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ABSTRACT
Co-microencapsulation is a growing technique in the food industry because it is a technique that, 
under the same fundamentals of microencapsulation, allows the generation of microcapsules with 
a longer shelf life, using a smaller number of encapsulating materials and a smaller amount of 
active compounds, while having a greater beneficial activity. This responds to consumer demand 
for higher quality foods that limit the use of ingredients with low nutritional content and provide 
beneficial health effects, such as probiotics, prebiotics, vitamins, fatty acids, and compounds with 
antioxidant activity. The combination of two or more active compounds that achieve a synergy 
between them and between the encapsulating materials offers an advantage over the well-known 
microencapsulation. Among the main active compounds used in this process are probiotics, 
prebiotics, fatty acids, and polyphenols, the main combination being that of probiotics with one 
of the other active compounds that enhances their benefits. The present review discusses the 
advantages and disadvantages of the different encapsulating materials and techniques used to 
obtain co-microencapsulants, where the main result is a higher survival of probiotics, higher 
stability of the active compounds and a more controlled release, which can lead to the generation 
of new foods, food supplements, or therapeutic foods for the treatment of common ailments.
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Introduction

For decades, the food industry has been seeking 
and developing new technologies to obtain higher 
quality food in response to consumer demand and 
the approach of sustainable development goals, 
such as zero hunger, which consists of providing 

quality food, health and well-being and, the goal of 
responsible production and consumption, which 
considers the reduction of waste generated for 
example, through the use of agro-industrial waste 
[1–3].
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These higher quality foods are usually achieved 
by adding ingredients or active compounds that 
offer health benefits, such as fiber, probiotics, 
amino acids or essential fatty acids and vitamins; 
on the other hand, ingredients that could be harm
ful such as simple sugars, cholesterol, saturated 
fatty acids and trans fatty acids are reduced [4, 5; 
6–11].

The consumption of beneficial active com
pounds is a way to preserve the health of indivi
duals since the benefit obtained depends on the 
active compound ingested. For example, fiber con
sumption helps to reduce serum levels of glucose, 
cholesterol, and triglycerides, while providing 
nourishment to the intestinal microbiota and the 
development of probiotics [4,6,7,11–15]. These 
bioactive compounds can also prevent or comple
ment the treatment of conditions such as diverti
cular disease, malabsorption syndrome, diarrheal 
syndrome, irritable bowel syndrome, intestinal 
ulcers, hemorrhoids, Crohn’s disease and ulcera
tive colitis, which are related and/or worsened by 
low consumption of prebiotics and probiotics or 
by an alteration of their intestinal microbiota 
[4,6,7,11,12,14,15]. In the case of diarrheal symp
toms caused by an alteration of the intestinal 
microbiota, present in all ages but predominantly 
in children under 10 years of age, prebiotics and 
probiotics can prevent this condition through the 
promotion of bacteriocin production, by lowering 
the pH to limit the growth of pathogenic bacteria, 
and prevent bacterial translocation 
[4,6,7,11,12,14,15]. On the other hand, in condi
tions present mainly in adolescents and working 
population such as irritable bowel syndrome and 
poor adsorption syndrome there is an alteration of 
the intestinal microbiota, which needs to be 
restored to reduce or eliminate the patient’s symp
toms, so including prebiotics and probiotics as 
functional ingredients in food is a coadjuvant 
treatment option to treat these conditions 
[4,6,7,11,12,14,15].

The higher quality food industry can also focus 
on generating substitutes for products with aller
genic capacity, such as dairy [4–11,16]. On the 
other hand, nondairy fermented products have 
also stood out for their health benefits, such as 
juices added with probiotics and phenolic com
pounds. These compounds can be recovered 

from seeds, shells, bones, scales, among others, 
decreasing the accumulation of by-products and 
agro-industrial waste, and their incorporation in 
food formulations favors consumer health as they 
help preserve the intestinal microbiota, act as anti
oxidants and have a lower caloric intake, while 
their organoleptic characteristics are pleasing to 
consumers [16].

Despite the known benefits of the different 
active compounds, their incorporation in food 
matrices is a technological challenge due to their 
stability and bioavailability. Therefore, microen
capsulation has been used for decades to preserve 
these active compounds that, exposed to the envir
onment, can degrade in a short time; thus, micro
encapsulation is a way to prolong their shelf life, 
either for subsequent consumption dissolved in 
water or incorporated into a food formulation 
[15,17–26]. The possibility of combining two or 
more active compounds in a system to achieve 
a synergy between them that enhances their bene
ficial effects while extending their shelf life has led 
to the strategy known as ‘co-microencapsulation’. 
In addition to the aforementioned benefits, with 
co-microencapsulation, production costs are 
reduced, and it achieves a more significant appli
cation of bioactive compounds in the food indus
try [5,6,24,27–31].

This review article addresses the generalities of 
microencapsulation and how this technique could 
become more relevant in the research and produc
tion of functional foods with greater stability and 
bioavailability of the added active ingredients, 
which serve as oral therapeutic agents for the pre
vention or treatment of common diseases and 
everyday pathologies, increasingly frequent due to 
the current diet and pace of life. Techniques to 
generate microcapsules, encapsulating materials, 
active compounds, up to a final focus on the 
potential benefits and applications of co- 
microencapsulation are discussed 
[6,17,23,25,27–29].

1. Basic concepts of encapsulation

Encapsulation is defined as the technology in 
which an active ingredient is contained in a core 
enveloped by a polymeric matrix that generates 
a capsule. This active compound must have 
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a beneficial effect and the polymeric matrix is 
necessary to be administered as a means of trans
port; this polymeric matrix will be formed by 
different encapsulating materials [5,17].

The capsules generated can acquire different 
morphologies: reservoir, vesicular reservoir, inclu
sive and mixed matrix. The reservoir or capsule 
consists of a single core formed by the active 
compound, wrapped in a polymeric matrix; this 
morphology has the polynucleate variant or vesi
cular reservoir, which consists of multiple cores 
with the active compound wrapped in 
a polymeric matrix. The inclusive matrix is 
a homogeneous mixture of the active compound 
with the polymeric matrix; such a combination can 
vary in the ratio of the components, i.e., being 1:1, 
1:1.5, 1:2 active compound and matrix, to give 
some examples. Finally, the mixed morphology 
consists of a homogeneous mixture of the active 
compound with the polymeric matrix, i.e. an 
inclusive matrix. This, in turn, is wrapped by an 
outer layer of the polymeric matrix. The morphol
ogy of the microcapsules depends on the process 
carried out for the microencapsulation and even 
the variation in the conditions of the same proce
dure can give rise to different morphologies. These 
morphologies are represented in Figure 1 
[5,17,32].

Encapsulation has the following objectives 1) to 
protect the active compound from the 

environment (light, heat, humidity, acidic med
ium, etc.) to reduce degradation and prolong 
shelf life, 2) release the active compound in 
a controlled manner under certain pH and tem
perature conditions so that the active compound 
acts in the desired location, 3) facilitate the hand
ling of the active compound thanks to the protec
tion provided by the polymeric matrix, 4) hide 
unpleasant tastes or odors of the active compound 
or any of the encapsulating materials, for which 
different materials are combined, as well as 5) 
retain volatile ingredients [17: 5].

Based on the size of the capsules or particles 
generated, it is referred to as encapsulation, micro
encapsulation and nanoencapsulation. Each has 
specific characteristics that differentiate them 
from each other [33,34].

1.1 Microencapsulation

It can be defined as encapsulation in particle sizes 
between 1 µm and 1,000 µm per unit. These 
microcapsules have a prolonged release of the 
active compound, which allows reaching more dis
tal portions of the digestive tract; in this way, once 
the release process of the active compound is 
initiated, it can be released gradually, allowing 
the durability of the effect for a longer time. In 
addition, it allows the addition of probiotics as 

Figure 1. Different types of microcapsules: a] reservoir, a.1) vesicles reservoir, b) inclusive matrix, c) mixed and d) agglomerates.
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active compounds to the microcapsule 
[23,29,34–36].

1.2 Nanoencapsulation

These are particles that are typically between 
50 nm and 500 nm in size and have a higher sur
face specificity, meaning that they have a larger 
surface area for the same amount of volume. Due 
to their small size, nanocapsules can be easily dis
tributed homogeneously throughout fluids. At the 
same time, they have an increased release because 
the effect of the active compound starts faster than 
in microcapsules, providing longer durability [33– 
35,37].

Micro- and nanoencapsulation are usually used 
to encapsulate a single active compound. However, 
recently it has been proposed to encapsulate two 
active compounds. This is called co- 
microencapsulation or co-nanoencapsulation, 
with co-microencapsulation being the most stu
died and used, as it allows the use of a wider 
variety of bioactive compounds and is more eco
nomical [28,29,38].

2. Microencapsulation techniques

It is necessary to know the different microencap
sulation techniques so that the researchers can 
decide which method allows them to easily achieve 
their objectives. The most used microencapsula
tion techniques are freeze-drying, spray drying, 
coacervation and extrusion [32,39,40]; each of 
these techniques will be described in the following 
section.

2.1 Lyophilization

Lyophilization consists of a drying process at a low 
temperature, usually below 40°C. It is very useful 
for active compounds and encapsulating materials 
that tend to be sensitive to heat, limiting their 
degradation process and achieving a more efficient 
encapsulation of the active compound and an 
intact polymeric matrix [41].

In this technique, it is necessary to dissolve the 
encapsulating materials and active compounds in 
an aqueous solution until their complete hydration 
and homogenization. The conditions used are 
usually 150 rpm at 37°C for 4 hours; then, the 
solution is sterilized with ultraviolet light and, 
finally, it is proceeded to lyophilization [38,41].

Lyophilization consists of three phases and takes 
place inside the equipment: 1) which freezes the 
liquid solution rapidly until solidification, reaching 
−42°C, 2) then, primary drying removes the frozen 
water by sublimation, 3) finally, secondary drying 
removes the rest of the water by raising the tem
perature from −42°C to 4°C in combination with 
vacuum conditions, as shown in Figure 2. The 
freeze-drying process inside the equipment takes 
about 48 hours; after freeze-drying, the microcap
sules should be stored at 4°C for later use. The 
morphology of the microcapsules is an inclusive 
matrix consisting of homogeneous distribution of 
the active compound and encapsulating materials 
[38,41].

Freeze-drying has certain disadvantages, such as 
the time involved in the process, as it is slow and 
requires a heavy investment for specialized equip
ment that maintains the product under very spe
cific conditions of temperature and pressure; in 
addition, freeze-drying could result in liquefaction 

Figure 2. Drying process by lyophilization.
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of the product. Another drawback is that freezing 
of the product is often irregular in some equip
ment; this can result in particles with different 
moisture levels in the same batch causing varia
tions in microcapsule quality [41].

However, the advantage offered by lyophiliza
tion is that during the process the damage to the 
active compound and encapsulation material is 
minimal which also allows working with a wide 
variety of encapsulation materials; these qualities 
are shown in Table 1. It differs from coacervation 
in that the material must be compatible [41].

Ballesteros in 2017 used freeze-drying as 
a microencapsulation technique, using as extracts 
of coffee phenolic compounds as active com
pounds, and maltodextrin and gum arabic as 
encapsulating materials; the process lasted 
48 hours at −60°C; this process was compared 
with the spray drying technique under the follow
ing conditions: 108 ml/hour with an air inlet tem
perature of 100°C. The results obtained were that 
maltodextrin as the only encapsulating material is 
more efficient for the phenolic compounds of 
interest and to protect their antioxidant activity, 
as well as that the freeze-drying technique was 
more effective compared to spray drying. This 
improvement occurred because the high tempera
tures of spray drying degraded some of the phe
nolic compounds [42].

2.2 Spray-drying

Microencapsulation by spray drying consists of 
high-temperature drying, generally above 100°C, 

achieving the conversion of a liquid solution into 
a powder of microcapsules of controlled size and 
morphology. This is because the entire solution is 
subjected to the same conditions and procedure, 
unlike freeze-drying [15,33,43].

Depending on the conditions of the equipment, 
it may vary in a greater or lesser proportion of the 
microcapsules produced. Thus, all microcapsules 
generated by have the same characteristics, even 
from different batches of the same initial solution 
[15,33,43].

The procedure consists of preparing an aqu
eous-based liquid solution in which the encapsu
lated materials are incorporated with the active 
compound; this will be introduced into spray dry
ing equipment for microencapsulation, as 
described by 39: 1) in distilled water, all ingredi
ents should be incorporated at 70°C in agitation at 
120 rpm for one hour, 2) then, it is left for 8 hours 
in constant agitation at 4°C to continue its hydra
tion and incorporation of ingredients, 3) the sam
ple is placed in the spray drying equipment at 
a rate of 180 mL/ hour, and depending on the 
amount of aqueous solution available is the 
amount of time the process will take inside the 
equipment, 4) finally the microcapsule powder 
generated by the equipment is collected 
[15,33,39,43].

For microencapsulation by spray drying, specia
lized equipment is needed, which develops the 
process as follows 1) the previously prepared aqu
eous solution is placed in the feeding chamber, 2) 
the solution is atomized in microdroplets in the 
drying chamber, 3) the drying chamber has 

Table 1. Comparison between encapsulation techniques.
Technique Additional materials Velocity Advantages Disadvantages References

Lyophilization Specialized equipment More than 56 hours to get 
a batch, the batch size 
depends on the size of the 
equipment

Minimal damage to 
ingredients, low 
water activity

Variations in the microcapsules of 
the same batch

38, 41

Spray drying Specialized equipment 12 hours to process 1 liter of 
solution

Scalable process in 
processing 
speed, up to 100 
liters/day

Possible degradation of 
ingredients during the drying 
process

15, 33, 39, 
43

Extrusion Drying equipment to 
choose (recommended]

8 hours to process 1 liter of 
solution [not including 
drying time)

Minimal damage to 
ingredients

Without a drying process the 
shelf life is reduced

45, 46

Coacervation Choice of drying 
equipment 
(recommended], 
buffers, crosslinking 
ingredient

4 hours to process 1 liter of 
solution [not including 
drying time)

Fast and high 
industrial 
scalability

Compatibility between 
encapsulating materials is 
required; take into 
consideration many variables

36, 46–48
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a vertical position and with a flow of hot air 
parallel to the atomizer; this hot air dries in sec
onds the atomized microdroplets, which fall down 
the vessel for collection, 4) at the same time, the 
drying chamber is laterally connected with 
a cyclone separator that collects most of the gen
erated microcapsules, as shown in Figure 3 
[15,33,43].

Laboratory-scale spray drying equipment 
requires only the setting of the hot air inlet tem
perature, typically between 100°C and 180°C, the 
outlet temperature is usually 50°C to 90°C, the air 
pressure inside the drying chamber ranges from 
4 bar to 6 bar, and the atomization rate varies from 
100 ml/hour to 1,000 ml/hour. Industrial-scale 
equipment reaches the atomization rate up to 
100 L/hour, making spray-drying microencapsula
tion a great option for producing health- 
promoting food products, as it improves produc
tion without significant batch-to-batch variability 
[15,33,43].

The generated microcapsules tend to the mor
phology of an inclusive matrix because the same 
solution is used to generate the microcapsules. 
However, there are some spray-drying equipment 
with the capability of forming microcapsules with 
mixed morphology. This is possible because such 
equipment has two feed chambers; in one of them 
the solution is placed while in the other the same 

or different encapsulating materials are placed. 
Then, in the atomizer the second solution is placed 
which will surround the first one; this is possible 
because the atomization of the first solution is 
done through a pore surrounded by an indented 
ring where the second solution is atomized at the 
same time. This is accomplished without changing 
the conditions of temperature, air pressure, or 
atomization rate [33,43].

A disadvantage of using spray drying for micro
encapsulation is that it can damage the active 
compound and encapsulating materials, mainly 
due to the high temperatures in the drying cham
ber, which are shown in Table 2. It has also been 
described that probiotics tend to suffer mechanical 
damage due to atomization, in addition to increas
ing cell permeability, causing the loss of bacterial 
components and reducing the viability of probio
tics [33,44].

These adverse effects can be reduced by decreas
ing the hot air inlet temperature, using a double- 
solution system, increasing the pressure of the dry
ing chamber, and optimizing the composition of 
the encapsulant matrices, as described by 44, who 
achieved 100% survival of L. rhamnosus CETC 275 
microencapsulates using this technology and mal
todextrin, sucrose, and whey protein as encapsulant 
materials, with an inlet temperature of 160°C, and 
an outlet temperature of 62°C [33,44].

Figure 3. Spray-drying process.
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2.3 Extrusion

Microencapsulation by extrusion consists of the 
following steps 1) all the encapsulating materials 
and the active compound are mixed in a solution 
and then placed in a specialized extrusion equip
ment to form the microcapsules, 2) the extrusion 
equipment has a pointed nozzle with a specific 
diameter in which the microcapsules are formed 
one by one by dripping; however, it is a fast pro
cess as the speed of the drip can be adjusted, 
producing vibrations through the nozzle, creating 
100 to 300 microcapsules per second and, 3) these 
microcapsules fall into a solution that is generally 
calcium chloride for subsequent collection, result
ing in microcapsules with inclusive matrix mor
phology, as shown in Figure 4 [45,46].

Coextrusion encapsulation is also available, 
which differs by the use of a concentric nozzle 
that can process two materials at the same time. 
The morphology of this type of nozzle is similar to 
the spray dryer that processes two solutions; this 
means that it has a central pore with one solution 
containing the encapsulating materials and the 
active compound and a ring-shaped indentation 
surrounding the aforementioned pore. This inden
tation contains a second solution only prepared 
with the encapsulating materials, which can be 
the same ones used in the first solution or can be 
composed of other materials; the result of coextru
sion are microcapsules with mixed morphology 
[45,46].

Coextrusion provides the microcapsules with an 
additional barrier that allows greater protection of 

Table 2. Commonly used encapsulating materials.
Material Structure and source Properties Aspects to consider References

Alginate Polysaccharide obtained mainly 
from brown algae

Thickener, emulsifier, stabilizer Proportion G/M 50

Gelatin Partial hydrolysis of collagen from 
pig hides

Gelling agent, high solubility in water Gelatin type A and B 49, 53

Inulin Fructan extracted mainly from 
agave

Prebiotic, slightly sweet taste, provides 
texture

Polymerization grade 54, 55, 58

Pectin Polysaccharide obtained from 
terrestrial vegetables

Prebiotic, stabilizer, gelling agent Vegetal origin 60–63

Chitosan Polymer obtained from the chitin 
of crustaceans

Combination versatility, stiffness, and 
decreased porosity

Degree of deacetylation, dissolution 
only in acidic media

64, 67, 68

Whey protein 
isolate

By-product of milk manufacture High solubility, gelling, Bitter flavor 23, 73, 74

G: α-L-guluronic acid. M: β-D-mannuronic acid. 

Figure 4. Microcapsule formation by coextrusion.
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the active compounds, allowing a longer shelf life 
and preserving a greater amount of active com
pounds obtaining a higher beneficial activity for 
the consumer. Coextrusion compared to extrusion 
resulted in microcapsules with a shelf life ranging up 
to 60 days at room temperature and 15–30 days of 
viability for Lactobacillus acidophilus LA [45,46].

The main drawback of extrusion and co- 
extrusion is that the microcapsules generated 
usually have high moisture levels, which can com
promise their stability, as it increases susceptibility 
to microbial contamination, resulting in a shorter 
shelf life that can be less than 30 days. For this 
reason, fluidized bed drying equipment is recom
mended instead, which is very similar to the spray 
drying process, with the only difference being that 
microcapsules are already formed at lower tem
peratures; these differences are shown in 
Table 1 [45].

To extend the shelf life of the microcapsules, 
they can be dried. It has been reported that adding 
this step to the extrusion process can reach up to 
60 days at room temperature to increase the shelf 
life of microencapsulates, compared to wet micro
capsules that only last 30 days. Generally, the dry
ing process is at room temperature; during the 
process, the microcapsules flow through the drying 
chamber in the same direction as the air extracted 
from the environment. The dried microcapsules 
fall into a container, while the rest of the solution 
goes through a cycle to finish drying and can be 
collected later.

In the study conducted by Silva with the micro
capsules dried for 60 days, a higher amount of 
probiotics (Lactobacillus acidophilus LA) was also 
observed. These benefits are also reported in coex
trusion with or without drying [45].

2.4 Coacervation

Coacervation is defined as the process of associa
tion of solutions and/or macromolecules with 
opposite charge between them, e.g. proteins, poly
mers, polysaccharides. This association seeks an 
improvement with the change of the environment, 
such as pH, temperature and available ions in the 
solution. Depending on the number of encapsulat
ing materials, it is defined as simple coacervation 
or complex coacervation [36,46–48].

Simple coacervation involves a single encapsu
lant material that achieves its coacervation by 
dehydration of the solution, whereas complex coa
cervation involves more than one encapsulant 
material, which achieves coacervation by the elec
trostatic interaction of their charges [36,46–48].

Coacervation is useful for micro- and nanoen
capsulation, giving two types of morphologies, 
mono- and polynucleated as the encapsulating 
materials are placed surrounding the active com
pound. The main compounds used for complex 
coacervation are polysaccharides and proteins; this 
is because both are polymers with opposite charges 
that form a matrix surrounding the nucleus 
[36,47,48].

Some of the most commonly used proteins are 
gelatin, whey protein, egg albumin or even vege
table proteins from soy, pea, chia and wheat, while 
the most commonly used polysaccharides are 
usually alginate, chitosan, pectin, carboxymethyl 
cellulose and gum arabic [36,47,48].

For complex coacervation to occur, three main 
ingredients are needed: 1) the solvent, usually an 
aqueous solution, 2) the active compound and 3) 
the encapsulating materials. The preparation 
requires four steps: 1) an anionic solution is pre
pared with the encapsulating materials and the 
active compound to be encapsulated, 2) within 
a different vessel, a cationic solution is prepared 
with the protein encapsulating material and both 
solutions are mixed until homogenized, 3) changes 
in pH, temperature or salinity are applied so that 
coacervation occurs and the two solution phases 
are separated: the coacervation phase at the bot
tom of the vessel is the one with a higher amount 
of the encapsulating materials and the active com
pound, and the equilibrium phase has a lower 
concentration of those, the difference between 
phases occurs because the encapsulating materials 
coacervate around the active compound, thus pro
ducing the settling of the formed nucleus, 4) 
finally in order to build the particles, the tempera
ture is changed or a crosslinking ingredient is 
added, this stimulates the production of bonding 
between the encapsulating materials, as shown in 
Figure 5 [36,47,48].

Three main methods are commonly used for 
drying microcapsules from aqueous solution: 
freeze-drying, spray drying, or cold drying. The 
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latter consists of equipment that, through tem
perature changes, evaporates the solution and 
removes water by condensation [36,47,48].

Among the parameters that can vary during the 
coacervation process are pH, temperature, ionic 
strength of each encapsulating material, compat
ibility of the encapsulating material, concentration 
of each encapsulating material, number of salts 
added and homogenization speed of the encapsu
lating materials and the active compound. All 
these variables tend to condition the efficiency of 
the process, so it is necessary to investigate the 
optimal conditions for each encapsulating material 
as well as to search for the best materials to use for 
coacervation [36,47,48].

However, once the methodology for encapsula
tion is selected, complex coacervation is highly 
reproducible and affordable, as shown in Table 1. 
This is because highly specialized equipment is not 
needed, and efficient encapsulation of the active 
compound (>99%) can be achieved, limiting com
pound wastage, resulting in microcapsules of 
nucleated morphology. Moreover, the generated 
microcapsules are projected to effectively have 
high protection against the environment 
[36,47,48].

Almeida Paula et al. in 2019 used coacervation 
as a technique for microencapsulation of 
Lactobacillus plantarum as active compound and 
gelatin and gum arabic as encapsulating materials; 
as a drying process, they described a freeze-drying 
technique. Using this methodology, 97.8% effi
ciency in microencapsulation was reported, as 
well as 80.4% viability of the microorganisms 
after simulated in vitro digestion, while free 

bacteria only reached 25% viability after the same 
treatment. It was also reported that after storage 
for 45 days at 8°C, there was no significant 
decrease in bacterial viability [49]. From this 
study also derives the recommendation to store 
microcapsules at temperatures below 8°C to pro
long their shelf life. With storage at low tempera
tures, it is possible to extend the shelf life up to 
more than twice as long compared to microcap
sules stored at room temperature (25°C), as well as 
maintain the benefits of the active compounds 
without significant reduction from day zero 
to day 45. Storage at 8°C and −18°C did not 
show significant changes in the activity of the 
active compounds, which represents an advantage 
by not requiring equipment to maintain the frozen 
microcapsules [49].

3. Encapsulant materials

Encapsulating materials are defined as those ingre
dients that can be used to give some structure to 
microcapsules and within the ideal properties they 
should have are that they should be biodegradable, 
inert (should not interact with the active com
pound during processing or storage), should 
ensure protection against the environment 
(humidity, light, heat, oxygen, etc.), be malleable 
during different procedures or conditions and be 
approved for use in food. Additionally, it can come 
from elements available in food, limiting the use of 
synthetic materials in its processing, and have 
adhesion characteristics to the gastric mucosa to 
increase the bioavailability of the active com
pound. This last feature is relevant as it could 

Figure 5. Microencapsulation techniques by coacervation.
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reduce the amount of active compound adminis
tered but maintain its activity, efficiency, and 
efficacy.

Finally, the economic aspect is the main limita
tion to achieve the ideal properties of encapsulant 
materials. Therefore, it is a challenge not to 
increase production costs by improving encapsu
lant materials; however, this increase could be 
justified by demonstrating the benefits provided 
by encapsulant materials [33,35,42]. One of the 
cheapest ways to improve ideal properties is by 
producing smaller capsules (microcapsules and 
nanocapsules), which have a larger surface area 
that improves bioadhesion, thereby increasing the 
bioavailability of the active compound. This also 
allows using less amount of the active compound 
[5,17,32,35,42].

3.1 Alginate

Alginate is a polysaccharide formed by α-L glu
curonic acid (G) and β-D mannuronic acid (M) 
linked by 1–4 glycosidic bonds; these polymers are 
grouped in a straight line without any branching. 
It is obtained from brown algae, mainly Laminaria 
hyperborea, Macrocystis pyrifera and Ascophyllum 
nodosum; each species produces different poly
mers, and the proportion of each polymer deter
mines the physical and chemical properties. It can 
be found in salt form: sodium alginate, potassium 
alginate, ammonium alginate and calcium alginate, 
with sodium alginate being the most commonly 
used [32,50,51]. Alginate is biodegradable, and 
humans cannot metabolize it; it is considered 
GRAS (Generally Recognized as Safe) by the 
FDA and the European Commission authorizes it 
as a food additive [40,50,].

Sodium alginate is used in the food industry as 
an encapsulating material as it provides thickness, 
stability and gelling to microcapsules. These char
acteristics will depend on the number of polymers: 
if the proportion and length of the glucuronic acid 
block are higher, denser, and stiffer gels are gen
erated, as shown in Table 2. This makes them 
more effective against moisture, while a higher 
amount of mannuronic acid produces more flex
ible and porous gels [32,50].

Alginate, mixed with other encapsulating mate
rials, is the most recommended and used in the 

food industry (mainly for micro- and co- 
microencapsulation). However, despite being an 
excellent material to protect the active compound 
from the environment, it limits in vitro and in vivo 
release and does not favor the preservation of 
probiotics. Therefore, it is often combined with 
two or more encapsulating materials, such as inu
lin, whey protein, chitosan, gelatin, and pectin. 
This provides a prebiotic source for probiotics 
and adhesion to the gastric tract and facilitates 
a faster and more efficient release of the active 
compound [14,40,50].

Nami et al. in 2020 optimized a polymeric 
matrix of alginate, Persian gum, and inulin for 
microencapsulation of Lactococcus lactis 
ABRIINW-N19, and then added the microcapsules 
to commercial orange juice without preservatives. 
The optimal polymeric matrix reported consisted 
of 2% inulin, 1.5% alginate, and 0.5% Persian gum. 
This matrix protected against in vitro digestion, 
allowing a survival of over 84% compared to 33% 
for free bacteria. After adding the microcapsules to 
the orange juice, it was stored at 4°C, and evalua
tions were performed every 7 days until day 42. It 
was found that there were no significant changes 
in pH, an increase in the number of bacteria 
through the passage of days in storage, reducing 
Brix and malic acid [52].

3.2 Gelatin

It is a proteinaceous material obtained by partial 
hydrolysis of collagen. Depending on the type of 
hydrolysis performed, the type of gelatin will be 
generated. Type A gelatin is obtained by acid 
hydrolysis, mainly from pigskin, and type 
B gelatin is obtained thanks to alkaline hydrolysis, 
mainly from animal bones and skin [49,53].

Recently, the use of alternative sources of col
lagen has been proposed, such as aquatic animals, 
taking advantage of most animal parts such as 
skin, bones, scales and fins of fish; this due to 
cultural, ideological and religious issues. Acid 
hydrolysis is usually used in these aquatic animal 
products. Gelatin obtained from marine animals is 
of higher cost than that obtained from mammals 
and is recovered in smaller quantities [49,53].

Gelatin is commonly used with alginate for 
microencapsulation. It can be easily associated 
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with the formation of gels with high gastric 
strength, resulting in increased survival ability of 
probiotics, with unencapsulated survival values of 
50.36% after in vitro digestion increasing to 
85.39% with the use of an alginate (1.35% w/v) 
and gelatin (0.65% w/v) matrix. Vaiziri in 2018 
described the microencapsulation of Lactobacillus 
plantarum in a biopolymeric matrix of 13 variants 
in the amount of alginate, pectin, and gelatin, 
using extrusion as a microencapsulation technique 
without drying process. The results were that 
microcapsules made of alginate as the sole encap
sulating material had the lowest degree of viability 
(79%). However, they provided effective protection 
against in vitro digestion. Therefore, the encapsu
lating matrix described as optimal is composed of 
1.06% alginate, 0.55% pectin and 0.39% gelatin 
with an encapsulation efficiency reaching 97%, in 
addition to achieving effective protection against 
in vitro digestion [28].

3.3 Inulin

Inulin is a polymer that belongs to the non- 
digestible carbohydrates, specifically, fructans. It 
is formed by fructose units joined together by β- 
bonds; the variations that each type of inulin pre
sents is its degree of polymerization. Inulin can be 
found naturally in agave, yam, garlic, artichoke, 
onion, asparagus, among others [54,55].

Inulin has a prebiotic effect on Bifidobacterium, 
Bilophila and Anaerostipes, specific to the human 
microbiome. It is therefore considered a source of 
fiber, which also has an antioxidant activity 
slightly lower than that of vitamin C. Moreover, 
it dissolves moderately in water without exhibiting 
precipitation, and is not affected by pH in 
a medium ranging from 4 to 9. These character
istics make inulin an ideal ingredient to be used as 
an active compound and/or encapsulating mate
rial; although most articles on microencapsulation 
only consider it either as an active compound or as 
an encapsulating material [54–58].

As an encapsulating material, it is used to give 
texture and a slightly sweet taste, approximately 
10% of the sweetness given by sucrose. However, it 
can replace up to 35% of sucrose molecules with
out significantly affecting the flavor. It is also an 
excellent substitute for fats and sugars as it only 

provides 25% to 35% of the caloric contribution of 
glucose; these qualities are shown in Table 1 
[54,55,57,58].

Verruck et al. in 2017, encapsulated 
Bifidobacterium animalis subsp lactis BB-12 within 
a matrix of inulin and goat whey protein, using the 
spray drying technique achieving 95% survival of 
the bacteria. Nunes et al. in 2018 used spray drying 
as a microencapsulation technique, achieving 
a survival reaching 89% for Lactobacillus acidophi
lus LA-5 in a polymeric matrix of gum arabic, 
maltodextrin and inulin[33,59].

3.4 Pectin

This is a heterogeneous family of polysaccharides 
in plants. This polysaccharide is structurally com
plex and is formed by multiple polysaccharides 
such as galacturonic acid (GaIA), homogalacturo
nan (HG), rhamnogalacturonan I (RG-I), and 
rhamnogalacturonan II (RG-II). Likewise, some 
authors suggest the presence of other polysacchar
ides such as xylogalacturonan and apigalacturo
nan, without also addressing rhamnose, apiose, 
fucose, acetic acid, galactose, arabinose, xylose, 
glucuronic acid, deoxyloxo-hepta-tosaric acid, 
and deoxy-manno- octulopyranosilonic acid 
[59–63].

The structure of pectin varies depending on the 
source. Despite this, the physicochemical proper
ties are similar among the different pectins, as they 
all consist of 65% linear GalA homopolymer 
bound to HG, while RG-I and RG-II account for 
about 25% and 15%, respectively. Such polysac
charides are covalently bound since when seeking 
to isolate each component, aggressive chemical 
treatment using multiple digestive enzymes is 
required [59,60,62,63].

The benefits that pectin has demonstrated are 
the reduction of serum cholesterol and glucose 
levels, prebiotic activity in the colonic microbiome, 
with pectin being metabolized by probiotics to 
produce short-chain fatty acids. In addition, pectin 
has also been shown to have anticarcinogenic 
activity. However, having structural changes from 
one pectin to another, depending on the source, 
makes it more challenging to determine which 
structure would be ideal to exert biological effects 
as an anticarcinogen [59,60,62].
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In microencapsulation, pectin is used to provide 
stability to microcapsules. It has the gelling ability, 
which allows the use of probiotics as an active 
compound; the gelling capacity is directly propor
tional to the amount of esterified units of GalA, 
this advantage is compared in Table 2. Typically, 
pectin is classified depending on the esterification 
of GalA; high degree of esterification >50%, and 
a lower degree <50% [60–62,64–66].

Pectin compared to alginate shows higher resis
tance to in vitro digestion, protecting the encapsu
lated active compound more efficiently; however, 
alginate protects the active compound better 
against the environment, allowing storage for 
longer periods than those encapsulations made 
with pectin. This is because pectin generates 
a very porous microcapsule. Therefore, as with 
other encapsulant materials, it is recommended 
to combine more encapsulant materials; pectin is 
often combined with alginate, chitosan, inulin, and 
gelatin [61,62].

Zhang in 2015 reported 90% survival of 
Lactobacillus salivarius NRRL B-30514 in 
a matrix of whey protein, anhydrous milk fat and 
pectin using the spray drying technique. The same 
authors, using the same methodology and the 
same bacteria, reported in 2016 78% to 86% survi
val using a polymeric matrix of soybean and sugar 
beet pectin [33].

3.5 Chitosan

Chitosan is a polymer obtained from chitin, which 
can be found in the shells of crabs and shrimp, and 
in krill shells, although chitin can also be found in 
exoskeletons of fungi, arthropods and insects, 
cephalopod skins, and mollusks. Chitin is 
the second most abundant natural polymer, 
behind only cellulose [64,67–69].

Once chitin is obtained, it undergoes deminer
alization, deproteinization, and deacetylation pro
cesses; all these processes are usually carried out 
using acidic solutions and basic solutions that 
result in the creation of chemical waste, an alter
native is the use of ultrasound for the deproteini
zation process, thus limiting the generation of 
waste, while being a fast technique with a high 
potential to be scaled up to industrial level [69]. 
Depending on the efficiency and quality of these 

processes, it will provide chitosan with different 
characteristics, the main one being the degree of 
deacetylation which is directly proportional to the 
cost and quality of the chitosan produced [67–69].

Chitosan is composed of glucosamine and 
N-acetylglucosamine with a high abundance of 
reactive hydroxyl and amino groups, which allows 
the formation of hydrogen bonds resulting in the 
formation of crystals and reactive groups, increas
ing the polarity and the degree of electrostatic 
repulsion, resulting in a higher solubility than 
chitin. However, despite this, chitosan is only solu
ble at pH below 7 [67,68].

Typically, commercially available chitosan var
ies from 40% to 98% in the degree of deacetyla
tion; chitosan with a degree of deacetylation 
exceeding 83% is frequently used. The higher the 
degree of deacetylation, the greater the flexibility 
of the molecules, viscosity, solubility, but the lower 
the adhesion of the gastrointestinal mucosa; these 
qualities are compared with the other materials in 
Table 2. It is also a nontoxic material (corroborat
ing the intake of 6 grams per day), odorless, bio
degradable and biocompatible. This is because it 
degrades slowly into amino sugars within the gas
tric pathway [67,68].

Due to the reactive capacity of chitosan, it has 
been proven to bind to negatively charged lipids, 
preventing their absorption to be subsequently 
discarded, reducing serum lipid levels, mainly cho
lesterol. In addition, this reactivity can make it 
behave as an antacid, since it dissolves in gastric 
acid (demulcent capacity), subsequently binding to 
those acid molecules [67].

As an encapsulating material, it can be used to 
provide an impermeable barrier because it needs 
an acidic solution to dissolve it, limiting the expo
sure of the active compounds to the environment. 
Krasaekoopt and Watcharapoka, in 2014, used 
alginate for co-microencapsulation of 
Lactobacillus acidophilus and Lactobacillus casei 
as a probiotic source, and galactooligosaccharides 
(GOS) and inulin as a prebiotic source. 
Subsequently, an outer layer of chitosan was 
added at concentrations of 0.5%, 1.0% and 1.5%, 
being a mixed encapsulation type [67,68].

Lactobacillus acidophilus encapsulated together 
with GOS and Lactobacillus casei encapsulated 
with inulin showed that a higher amount of 
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chitosan better protects the active compounds 
when subjected to in vitro digestion. Compared 
to other combinations that had inconclusive 
results, the authors refer that such effectiveness is 
due to the added prebiotic; no conclusion is made 
about the different proportions of chitosan used 
[67,68].

The hydroxyl and amino reactive groups of 
chitosan allow it to be added with other molecules 
to form new compounds, such as hydroalcoholic 
extracts (HAE) of different plants like ginger, 
rosemary and green tea. HAEs combined with 
chitosan show more excellent protection against 
oxidative processes of the active compounds. The 
new matrix showed higher water solubility; it also 
improved the biodegradation of chitosan. This 
matrix could be incorporated as an encapsulating 
material in microcapsules generated with low 
moisture content [68].

There are several reports on different mixtures 
of chitosan, with cellulose derivatives (carboxy
methyl cellulose, methyl cellulose), cinnamalde
hyde (cinnamon extract), sodium sulfate and 
turmeric (herbaceous plant), propolis (resin pro
duced by bees), olive pomace, among others. Each 
of these new matrices demonstrated an improve
ment in characteristics such as increased rigidity, 
barrier property against light and oxygen, limita
tion of oxidation of the active compounds, as well 
as changes in water solubility. The great versatility 
of chitosan to be combined opens an area of great 
opportunity for the research of new matrices for 
encapsulation with all kinds of products of nutri
tional nature [68].

Using the coextrusion technique, the optimiza
tion of a polymeric matrix for the microencapsu
lation of Bifidobacterium animalis subsp. lactis 
BB-12 was achieved, using sodium alginate in 
a constant amount for the subsequent addition 
of chitosan in different amounts, limiting the 
porosity of the generated microcapsules and pro
tecting the active compound more efficiently. 
1.5% alginate was used as a control, and the 
tests were performed with 1.5% sodium alginate 
plus chitosan [46]. Chitosan was added at a ratio 
of 0.1% in each trial until 0.5% was reached; the 
results obtained were that the encapsulation effi
ciency is improved by adding 0.4% chitosan com
pared to the other microcapsules generated. The 

alginate control had a higher encapsulation effi
ciency reaching 87% while the alginate plus 0 4% 
chitosan assay reached 89%. This can be attribu
ted to the decreased porosity of the microcap
sules; when 0.5% chitosan or more is added, the 
encapsulation efficiency is reduced due to the 
increased stiffness in the encapsulant matrix, pre
venting the release of bacteria for enumeration 
[46]. Then, the microcapsules were evaluated in 
in vitro digestion, reporting a survival of 83%, 
a better result than the 71.9% obtained for free 
bacteria [46].

3.6 Whey protein isolate (WPI)

Whey protein isolate is obtained as a by-product 
during cheese making; for every ten liters, nine 
will be whey. It is formed after the pasteurization 
process; in this step lactic acid bacteria and rennet 
(a set of different enzymes) are added to coagulate 
the mixture and form cheese. Whey can also be 
extracted as a by-product of casein manufacture 
and certain fermented milk beverages [70–73].

Whey obtained by the conventional method has 
a high number of proteins such as albumin, β- 
lactoalbumin, immunoglobulins and β- 
lactoglobulin, as well as the essential amino acids: 
leucine, isoleucine and valine, proteins constitute 
more than 90% of whey. Whey is an ingredient in 
milk drinks or can be added to food for athletes or 
people trying to lose weight, as its proportion of 
lipids is negligible (0.4%) [70,73,74]. It is also an 
alternative for lactose-intolerant people (<0.5%) as 
it has a limited amount of lactose. Normally, bev
erages and foods made with whey usually have 
a slightly bitter taste; this is attributed to the pH 
(below 6.0) because the isoelectric point of whey is 
5.1, and its usual pH is 4.6 [70,73,74].

It is used as an encapsulating material in co- 
microencapsulation as a protein source for probio
tics, being easily incorporated due to its high solu
bility in water, resulting in high encapsulation 
efficiency to subsequently gel the generated micro
capsules, as shown in Table 2 [23,73,74]. In gen
eral, with microencapsulation, bioactive 
compounds are intended to be released in the 
small or large intestine to exert their beneficial 
effect. However, in an in vivo digestion model, 
microcapsules generated with whey would release 
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the bioactive compound in the stomach due to the 
high solubility of whey in acidic pH [23,70,74].

The gelation capacity of whey can be modified 
with a pre-gelation treatment prior to microencap
sulation. This can be achieved with Maillard reac
tions, which consist of the addition reaction of an 
amino group of a protein and a carbonyl group of 
sugar; the Maillard reaction is also known as gly
cosylation reaction or browning reaction, the latter 
name is due to the dark color the ingredients take 
on [23,73,74]. Heating whey at 80°C for 2 to 5 h 
improves the gelling ability; the duration of the 
treatment depends on how much one wants to 
increase the gelling ability. Modification of whey 
protein isolate decreases its solubility (due to pro
tein denaturation), improves encapsulation effi
ciency, and provides enhanced digestibility 
resistance, continuous and controlled release of 
active compounds, and improved storage stability 
[23,70,74].

The application of this Maillard reaction prege
lation method has been used to microencapsulate 
the probiotic Bifidobacterium animalis subsp lactis 
INL-1 in a whey matrix with dextrans of different 
molecular weight (6 kDa, 70 kDa, and 450 kDa), in 
a weight ratio of 1:0.6 (whey predominating). To 
carry out the Maillard reaction, each matrix com
bination was heated at 60°C for 5 days at 65% 
relative humidity to subsequently encapsulate the 
probiotic [23]. The reported results are that micro
encapsulation after Maillard reaction of the com
bination between whey and dextrans offers greater 
protection to in vitro digestion than the control 
having only whey without pregelation treatment. 
Among the different combinations of dextrans; 
dextrans with a molecular weight of 6 kDa showed 
greater protection against in vitro digestion and 
maintained higher viability of probiotics when 
stored at 25°C from the sixth month and up to 
12 months. In contrast, storage at 4°C did not 
differ significantly between the different matrices 
[23]. Khem et al. in 2016, using the spray-drying 
technique, reported a 25% to 69% increase in 
survival of Lactobacillus plantarum A17 using 
WPI as the sole encapsulating material, while 
Ying et al. also in 2016, using the same technique, 
reported 80% survival of Lactobacillus rhamnosus 
in an encapsulation matrix of whey protein, glu
cose, and starch [33].

4. Co-microencapsulation

The main application of co-microencapsulation is 
the combination of probiotics with another active 
compound, mainly prebiotics, lipids, and more 
recently, polyphenols, to mention a few. This is 
done with the objective that the probiotics interact 
with the other active compound to enhance their 
beneficial effects or also for the probiotics and the 
added active compound to exert the same benefit 
through a different mechanism [6,24,28,38].

4.1 Probiotics

Probiotics are nonpathogenic microorganisms that 
must survive in some food product for ingestion, 
survive through the gastric tract, bind to the gas
trointestinal mucosa, colonize the gastric epithe
lium, and benefit the host [75–78]. The benefits of 
probiotics are strain-specific, so the effects are not 
extrapolable to other microorganisms, even if they 
are of the same species [79].

The combination of probiotics with these active 
compounds has two main objectives, in addition 
to those already mentioned. One is to increase the 
survival or viability of the probiotics themselves 
after storage and/or digestion, and the second is to 
enhance the benefits of both active compounds. 
This can be achieved by increasing the viability 
of the probiotics, as well as by the prebiotic effect 
that the added bioactive compounds can have, 
allowing to accelerate their reactivation 
[12,24,28,38,76].

It is worth mentioning that the most used pro
biotics belong to the Lactobacillus and 
Bifidobacterium species. The following is 
a description of the main active compounds with 
which probiotics are combined to have a greater 
benefit, either greater encapsulation efficiency, 
greater survival to in vitro digestion, longer shelf 
life, greater probiotic activity, among other bene
fits of each combination of active compounds 
[7,23,76,80,81].

4.2 Prebiotics

Prebiotics are substances that exclusively metabo
lize probiotics to carry out their functions, just as 
once some prebiotics have been metabolized, they 
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can be assimilated by humans. Prebiotics have very 
specific benefits, so the functions that a prebiotic 
has with a particular microorganism are not extra
polable to all microorganisms [24,58,75,82,83].

In 2020, the use of mannitol as a prebiotic for 
co-microencapsulation together with 
Bifidobacterium animalis subsp. lactis BB-12 (pro
biotic) was evaluated. The results indicated that 
the use of mannitol improved the efficiency of 
microencapsulation, having 75.54% in the control 
(without mannitol) and up to 94.15% efficiency in 
the one using mannitol; however, as the amount of 
mannitol increased, survival decreased. This is 
because the increased mass in the microcapsules 
reduces the space available for bacteria to be added 
to the microcapsules [46]. In addition, the survival 
of bacteria after in vitro digestion was better in 
those microcapsules to which mannitol was added. 
This in vitro digestion was also carried out with 
free, non-encapsulated bacteria, where bacteria to 
which mannitol was added also had a higher sur
vival than those that were not encapsulated [46].

In a polymeric matrix of alginate and Persian 
gum, Nami et al. evaluated the addition of inulin 
to improve the survival of Lactococcus lactis 
ABRIINW-N19 in in vitro digestion. They gener
ated different microcapsules by adding inulin at 
0.5% for each test without reducing the previous 
amount of alginate and Persian gum, 1.5% and 
0.5%, respectively [52]. As mentioned in section 
3.1 (alginate), these microcapsules were added to 
a commercial juice without preservatives. When 
the juice was analyzed, a more significant number 
of probiotics were obtained than the inoculated 
ones, as well as a lower amount of Brix degrees 
without altering the pH [52].

4.3 Lipids

They are a very varied group of compounds, 
among which fats, oils, steroids, and waxes stand 
out; the compounds that are part of the food 
industry are fats and oils. Lipids have common 
properties, such as being insoluble in water, 
a high energetic contribution, dissolve certain vita
mins, as well as there are some that we must ingest 
due to the inability to synthesize them, such as 
essential fatty acids [84]. Lipids are important in 
the diet and in the physiology of the human body 

since they are the main ones involved in diseases 
such as overweight, obesity and diabetes mellitus; 
as well as in atherosclerosis, hypertension, acute 
myocardial infarction, and cerebral vascular events 
(CVD) [84].

The fatty acid that has been studied the most is 
docosahexaenoic acid, better known as DHA, 
which is synthesized from α-linoleic acid and 
obtained directly from fish oil. DHA is necessary 
for brain and retinal development [84]. In 2018, an 
article was published using an oil that had 
a combination of fatty acids: DHA (58%), oleic 
acid (16%), palmitic acid (15%), myristic acid 
(5%), and eicosapentaenoic acid (1%). This oil 
was used in combination with L. plantarum (pro
biotic) to generate microcapsules [28]. Vaziri con
cluded that microcapsules with DHA managed to 
protect probiotics more efficiently subjected to 
in vitro digestion; moreover, DHA gave them 
more thermal stability (according to thermogravi
metric analysis, TGA), compared to microcapsules 
without DHA. However, the study refers that via
bility after storage was not evaluated, an important 
parameter to evaluate since fatty acids are suscep
tible to oxidation, therefore, they would alter the 
viability of the probiotic used [28].

In 2017, Errate et al. generated microcapsules of 
Lactobacillus casei and omega-3-rich tuna oil 
wrapped in a polymeric matrix of whey, milk 
protein and gum arabic, using the complex coa
cervation technique for subsequent spray-drying 
and storage at 4°C. The results reported that 
microcapsules with both active compounds had 
a two-fold higher survival in in vitro digestion 
compared to microcapsules with only the probiotic 
without the omega-3 fatty acids, while free bacteria 
subjected to in vitro digestion lost their viabi
lity [27].

4.4 Polyphenols

Polyphenols are molecules that originate as part of 
plant metabolism. They are characterized by hav
ing several phenolic rings in their structure and at 
least one hydroxyl group. Polyphenols provide 
plants with part of their aroma and color, in addi
tion to other properties conferred to plants, such 
as antioxidant, antimicrobial and anticancer activ
ity [12,17,42,85]. It has also been observed that 
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they can be used as a source of prebiotics since in 
limited amounts, they do not show inhibition of 
probiotic growth; on the contrary, they stimulate 
the growth of probiotics [12,17,42,85].

Polyphenols are classified into several groups; 
each group varies from one plant to another, as 
well as the amount and the place in the plant 
where it is located. They can be in the roots, in 
the stem, in the leaves or in the fruit, but they 
are normally located in the fruit, and this is 
where most studies and extractions are carried 
out since it does not damage the plant and 
allows continuous production. In the fruit they 
can be in the peel, pulp and/or mesocarp 
[17,85,86]. Because polyphenols are susceptible 
to degradation by exposure to the environment, 
they are susceptible to degradation by indirect 
light. For this reason, encapsulation is a widely 
used method to preserve them for subsequent 
use in the food industry [17].

Authors [87,88] evaluated the functional 
properties of co-microencapsulation of antho
cyanins (polyphenol) extracted from carnelian 
cherry and Lactobacillus casei (probiotic), to 
evaluate their properties after storage for 
90 days, as well as their application in a yogurt. 
The results after 90 days of storage were as 
follows: antioxidant activity showed no changes, 
remaining at 54.43 mMol Trolox/g, total antho
cyanin content did not decrease, remaining at 
19.86 mg C3G/g, probiotic content decreased 
from 9.39 × 10 × 109 CFU/g to 4.41 × 109 

CFU/g [38]. These microcapsules were added at 
2% and 5% of the total container to two yogurt 
samples that were stored at 4°C for 21 days. The 
authors report that the 2% sample showed 
a decrease in anthocyanin content and antioxi
dant activity, while the sample added at 5% 
showed no significant changes. In addition, 
in vitro digestion degraded anthocyanins up to 
37% after 2 hours [38].

When probiotics are used in microencapsula
tion, it is also recommended to store the active 
compounds at temperatures below 8°C, to limit 
the metabolic activity of probiotics, and better 
preserve the other active compounds and encap
sulation materials [49].

5. Co-microencapsulation in the 
bioengineering field

In addition to many of the benefits mentioned 
above, the field of bioengineering could greatly 
benefit from the implementation of co- 
microencapsulation methodologies. Micro- and 
co-microencapsulation have been shown to 
improve the thermal stability of certain substances 
such as aromatic oils that can be used as an anti
bacterial agent to improve the shelf life of some 
foods without affecting the odor, taste, or any 
other of the food properties [89–91]. An example 
of these oils is thymol. In 2019 Zhu, Z et al. 
demonstrated that the use of 
a microencapsulation methodology for thymol oil 
prevented the growth of Escherichia coli and 
Staphylococcus aureus in naturally contaminated 
milk. The microencapsulation was performed 
with a matrix of Poly(lactide-co-glycolide), which 
is an FDA approved polymer, and thanks to the 
permeability of this and the wall of pathogenic 
bacteria, thymol at a concentration of 50 mg/ml, 
allowed inhibiting bacterial growth by disruption 
of the cytoplasmic membrane [89–91].

As demonstrated above, co-microencapsulation 
can also be used to preserve microorganisms and 
other types of oils that are non-aromatic but 
nutritional. This was demonstrated by Vaziri, 
A. S., Alemzadeh, I., & Vossoughi, M. in 2019. 
They evaluated the co-microencapsulation of pro
biotic L. plantarum and DHA, looking for 
a synergy between the two. Co- 
microencapsulation of probiotics may be useful 
to produce additives or supplements to help the 
population with gastrointestinal problems or 
chronic diseases related to the gastric pathway 
[92,93]. In addition, DHA oil has a great impor
tance in the nutritional aspect being an essential 
fatty acid, so its consumption is necessary for the 
growth and functionality of brain cells, also 
endothelial cells, and leukocytes. However, there 
is an important factor that must be considered for 
its storage, and that is that this oil can oxidize very 
easily and quickly. Due to its oxidation, it can 
provide bad taste to the food in which it is con
tained, besides taking away all its benefits and 
even making it carcinogenic [94–96]. According 
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to this work, these co-microencapsulates were 
added to orange juice with a pH of about 4. In 
a free environment, most of the L. plantarum cells 
could have survived, but the DHA could have 
been oxidized due to pH conditions and ambient 
light; in contrast, by co-microencapsulation, sta
bility of the microorganism and the oil was 
achieved while retaining the benefits and nutrients 
[93].

6. Conclusion

In co-microencapsulation, in order to find the 
ideal matrix to protect the active compounds, as 
well as to find and/or develop a synergy between 
the active compounds, it is necessary for the 
researcher to explore and evaluate the encapsulat
ing materials and active compounds available to 
him, taking into account the accessibility, charac
teristics and cost of each one of them, so that he 
can select those that suit his situation and are of 
interest to him.

For the selection of a co-microencapsulation 
method, the use of the lyophilization technique is 
recommended, due to the great versatility of the 
use of this technique in most encapsulation mate
rials and active compounds, in turn, limits the 
degradation of the active compounds, and does 
not require an additional drying process as the 
coextrusion and coacervation techniques.

Lyophilization has the drawback of high equip
ment cost both at laboratory and industrial scale, 
so the spray-drying co-microencapsulation techni
que is also a good option, as scaling up production 
to industrial scale is more feasible. Like freeze- 
drying, it does not require an additional drying 
process, both co-microencapsulation techniques 
being fast. In the case of selecting the spray drying 
technique for co-microencapsulation, it is neces
sary to evaluate and select the ideal temperatures 
to carry out the process, since the high tempera
tures usually used in this technique can degrade 
the active compounds and the encapsulation mate
rials, resulting in a low encapsulation efficiency of 
the active compounds, and a shorter shelf life of 
the microcapsules.

In addition, each of the methodologies used 
considers different operating conditions, so the 
use of experimental designs that allow the 

optimization of both the conditions and the com
position of the encapsulating matrix will allow 
a better use of resources.

7. Future tendencies of the 
co-microencapsulation

Co-microencapsulation is a technique with a wide 
area of opportunity for future development, as it 
can be performed with almost any food grade 
material considered as GRAS, using it as encapsu
lating material or as active compound, such as 
dextrans, gum arabic, Persian gum, galactooligo
saccharides, glucose, sucrose, lactose, maltodex
trin, starch, vitamins, egg white and mannitol. 
The challenge of co-microencapsulation is to find 
the synergy between active compounds and encap
sulating materials for further optimization and to 
make the generation of such microcapsules more 
efficient, thus reducing operating costs 
[6,11,25,39,97].

One of the most novel proposals would be the 
use of co-microencapsulation for more than two 
active compounds, where two probiotics are 
included together with a prebiotic. This would 
have the additive effect of two probiotics with 
different benefits each. It would also be possible 
to combine probiotics, a prebiotic and 
a polyphenol, to have the probiotic effect, the 
light fiber contribution of the prebiotic, as well as 
the antioxidant benefits of the polyphenols [Y. 6, 
9, 21, 29]. It is even important to explore the 
prebiotic effect of polyphenols so that in an encap
sulated system they can be incorporated to exert 
antioxidant, antimicrobial and anticancer effects 
together with the benefits that a probiotic can 
provide.

Microcapsules generated by co- 
microencapsulation, which have a greater benefi
cial activity for the organism can be used in 
a greater amount of food products to provide 
higher quality food, as well as it could be used as 
food supplements [6,21,25,75,79].

In any of their presentations these co- 
microencapsulates could provide fiber, probio
tics, essential fatty acids, essential amino acids, 
antioxidants and pathogen antimicrobials in 
the same microcapsule; as described by Nami 
et al. in 2020, by adding microcapsules to 
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a commercial orange juice without preserva
tives. The microcapsules contain Lactococcus 
lactis ABRIINW-N19 and inulin as active com
pounds, are enveloped by alginate and Persian 
gum, they reported that the juice added with 
the microcapsules had a higher amount of pro
biotics of those that were inoculated, in turn, 
Brix and malic acid were reduced, this without 
altering the pH, providing an alternative for 
probiotic intake with a lower amount of sugars 
[6,21,25,75,79].

The next step of co-microencapsulation is 
experimentation in in vivo models, to continue 
with human clinical trials, and to accept or 
deny the potential benefits of microcapsules in 
human life due to the potential to reduce the 
incidence and prevalence of chronic diseases 
such as diabetes mellitus, hypertension, obesity, 
metabolic syndrome, acute myocardial infarc
tions, cerebral vascular events, irritable bowel 
syndrome, gastritis and malnutrition; leading 
us to a new stage in the generation of new 
foods, food supplements and even therapeutic- 
grade foods in patients with gut microbiota 
dysbiosis [6, 9, 11, 14, 21, 25, 27, 29, 49, 79].

The generation of these novel foods, food 
supplements and therapeutic foods have the 
challenge of being produced on an industrial 
scale as most of them are not usually labora
tory or pilot plant level foods, which are hardly 
marketed and distributed. This low production 
and distribution are multifactorial, with eco
nomic investment being the main limiting fac
tor; researchers could seek to offer their 
products to food companies, looking for com
panies to include them among their products 
so that they can be marketed and distributed to 
a larger number of people.
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