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Abstract 

Nano emulsification has emerged as a transformative technology in food 
science, offering innovative solutions for enhancing the bioavailability of 
lipophilic bioactive compounds. These colloidal systems, characterized by 
nanoscale droplets (20-200 nm) stabilized by food-grade surfactants, exhibit 
unique physicochemical properties including optical transparency, high kinetic 
stability and large interfacial area. The technology enables efficient 
encapsulation and delivery of nutrients, vitamins and phytochemicals while 
improving product shelf-life and sensory characteristics. Various preparation 
methods, including high-pressure homogenization, micro fluidization and 
phase inversion techniques, allow precise control over droplet size and 
stability. In food applications, nano emulsions demonstrate remarkable 
versatility, serving as effective carriers for nutrient fortification, vehicles for 
antimicrobial delivery and platforms for functional food development. Their 
small droplet size enhances bioavailability and enables targeted release of 
bioactive compounds in the gastrointestinal tract. However, the 
implementation of nano emulsification in food systems faces challenges 
related to regulatory approval, long-term stability and safety assessment of 
nanomaterials. Current research focuses on optimizing formulation 
parameters, developing cost-effective production methods and establishing 
standardized protocols for toxicity evaluation. As the demand for functional 
foods grows, nano emulsification presents significant opportunities to address 
global nutrition challenges while meeting consumer expectations for clean-
label, high-quality products. 
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Introduction 

The demand for functional foods and nutrient-
rich products has driven innovations in food 
nanotechnology, particularly in the area of nano 
emulsification. Nano emulsions have attracted 
significant interest for their ability to 
encapsulate, protect and deliver hydrophobic 
bioactives such as vitamins, polyphenols, 
essential oils and fatty acids (McClements, 
2012). These colloidal systems enhance the 
solubility and stability of such compounds, 
allowing their efficient delivery in aqueous-
based food matrices. 

Compared to conventional emulsions, nano 
emulsions offer distinct advantages: reduced 

droplet size leads to increased surface area and 
better absorption, while also improving product 
clarity and mouthfeel (McClements et al., 2009). 
Their applications range from beverages and 
dairy to edible coatings and functional 
supplements. Nonetheless, challenges related to 
formulation cost, process scalability and long-
term safety must be addressed to fully integrate 
nano emulsification into mainstream food 
production. 

Nano emulsions: Definition and Properties 

Nano emulsions are a class of submicron 
emulsions with droplet sizes typically ranging 
between 20 and 200 nm (Solans et al. 2005). 
Unlike microemulsions, which are 
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thermodynamically stable, nano emulsions are 
kinetically stable systems that require external 
energy input, such as high-pressure 
homogenization or ultrasonication, for their 
formation. These systems can exist in various 
forms, including oil-in-water (O/W), water-in-oil 
(W/O), or more complex multiple emulsions like 
water-in-oil-in-water (W/O/W) (McClements 
2012). 

The nanoscale droplet size of these emulsions 
imparts several unique properties. One notable 
characteristic is their optical clarity or 
translucency, which arises because the droplets 
are smaller than the wavelength of visible light, 
reducing light scattering (Solans et al. 2005). 
Additionally, nano emulsions exhibit enhanced 
stability against gravitational separation 
processes such as creaming and sedimentation 
due to the minimal influence of Brownian 
motion on small droplets (McClements 2012). 
Their high surface area also contributes to 
improved resistance against droplet aggregation, 
further enhancing their shelf-life stability. 

Another significant advantage of nano emulsions 
is their ability to enhance the bioavailability of 
encapsulated lipophilic compounds. The small 
droplet size increases the surface area for 
digestion, facilitating faster and more efficient 
absorption of bioactive compounds in the 
gastrointestinal tract (McClements 2012). These 
properties make nano emulsions particularly 
suitable for food applications where stability, 
solubilization of hydrophobic ingredients and 
minimal visual impact are essential. 

Preparation Techniques of Nano emulsions 

The formulation of nano emulsions involves 
specialized techniques that can be broadly 
classified into high-energy and low-energy 
methods. Each approach employs distinct 
mechanisms to achieve nanoscale droplet sizes 
and the selection of a suitable method depends 
on the specific requirements of the system, such 
as stability, ingredient sensitivity and intended 
application. 

High-energy methods utilize intense mechanical 
forces to break down larger droplets into 
nanoscale dispersions. Common techniques 
include high-pressure homogenization, micro 
fluidization and ultrasonication. In high-
pressure homogenization, the emulsion is 
subjected to extreme shear and pressure as it 
passes through a narrow valve, effectively 
reducing droplet size (Solans et al. 2005). Micro 

fluidization operates similarly but employs 
interactions between high-velocity fluid streams 
to enhance emulsification efficiency. 
Ultrasonication, on the other hand, uses high-
frequency sound waves to generate cavitation, 
leading to droplet disruption. While these 
methods are highly effective in producing fine 
and stable emulsions, they may not be suitable 
for thermolabile compounds due to the heat 
generated during processing (McClements and 
Rao 2011). 

In contrast, low-energy methods rely on the 
intrinsic physicochemical properties of the 
system to induce spontaneous emulsification. 
Techniques such as the phase inversion 
temperature (PIT) method and spontaneous 
emulsification exploit changes in temperature, 
composition, or surfactant behavior to facilitate 
the formation of nanoscale droplets. The PIT 
method, for instance, involves heating and 
cooling an emulsion to induce a transition 
between oil-in-water and water-in-oil 
structures, resulting in fine droplets upon 
stabilization (Anton and Vandamme 2009). 
Spontaneous emulsification occurs when an 
organic phase containing oil and surfactants is 
mixed with an aqueous phase, leading to rapid 
diffusion and droplet nucleation. Although low-
energy methods are gentler and more energy-
efficient, they require precise control over 
surfactant concentration and phase composition 
to ensure optimal nano emulsion formation 
(Tadros et al. 2004). 

The choice between high-energy and low-energy 
methods ultimately depends on factors such as 
the desired droplet size, ingredient stability and 
scalability. High-energy methods are preferred 
for industrial-scale production due to their 
reproducibility, whereas low-energy methods 
are advantageous for encapsulating sensitive 
bioactive compounds without excessive thermal 
or mechanical stress. 

Composition of Nano emulsions 

Nano emulsions are complex colloidal systems 
composed of three fundamental components 
that determine their stability, functionality and 
performance. The careful selection and balance 
of these components are crucial for achieving 
optimal physicochemical properties and desired 
applications. 

The oil phase serves as the primary carrier for 
lipophilic bioactive compounds, influencing both 
the encapsulation efficiency and delivery 
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potential of the nano emulsion. Commonly used 
oils include bioactive-rich substances such as 
fish oil, β-carotene and vitamin E, which not only 
contribute to nutritional value but also affect the 
rheological properties of the final product 
(McClements 2012). The selection of the oil 
phase depends on factors such as solubility of 
the active ingredient, oxidative stability and 
compatibility with other formulation 
components. 

The aqueous phase typically consists of water or 
buffer solutions that form the continuous phase 
in oil-in-water (O/W) nano emulsions. This 
phase plays a critical role in determining the 
system's ionic strength, pH and overall stability. 
In some formulations, the aqueous phase may 
contain dissolved polymers, sugars, or salts to 
modify interfacial tension or provide additional 
stabilization against droplet aggregation 
(Davidov-Pardo and McClements 2015). The 
properties of the aqueous phase are particularly 
important for food and pharmaceutical 
applications where physiological compatibility is 
essential. 

Emulsifiers and surfactants represent perhaps 
the most critical component in nano emulsion 
formulation, as they adsorb at the oil-water 
interface to prevent droplet coalescence. 
Common food-grade emulsifiers include lecithin, 
Tween 20 and sodium caseinate, each offering 
distinct advantages in terms of stabilization 
mechanisms and regulatory acceptance 
(McClements 2012). The molecular structure of 
the emulsifier, particularly its hydrophilic-
lipophilic balance (HLB), directly influences the 
emulsion type (O/W or W/O) and its long-term 
stability. In some formulations, co-surfactants 
such as ethanol or glycerol may be incorporated 
to enhance interfacial film flexibility and 
improve droplet formation during 
emulsification. 

The choice of emulsifier system extends beyond 
physical stability considerations, significantly 
impacting the gastrointestinal fate of 
encapsulated compounds. Recent studies have 
demonstrated that different surfactant types can 
modulate lipid digestion kinetics and bioactive 
bioavailability, making emulsifier selection a 
critical factor in designing nano emulsions for 
enhanced nutrient delivery (Davidov-Pardo and 
McClements 2015). This understanding has led 
to increased research into mixed emulsifier 
systems and natural alternatives that can 
provide both excellent physical stability and 
optimal biological performance. 

Applications of Nano emulsions in Food 
Systems 

Nano emulsions have emerged as transformative 
delivery systems in the food industry, offering 
innovative solutions to longstanding challenges 
in bioactive delivery, product fortification and 
food preservation. Their unique 
physicochemical properties enable diverse 
applications that enhance both the nutritional 
quality and safety of food products while 
maintaining desirable sensory characteristics. 

Enhanced Bioavailability in Functional Foods 
and Nutraceuticals 

One of the most significant applications of nano 
emulsions lies in their ability to dramatically 
improve the bioavailability of hydrophobic 
bioactive compounds. The encapsulation of 
poorly water-soluble nutraceuticals such as 
curcumin and resveratrol within nano emulsion 
droplets has been shown to enhance their 
absorption efficiency compared to their free 
forms (Davidov-Pardo and McClements 2015). 
This improvement stems from several 
mechanisms: the nanoscale droplets provide a 
substantially increased surface area for digestive 
enzymes to act upon, the surfactant-stabilized 
interface promotes solubilization in intestinal 
fluids and the small particle size facilitates direct 
interaction with enterocyte membranes. These 
factors collectively contribute to more efficient 
transport across the gastrointestinal barrier, 
making nano emulsions particularly valuable for 
delivering health-promoting compounds that 
would otherwise demonstrate poor systemic 
availability. 

Transparent Fortification of Beverages and 
Supplements 

The beverage industry has successfully adopted 
nano emulsion technology to overcome the 
challenge of incorporating fat-soluble vitamins 
into clear, aqueous-based products. 
Conventional emulsion systems would create 
undesirable cloudiness, but nano emulsions 
maintain optical clarity while delivering 
essential nutrients. McClements et al. (2009) 
demonstrated this principle by developing 
stable vitamin D-fortified nano emulsions using 
food-grade emulsifiers, achieving both excellent 
physical stability and enhanced bioavailability. 
This application extends to other fat-soluble 
vitamins (A, E and K) and bioactive lipids, 
enabling the creation of functionally enhanced 
beverages without compromising sensory 



Scientia Review, 2025, 1(1)  www.scientiafoundation.in 

 
 

 
29 

 

attributes. The technology also shows promise 
for dietary supplements, where nano emulsion 
formulations can improve the consistency and 
efficacy of nutrient delivery compared to 
traditional oil-based capsules. 

Antimicrobial Protection through Essential 
Oil Delivery 

Food safety applications of nano emulsions have 
gained considerable attention, particularly for 
their ability to enhance the antimicrobial 
efficacy of natural essential oils. Research by 
Salvia-Trujillo et al. (2014) demonstrated that 
nano emulsified forms of thymol and lemongrass 
oil exhibited superior antimicrobial activity 
against foodborne pathogens such as Listeria 
monocytogenes and Escherichia coli compared 
to bulk oil forms. The mechanism involves 
several advantages conferred by the nano 
emulsion format: the small droplet size enables 
more uniform distribution in food matrices, 
increases the effective surface area for microbial 
interaction and may facilitate deeper 
penetration into microbial membranes. This 
application provides a natural alternative to 
synthetic preservatives, aligning with consumer 
demand for clean-label products while 
addressing critical food safety concerns. 

Shelf-Life Extension through Edible Coatings 

The incorporation of antimicrobial nano 
emulsions into edible coatings represents a 
cutting-edge approach to food preservation. 
Donsìet al. (2012) documented the effectiveness 
of nano emulsified oregano oil in edible films for 
inhibiting microbial growth on chilled poultry 
products. The nano emulsion format allows for 
controlled release of antimicrobial compounds 
at the food surface, where spoilage organisms 
typically proliferate, while minimizing impacts 
on product aroma and flavor. Such applications 
are particularly valuable for perishable foods 
like fresh produce, meats and seafood, where 
extending shelf-life can significantly reduce food 
waste. The technology also enables the 
combination of multiple functional agents, such 
as antioxidants along with antimicrobials, 
creating multifunctional protective systems that 
address various deterioration mechanisms 
simultaneously. 

Discussion on Nano emulsions in Food 
Science and Technology 

Nano emulsification has emerged as a 
transformative approach in modern food 
science, bridging the gap between technological 
innovation and nutritional enhancement. By 
enabling the efficient delivery of bioactive 
compounds, improving food stability and 
offering novel preservation methods, nano 
emulsions present a paradigm shift in food 
formulation and processing. One of their most 
significant contributions lies in overcoming the 
long-standing challenge of poor bioavailability 
associated with lipophilic bioactive compounds. 
The encapsulation of these compounds within 
nanoscale droplets enhances their solubility and 
absorption in the gastrointestinal tract, ensuring 
optimal physiological benefits (McClements 
2012). However, the efficacy of these systems 
depends critically on their stability under the 
harsh conditions of the digestive environment, 
including acidic pH and enzymatic activity. 
Research has demonstrated that carefully 
designed nano emulsions can resist premature 
degradation in the stomach, enabling targeted 
release in the intestinal tract where absorption 
occurs most efficiently. This property makes 
them particularly valuable for delivering 
sensitive nutraceuticals such as carotenoids, 
polyphenols and fat-soluble vitamins, which 
would otherwise undergo rapid degradation or 
exhibit limited uptake in their free form. 

The successful incorporation of nano emulsions 
into complex food matrices requires a thorough 
understanding of their interactions with other 
food components, including proteins, 
polysaccharides and mineral salts. These 
interactions can significantly influence the 
physicochemical stability of the emulsion 
system, as well as the rheological properties and 
sensory characteristics of the final product. For 
instance, electrostatic interactions between 
emulsion droplets and food proteins may lead to 
either stabilization through the formation of 
protective layers or destabilization via bridging 
flocculation, depending on the system's pH and 
ionic strength. Similarly, the presence of 
polysaccharides can modify the viscosity of the 
continuous phase, affecting droplet mobility and 
the release kinetics of encapsulated actives. Such 
considerations are paramount when designing 
nano emulsion-based food products, as they 
directly impact not only shelf-life but also the 
bioavailability of the delivered compounds. 
Recent advances in colloidal food science have 
enabled more precise control over these 
interactions, allowing for the customization of 
nano emulsion behaviour in diverse food 
applications ranging from fortified beverages to 
functional dairy products. 
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Despite their technological promise, the 
application of nano emulsions in food systems 
raises important safety considerations that 
warrant careful examination. While these 
systems are typically formulated using food-
grade ingredients, their nanoscale dimensions 
introduce unique physiological behaviours that 
differ from their bulk counterparts. Regulatory 
agencies such as the U.S. Food and Drug 
Administration (FDA) and the European Food 
Safety Authority (EFSA) have emphasized the 
need for comprehensive safety assessments, 
particularly regarding potential nanoparticle 
accumulation, cellular uptake and long-term 
metabolic effects (Solans et al. 2005). Current 
research efforts focus on establishing 
standardized protocols for evaluating the fate of 
nano emulsions in biological systems, including 
their digestion, absorption and excretion 
patterns. These studies are crucial for 
developing evidence-based regulations that 
ensure consumer safety while fostering 
innovation in food nanotechnology. 

Consumer perception represents another critical 
factor influencing the commercial viability of 
nano emulsion-based food products. Despite the 
clear technological advantages, public 
scepticism toward nanotechnology in food 
applications persists, often stemming from 
limited understanding and concerns about the 
novelty of the technology. This challenge 
underscores the importance of transparent 
labelling practices, rigorous safety validation 
and effective science communication to build 
consumer confidence. Industry stakeholders 
must engage in proactive dialogue with 
consumers, clearly articulating the benefits and 
safety measures associated with nano emulsion 
technologies. Additionally, the development of 
clear regulatory frameworks and standardized 
terminology will be essential for maintaining 
trust and facilitating market acceptance. As the 
field progresses, balancing technological 
innovation with consumer education and 
transparent risk communication will be 
paramount for realizing the full potential of 
nano emulsions in food applications. 

Conclusion 

Nano emulsions represent a groundbreaking 
advancement in food science, offering innovative 
solutions to longstanding challenges in bioactive 
delivery, food fortification and preservation. By 
encapsulating hydrophobic compounds within 
nanoscale droplets, these systems significantly 
enhance the solubility, stability 

andbioavailability of essential nutrients such as 
vitamins, polyphenols and omega-3 fatty acids. 
The unique physicochemical properties of nano 
emulsions including optical clarity, resistance to 
gravitational separation and controlled release 
kinetics make them particularly suitable for 
applications ranging from functional beverages 
to antimicrobial edible coatings (Solans et al., 
2005). 

The versatility of nano emulsion technology is 
evident in its diverse preparation methods, 
which can be tailored to specific needs. High-
energy techniques like high-pressure 
homogenization and ultrasonication enable 
large-scale production of stable emulsions, while 
low-energy methods such as phase inversion 
temperature (PIT) offer gentle alternatives for 
heat-sensitive. The careful selection of 
components oil phase, aqueous phase and 
emulsifiers further allows for customization 
based on desired functionality, whether for 
improved nutrient delivery or extended shelf-
life. 

Despite these advantages, the widespread 
adoption of nano emulsions in the food industry 
faces challenges, including scalability, cost and 
regulatory scrutiny. While nano emulsions are 
generally recognized as safe due to their food-
grade ingredients, their nanoscale behaviour 
necessitates rigorous safety assessments to 
address potential long-term health impacts. 
Additionally, consumer perception remains a 
critical hurdle, as misconceptions about 
nanotechnology may hinder market acceptance. 
Transparent communication, clear labelling and 
evidence-based safety validations will be 
essential to build trust and facilitate 
commercialization. 

Looking ahead, the future of nano emulsions in 
food systems lies in continued research to 
optimize formulation techniques, improve cost 
efficiency and validate safety profiles. 
Collaborative efforts among scientists, industry 
stakeholders and regulatory bodies will be 
crucial to harness the full potential of this 
technology. As consumer demand for functional, 
clean-label foods grows, nano emulsions are 
poised to play a pivotal role in developing next-
generation food products that combine 
enhanced nutrition, safety and sensory appeal. 
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