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Abstract:

The encapsulation of essential oils represents a promising strategy to overcome their
inherent volatility, chemical instability and limited water solubility, which limit their
wider application in food and nutraceutical products. This review provides a compre-
hensive examination of recent advances in wall materials and emulsion technologies
used for the microencapsulation of essential oils by spray drying. Traditional wall ma-
terials such as maltodextrin, gum arabic and whey protein isolates have been exten-
sively studied; however, novel biopolymers have proven to be effective alternatives
that allow for improved encapsulation efficiency and controlled release. Improved
emulsion stability can be achieved by high pressure homogenisation and ultrasonic
treatment. They have facilitated the production of stable emulsions with a uniform
droplet size distribution, which is crucial for efficient encapsulation. Nanoemulsions
and Pickering emulsions have great potential to produce very stable microcapsules
with essential oils compared to conventional emulsions. Advances in spray drying
technology, such as electrostatic spray drying and nanospray drying, have further im-
proved the bioavailability of essential oils and optimised the release kinetics. The ap-
plications of spray-dried essential oils have shown significant potential for extending
shelf life, reducing synthetic additives and improving flavour in various foods, as well
as for the development of functional food supplements. Future research should focus
on process optimisation, scalability and evaluation of release behaviour under real stor-
age and consumption conditions.
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1. Introduction

Essential oils (EOs) represent a diverse group of secondary metabolites derived from var-
ious parts of aromatic plants (5. Sharma et al., 2021). These oils are characterized by their
complex composition, including low molecular weight lipophilic compounds such as ali-
phatic hydrocarbons, phenyl propanoids, terpenoids, and phenolic constituents. Addition-
ally, EOs contain a variety of oxygenated compounds like aldehydes, ketones, esters, ox-
ides, and alcohols. Despite their strong lipophilic and volatile nature, which renders them
almost insoluble in water, EOs are widely utilized for their antioxidant, anti-inflammatory
and antimicrobial properties (Amorati et al., 2013; Chouhan et al., 2017; Miguel, 2010).
However, due to their instability and lipophilicity, only a limited number of EOs are com-
mercially viable, with approximately 300 types being used out of the 3000 known varieties
(Dima & Dima, 2015).

EOs are volatile and heat-sensitive compounds that can degrade when exposed to light,
air, and moisture. This susceptibility to oxidation and environmental factors limits their
practical applications. To address these challenges, encapsulation is employed as a strat-
egy to enhance the stability of EOs. This technique involves encasing the oils in a protective
coating, which helps to maintain their integrity during handling, processing, and storage
(Veiga et al., 2019).

Spray drying is indeed the most used encapsulation technique in the food industry. This
method involves converting liquid mixtures into dry powders by rapidly drying them
with a hot gas. It is highly effective for encapsulating active ingredients, including essential
oils, as it helps to preserve their stability and extend their shelf life (Pifién-Balderrama et
al., 2020).

This review focuses on exploring different wall materials, including novel and emerging
options, as well as novel emulsion techniques used for encapsulating essential oils. It also
discusses new spray drying technologies, recent scientific advancements, future perspec-
tives, and how spray-dried essential oils are applied in the food industry.

2.  Wall Materials for Spray Drying of Essential Oils
2.1. Selection Criteria for Wall Materials

The selection of suitable wall materials for the encapsulation of essential oils in the food
industry is based on several decisive criteria. Firstly, the chemical compatibility between
the wall material and the core substance is crucial to avoid undesirable interactions that
could affect product stability. The wall material must provide effective protection of the
active ingredient against environmental influences such as light, heat, oxygen and mois-
ture, which can lead to degradation. Controlled release behaviour is also an important pre-
requisite to enable a targeted and sustained release of the encapsulated active ingredient
under certain physiological conditions such as pH changes or enzymatic activity (Weisany
et al., 2022).

Good solubility and dispersibility of the wall material are crucial to achieve homogeneous
distribution of the active ingredient and to maintain emulsion stability during processing.
The rheological properties of the material must support efficient microencapsulation, es-
pecially in spray drying, where viscosity and flow behaviour influence droplet formation
and drying performance (Tavares et al., 2022). Sensory neutrality in terms of odour, taste
and colour is important to ensure that the wall material does not alter the organoleptic
properties of the final food product. Finally, the selected material should be food safe,
comply with regulatory standards (e.g. GRAS status), be economically viable for industrial
production and be both biodegradable and bioavailable to ensure sustainability and effec-
tive delivery of the encapsulated compound (Shishir et al., 2018).

2.2 Common and Novel Wall Materials

Various carrier materials are used for the encapsulation of essential oils (Figure 1), which
are selected according to compatibility with the encapsulation methods, target applica-
tions and stability requirements. Natural polysaccharides — such as maltodextrin, gum
arabic, chitosan, alginate and pectin — are commonly used due to their biodegradability,
low toxicity and good thermal stability (Fernandes et al., 2014). Proteins such as whey pro-
tein, casein, gelatine and zein also serve as efficient carriers as they are biocompatible and
can be released in a controlled manner, although they are pH and temperature dependent
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(Chen et al., 2015; Laina et al., 2024). Lipid-based carriers, both solid and liquid offer high
encapsulation efficiency and prolonged release profiles (Yammine et al., 2024).
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Figure 1. Wall materials used for encapsulation od essential oils

In recent years, novel wall materials have been investigated. The study by Kurek and Singh
(2020) reports that among the various carrier materials investigated — combinations of
maltodextrin with hemp, pea and rice proteins — the highest encapsulation efficiency was
achieved with rice protein in combination with maltodextrin. This formulation outper-
formed the formulations with hemp and pea proteins, suggesting that rice protein malto-
dextrin is the most effective wall material for spray-dried encapsulation of hemp seed oil.
Also, in another comparison study on spray-drying orange essential oil, it was concluded
that formulations containing more than 50% chemically and thermo-mechanically modi-
fied rice starch as the primary wall material achieved the highest encapsulation efficiency
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versus those using native rice starch, maltodextrin, or protein (Marquez-Gémez et al.,
2018). Recently, novel material such as chachafruto flour have been explored for essential
oil encapsulation due to their natural emulsifying properties (Daza et al., 2025). At concen-
trations of 3% and 4%, chachafruto flour significantly improved emulsion stability over
168 hours at room temperature, attributed to its starch and 20.5% protein content.
Overall, the choice of wall materials has a significant impact on the physicochemical prop-
erties, release mechanisms and functional performance of EO-loaded particles. Biocompat-
ibility, biodegradability, regulatory status and economic feasibility are key criteria in opti-
mising the selection of wall materials for food applications.

3.  Emulsion Design for Improved Encapsulation

Emulsions are critical to the efficiency and stability of essential oil microparticles produced
by encapsulation processes such as spray drying. Key physicochemical parameters —in-
cluding droplet size, zeta potential, surface tension, rheological behaviour, and microstruc-
ture—are commonly evaluated to predict emulsion stability (Campelo et al., 2017). Main-
taining emulsion stability from homogenization through to drying is essential to ensure
the quality and performance of the resulting microcapsules, particularly in food and phar-
maceutical applications.

High-speed homogenisation is generally used to produce coarse emulsions by mechani-
cally reducing the droplet size. High pressure homogenisation (HPH) further refines the
droplet size and improves the uniformity and stability of the emulsion. Another method
for producing fine emulsions is ultrasonic treatment, which is particularly suitable for
heat-sensitive essential oils due to its lower heat load (Lakshmayya et al., 2023). A study
by Campelo et al. (2016) found that homogenisation followed by ultrasonic treatment was
more efficient in emulsion formation than the homogenisation process alone.

3.1. Nanoemulsions & Pickering emulsions

Nanoemulsions and emulsions are colloidal dispersions consisting of two immiscible lig-
uids and are often used in food systems. A key distinguishing feature is the droplet size,
with emulsions having a droplet diameter of more than 200 nm, while nanoemulsions are
characterised by droplets smaller than 200 nm (McClements, 2011). Nanoemulsions signif-
icantly enhance the properties of essential oils by increasing their stability, bioavailability
and antimicrobial efficacy (K. Sharma et al., 2022). Due to their small droplet size,
nanoemulsions provide a larger surface area that allows better interaction with microbial
cell membranes, thereby improving their antimicrobial activity. They also protect essential
oils from environmental factors such as temperature, light and oxygen that can degrade
their active ingredients, ensuring their functionality over a longer period of time. In addi-
tion, nanoemulsions enable a more controlled and sustained release of essential oils, pro-
longing their antimicrobial effect in food. Compared to conventional emulsions,
nanoemulsions are optically transparent and thermodynamically unstable, but their small
droplet size provides greater stability against phase separation and creaming. In addition,
nanoemulsions improve the dispersibility and solubility of essential oils in aqueous food
systems, which is a challenge with conventional emulsions (Pathania et al., 2018). They
also help to improve the sensory properties of foods by minimising the strong flavours
and odours associated with essential oils due to better encapsulation and lower volatility.
Overall, nanoemulsions are superior to standard emulsions when it comes to effectively
and efficiently utilising the bioactive properties of essential oils in food and pharmaceuti-
cal applications. There is still scepticism in the food industry about the use of nanoparti-
cles, which requires a thorough investigation of their uptake, entry into the food chain and
distribution under both in vitro and in vivo conditions (Maurya et al., 2021). Such compre-
hensive assessments are essential to ensure the safe and effective use of essential oil-based
nanoemulsions in food systems.

Pickering emulsions are a class of emulsions stabilised by solid particles that irreversibly
adsorb at the oil-water interface and represent an alternative to conventional surfactant-
based systems (Ming et al., 2023). They enhance the stability of essential oils by preventing
droplet coalescence through electrostatic and steric mechanisms, reducing droplet size and
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are usually produced by high-energy processes such as homogenisation or ultrasonic treat-
ment (Souza et al.,, 2021). The solid particles at the interface of Pickering emulsions im-
prove the resistance of oil droplets to coalescence and degradation during high-tempera-
ture spray drying. This stabilization contributes to the formation of more uniform and
structurally robust microparticles after drying. Moreover, Pickering-based systems offer
better encapsulation efficiency and protection of sensitive bioactives, such as essential oils,
compared to conventional emulsions (Meng et al., 2024). Therefore, integrating Pickering
emulsions into spray-drying encapsulation strategies presents a promising approach for
improving the stability and functionality of the final powdered products.

4.  Emerging Spraying Techniques

Electrospraying, nano spray drying and electrostatic spray drying are emerging encapsu-
lation and drying techniques that utilise electrical forces to process sensitive bioactive com-
pounds such as essential oils (Jayaprakash et al., 2023). In electrospraying, a high voltage
is applied to a liquid fed through a nozzle, creating an electric field that atomises the liquid
into fine droplets. These droplets dry quickly on their way to a grounded collector, forming
micro- or nano-sized particles with high encapsulation efficiency without the need for high
temperatures. Oregano essential oil was encapsulated into thermally stable chitosan nano-
particles using the electrospraying technique, achieving high encapsulation efficiency and
monodisperse particles (Yilmaz et al., 2019). Electrospraying significantly enhanced the
antifungal and fungistatic activity of the essential oil against Alternaria alternata, suggesting
electrospraying as a promising method for controlled-release antimicrobial applications in
food industry.

Nano spray drying, on the other hand, uses a modified spray drying setup with a vibrating
mesh and an electrostatic particle collector. Nano-sized particles (less than 100 nm) are
produced by forcing the liquid through laser-drilled holes in a vibrating mesh, while an
electrostatic collector captures the ultra-fine particles and ensures a narrow size distribu-
tion (Jafari et al., 2021). Plati et al. (2021) used a nano-spray drying technique to encapsulate
oregano essential oil in whey protein isolate—maltodextrin matrices. The resulting nano-
particles showed significantly improved antibacterial activity against both Escherichia coli
and Staphylococcus aureus compared to the pure essential oil, emphasising their promising
potential for food preservation.

In electrostatic spray drying, a pre-charged nozzle is used to atomise the material into
droplets and then an electrostatic field is applied in a drying chamber to aid drying and
collection. The principle is to create an electrostatic force that repels the liquid surface,
allowing the solvent to evaporate at lower temperatures and protecting heat-sensitive ma-
terials (Jayaprakash et al., 2023). Highly sensitive compounds such as essential oils can be
effectively encapsulated using electrostatic spray drying, which allows particle formation
at low temperatures under controlled voltage conditions. Although the application of this
technique for the encapsulation of essential oils is still limited, it shows considerable po-
tential for the preservation of thermolabile bioactives.

5.  Applications in Food Industry

Encapsulated essential oils can be used in various areas of the food industry; first and fore-
most, they can be used as food preservatives due to their antioxidant and antimicrobial
properties.

Thyme essential oil has been encapsulated in chia mucilage and used in meat sausage as a
partial or total substitute for sodium nitrate and nitrite (A. S. Souza et al., 2025). TEO from
the capsules inhibited the growth of coagulase-positive staphylococci, E. coli, mesophilic
aerobic bacteria and Salmonella. In another study by Radiinz et al. (2020), in which TEO
was encapsulated, it was concluded that TEO can be used as a natural preservative in ham-
burger-like meat products. Rosemary essential oil was encapsulated using whey protein
isolate and inulin as the encapsulation matrix, effectively extending the shelf life of Minas
Frescal cheese (Fernandes et al., 2017).

Spray-dried essential oils also have great potential in the flavour industry, where they can
be used as flavour enhancers. In a study by Mehran et al. (2020), mentha essential oil was
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encapsulated in gum arabic and inulin. The results showed that SEO microcapsules can be
used in various foods as flavourings and in chewing gum.

The essential oil of hops (Humulus lupulus L.) (HEO) has shown various applications in hot
beverages (Su et al., 2023). HEO was encapsulated in modified starch and the controlled
release from the capsules was determined. HEO microcapsules showed significant poten-
tial, highlighting the suitability of essential oil microcapsule formulations as promising
flavouring agents for use in a range of hot beverage systems.

The dietary supplement sector is expanding rapidly and encapsulated essential oils have
also proven to be functional ingredients in human nutrition. Spray-dried powder contain-
ing encapsulated oregano essential oil has been used to produce tablets (Partheniadis et
al., 2019). Tablets with encapsulated essential oil successfully inhibited Gramme-negative
and Gramme-positive bacteria and provided a controlled-release form of oral administra-
tion.

6. Conclusions

This review highlights the significant advances that have been made in the encapsulation
of essential oils through the development of innovative wall materials and advanced spray
drying techniques. Various biopolymers, including proteins, polysaccharides and lipids,
have been investigated as encapsulation matrices to improve encapsulation efficiency, ox-
idative stability and controlled release properties. New wall materials such as chia muci-
lage, hemp, pea and rice proteins and chachafruto flour have shown promising results in
improving the protective function of microcapsules. Novel emulsion production methods,
including ultrasonic treatment and high-pressure homogenisation, have helped to pro-
duce more stable emulsions with uniform droplet size prior to spray drying.

Recent technological advances in spray drying, such as electrostatic spray drying and nan-
ospray drying, have expanded the possibilities for producing microcapsules with im-
proved structural and functional properties. These innovations have made it possible to
better preserve the bioactivity of essential oils and to better control the release kinetics in
food and dietary supplements. The integration of encapsulated essential oils into food sys-
tems has demonstrated the potential for natural preservation, flavour enhancement and
the development of functional products. Overall, spray drying technologies hold promise
for expanding the use of essential oils in the food industry while maintaining product
safety, stability and sensory quality.
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