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Abstract
This paper explores the impact of encapsulation techniques on bioactive compounds, vitamins, and minerals, which are 
crucial for delivering bioactive compounds. Due to their instability and reactivity with the environment, encapsulation is 
often necessary to make these compounds suitable for medical or dietary applications. The evaluation of the kinetic model 
of bioactives reveals that encapsulation can significantly enhance their stability. However, encapsulation is not without 
its drawbacks. Incomplete encapsulation can reduce the effectiveness of the bioactives, and complexity of encapsulation 
processes can hinder widespread adoption. Interactions between the encapsulated materials and the encapsulating agents 
may also impact the release and bioavailability of the bioactives. It also presents perspectives for future research aimed at 
overcoming the limitations and enhancing the effectiveness of encapsulation. As research continues to advance, encapsu-
lation is poised to play critical role in improving the delivery and stability of bioactive compounds, benefiting the food, 
pharmaceutical, and cosmetic industries.

Keywords  Electro-spraying · Coaxial encapsulation · Kinetic model · Oral delivery · Food microencapsulation

Introduction

In order to prolong the shelf life of delicate substances 
like vitamins, minerals, and bioactives and prevent oxida-
tion and physical deterioration, encapsulation is a technol-
ogy employed in the food and pharmaceutical industries 

(Kopecna et al., 2020). By covering the sensitive compo-
nents in a protective shell, this approach helps to regulate the 
release of the bioactive molecules during different phases 
of digestion. Moreover, encapsulating bioactives can help 
with formulation of complicated combinations, pharma-
cokinetic property customization, and other issues related 
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to non-bioavailability of different constituents (Mandaliya 
et al., 2020). A thorough review of the effects of encapsula-
tion techniques on the properties of bioactives, vitamins, and 
minerals is still necessary to close the knowledge gap and 
identify the main research trends in this field, even though 
there have been studies on the effects of various encapsula-
tion techniques on the various properties of bioactives, vita-
mins, and minerals. An assessment of the impact of encap-
sulating techniques on the various properties of bioactives, 
vitamins, and minerals will be the main goal of this review 
study. It will go over the different encapsulation strategies 
that are employed as well as the variables that affect how 
effective are these strategies. The different impacts of encap-
sulation on the characteristics of vitamins, minerals, and 
bioactives will next be examined. These effects will include 
things like increased food intake, higher bioavailability, and 
lower metabolic activity. Encapsulation is a crucial step in 
the production of pharmaceutical and food products. It can 
be used to enhance a formulation's physical characteristics 
without compromising the active components' ability to 
operate (Insomnia et al., 2020). Because encapsulation helps 
preserve nutrients from deterioration and improves nutri-
tional content for increased absorption and bioavailability, 
it is an excellent delivery system vehicle. Encapsulation is a 
technique used in food to deliver and shield vitamins, min-
erals, and bioactives from a variety of external elements, 
including light, moisture, temperature, mechanical stress, 
etc. The aim of this paper is to find the effects on properties 
of vitamins, minerals, and bioactives of various encapsu-
lating techniques, including emulsifying-coating, layer-by-
layer, atactic, and interference layer (ILC), as well as the 
instruments utilized in their development. It will also explore 
the several advantages that come with using these methods, 
like better digestion, increased bioavailability, and quali-
ties that might prevent oxidative damage. Also, it will look 
at the several aspects like cost, accessibility, and scale-up 
strategies that affect effectiveness of encapsulation. Lastly, 
it will compare the efficacy of encapsulating techniques with 
current encapsulation technologies and explore the possible 
uses of encapsulation techniques in the manufacturing of 
food goods and nutritional supplements. A growing number 
of people are interested in studying various strategies that 
could facilitate the effective delivery and preservation of bio-
active compounds, given the swift advancements in science 
and technology. Out of all the various approaches looked at, 
encapsulation has shown to be one of the most promising 
and extensively researched ways to create edible materials 
with better qualities and functionality (Huang et al., 2020). 
Encapsulation technology is thought to be an effective way 
to formulate and deliver vitamins, minerals, and bioactives 
while preventing their degradation, inactivation, loss, and 
instability before they reach their intended location (Matras 
et al., 2020). While traditional encapsulation techniques like 

coating and spray-drying have significantly improved the 
stability and bioavailability of bioactives, recent research 
has pushed the boundaries further with nano-encapsulation 
(Aktas et al., 2024). This cutting-edge technology allows for 
even finer control over the encapsulation process, enhancing 
the solubility and bioavailability of bioactive compounds at 
a molecular level. Studies have demonstrated the superior 
performance of nano-encapsulation in protecting sensitive 
bioactives from degradation and improving their targeted 
delivery (El-Sayed et al., 2024).

Traditional techniques like coating and spray-drying have 
greatly improved the stability and bioavailability of bioac-
tives, but they are not without drawbacks. These methods can 
sometimes result in incomplete encapsulation and reduced 
effectiveness. Techniques can be expensive and complex, 
making them less accessible for widespread use. Addition-
ally, interactions between the encapsulated materials and 
the encapsulating agents can negatively impact the release 
and bioavailability of bioactives (Raj et al., 2024). Recent 
research has advanced to nano-encapsulation, a cutting-edge 
technology that provides even more precise control over the 
encapsulation process. Nano-encapsulation enhances the 
solubility and bioavailability of bioactive compounds at a 
molecular level, offering superior protection from degrada-
tion and improving targeted delivery. However, nano-encap-
sulation also faces challenges, such as high production costs 
and technical difficulties in maintaining consistent particle 
size and distribution (Li et al., 2024). This review examines 
these latest advancements and addresses the limitations of 
existing methods, providing a comprehensive overview of 
the current state of encapsulation technology and its poten-
tial future applications.

This review study aims to give an up-to-date overview 
of the state of the art and best practices on the efficacy of 
encapsulation techniques to enhance the functional charac-
teristics and chemical stability of vitamins, minerals, and 
bioactive compounds. It will go over the many encapsulating 
material types that are utilized, including polysaccharides, 
proteins, lipids, and polymer-based capsules, as well as the 
production methods that include coacervation, emulsifica-
tion-based procedures, and spray-drying.

The numerous approaches used to increase the effective-
ness of vitamins, minerals, and bioactives by encapsulation 
will also be reviewed in this study. The process of encapsu-
lation involves binding, coating, or enveloping food or food 
ingredients in a carrier substance. Because it has numerous 
benefits for ingredient stability, preservation, improved solu-
bility, controlled release, and active targeted delivery, it has 
become a crucial component of the food business (Sheng 
et al., 2020). To enhance the transport of bioactives, vita-
mins, and minerals to desired locations while preventing 
chemical and enzymatic degradation, encapsulation tech-
niques can be used (Tian et al., 2020). Furthermore, it may 
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help lower the dosage of these substances while simultane-
ously raising their bioavailability. The many encapsulation 
methods currently in use will be covered in this paper, along 
with their benefits and drawbacks and a summary of the 
research on how they can alter the characteristics of differ-
ent bioactive compounds, vitamins, and minerals. Addition-
ally, it will outline the many tactics used to maximize these 
chemical loading efficiency, stability, and bioavailability. 
The paper will also cover the possible applications of new 
and cutting-edge methods for encapsulating these compo-
nents, such as nanotechnology.

Microencapsulation technologies used 
for bioactive food ingredients

Encapsulation by spray‑drying

A quick, continuous, scalable, repeatable, and economical 
method for turning liquids into dry powders is spray drying. 
Spray droplets evaporate in the drying chamber when the 
liquid is sprayed into a heated drying gas medium, usually 
air, using an atomizer. After that, the solid product is taken 
out of the air stream and gathered. Spray drying makes cells 
more resilient to stress, enabling them to endure thereafter 
harsh conditions like high heat, acidic surroundings, or the 
presence of bile salts (Deng et al., 2020).

A popular and commonly used technique called spray 
drying is a simple, flexible, quick, and cost-effective method 
for producing microcapsules and involves dispersing the 
core particles in a polymer solution and spraying them inside 
a heated chamber (He et al., 2020). The process starts with 
the carrier material solutions being sprayed into a heated 
chamber, where the core chemical dispersion is dissolved 
and emulsified. Later the solvent evaporates and the wall 
material covers the core to generate polynuclear or matrix 
microcapsules.Thus, this method comprises extracting the 
dehydrated microcapsules after atomizing an emulsion or 
solution of core-carrier agents (Li et al., 2020a, b, c, d).
Usually, this process produces microcapsules that are of 
excellent quality. The use of water-soluble carriers and the 
high temperatures needed to evaporate the solvent are some 
of the disadvantages of this approach (Kahsai et al., 2020).

The unpleasant odour of these extracts was also masked 
by microencapsulation, making them suitable for nutraceuti-
cal and food applications. Alginates as a natural bioactive 
compound transporter and delivery method have been thor-
oughly researched (Gul et al., 2020). It can alter the char-
acteristics of matrices for a range of applications, includ-
ing food, by cross-linking with different cations. Alginate 
matrices have also been used to encapsulate enzymes such 
as cellulases and hemicelluloses. Gums are used in the 
microencapsulation of many different bioactive substances 

due to their superior film-forming and emulsion stabiliza-
tion qualities (Singh et al., 2020). A superior wall material 
for lipid encapsulation, gum arabic creates stable emulsions 
with several oils across a broad pH range. The microencap-
sulation of rosemary essential oil was carried out, exhibit-
ing a range of 17.25–33.96%, 0.03–0.15%, 7.15–47.57%, 
and 15.87–18.90% for powder recovery, oil retention, and 
hygroscopicity, respectively (Shindou et al., 2021). Super-
critical fluid extraction was used to extract vitamin E and 
provitamin A from residual red pepper. To stop the extracts 
from degrading during storage, they were subsequently 
spray-dried and microencapsulated using gum arabic as a 
wall material. Cortés-Rojas et al. (2015) encapsulated Biden 
Pilosa leaf extract at 13.37% concentration in cellulose as 
the wall material. The powder has favorable features with 
respect to flow, drying efficiency, solubility, residual mois-
ture content, and particle size. Enhancing microcapsule 
encapsulation efficiency and stability can also be achieved 
by using a combination of several compounds as the wall 
material, as no one compound can supply all of the nec-
essary properties for microcapsules with the appropriate 
quality features (Lee et al., 2020). Gum arabic and malto-
dextrin were combined as the wall material, and the spray 
drying process was utilized to microencapsulate essential 
oil from the fruits of Pterodonemarginatus. The primary 
component of these essential oils, caryophyllene provided 
the best protection, and the researchers found that a 1:3:3.6 
ratio of essential oil, gum arabic, and maltodextrin produced 
an efficiency of about 98.63% for encapsulation and entrap-
ment (Fontana et al., 2020).

Encapsulation by spray-drying offers several advantages, 
including improved stability and shelf-life of bioactive com-
pounds, enhanced solubility, and controlled release. It also 
helps in masking undesirable flavors and protecting nutrients 
from environmental factors like heat and light (Bińkowska 
et al., 2024). The process can be costly and complex, and 
it sometimes results in incomplete encapsulation, which 
reduces effectiveness. Additionally, maintaining consist-
ent particle size and distribution can be challenging. These 
limitations can impact the overall efficiency and scalability 
of the technique, making it less accessible for widespread 
application in the food and pharmaceutical industries (Paes 
et al., 2024) (Fig. 1) and (Table 1).

Encapsulation by freeze‑drying

For core materials that are heat-sensitive, spray-freeze dry-
ing is suitable. Using this technique, the solvent is instantly 
sublimed (lyophilized) from atomized droplets. Sprays of 
liquid nitrogen are directed into a cold chamber. These drop-
lets sublimate at room pressure in a fluidized bed, producing 
encapsulates with a microstructure of a matrix (Hou et al., 
2020). Thinner shells produced by higher core loads allow 
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core material droplets to leak on the surface of encapsulates 
because core droplets next to the shell are more prone to 
deterioration. While spray drying method yields encapsu-
lates with extremely high solubility and reconstitution prop-
erties, low water activity, and ease of transportation and stor-
age, its application is still restricted by the absence of ideal 
wall materials and microcapsule agglomeration(Li et al., 
2020a, b, c, d).Several heat-labile active compounds were 
shown to be lost during the high-temperature spray drying 
procedure by Hou et al. (2020). Furthermore, the spray dry-
ing process results in low yield because of a number of fac-
tors including poor control over droplet size, limitations of 
common wall materials and low glass transition temperature 
(Li et al., 2020a, b, c, d). For microencapsulation to achieve, 
improved encapsulation efficiency and microcapsule stabil-
ity, wall material selection is essential. Water soluble wall 
material is appropriate since nearly all spray drying pro-
cedures in the food sector are carried out in aqueous feed 
compositions. The most widely employed wall components 
are hydrocolloids, which comprise gum acacia, milk pro-
teins, gelatin, and low molecular mass carbohydrates (Li 
et al., 2020a, b, c, d).

Another name for spray freezing, which is also called 
spray congealing, is a convenient, affordable, and easily 
scalable microencapsulation method. Being free of organic 
solvents and high temperatures, it is perfect for bioactive 
substances that are sensitive to temperature changes, such 
as probiotics, vitamins, and enzymes (Kaushik et al., 2021). 

In spray coagulation, alginate is commonly employed as a 
thickening and stabilising agent. Calcium carbonate is used 
as an internal gelation source to aid alginate coagulation, or 
calcium chloride is used as an outer gelation source. Martins 
et al. microencapsulated phenolic extracts from Rubusulmi-
folius flower buds using an alginate-based matrix. Antioxi-
dant activity was marginally higher in the yoghurt contain-
ing Rubusulmifolius flower buds extract microcapsules than 
in the other samples (Sheng et al., 2020).

Encapsulation by freeze-drying offers several advantages. 
It effectively preserves the stability and bioactivity of sensi-
tive compounds, such as vitamins and probiotics, by remov-
ing water under low temperatures. This method enhances 
shelf life and maintains nutritional quality (Kaur et al., 
2024). Freeze-drying is an expensive and time-consuming 
process, requiring specialized equipment. The texture and 
taste of the encapsulated product can also be altered. Limit-
ing factors include high energy consumption and potential 
structural changes during rehydration. Despite these chal-
lenges, freeze-drying remains a valuable technique for pro-
tecting and extending the shelf life of bioactive compounds 
(Tkacz et al., 2024).

Encapsulation by electro spraying

Electro spraying, also called electrohydrodynamic atomiza-
tion, is a method of encapsulating and drying nano/micro-
structures at room temperature by means of an electric field. 

Core
material

(bioac�ve
components)

Wall material

Encapsula�on

Physical
method

Chemical
method

Physical-
chemical
method

Spray dying/ extrusion/ freeze
drying/ supercri�cal fluid/

lyophiliza�on/ pan-coa�ng/
centrifuga�on/ electrospinning

Inclusion complexa�on/
emulsion polymeriza�on/
interfacial polymeriza�on/

interfacial cross-linking

Coacerva�on/ sol-gel method/
complex coacerva�on/ solvent

evapora�on/ layer by layer
adsorp�on

Mononuclear Mul�layer Matrix Mul�nuclear Irregular

ENCAPSULATION MORPHOLOGY

Fig. 1   Encapsulation and morphology of microcapsule
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The principle of electro spraying involves the conductive 
material capillary injector/needle being used to pump a solu-
tion, dispersion, or emulsion containing the protein-based 
bioactive (Sun et al., 2021). A predetermined distance is 
set off from the needle in order to generate an electric field 
between the injector and the grounded collector. When the 
solution is pumped through the needle at a constant flow rate 
without any voltage, a meniscus forms when the solution 
drop exits the needle (Kadariya et al., 2020).The meniscus 
polarises at the air–liquid contact and deforms into a coni-
cal shape called a Taylor cone when the electrostatic field is 
high enough. The liquid in the droplet surface tension gives 
way under the increasing voltage, causing a jet to be released 
from the tip of cone and travel in the direction of the col-
lector. Due to the electrostatic repulsion forces at work and 
the low viscoelasticity of the solution, the jet breaks into a 
spray of charged particles. The solvent(s) used evaporate as 
the droplets travel towards the collector, producing dry nano/
microparticles (Anjum et al., 2020).

Based on the characteristics of the solution and the pro-
cessing settings employed, two distinct approaches can be 
employed: One method of electrospraying involves lowering 
the fluid's intermolecular cohesion to a point where electro-
static forces fracture the jet released from the solution into 
tiny droplets, forming nano/microparticles following solvent 
evaporation; another method involves electrospinning, where 
high molecular cohesion prevents jet fragmentation and The 
best way to obtain food ingredients is via electro spraying, as 
electro spun fibres, in contrast to nano/microcapsules, gener-
ate continuous mats that are difficult to disseminate in any 
food matrix without prior breakdown (Kouzouli et al., 2020).

Electrospraying can be employed in coaxial or mono-
configurations, just like spray-drying. Protein-based bioac-
tives are usually distributed throughout the carrier matrix of 
amorphous solid dispersions created by monoaxial electro 
spraying (Bai et al., 2020). Conversely, coaxial electro spray-
ing is a tailored form of electro spraying where two distinct 
liquids are dispensed using separate coaxial capillary nee-
dles. The inner needle (core) is used to inject the bioac-
tive components and encapsulating agent, while the outer 
concentrical shell is used to inject a different encapsulating 
agent (Lopez et al., 2020). The advantages of monoaxial 
electro spraying are combined with coaxial electro spray-
ing capacity to accurately control the core–shell structure 
and prevent the aggregation and denaturation of bioactive 
peptides (Donetti et al., 2021).

Environmental factors, processing variables, solu-
tion characteristics, and electrospraying parameters can 
all have an impact on the morphology, particle size, and 
EE. Greater density and viscosity of the solution at high 
encapsulating agent concentrations lead to larger parti-
cles, whereas higher electrical conductivity of the solu-
tion produces smaller particles (Scott et al., 2021). The Ta
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cross-sectional area of nano/microcapsules generated 
using coaxial electro spraying in theory. Environmental 
factors, processing variables, solution characteristics, and 
electrospraying parameters can all have an impact on the 
morphology, particle size, and EE. Larger particles may 
form in a solution with a high concentration of encapsu-
lating agent due to its high viscosity and density, while 
smaller particles are produced when the electrical con-
ductivity of solution is increased (Mansur et al., 2020). 
Regarding processing parameters, a higher solution flow 
rate produces larger particle size, whereas a higher electric 
potential between the injector and the collector produces 
smaller particle diameters. While shorter lengths may 
produce moist and compressed particles, longer injector-
collector distances enable better solvent evaporation (Yang 
et al., 2020). Due to their role in establishing the forces 
that propel the drying process, temperature and humidity 
are additional environmental elements that impact drying 
kinetics. Additional things to think about when encasing 
protein-based bioactives using electrospraying are as fol-
lows: (1) using proteins produces highly conductive solu-
tions that impede charge formation and decrease the stabil-
ity of the Taylor cone; and (2) using food-grade solvents, 
like water, produces solutions with high surface tension 
that impede jetting (Ronconi et al., 2021).Electro spraying 
encapsulation has been employed extensively in the field 
of pharmacology due to its inexpensive cost, simplicity 

of application, and enhanced bioaccessibility of the nano/
microcapsules created. But because of its poor produc-
tion capacity, its application in food applications is still 
restricted (Kumar et al., 2020). A number of adjustments, 
such as (i) multineedle electro spraying systems, (ii) free 
surface electro spraying systems, and (iii) pressurized-
gas-assisted electro spraying, have been documented to 
get around this restriction. This lack of relevance to the 
food sector is, however, reflected in the paucity of litera-
ture on the issue. There are no data on bioactive protein 
hydrolysates; instead, the majority of the existing research 
focuses on oral pharmaceutical supplements. Thus, fur-
ther investigation into the application of electrospraying 
encapsulation in food products is required (Sirilegar et al., 
2020). Encapsulation by electro spraying offers several 
advantages, such as precise control over particle size and 
distribution, and the ability to create uniform and stable 
encapsulates. This method enhances the solubility and 
bioavailability of bioactive compounds, providing better 
protection from environmental factors. Electro spraying 
has its disadvantages, including high production costs and 
technical complexity, which can limit its scalability. Addi-
tionally, maintaining consistent particle size and distribu-
tion can be challenging. Limiting factors for this technique 
include the need for specialized equipment and expertise, 
as well as the potential for clogging and low throughput 
in large-scale applications (Kurek et al., 2024) (Fig. 2). 

Fig. 2   Morphology of microencapsulation by various techniques
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Encapsulation by monoaxial

By drying just one solution containing the bioactive, mono-
axial electro spraying encapsulates protein-based bioactives. 
Creating this feed stream is most commonly achieved by 
blending, i.e., bioactives dissolved in a carrier containing 
solution. In a study, Musaei et al. (2017) used PLGA as 
an encapsulating material to construct a blend feed stream 
including an ethanol-acetic acid mixture to encapsulate 
BSA. Even bigger molecules have been encapsulated via 
blend electro spraying; for example, the hormone angioten-
sin II uses N-octyl-O-sulfate chitosan (NOSC) as a carrier, 
or enzymes like streptokinase and alkaline phosphatase use 
poly(ethylene oxide) (PEO) and PLGA, respectively. While 
electrospraying is carried out at room temperature to pre-
vent thermal deterioration of thermosensitive components, 
prolonged exposure to particular solvents may result in pro-
tein denaturation and loss of function (Mao et al., 2021).
Therefore, a different strategy of using a blend to produce 
the feed stream is to develop emulsions that block contact 
between particular solvents and the bioactives. Emulsion 
electro spraying encapsulation enables the creation of par-
ticles with core–shell structures resembling those achieved 
by coaxial electro spraying, as demonstrated by earlier stud-
ies. Often using a single W/O or double W1/O/W2 emul-
sion, this technique is used to mix two immiscible fluids 
(Garcia et al., 2021). The drying of water-in-water (W/W) 
emulsions was the main objective of the two experiments 
that used emulsion electro spraying in the literature. Using 
this method, Yao et al. (2016) encapsulated BSA in PLGA. 
PLGA in chloroform made up the organic phase, and BSA 
dissolved in water made up the aqueous phase of the two 
immiscible solutions that were created for this purpose. It 
should be noted that the manufacture of emulsion feed is 
less common since it is difficult to produce stable emul-
sions and because the shear stress of mechanical mixing 
required for emulsion preparation may alter the protein-
based bioactives (Chanutin et al., 2020). The type of carrier 
and solvent utilised determines the primary characteristics 
of the input stream that affect the electro spraying process, 
such as surface tension, conductivity, and viscoelasticity. 
In electrospraying, encapsulating agents like poly (lactic 
acid) (PLA), dextran, gelatin, glucose syrup, hyaluronan, 
MD, pullulan, CS, PLGA, alginate, PCL, PEG PEO, and 
NOSC are used..These polymers are also biocompatible 
and biodegradable (Chauce et al., 2022). Alginate, PEO, 
and NOSC were often utilised carriers; because of their 
safety and biocompatibility, these materials are very help-
ful when formulating oral administration medications. The 
calcitonin gene-related peptide (-CGRP) and BSA/porcine 
interleukin-1 (pIL-1) were encapsulated in alginate by mix 
electrospraying, yielding particles with widely varied diam-
eters ranging from 10.08 to 20 µm, respectively (Metin et al., 

2020). Alkaline phosphatase was electrosprayed using PEO, 
a synthetic semicrystalline polymer that is frequently utilized 
for electrospinning because of its rheological properties, in 
just one work. Similarly, NOSC could only encapsulate the 
hormone angiotensin II. The USFDA has approved PLGA, a 
biocompatible copolymer that is widely utilized in biomedi-
cal devices with great in vivo application records. The size 
of the nano capsules increased from 120 to 225 nm, which is 
associated to an increase in EE. It was found that increasing 
PLGA concentration did in fact influence capsule particle 
size (Musaei et al. (2017). Studies have mostly concentrated 
on drug release formulation, with minimal attention paid to 
food applications, despite the fact that all of these biopoly-
mers have shown high encapsulating capacity (Quiroz et al., 
2021).Promising findings have been observed in the study 
of PLGA as a potential dietary fortifier. Although polysac-
charide and protein-based carriers are frequently employed 
as encapsulating agents for spray-drying protein-based bio-
actives, there hasn't been any research on their application 
for electrospraying these bioactives (Hudson et al., 2020).
Due to their food-grade nature and water solubility, these 
carriers are perfect for the food sector as they do not require 
non-food-grade solvents. Further study is therefore needed 
to determine whether food-grade, inexpensive biopolymers 
may be used to electrospray encapsulate protein-based bio-
actives (Quintas et al., 2021).

Encapsulation by monoaxial methods offers significant 
advantages in protecting bioactive compounds from deg-
radation and enhancing their stability. It enables controlled 
release over time, ensuring sustained efficacy in applica-
tions like pharmaceuticals and functional foods. Monoaxial 
encapsulation can face challenges such as inconsistent par-
ticle size distribution, which affects uniformity in product 
quality. The process can also be sensitive to environmental 
factors like temperature and humidity, impacting the final 
product's performance. These limitations necessitate careful 
optimization of process parameters and materials to achieve 
desired encapsulation efficiency and reliability in various 
industrial applications (Bodbodak et al., 2024).

Encapsulation by coaxial electrospraying

While protein-and polysaccharide-based carriers are fre-
quently employed as encapsulating agents for spray-drying 
protein-based bioactives, there hasn't been any research 
on their use for electrospraying these bioactives. Because 
of their solubility in water, these carriers are ideal for the 
food industry, eliminating the need for non-food-grade sol-
vents (Aklipinar et al., 2020). As a result, more research 
is needed on the use of food-grade, low-cost biopolymers 
for electrospraying encapsulation of protein-based bioac-
tives. The protein medication ranibizumab, which is used 
to treat age-related macular degeneration, was encapsulated 
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in the other study using PLGA dissolved in a mixture of 
DCM and acetonitrile as the outer solution (Sarkar et al., 
2020). Organic solvents were used in six out of the eight 
operations, mostly for the outer feed. The reason for this is 
because by reducing interdiffusion between layers, the use 
of two immiscible solutions enhances core–shell separation. 
An ethyl acetate and n-butanol solution were used as the 
outer feed for encapsulating anthrax protective antigens that 
were dissolved in the inner water solution, with acetylated 
dextran acting as the carrier (Mohanty et al., 2021). Rasekh 
et al. (2015) electrosprayed angiotensin II coaxially using 
tristearin dissolved in DCM as the outer solution and NOSC 
as the inner solution carrier. Since the majority of the litera-
ture found was focused on the creation of oral medicines, 
consideration would need to be given to the requirement of 
using two fully immiscible food-grade solvents in order to 
make encapsulates oriented for food fortification (Piilocie 
et al., 2020).

The applied voltages varied from 5 to 22.5 kV, which is 
comparable to the values used for monoaxial electrospray-
ing (2.67–20 kV). The effect of voltage on angiotensin II 
encapsulation was investigated using tristearin and NOSC 
as the inner and outer carriers, respectively. The scientists 
compared the stability of the enzyme using an ELISA and 
found that the concentration of angiotensin II in the micro-
particles dropped by about 20% at 30 kV. PEO was used 
as the external carrier to encapsulate alkaline phosphatase, 
and the voltage was adjusted to 22.5 kV (Bang et al., 2017). 
Similarly, when compared to monoaxial electrospraying at 
15.5 kV, these authors found that this high voltage resulted 
in a decrease of enzyme activity of up to 40%. Nozzle sizes 
and the inner and outer feed flow rates have an impact on 
particle characteristics as well. Feed flow rates for the inner 
solutions (core) were 0.02–3.6 mL/h, and for the outer solu-
tions (shell), 0.1–18 mL/h (Kang et al., 2015). The nozzle 
sizes of outer capillary ranged from 603 to 2000 µm, while 
the inner capillary spanned from 184 to 1000 µm. Larger 
particles are typically the outcome of increasing the nozzle 
diameters and feed flow rate, as was previously mentioned 
in the section above. This was consistent with research from 
Zhao et al. (2021), who encapsulated alkaline phosphatase 
utilizing alginate and PEGDA as outer carriers and CMC 
as an interior carrier. The results of Zhao et al. (2021), 
who encapsulated alkaline phosphatase using alginate and 
PEGDA acting as the outside carriers and CMC acting as 
the inside carrier, were in line with this. The largest parti-
cles were formed at 440 m, and the greatest feed flow rates 
(3.8 mL/h for the shell and 3.96 mL/h for the core) were 
recorded in the literature. Nonetheless, the opposite result 
was observed when comparing the encapsulation of alkaline 
phosphatase with PEO as the carrier with the encapsulation 
of angiotensin II with NOSC as the inner carrier and tris-
tearin as the outside carrier. Nozzle diameters of 1000 µm 

(inner)–2000  µm (outer) and 900  µm (inner)–1900  µm 
(outer) wasutilized in both investigations; however, the first 
research had feed flow rates that were ten times higher (Yao 
et al., 2021). The greater flow rates led to an 86% reduction 
in particle size, which is surprising because larger particles 
would be expected for angiotensin II encapsulation. In actu-
ality, they produced the tiniest particles, which may have 
been caused by the 20 cm nozzle-collector distance and the 
marginally greater voltage applied (Liao et al., 2020).

When coaxially electrosprayed with bovine haemoglobin, 
tiny particles measuring 0.37 m were produced. In order to 
serve as oxygen carriers and prevent extravasation through 
the blood vessel wall, it was crucial to produce nano/micro-
capsules in the range of 0.1 to 3 m. According to Zamani 
et al. (2014), EE ranges of 46.7 4.3% to 74.6 2.9% were asso-
ciated with high BSA concentrations in the core and inad-
equate encapsulation as a result of excessively high inner 
feed flow rates. When alkaline phosphatase was encapsu-
lated using PEO as the exterior carrier, the greatest EE was 
achieved (Eleke et al., 2012).The EE in core–shell designs 
was confirmed to be enhanced by comparing the results of 
monoaxial and coaxial electrospraying.

Similar to the 2.67–20 kV range used for monoaxial elec-
trospraying, the applied voltages ranged from 5 to 22.5 kV. 
The effect of voltage on angiotensin II encapsulation was 
investigated using tristearin and NOSC as inner and outer 
carriers, respectively. Based on an ELISA study of the 
enzyme stability, the scientists found that the microparti-
cles concentration of angiotensin II dropped by about 20% at 
30 kV (Masuko et al., 2020). Using PEO as the external car-
rier, alkaline phosphatase was encapsulated, and the voltage 
was adjusted to 22.5 kV. Similarly, these scientists discov-
ered that this high voltage led to as up to 40% reduction in 
enzyme activity when compared to monoaxial electrospray-
ing at 15.5 kV. Nozzle diameters and the inner and outer feed 
flow rates also affect the characteristics of the particles. Feed 
flow rates for the inner solutions (core) were 0.02–3.6 mL/h, 
and for the outer solutions (shell), 0.1–18 mL/h (Wang et al., 
2020). The outer nozzle sizes of the capillary ranged from 
603 to 2000 µm, while the inner capillary spanned from 184 
to 1000 µm. Larger particles are typically the outcome of 
increasing the nozzle diameters and feed flow rate, as was 
previously mentioned in the section above. The results of 
Zhao et al. (2021), who encapsulated alkaline phosphatase 
using alginate and PEGDA acting as the outside carriers 
and CMC acting as the inside carrier, were in line with this. 
The largest particles were formed at 440 m, and the greatest 
feed flow rates (3.8 mL/h for the shell and 3.96 mL/h for the 
core) were recorded in the literature. However, the opposite 
outcome was seen when the encapsulation of angiotensin II 
(with tristearin as the outer carrier and NOSC as the inner 
carrier) and that of alkaline phosphatase (with PEO as the 
carrier) were examined (Chang et al., 2017). The greater 
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flow rates led to an 86% reduction in particle size, which 
is surprising because larger particles would be expected 
for angiotensin II encapsulation. The nozzle-collector dis-
tance of 20 cm and the slightly higher voltage utilized may 
have contributed to the fact that they actually achieved the 
tiniest particles. Because it was essential to acquire nano/
microcapsules in the range of 0.1 to 3 m to successfully 
prevent extravasation through the blood vessel wall and act 
as a barrier, coaxial electrospraying of bovine haemoglobin 
produced small particles of 0.37 m. According to Zamani 
et al. (2014), EE ranges of 46.7 4.3% to 74.6 2.9% were asso-
ciated with high BSA concentrations in the core and inad-
equate encapsulation as a result of excessively high inner 
feed flow rates. When PEO was used as the outer carrier 
to encapsulate alkaline phosphatase, the maximum EE was 
achieved. Additionally, they contrasted the results of coaxial 
and monoaxial electrospraying, demonstrating that the EE in 
core–shell structures was raised. The encapsulation of bio-
active protein hydrolysates or peptides has not gotten much 
attention, despite the encouraging results that coaxial elec-
trospraying has produced. To properly evaluate the viability 
of this method for the encapsulation of bioactive peptides, 
more investigation is therefore required (Peres et al., 2010).

Encapsulation by coaxial electrospraying offers pre-
cise control over the encapsulation process, enhancing the 
protection and controlled release of bioactive compounds. 
It allows for the creation of core–shell structures that can 
shield sensitive ingredients from environmental factors like 
light and oxygen, thereby extending shelf life. However, this 
technique can be technically demanding and costly due to 
the intricate setup required for maintaining the coaxial flow 
and ensuring uniform particle size distribution. Limiting fac-
tors include potential instability in operational parameters 
and challenges in scaling up production to industrial levels, 
which currently restrict widespread adoption in commercial 
applications (Lima et al., 2024).

Encapsulation by complex coacervation

Coacervation is the term used to describe the fundamental 
process of capsule wall development. A colloid phenom-
enon called coacervation encapsulates liquids and solids 
under constant agitation. Through modifications of the 
medium's physicochemical properties, including tem-
perature, ionic strength, pH, and polarity, the process of 
"coacervation" allows polymer to be deposited around the 
core (Wang et al., 2012). The low-cost, low-temperature 
technique of coalescing eliminates the need for high tem-
peratures and organic solvents. The most popular appli-
cation for it is to encapsulate flavour oils. The fact that 
coacervation only happens within particular pH, colloid 
concentration, and/or electrolyte concentration limits is 
one of its main drawbacks. Simple coacervation involves 

only one colloidal solute, whereas complicated coacerva-
tion necessitates the presence of two or more colloidal 
solutes in the continuous phase of the fluid system. While 
cellulose derivatives and gelatin are the most often utilized 
polymers in basic coacervation, other polymers have also 
been employed in pharmaceutical practice to create micro-
capsules (Ramirez et al., 2012).

Coacervation occurs when core materials are combined 
with charged biopolymer solutions, causing complexes 
between oppositely charged biopolymers to form. Here, the 
introduction of an oppositely charged biopolymer causes a 
complex to develop that trap and precipitates the core mate-
rial. These are gathered and dried in carefully regulated set-
tings, producing complexes that have a sphere-like or uneven 
shape (Zhang et al., 2018). The process of coacervation 
involves dividing colloidal fluids into two phases: rich in 
colloid and deficient in colloid. By changing the pH or tem-
perature, introducing electrolyte or non-solvent chemicals, 
or all three, the wall components surrounding the active core 
precipitate. Depending on the phase separation technique, 
the aqueous coacervation can be categorized as simple or 
complex. By encouraging macromolecule-macromolecule 
connections at the expense of macromolecule-solvent inter-
actions, simple coacervation—which involves the addition 
of solvents like ethanol or sodium sulphate or the modifica-
tion of temperature—facilitates phase separation. Hydrocol-
loids with opposing charges, such as pea proteins, gelatin, 
alginates, gum arabic, pectins, and others, are attracted to 
one another and help form a matrix wall around the active 
component that was suspended or emulsified in the wall 
materials. This is a popular method of encasing antibacte-
rial substances (Wang et al., 2015).

The usage of glutaraldehyde as a cross-linking sub-
stance, high cost, and complicated method were the primary 
obstacles to the adoption of coacervation technology in the 
industry, as noted by Yaseen et al. (2021). Its technology, 
on the other hand, has many benefits, including low operat-
ing temperatures that lead to very low evaporative losses 
and thermal degradation, high loading capacity, simplicity 
of operation, lack of sophisticated equipment requirements, 
low stirring requirements, and adaptability to a range of raw 
materials (Wang et al., 2015). One kind of phase separation 
encapsulation that is frequently employed following spray 
drying is called coacervation. This is the first account of 
microcapsules being produced industrially. The coacervation 
method generates gelatin and gelatin-acacia microcapsules 
quite regularly. Its triggered controlled release and excel-
lent encapsulation efficiency increase its application in food 
systems. A simple coacervation utilizes a single polymer, 
whereas in complex coacervation two polymeric materials 
are employed. Wall components for simple coacervation are 
frequently used, including pectin, alginate, and milk pro-
teins. Complicated coacervation involves three basic steps: 
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rigorizing the coatings, deposition, and formation of three 
immiscible phases (Reddy et al., 2014).

In order to microencapsulate tuna oil enriched with vita-
mins A, D3, E, K2, curcumin, and coenzymes Q10, Wang 
et al. (2015) developed complicated gelatin-sodium hexam-
etaphosphate coacervates. They characterized this technique 
as an effective means of encasing bioactive chemicals that 
are soluble in lipids. Naik et al. (2014) microencapsulated 
Lepidium sativum seed oil high in linolenic acid using the 
coacervation process. The soy protein isolate, gum ghatti, 
and gum arabic were used to make an oil-in-water emulsion. 
The novel food products could be developed using optimised 
oil capsules rich in linolenic acid. Ostertag et al. (2012) 
encapsulated orange and limonene flavour oils in low-energy 
nanoemulsions by using the emulsion phase inversion tech-
nique. With this type of emulsion, lipophilic bioactive com-
pounds can be administered as a nutraceutical agent. Gelatin 
and pectin were used in a complex coacervation method to 
encapsulate an oily lycopene dispersion. Encapsulated lyco-
pene degraded linearly, losing 14% on average each week.

In order to prevent the growth of Listeria monocytogenes, 
Huq et al. (2014) developed nisin-microencapsulated edible 
beads. They then observed a 20-fold increase in nisin avail-
ability in encapsulated form during the 28-day refrigera-
tor storage of ready-to-eat (RTE) gammon, without com-
promising pH or color. Since it balances the electrostatic 
force between biopolymers that are oppositely charged, the 
zeta potential (-potential) is an important quantity to take 
into account during coacervation. Stability is enhanced 
when biopolymers with opposing charges are completely 

neutralized and an enhanced microstructure while also 
increasing the retention of the bioactive ingredient. It is 
important to keep in mind that this approach is still rela-
tively new and hasn't been used widely in the food industry 
(Reddy et al., 2014).

Encapsulation by complex coacervation offers significant 
advantages in food and pharmaceutical industries by provid-
ing efficient protection and controlled release of bioactive 
compounds. It enhances stability against environmental fac-
tors like sunlight and oxidation, thereby extending shelf life 
and maintaining potency. However, this technique can be 
sensitive to pH and temperature variations, affecting encap-
sulation efficiency. It also requires careful selection of mate-
rials to achieve desired encapsulation properties, which can 
increase production costs. Achieving uniform particle size 
and controlling release rates can be challenging, limiting 
its application in precision delivery systems. Despite these 
challenges, complex coacervation remains a valuable tool for 
enhancing product performance and consumer satisfaction 
(Coelho et al., 2024) (Fig. 3).

Delivery of bioactive ingredients into foods 
and to the GI tract

The process by which certain beneficial compounds found 
in foods, such as vitamins, minerals, dietary fibre, and anti-
oxidants, are made available to our bodies so that they can 
absorb and use them for their intended purposes is referred 
to as delivery of bioactive ingredients into foods and to the 
GI tract (Rao et al., 2014). This is frequently accomplished 

Fig. 3   Diagrammatic representation of formation of microcapsule through coacervation
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through the deliberate addition of ingredients, such as forti-
fied foods or functional ingredients. Also, certain processing 
techniques, such as emulsification and encapsulation, can aid 
in bioactive ingredient delivery. When the ingredients reach 
the GI tract, the small intestine absorbs them and distributes 
them throughout the body (Burgal et al., 2016).

Bioactive components are substances that, through con-
trolling cellular or physiological processes, can improve 
the health of the organism. Studies have demonstrated that 
certain food-derived bioactive components, such as poly-
phenols, essential oils, carotenoids, vitamins, minerals, 
bioactive peptides, and probiotics, possess anticancer, anti-
inflammatory, and antioxidant characteristics. These sub-
stances can be regularly ingested. (Khoddami et al., 2015). 
However, because of their low oral bioavailability and bioac-
cessibility and high vulnerability to hostile conditions, their 
application is limited. The gastrointestinal (GI) destiny of 
bioactive chemicals, the process of digestion, and the funda-
mentals of molecular absorption are covered in this section.

The release of bioactive compounds

Digestion

There are obvious differences between the microenviron-
ments in the different sections of the GI tract. Bioactive 
chemicals must first overcome a number of physiological 
and chemical obstacles in the GI tract in order to be absorbed 
into the systemic and lymphatic circulations. The oral cav-
ity presents the first hurdle for bioactive substances after 
consumption. Saliva normally contains salts and amylases 
and has a neutral pH, so it is combined with food (Boza 
et al., 2019). Chyme, a viscous semifluid substance that is 
moved to the intestine for additional digestion, is the result 
of the physical breakdown and digestion of solid foods in the 
stomach. The materials undergo a sharp pH decrease during 
this process, going from around 6.8 to 2.0, and as they reach 
the tiny size, they move from an extremely acidic to a some-
what basic environment. Three to four hours is the typical 
residence time in the small intestine and two to three hours is 
the usual transit time in the stomach.In addition to the severe 
acidic environment of the stomach, enzymatic nutritional 
degradation presents a hurdle. Due to the action of gastric 
pepsin and lipase, certain proteins are broken down into pep-
tides in the stomach, while some lipids are broken down into 
monoacylglycerols and free fatty acids (Shukla et al., 2020).

Trypsin, elastase, lipase, and carboxypeptidases A and 
B are a few of the pancreatic enzymes that aid in the break-
down in the duodenum and ileum. While amylases hydrolyze 
the majority of tri- and diacylglycerols into oligosaccha-
rides and glucoses, most digestible polysaccharidessuch as 
starchare broken down by enzymes into free fatty acids and 

monoacylglycerols, which are then absorbed and metabo-
lised by epithelial cells (Baharoglu et al., 2021). Most meal 
components are processed and absorbed by the upper gas-
trointestinal tract; however, some, including mineral oil and 
dietary fibre, cannot be processed due to their distinct shapes 
and compositions. Once a component enters the colon, dif-
ferent bacteria break it down (Yadav et al., 2022) (Fig. 4) 
and (Table 2).

Absorption

Ingested dietary ingredients and nutraceuticals are mostly 
absorbed in small intestines. Small intestines are separated 
into two sections: epithelial cell layers and the mucus layer. 
Mucus layer is made up of glycoproteins and polysaccha-
rides (Kobo et al., 2023). Ingested materials have to cross 
mucous membranes before they can be absorbed by epithe-
lial cells. The physicochemical characteristics of the nutri-
ents—such as hydrogen bonding, hydrophobic and electro-
static interactions, and polymer entanglement—determine 
how well the nutrients diffuse through the mucus layer. The 
interactions between the mucus layer and pore size affect 
how nutrients reach epithelial cells. Substances cannot read-
ily pass through the mucus layer if their size is greater than 
the mucus pore size, which is a few hundred nanometers 
(Irizar et al., 2020). The three distinct cell types that make 
up the intestinal cell layer, where absorption takes place, are 
in contact with the digested components. First, enterocytes 
which are the most prevalent cells in the small intestinehave 
microvilli on the lumen side and are in charge of both active 
and passive transport-based nutrition absorption. Second, 
the goblet cells that are present in all intestinal cells secrete 
mucus. Third, the microfold (M) cells that are present in 
Peyer's patches are highly capable of transcytosis and are 
involved in immunological reactions (Razavi et al., 2020).

Transportation

There are four main transport pathways for substances that 
are swallowed and make it pass the gut. Passive diffusion is 
the first pathway process that happens through the paracellu-
lar or transcellular channel in response to osmotic pressure. 
Small molecules that are hydrophobic enter the cell through 
transcellular diffusion, while hydrophilic molecules are 
transferred through paracellular diffusion (Abdullaeva et al., 
2020).The precise binding of nutrient ligands to their match-
ing receptors on the surface of intestinal cells initiates the 
second mechanism, known as receptor-mediated transport, 
an energy-dependent system. Thirdly, substances can enter 
or exit cells through cellular protein transporters through a 
process known as carrier-mediated transport, which involves 
both assisted diffusion and energy-dependent active trans-
port. As absorbed bioactive substances can be pumped out 
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to the luminal side of the intestine via these efflux pumps, 
resulting in relatively poor bioavailability, the final process 
involves the efflux pump, an energy-dependent pathway that 
causes drug resistance (Tekant et al., 2021).

Release kinetics model and various studies 
of bioactive compound

A release kinetics model describes the relationship between 
the concentration of a bioactive compound over time, 

allowing us to predict the release rate of compound. It is 
based on the physical properties of compoundsuch as solu-
bility and diffusivity. In drug development, release kinetics 
models are typically used to understand how compounds 
are released in specific delivery systems or to predict the 
dose-dependent efficacy of compound. Several studies on 
bioactive compounds have been conducted in order to better 
understand their effects on the physiological and biochemi-
cal processes of the body. These studies are aimed at identi-
fying the active components of these compounds, as well as 

Fig. 4   Representation of biochemical compartments to which orally administered microcarriers is exposed

Table 2   Applications and advantages of microencapsulation in food industry

Benefits Examples Advantage Disadvantages References

Flavor and nutrient delivery Vanilla cocoa vitamin rich 
supplements

Prevent ageing and deteriora-
tion of the food

Possible changes in taste 
profile

Park et al. (2023)

Flavor masking Bitter nutrient supplements Flavor enhancement Potential for off-flavors Kim et al. (2023)
Stabilization Encapsulation of aroma 

compounds
Nutrient remain stable and 

isolate from other elements 
in the food

Can be costly and techni-
cally challenging

Youssef et al. (2023)

Controlled release Flavorings colorings probi-
otic cultures

Balanced flavor remain 
untouched by environment 
for long period of time

Inconsistent release rates Saha et al. (2023)

Protection of bioactive 
compounds

Encapsulating milk proteins 
(casein)

Protection from sunlight, 
oxygen, heat spoilage dis-
coloration deterioration

High production costs Sharma et al. (2023)

Texture modification Texturing agents such as 
starches

Eye-catching consumer 
acceptability confined 
structure

Potential textural changes 
during storage

Kim et al. (2023)
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their biochemical pathways, pharmacokinetics, and potential 
therapeutic effects. They can also be used to learn about the 
safety and efficacy of compounds, as well as their potential 
applications in disease treatment (Matha et al., 2020).

A release kinetics model is a mathematical model that 
describes how bioactive compounds are released from a 
matrix, such as a drug. It predicts the rate and amount of 
bioactive compound released from a drug based on variables 
such as temperature, pH, mechanical agitation, and diffu-
sion. Several studies have shown that the release kinetics 
model can predict the release of bioactive compounds from 
a drug with high accuracy (Anwar et al., 2022). Several stud-
ies, for example, have shown that release kinetics models can 
accurately describe the release of drugs containing multiple 
active ingredients. Other studies compared the release kinet-
ics of different bioactive compounds to determine which for-
mulation has the best bioactivity (Harper et al., 2020).

Three stages of bioactive component release are observed 
in encapsulants: surface release, diffusion through an 
expanding matrix, and matrix erosion (Bule et al., 2020). 
Other mechanisms that were investigated included fis-
sure formation, hydrostatic pressure, changes in geometry 
brought on by shear pressures, pH, and enzyme-mediated 
matrix degradation. A polar bioactive compound's propen-
sity to partition towards an emulsion's hydrophilic surface 
or inadequate trapping inside the matrix can both result in 
surface release (Chand et al., 2020). A number of math-
ematical models have been created to explain how bioactive 
components release (Fotouhifar et al., 2021).

Zero order (Eq. (1)), first order (Eq. (2)), Hixson-Crowell 
(Eq. (3)), and Korsmeyer-Peppas (Eq. (4)) kinetic models 
were used:

where Qt denotes the quantity released after time t; 
Q0denotes the initial quantity, which is usually zero; Mt 
denotes the cumulative release at time t; M denotes the 
cumulative release at infinite time; The kinetic constants 
K0, K1, KHC, and k represent zero-order, first-order, Hix-
son-Crowell, and Korsmeyer-Peppas, respectively; n rep-
resents the diffusion exponent in the Korsmeyer-Peppas 
model. Characterizing release from porous matrices is 
often done using the zero-order and first-order models. The 
Hixon-Crowell model's linear graph of the cubic root of the 
unreleased fraction of capsule vs. time demonstrates how 

(1)Qt = Q0 + K0t

(2)Qt = Q0 ⋅ e
- k1t

(3)Q
1∕3

0
− Q

1∕3

t
= Q0 + KH − Ct

(4)Mt / M∞ = ktn; (Mt/M∞ ≤ 0.6)

the surface area of composite varies as the release process 
does. R2 values for the Hixson-Crowell model were similar 
to those for first-order and zero-order kinetics. The Kors-
meyer-Peppas model is commonly employed in situations 
when the release mechanism is unclear or if multiple release 
mechanisms are controlling the release process (Luong et al., 
2020).

Consequently, a number of internal and external stimuli 
are known to initiate the releasing action (Abbasi et al., 
2021). Various models have been created to forecast the 
release of bioactive agents while taking into considera-
tion the possibility of varying kinetic rates (Chanutin et al., 
2020). Using models like zero-order, first-order, Korsmeyer-
Peppas, and Hixson Crowell, a number of academics have 
tried to forecast experimental release data. The Korsmeyer-
Peppas model of bioactive component release is used in 
most studies on the release of corrosion inhibitor from nano-
containers (Laleta et al., 2022).

The encapsulation efficiency, bioactive component 
release kinetics, capsule stability, and matrix properties are 
all influenced by the encapsulation method and materials. 
Although the size of the encapsulating material influences 
the properties of encapsulants and the regulated release of 
bioactive substances, without any effect on the encapsulation 
efficiency (Ghazizadeh et al., 2020).

Ultimately, research has shown that the majority of stud-
ies report the encapsulation efficiency since kinetic mod-
els are more commonly used to implement simulations and 
evaluate the diffusion process. Although one of the most 
important factors in determining how well the core mate-
rial (bioactive component) is preserved, there aren't many 
researches that discuss them in food applications (Cheng 
et al., 2023).

Future work and conclusion

Microencapsulating bioactive compounds, vitamins, 
and minerals has shown significant benefits, enhancing 
their solubility, stability, bioavailability, and controlled 
release. Compared to traditional methods, microencap-
sulation offers improved compatibility, new delivery for-
mats, better taste, and increased safety. This technology 
has advanced rapidly and is set to become a key player 
in the nutrition and food industries. The primary goals 
of encapsulation include improving stability, solubility, 
bioavailability, sensory attributes, preserving microstruc-
ture and bioactive qualities, reducing hygroscopicity, and 
extending shelf life. However, the bitter taste and break-
down during digestion have limited their use. This paper 
explores encapsulation technologies like spray-drying 
and electro-spraying for bioactive peptides, considering 
both coaxial and monoaxial versions. It examines unique 
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process parameters for each technology, such as feed flow, 
electrical potential, drying air inlet and outlet temperature, 
and injector-collector distance. Despite the development 
of new bioactive peptide sequences, their stabilization 
has received little attention. Research on encapsulating 
protein-based bioactives using monoaxial spray-drying is 
scarce, and almost non-existent for coaxial spray-drying. 
Most studies have focused on parenteral nutritional sup-
plements and medicinal uses, leaving a significant gap in 
research on oral supplements and food applications. The 
encapsulation process is crucial for maintaining the effec-
tiveness of functional foods containing bioactive proteins 
and peptides. The potential of coaxial spray-drying has 
not been fully explored, as current research has primarily 
focused on the monoaxial arrangement. While advanced 
techniques like electro-spraying have shown promise in 
pharmaceutical production, their potential in the food 
industry requires further investigation. As research contin-
ues, we anticipate more advancements in the nano/micro-
encapsulation of bioactive peptides for functional foods. 
Future improvements in the properties of vitamins, miner-
als, and bioactive compounds may arise from combining 
microencapsulation with other technologies, enabling new 
capabilities. Microencapsulating bioactive compounds is 
expected to benefit the food and beverage, cosmetics, and 
pharmaceutical industries as more precise and efficient 
encapsulation technologies emerge. With its broad range 
of applications, microencapsulation will be essential in 
delivering various food and health ingredients.
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