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Abstract. This work deals with the use of microencapsulation of biologically active 
compounds (BAC) as an alternative method of protection and prolongation of their functional 
properties in the food products. The main methods for the formation of microcapsules (MC) 
are considered. Biopolymer materials, suitable for MCs production, are outlined. Some 
technological solutions, suitable for microencapsulation and successfully used in other 
industries, present interest only for laboratory researches in the food science, but are not 
suitable for industrial scale food production. It is discussed why the methods of simple and 
complex coacervation, liposomal entrapment are thermodynamically advantageous for 
obtaining microcapsules in comparison with others. To achieve further progresses of 
microencapsulation in food technologies, the direct integration of the microencapsulation 
into the food production technological cycle is necessary. Products should initially have a 
texture and consistency that allow microcapsules to be resistant to premature aggregation. 
MCs should not exfoliate or break down, while execute their functions of protection and 
targeted delivery of biologically active compounds. Only high viscous colloidal systems, as 
traditional fermented dairy products (kefir, yoghurts, ice cream, curd and cheese) and fruit 
juices with pulp, are mostly suitable for supplementation of them by BACs using 
microencapsulation. 

Keywords: biopolymers, biologically active compounds (BAC), coacervation, complex 
coacervation, fermented dairy products, microencapsulation’s thermodynamic. 

 Protection of biological activity: necessity of alternative “SMART” methodology 
Over the past decades, there have been fundamental changes in the field of nutritional 

science and in the way quality food is produced. The scientific concepts of optimal nutrition, 
based on functional foods of a new generation, have been developed in response to the 
consumers’ needs of the foods with functional properties. These trends should have forced 
manufacturers to develop new technologies for the functional foods production [1]. The 
modern concept of nutrition suggests that in addition to nutritional and energy value, 
functional food products must have their own biological activity. It was found that the 
consumption of foods containing biologically active substances, promotes and really affects 
the maintenance of consumer’s health, prevents the occurrence of various diseases [2]. 



140 Alex. Baerle 

Journal of Engineering Science September, 2021, Vol. XXVIII (3) 

However, until now, the food industry produces mainly traditional food products, which 
correspond in their properties to the traditional concept of a balanced diet. Despite the 
constant growth in food production in general, the share of functional food products is still 
relatively small. It seems that manufacturers are not ready to introduce functional ingredients 
into food, because they generate additional legal, technological, and economic problems. 
Functional ingredients or Biologically Active Compounds, BAC, interact with the main “stable” 
components of food (proteins, fats, carbohydrates and bio-metals). In traditional food 
cultures, the biological activity and functionality of nutrition is achieved using various 
fermented, mainly dairy products [3]. Unfortunately, these products have short shelf-life. It 
also seems at least absurd from the point of view of common sense to actively use synthetic 
antioxidants in order to protect the functional properties of biologically active substances 
introduced into the product. In order to run away from this (techno)logical error, attempts are 
being made to reduce the total quantity of the antioxidants used to protect the biological 
activity of various food components, at least, using effects of their synergistic interaction 
[4, 5]. 

One of the relatively new methods of stabilizing biologically active substances in food 
is their isolation from contact with other active food components by means of 
microencapsulation. Microencapsulation is a directed process of forming a thin, sufficiently 
strong, low-permeability shell with desired properties around small solid particles or their 
aggregates (granules), or around the liquid droplets of microencapsulated agent. The main 
goals of the microencapsulation are the reversible isolation of the biologically active content, 
its targeted delivery and controlled release. Thus, the main role of the microcapsules 
inclusion in the food products composition is to exclude direct contact of biologically active 
food components with the main composition, that is, with an aggressive environment for 
biologically active substances. Various high-molecular compounds are used as a building 
material for the shells of microcapsules. As part of a microcapsule, it is called a membrane, 
shell, carrier material, wall material, external phase, or matrix. The shell of the microcapsule 
separating the biologically active substance from the corrosive environment of the food 
product should be stable in the composition of the food product, but easily release its 
biologically active content when it enters the human gastrointestinal tract [6]. 

High-tech solutions as microencapsulation: why a food manufacturing is an exception? 
Over the 70 years passed since the introduction of the term of “microencapsulation” 

into scientific circulation. Thousands of research papers with excellent experimental results, 
many thematic reviews and books have emphasized the potential of this method for creating 
functional food products [7 - 10]. However, a much larger number of works and patents are 
devoted to the microencapsulation of drugs, cosmetic components, and even ingredients that 
improve the functional properties of forages. 

Why the microencapsulation, a smart technology for the engineering of products with 
desired properties, finds its place with great difficulty in modern food technology? There are 
enough reasons for this “paradox”: 
 The principle “The benefits of medicines outweigh the risks of treatment” opens the
way for the use of a wide variety of modified or synthetic materials in the manufacture of
medicines, inclussive using microencapsulation [11]. This trend is indirectly reflected in many
experimental studies and analytical reviews [12 - 14]. However, this principle is completely
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inapplicable to food products of daily consumption, which should be tasty and absolutely 
safe without any amendments, involved by the probability theory; 
 At the legislative and consumers level, there are much higher quality and safety
requirements for food than for cosmetic products and, of course, for animal feed. At the same
time, there are practically no “aesthetic” requirements for the appearance, texture and taste
of veterinary drugs and feeds [15];
 Also, there are less restrictions on the addition of synthetic polymers, crosslinking or
surface-active agents, good for the production of microcapsules for cosmetics, veterinary
medicine and in animal nutrition. Majority of these chemical agents cannot be used in food
manufacturing;
 A significant increase in the price of the final product caused by microencapsulation
will hardly be hardly accepted by the food industry with high risks and relatively low incomes,
also will be hardly tolerated by the mass consumers [7];
 Food industry is generally characterized by high inertia of the and its adherence to
traditions, which is supported by consumer mistrust not only for new food products, but to
manufacturers and new technologies [16].

The combination of all mentioned factors leads to the fact that microencapsulation of 
functional food ingredients is perhaps the area of microencapsulation, which is most difficult 
for development (Figure 1). 

Figure 1. The uphill road: why is so difficult 
to incorporate microencapsulation into food technology? 

Expectations regarding the MCs properties and benefits of are quite high and ambitious: 

• They must immobilize the active substance during technological processes of food
manufacturing by changing its state of aggregation, for example, converting liquids into a
solid free-flowing form.
• They must prevent the degradation of biologically active substances as a result of
interaction with the active components of the food product and oxygen, increase their
stability during processing and in the final food product.
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• They should improve the safety of production, reduce odor and reduce the loss of
volatile substances, flavors, mixtures containing volatile components.
• They should create the desired visual and texture effects, but not to create unwanted
ones;
• Should regulate the properties of active ingredients: particle size, fat solubility or water
solubility, mask their undesirable taste; change color;
• Should provide controlled release of the contents under specified conditions, including
by regulating the permeability of the shell.

From the requirements and features, mentioned above, the super-goal of 
microencapsulation of food functional ingredients becomes clear: 

Encapsulated food ingredients must not to add significantly values to the food costs - this 
way is not expected by consumers. The technologies used must ensure compliance with the 
requirements regarding the functional properties and food safety of microcapsules, their 
assimilation by the human organism, while not impairing the sensorial properties (taste, aspect 
and odour) of the product. 

This overarching super-task is difficult to solve because its parts contradict each other. 
It is possible to create a science-intensive high-tech product only with resorting to a 
multilateral and multidisciplinary systematic approach. The solution of the 
microencapsulation tasks which are associated with the prevention of biologically active 
compounds degradation in food can be achieved through a targeted combination of scientific 
researches with ingeniously engineering innovations. But some of the ways which at first 
seems like breakthrough solutions are doomed to failure, because of “unfortunate” 
combination of different factors, given below. 

Structure and functional properties of microcapsules 
In function of particles diameter, the nano-capsules (1μm > d < 1000nm) and 

microcapsules (1…1000μm) are mentioned in majority of references. Some of them, however, 
indicate that the size of microcapsules can reach up to 3-8 millimeters in diameter [17 - 19]. 

It should be emphasized that if the capsules are larger than 1 mm (1000μm), they can 
no longer be considered “micro”, even if they are obtained by microencapsulation methods. 
And it's not just because of the non-corresponding to formal size: the dimensions of capsules 
larger than 1mm are not “negligible” in any way, significantly affecting the texture and 
sensory perception of any food product.  

There are two main types of microcapsules: reservoir-type, R, and matrix-type, M. 
Reservoir-type microcapsules contain an external cover, surrounding the entire encapsulated 
content, in different sources named as “shell”, “wall” or “membrane”. Capsules of this type are 
also called “single-core”, “mono-core” or “core-wall”. The external cover of such 
microcapsules can be destroyed by the application of external physical, mechanical, or 
chemical action, leading to the release of the contents. 

In the matrix type microcapsules, microencapsulated content is distributed over the 
carrier material, in the form of small particles or droplets, and represent discontinuous phase 
- suspension or emulsion of active compound in the carrier material. In the case of matrix
type MCs and in the contrast to MCs of the reservoir type, the encapsulated active compound
can be present on the surface of microcapsules if they do not have an additional “reservoir”
coating.
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Table 1 
The main types of nano- and microcapsules 

Particles Type Definition Scheme Refer. 

Biopolymer-based 

Micro- and 
nanoparticles 

R Particles containing solid cores are covered with 
other solid materials with protective properties 

12,13, 
20,21 

Micro- and 
nanocapsules 

R 
Spherical particles containing a liquid core and a 
solid or gel-like elastic cover 23,23 

Multicore 
microcapsules 

M 
Liquid droplets are distributed in a polymer 
matrix representing three-dimensional baffles 
net 

24,25 

Porous and gel-
like matrix 

M 
Porous solid particles or gels, fulfilled with 
active compounds  26 

Lipid- and Surfactant-based nano- and microparticles* 

Liposomes M 
Single-layer or multilayer phospholipid 
membranes with hydrophilic content 13,27 

Phytosomes R 
Active compounds are chemically bonded with 
polar phospholipid parts, covered with non-polar  28,29 

Niosomes R 
Particles with hydrophilic core, covered with 
non-ionic surfactants and lipids 30 

Colloidosomes R 
Particles formed by hydrophilic core and by shell 
from solid nanoparticles (colloidal shell) 31,32 

A very detailed graphical analysis of the different types of lipid-based particles 
construction can be found in a recently published reviews [12, 13, 33]. Mixed type, reservoir-
matrix, RM microparticles also exist; for example, polynuclear matrices, additionally wrapped 
in a continuous shell [24]. Such group as “multiwall microcapsules” are also mentioned [25]. 
Conventionally, in this group it should be attributed liposomes and phytosomes, and 
“classical” MCs, with the shells obtained from charged biopolymers using Layer-by-Layer 
(Table 2). Sometimes dendrimers and micelles are mentioned as a nano-particles [13]. But 
these de facto high-molecular structures don’t contain any clear boundary between two 
phases. Therefore, such monophasic colloidal formations are not be considered nano-
capsules in unambiguous mode. 

Common encapsulation methods 
Microencapsulation of biologically active compounds in order to protect their biological 

activity is possibly using various technological solutions, more or less universal for various 
industries (Table 2). Emulsification is not strictly an independent method of 
microencapsulation. However, obtaining a stable BAC emulsion is the most important stage 
in preparation for Layer-by-Layer, (Simple) Coacervation or Complex Coacervation, both 
assisted or not by cross-linking. 
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Table 2 
Microcapsule structure formation: basic methods 

Briefly describing of nano- and microencapsulation method Graph Refer. 

Spray Drying (SD). A mixture containing BAS, biopolymers and 
surfactants is spraying in a hot chamber. A thin film is formed on 

the droplets surface because of evaporation of solvent. 

17, 
34 - 36 

Fluidized Bed Coating (FB). The finely dispersed solid covered with 
a film former by spraying, is “liquefied” with a stream of air. 

Surface film formation occurs as a result of solvent evaporation. 
37, 38 

Emulsification (EM). Relatively stable emulsions are obtained 
using high-speed homogenizers and surfactants. To obtain 

monodisperse emulsions, their fractionation is necessary, which is 
not easy. 

26, 
39 - 43 

Extrusion (EX). A continuous process in which molten components 
are dosed by pushing through an extrusion die, after which the 

mixture solidifies, sometimes the product is portioned after 
solidification. 

44, 45 

Spray Cooling (SC). Liquid systems containing thermic unstable 
BAS or cell cultures are sprayed by injector in a chilled chamber, 
which leads to their solidification in the form of small particles. 

24, 
36, 46 

Freeze-Drying (FD) = Lyophilization, Sublimation. Removal of 
water by freezing and sublimation to obtain a highly porous 

dispersed structure. Large amounts of cryoprotectants sometimes 
required. 

18, 47 

Layer-by-Layer (LL). Sequentially covering of emulsion drops or 
solid particles by several layers of oppositely charged 

polyelectrolytes: pectins and polyuronic acid salts, (-); proteins, 
chitosan (+), etc. 

20, 48 

(Simple) Coacervation (C). Spontaneous or induced condensation 
of a biopolymer or several biopolymers from a solution as a new 

solid phase on the surfaces of incapsulated material droplets. 
49 

Complex Coacervation (CC) – formation of a two-phase shell by 
electrostatic forces, H-bonds or cross-linking between two 

different polymers, rather induced in stringent conditions, than 
spontaneous 

41, 50, 
51 

Complex coacervation should not be confused with the layer-by-layer method: in CC 
two thick layers, presenting different phases are formed, but in LL – several pairs (3 - 7) of 
thin layers, but which form only one common phase. It's also not Layer-by-Layer, when one 
or both phases in Complex Coacervation, are formed by oppositely charged polyelectrolytes 
[49, 52]. Finally, it is no coacervation, if shell is formed from different initially solid materials 
[53]. 
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Some methods, as electro-spray assisted extrusion [54, 55], represent a way to control 
microcapsules’ size and to obtain monodisperse samples, but application of such method in 
food-industrial scale should be very expensive.  

  Common edible biopolymeric materials for mc membranes (walls, shells) construction 
The shells of microcapsules used in the food industry must be edible and safe for 

humans. The shell material and other accompanying components of microcapsules should 
not disintegrate with the formation of harmful metabolites. They should create a barrier 
between the active content of microcapsules and an aggressive external environment, thus 
preventing premature degradation of biologically active substances and the formation of 
derivates without functional value. Ideally, the membranes themselves can have their own 
biological activity [56, 57].  

These sometimes-conflicting requirements significantly reduce the variety of materials 
that can be used to obtain edible microcapsule shells. In order to form microcapsules, cover 
materials based on various natural and modified biopolymers are used (Table 3). 

Table 3 
Edible natural biopolymers as covering materials for microencapsulation 

Biopolimer Code Natural source BP Peculiarities  References 
Polysaccharides 
Dextran Glucose, Lactobacillus branched 14,58-60 
Dextrin2 E1400 Starch (potato, corn, rise) short-chain  61 
Cyclodextrin3,4 E459 Starch (potato, corn, rise) cyclic with 4-10 rings 62 

Arabic gum E414 Several species of Acacia 
contain 

glycoproteins 
35,63,64 

Xanthan gum E415 Xanthomonas Campestris3 
branched 

polyglucans 
52,65,665 

Chitosan Chitin (Crustacea, Fungi)6 polycation at pH < 7 43,50,67 

Mucilage Salvia Hispanica; Linum7 
2D, very wet-

retaining 
65,68 

Alginates E401 Laminaria Japonica Polyanion at pH > 5 22,53,69 
Carrageenan Rhodophyta Polyanion at pH > 3 59,70 
Proteins 

Gelatin E441 Livestock’s and fish skin 
Triple-helix 
amphoion 

23,41,50 

Lactoproteins Milk; whey powder Caseinates, globulins 36,71 
Legume protein Glucine Max Globulin 72 
Modified Polysaccharides 
Hypromellose E464 linear, esterified with 1-metilpropane-1,2-diol 38,61 

OSA Starches E1450 
esterified by octenyl succinate, 2D, 3D-

structured 
73,74 

2 Thermically hydrolysis, or enzymatically
3 Enzymatic conversion of glucose 

4  Not in the list of starches, being one of them

5 Diacylated 
6 Chemical treatment  
7 Our preliminary results 
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It should be noted that although dextrin (E1400) and cyclodextrin (E459) are modified 
starch derivatives, in Table 3 they are classified as natural, since they can be obtained from 
starch by hydrolysis or microbiological method [75, 76]. 

Exotically biopolymers, also common proteins and carbohydrates, actively interact with 
biologically active compounds [72]. Therefore, the kinetic incompatibility of the 
microencapsulated ingredient with the microcapsule shell is not at all excluded. Such 
incompatibility should not appear either immediately or during the microcapsules use in the 
foods. Incompatibility may be expressed either by the interaction with the shell content, or 
by gradual unwanted diffusion of the ingredient from the shell. Another possible reason for 
incompatibility may be the diffusion of destructive agents, for example, oxygen or catalytic 
enzymes, through the shell into the inner cavity of the microcapsule. 

Table 4 
Application areas for microencapsulated food ingredients 

Class: Examples Methods Expected microencapsulation results Ref. 

Minerals: 𝐶𝐶𝑎𝑎2+, 𝑀𝑀𝐸𝐸2+, 𝐹𝐹𝐸𝐸2+  
𝑐𝑐𝑎𝑎 𝑠𝑠𝑎𝑎𝑆𝑆𝑡𝑡𝑠𝑠 𝑐𝑐𝑜𝑜 𝐹𝐹𝐸𝐸3+, 𝑍𝑍𝑛𝑛2+ 

SD, FB 
Isolation of bio-metals (or minerals) in 
order to reduce vitamins’ degradation 

77,78 

Acidity Regulators / Agents:  
Weak acids and bases 

SD, FB 
Delivery to the intestine, bypassing the 

receptors in the oral cavity (taste masking) 
79 

Aroma: Oils, oil extracts, 
aromatic resins. 

EX, SD 
Solid powders which are activated during 

cooking or in the mouth cavity 
19,58, 

62 

Sweet Taste Agents: Natural 
sugars, artificial sweeteners  

FB, SD 
Reducing hygroscopicity, improving 

distribution, prolonging taste 
80,81 

Food Dyes: Carotenoids, 
anthocyanins 

СС, EX 
Dosage, uniform distribution, protection 

over oxidation during storage. 
10,67 

Lipids: PUFA 𝜔𝜔3-𝜔𝜔6, fish oil, 
phospholipids, lecithin 

SD, EM, 
LE8 

Prevention of redox destruction during 
storage, undesirable taste masking (fish oil) 

40-42,
82

Vitamines: liposoluble A, D, 
E, hydrosoluble (B, C...) 

LE, 
Control of release time, exclusion of 

contact with the food matrix 
71,72 

Polyphenols SD, LL 
Prevention of redox destruction during 

storage, undesirable taste masking 
30,58, 
59,83 

Antibodies, Enzymes  
lgY, amilase 

CC, LL 
Stabilization in food matrix, targeted 

delivery to the intestine, release control 
76,84 

Microorganisms and cells   
Bacteria, Fungi, Cyanophyta 

C, SA9 
Isolation from food environment, targeted 

delivery, controlled release 
33,46,60,67

,78 
8  Liposome Entrapment – a promising nanoencapsulation method, based on the formation of liposomes 
 (phospholipidic spheres) and the capture of polar and non-polar substances by them 

9 Self-assembly - a group of methods, characterized by relatively low enthalpy and entropy of MCs production 

 Contradictory influence of the sample’s geometry on mcs properties and stability 
The process of microencapsulation of liquid oils can be defined as the coating of an 

O/W emulsion droplets with a layer or several layers of a shell-forming material. It is generally 
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known that the aggregate stability of colloidal systems increases with a decrease of particle 
size. However, no less important for the stability of the colloidal system is its polydispersity, 
that is, the profile characterizing the presence of particles of different diameters. 

Microcapsules obtained from emulsions by any of the known methods will inherit the 
emulsions polydispersity. 

The effect of polydispersity on the rheological properties of emulsions and, 
respectively, microcapsules, is ambiguous and contradictory, and, moreover, is closely related 
to the values of many other factors, one of which is the concentration of particles of the 
dispersed phase. The most chaotic and unpredictable seems to be a polydisperse emulsions, 
those that are formed during direct dispersion. Monodisperse emulsions and suspensions of 
microcapsules should have much lower entropy. At the same time, the geometry of a 
concentrated monodisperse system resembles a foam, and the process of adhesion of 
microcapsules, in turn, should repeat the mechanism of foam destruction [85]. Finally, 
concentrated mono- and bi-dispersed emulsions are most prone to coalescence (Figure 5). 

Figure 5. Effect of dispersion on the characteristics of emulsions and microcapsules: 
A – diluted polydisperse emulsion; B – concentrate bi disperse emulsion; 

C – concentrate monodisperse emulsion. Arrows show growth of the: 1 – density; 
2 – structural organisation (negentropy); 3 – anti-coalescence stability. 

How to form stable mcs shell? 
The formation and strengthening of the shell around the microencapsulated substance 

occurs according to the thermomechanical, physicochemical and mixed mechanisms. 
Strengthening of the microcapsule shell is achieved in various ways: 

Shell thickness increasing is not possible anytime, but if it is possible, leads to an 
overconsumption of the encapsulating agent or requires an increase in the number of 
microencapsulation cycles in the case of the LL process. 

Increasing the MC-shell strength by removing of water excess from it. Coacervate shells of 
lipid-containing microcapsules can be viewed as a water-based gel that forms on the surface 
of a lipid droplet [31]. Various compounds can lead to syneresis of the coacervate layer. 
Necessity of a desiccant use to strengthen coacervate shells is fraught with the fact that the 
desiccant will perform its function only as long as it is part of the shell itself. Most widely 
used desiccant sodium sulfate - allowed food additive (E514), which has its own bitter taste. 

To achieve the edibility of the coacervate casing (and of MC as a whole), the desiccant 
must be partially or completely removed. Relative rarely used (due to information from 
accessible sources) dialysis and electrodialysis can serve as one of the promising methods of 
removing a desiccant excess from the microcapsules [86]. Though, any attempts to 
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completely remove the desiccant from pure-Gelatin simple coacervation shells lead to shells 
destabilization and release of active content [69].  

Cross-linking. Cross-linking is the strengthening of MCs polymeric membranes at the 
molecular level by means of bi- or polyfunctional agents. There are physical (ionic) and 
chemical cross-linking. Ionic cross-linking involves the interaction of polymer ions with 
oppositively-charged polyions. The allowed food additives tripolyphosphates (E451) and 
citrates (E331) can be used as polyanions. Such a mechanism may seem similar to Layer-by-
Layer, but this is not entirely true. In the LL technique, several oppositely charged layers of 
biopolymers or more or less the same thickness are successively applied [20]. The cross-
linking technique involves a one-time creation of a consistent shell, which is then exposed 
to a binding agent. Effective results can be achieved by a combination of ionic cross-linking 
and the addition of agents that promote the formation of intermolecular hydrogen bonds 
[57]. Chemical cross-linking involves the covalent binding of linear biopolymer molecules 
and the formation of a three-dimensional net structure. For proteins, in particular, gelatin, 
this method is the binding of glutamine and lysine by amide “bridges” under the action of the 
enzyme trans-glutaminase [40]. Various types of cross-linking, i.e. ionic and covalent, if they 
are used separately, all other conditions being equal in similar systems, do not significantly 
affect the shell thickness and the microcapsules size. However, in the case of a combination 
of ionic and chemical crosslinking, microcapsules may become more unstable in presence of 
an excess of ionic crosslinking agent, for example, Na-TPP [87]. 

The influence of various factors on the stability of microcapsules and the efficiency of 
microencapsulation does not always correspond to “natural” expectations. For example, we 
have found that only certain average concentrations of sodium sulfate lead to the formation 
of stable gelatinous alginate shells around the walnut oil droplets [69]. Detailed studies of 
the gelatin: gum arabic system in microencapsulation of olive oil show that an increase in 
the amount of wall material does not always lead to an increase in the efficiency of 
microencapsulation [63]. In other words, for a microcapsule containing liquid oil, both a thin 
and too thick shell are harmful. Even double reduction of tension on the Oil/Water interface 
in the emulsions formed in the biopolymer solutions [88], is able to maintain on surface only 
a thin monomolecular biopolymeric layer; a thick layer, possible, is destroyed by gravitational 
stratification [85]. 

Figure 6. Influence of different Factors to MC stability: Left: Reduction of membrane 
thickness by influence of sodium sulphate – [69]; Right: Influence of wall material 

(Gelatin: Gum Arabic) relationship and quantity - recalculated from data, published in [63]. 
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On the thermodynamics and efficiency of the microencapsulation process 
Direct energy consumption for food production is 4 - 7 MJ/kg, and for some products it 

reaches 10-17 MJ/kg [89]. Therefore, according to actual trends, in the manufacturing of any 
new food products, energy consumption should not increase significantly in comparison with 
traditional processes [90]. Spray Drying, SD, and Fluid Beds, FB, require elevated 
temperatures; Freeze Drying, FD, and Spray Cooling, SC, on the other hand, require cooling 
energy. Another energy-consuming vector is a large number of stages of the process, which 
will lead to an increase systems negentropy, that is, to increase a work, time and energy spent 
on the MCs production. 

Figure 7. Thermodynamic, hence, energetic and economic restrictions for obtaining of 
edible microcapsules. BAC-friendly, relative energetic low methods, are dotted. 

As is shown in the Figure 4, extrusion refers to the category of low energy 
microencapsulation methods. But then another problem arises. It is easy to extrude large 
capsules, which is done industrially very successfully. The reducing the linear dimensions 
(cm, mm) to microns (μm) practically does not reduce the time, required for the production of 
one unit. Thus, the production by extrusion of 1cm3 of microcapsules with a diameter of 100 
microns will require… nothing at all, 1909859, ≈ 2∙106 time longer, than the production of 
single big pharmaceutical capsule with a volume of 1cm3. Recently, very significant advances 
have been made in the development of technologies for obtaining monodisperse emulsions 
and microcapsules based on them [91]. One-piece matrix, containing up to 1000 dispensing 
nozzles, can be produced by 3D printing techniques. But nevertheless, even such truly 
revolutionary solutions are still laboratory, but not industrial. In order to obtain 2000000 
microcapsules per unit of time (with a total volume of only 1 cm3), you will need to have 2000 
such matrices with 1000 nozzles each… 

Thus, from all existing microencapsulation methods, it seems that only liposomal 
entrapment (LE) and both types of coacervation: simple (C), and complex (CC), are realistically 
suitable for use in the manufacturing of relative available food-grade microcapsules. 

Controlled release of biologically active compounds: how not to open the mc-shells 
at the wrong time and place, but to open it in the correct ones? 
As was already noted, the food industry is strictly limited in the use of related 

materials, due to which developments in microencapsulation in the production of innovative 
drugs are ahead of those in the food manufacturing field. For example, methods of nano-
capsulation of chemotherapeutic drugs in elastin-like membranes are being developed, the 
opening of which is activated by components built into the membrane; encapsulated content 
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release take place predominantly by cancer cells [92]. However, the engineering of 
microcapsules at a similar level is quite possible for functional food products, when, for 
example, the active substance is released only under the combined action of factors (pH, 
temperature and enzymes) corresponding to the conditions of the human intestine and even 
its specific zones [55, 93, 94]. Another interesting example of MC engineering is the 
technology of cheese production, in which a controlled release of microencapsulated bixin 
occurs in a ripening product due to the sequential action of proteases and lipases on 
microcapsules containing this food coloring [10]. 

Mathematical modelling of microcapsules properties 
If microcapsules were obtained by simple or complex coacervation only from edible 

compounds, is not always possible, and most importantly, is always not rationally to isolate 
them from the supernatant and to obtain they in solid state. Isolation from the supernatant 
involves additional filtration, energy-intensive spray drying or sublimation steps. Also, the 
attempts to isolate edible microcapsules in dry form fails, because is impossible to avoid their 
sintering [23]. These microcapsules (especially, those obtained by simple coacervation) are 
relatively stable as long as they stay in their own supernatant environment. This limits the 
possibilities for the direct instrumental determinations of some food microcapsules 
parameters.  For the numerical estimation of microencapsulation parameters, it is reasonable 
to resort to a combination of possible direct measurements and indirect evaluative methods. 

Microencapsulation yield, also called recovery [51], is the practical percentage of 
obtained microcapsules (𝑁𝑁𝑀𝑀𝐶𝐶

𝑝𝑝 ), formed from the total initial mass of microencapsulated core 
material (𝑁𝑁𝑐𝑐.𝑚𝑚.

0 ), and of initial mass of shell materials used (𝑁𝑁𝑠𝑠.𝑚𝑚.
0 ): 

𝑌𝑌𝑀𝑀𝐶𝐶 =
𝑁𝑁𝑀𝑀𝐶𝐶
𝑝𝑝

𝑁𝑁𝑠𝑠.𝑚𝑚.
𝑠𝑠𝑛𝑛. + 𝑁𝑁𝑐𝑐.𝑚𝑚.

𝑠𝑠𝑛𝑛. ∙ 100%

Microencapsulation efficiency, EMC [83], also named Loading Capacity, LC [52], is the 
percent ratio of the practically microencapsulated core material (𝑁𝑁𝑐𝑐.𝑚𝑚.

𝑝𝑝 ) vs initial mass of 
active core material (biologically active compounds) introduced into microencapsulation 
process: 

𝐸𝐸𝑀𝑀𝐶𝐶 = 𝐿𝐿𝐶𝐶 =
𝑁𝑁𝑐𝑐.𝑚𝑚.
𝑝𝑝

𝑁𝑁𝑐𝑐.𝑚𝑚.
𝑠𝑠𝑛𝑛. ∙ 100%

Core material volumetric fraction [93],  𝜑𝜑𝑐𝑐.𝑚𝑚., in the microcapsules of radius r (diameter 
d) with a known thickness h, may be calculated by the equation:

𝜑𝜑𝑐𝑐.𝑚𝑚. =
𝑉𝑉𝑐𝑐.𝑚𝑚.
0

𝑉𝑉𝑀𝑀𝐶𝐶0
=

(𝑎𝑎 − ℎ)3

𝑎𝑎3
=

(𝑑𝑑 − 2ℎ)3

𝑑𝑑3

Distribution width (Span). The distribution width can be estimated as: 

𝑆𝑆𝑆𝑆𝑎𝑎𝑛𝑛 =
𝐷𝐷90% − 𝐷𝐷10%

𝐷𝐷50%

in which Di% is diameter, below which i% of sample is contained [6, 95]. 
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Polydispersity characterizes the size distribution of microcapsules in much more detail 
than the distribution width. In a test sample containing microcapsules with a total volume 
∑𝑉𝑉, polydispersity can be expressed by a distribution curve, in which the volumetric fraction 
of microcapsules, 𝜑𝜑𝑠𝑠 is a function of their radius 𝑎𝑎𝑠𝑠 [22] 

𝜑𝜑𝑐𝑐𝑎𝑎 =
𝑉𝑉𝑐𝑐𝑎𝑎
∑𝑉𝑉

Experimental values of radius or diameter can be obtained by counting of representative 
samples consisting of not less than 100-150 microcapsules in magnified microscopic images 
[22, 88]. 

Figure 8. Transformation of MC image into “normal distribution”. 

On the effect of microcapsules on foods sensory perception 
Appearance and consistency of food systems are of great importance to the consumer. 

Therefore it is important that the microcapsules be distributed evenly throughout the food 
product without forming a separate phase. One of the factors of such a uniform distribution 
is the equal density of microcapsules and the food environment in which they are located, 
𝜌𝜌𝑀𝑀𝐶𝐶 = 𝜌𝜌𝑝𝑝𝑛𝑛𝑒𝑒. 

𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔

=
𝒎𝒎𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 ∙ 𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔
𝒎𝒎𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔 ∙ 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

=
𝑹𝑹𝑴𝑴𝑪𝑪𝟑𝟑 − 𝑹𝑹𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝟑𝟑

𝑹𝑹𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝟑𝟑  

(𝜌𝜌𝑀𝑀𝐶𝐶 − 𝜌𝜌𝐶𝐶𝑐𝑐𝑐𝑐𝑝𝑝) ⋅ 𝑅𝑅𝐶𝐶𝑐𝑐𝑐𝑐𝑝𝑝3 + 2𝐿𝐿(𝜌𝜌𝑀𝑀𝐶𝐶 − 𝜌𝜌𝑆𝑆ℎ𝑝𝑝𝐴𝐴𝐴𝐴) ⋅ 𝑅𝑅𝐶𝐶𝑐𝑐𝑐𝑐𝑝𝑝2 + 

+ 2𝐿𝐿2(𝜌𝜌𝑀𝑀𝐶𝐶 − 𝜌𝜌𝑆𝑆ℎ𝑝𝑝𝐴𝐴𝐴𝐴) ⋅ 𝑅𝑅𝐶𝐶𝑐𝑐𝑐𝑐𝑝𝑝 + (𝜌𝜌𝑀𝑀𝐶𝐶 − 𝜌𝜌𝑆𝑆ℎ𝑝𝑝𝐴𝐴𝐴𝐴) ⋅ 𝐿𝐿3 = 0 

(𝝆𝝆𝒔𝒔𝒆𝒆𝒆𝒆 − 𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔)𝑹𝑹𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝟑𝟑 + 𝟐𝟐𝟐𝟐𝑹𝑹𝒄𝒄𝒄𝒄𝒄𝒄𝒔𝒔𝑹𝑹𝑴𝑴𝑪𝑪(𝝆𝝆𝒔𝒔𝒆𝒆𝒆𝒆 − 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) + (𝝆𝝆𝒔𝒔𝒆𝒆𝒆𝒆 − 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔)𝟐𝟐𝟑𝟑 = 𝟎𝟎 

The solution of the last third-order equation using the Cardano algorithm [96] makes 
it possible to mathematically calculate the practical values of the MC size at which the 
processes of their sedimentation or stratification in model or real systems are minimized. 

About the foods, suitable for mcs introduction 
The introduction of microcapsules into milk and cream led to their uneven distribution 

in the volume of the product, and even to the formation of separate layers and clots consisting 
of microcapsules. Dairy products, obtained from fermented milk (fat-reached kefir and sour 
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cream), turned out to be friendlier to the microcapsules, introduced into them [97]. The 
consistency of kefir and sour cream allowed the microcapsules to be distributed evenly 
throughout the volume of these products, at the same time, without changing their sensorial 
characteristics. Using various nanoencapsulation techniques, it is possible to obtain a wide 
range of food products enriched with encapsulated BACs, including yoghurts, fruit juices, and 
some bread and meat products [98].  

Recently, it seems, gradually comes the understanding that the success of 
microencapsulation of biologically active substances specifically for food products is closely 
related to the thermodynamic characteristics of the corresponding methods. It is not 
accidentally mentioned, that the coacervation process (also named “phase inversion”) - is 
predominantly isothermal [99]. The use of already existing working technological lines, 
taking into account the thermodynamics of the innovative processes introduced into them, 
allows the creation of innovative food products with low negentropy [100]. A similar approach 
should finally bring microencapsulation to the level of mass industrial use.  

 

Conclusion 
Microencapsulation technologies, which have proven themselves in the production of 

convenient dosage forms, in cosmetology and many other fields, still remain mostly only 
“promising” for the food industry. 

Scientific and technological still require a solution for number of challenges. The 
kinetic instability and solubility of natural biopolymer casings in food environments limits 
the scope of application of microcapsules in food products. The search for new edible 
compositions based on natural polymers and fibers for stable microcapsule shells should be 
continued. Ideally, all accompanying ingredients should have a status “quantum satis” for use 
in food manufacturing.  
The possibilities of BAC microencapsulation will always be limited by the temperature 
regimes acceptable for working with biologically active compounds and with useful 
microflora, because these are often existing in a narrow temperature range. An increase in 
the cost of a product during the modernization of its production technology is most sensitive 
for the consumer. The multistage process of microencapsulation, the practical impossibility 
of making it continuous, and therefore additional costs, reduce the possibilities of application 
of known technological solutions for the MCs production for foods. Serious questions are also 
raised by the possibility of sterilization of microcapsules and their long-term storage as such, 
as a separate product. 

It has been shown by using thermodynamic functions, that such methods of MC 
production as simple coacervation, complex coacervation and liposomal entrapment are 
thermodynamically reasonable for BACs nano- and microencapsulation.  

The implementation of these three basic methods is a big challenge for equipment 
developers: these three methods still exist in the form of laboratory solutions, and their 
elegant embodiment in the form of working industrial technology has not been realized yet. 

Food-grade microcapsules should release biologically active compounds or beneficial 
microflora only in the desired sector of the digestive tract, that is, the release should not 
occur in the composition of food, but should be activated only by certain digestive enzymes. 

The real ways of using microcapsules in food technologies are associated with the 
direct integration of the microencapsulation process into the technological cycle of the 
production of specific food products. Moreover, these products should initially have a texture 
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and consistency that allow microcapsules to be aggregation resistant, not to exfoliate or 
break down prematurely, while maintaining their functions of protection and targeted 
delivery of biologically active compounds. Such products should be highly viscous colloidal 
systems. Thereby, the traditional fermented milk products and yoghurts, ice cream and juices 
with pulp, curd and cheese, are mostly suitable for supplementation of them by BAC using 
microencapsulation. 
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