to regulatory guidelines are 

essential for managing the risks associated 

with nanoemulsions. Sheik et al. (2021) 

examine biologically synthesized plant-

derived nanomedicines, including their 

toxicity profiles in various therapeutic 

contexts. They stress the importance of 

regulatory perspectives in ensuring that these 

nanomedicines are safe for both clinical 

applications and environmental health (Sheik, 

M. et al., 2021). Furthermore, Bimpizas-Pinis 

et al. (2022) discuss the environmental 

assessment and circular economy implications 

of additives in the food supply chain, 

including nanoemulsions, pointing out the 

necessity of incorporating environmental 

considerations into the regulatory frameworks 

to promote circular economy principles 

(Bimpizas-Pinis, M. et al., 2022). 

CONCLUSION 

The development and application of 

nanoemulsions across various sectors 

highlight significant advances in 

nanotechnology, offering enhanced 

performance in areas ranging from agriculture 

and cosmetics to environmental remediation. 

However, as the utilization of these nano-scale 

systems expands, it is imperative to consider 
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their environmental impact, safety, and 

regulatory compliance comprehensively. 

The studies and reviews referenced provide 

crucial insights into the ecological 

considerations associated with nanoemulsions. 

They underscore the importance of conducting 

thorough ecotoxicological assessments to 

understand the effects of these 

nanoformulations on non-target organisms and 

ecosystems. This is particularly crucial for 

nanoemulsions used in agriculture and pest 

management, where runoff could pose risks to 

aquatic and soil biota. 

Furthermore, the sustainability and 

biodegradability of nanoemulsions are vital 

for their integration into environmental and 

health-related applications. As the push 

towards green chemistry intensifies, 

nanoemulsions must be designed to be 

environmentally benign, ensuring they do not 

contribute to pollution or ecological 

imbalance. The adoption of sustainable 

practices in the synthesis and deployment of 

nanoemulsions is therefore not just beneficial 

but necessary. 

Regulatory frameworks play a pivotal role in 

the safe deployment of nanoemulsions. These 

guidelines ensure that nanoemulsions are 

rigorously tested for safety and efficacy before 

they reach the market. As nanoemulsions 

become more common in consumer products, 

strict adherence to safety protocols and 

regulations will be essential to mitigate risks 

to human health and the environment. 

In conclusion, while nanoemulsions present 

promising technological advancements, their 

development must be accompanied by 

responsible practices that prioritize 

environmental health and safety. Continuous 

research, thoughtful regulation, and adherence 

to sustainability principles will be key to 

harnessing the benefits of nanoemulsions 

while minimizing their potential risks. The 

path forward involves a balanced approach 

that integrates innovation with caution, 

ensuring that the advancements in 

nanoemulsions contribute positively to both 

technology and society. 
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