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Abstract: The consumption of probiotics has been associated with a wide range of health benefits for
consumers. Products containing probiotics need to have effective delivery of the microorganisms for
their consumption to translate into benefits to the consumer. In the last few years, the microencapsulation
of probiotic microorganisms has gained interest as a method to improve the delivery of probiotics in
the host as well as extending the shelf life of probiotic-containing products. The microencapsulation
of probiotics presents several aspects to be considered, such as the type of probiotic microorganisms,
the methods of encapsulation, and the coating materials. The aim of this review is to present an updated
overview of the most recent and common coating materials used for the microencapsulation of probiotics,
as well as the involved techniques and the results of research studies, providing a useful knowledge
basis to identify challenges, opportunities, and future trends around coating materials involved in the
probiotic microencapsulation.
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1. Introduction

Probiotics are defined by the Food and Agriculture Organization of the United Nations (FAO)
and the World Health Organization (WHO) as “living microorganisms which, when ingested in certain
amounts, provide health benefits to the host” [1]. The consumption of probiotics positively influences
the growth of targeted microorganisms in the host gastrointestinal tract, eliminates harmful bacteria or
fungi, and boosts the naturally occurring defence actions of the host’s immune system. Additionally,
it also helps in the treatment for irritable bowel syndrome (IBS), gastrointestinal dysbiosis, as for other
intestinal disorders [2—4]. Most of the known probiotics are Generally Recognized As Safe (GRAS),
including Lactobacillus and Bifidobacterium species, and certain yeast strains such as Saccharomyces
boulardii, S. cerevisine CNCM 1-3856, and Lipomyces starkeyi VIT-MNO3 [3—6]. Several mechanisms are
proposed on how these microorganisms are beneficial to the host wellbeing. Some examples are: by the
production of antimicrobial or antifungal peptides; by stimulating changes in the intestinal environment
which make it unfavourable for other microorganisms, including pathogens; as well as by competing
for nutrients and for attachment to intestinal epithelial cells [7-9]. Probiotic microorganisms are also
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required to have certain features, such as: genetic stability; resistance to the gastric environment (acid
and bile tolerance); adhesion capability to a mucosal surface; good in vitro/in vivo growth properties;
maintaining high viability at processing; survival during storage, among others. These features ensure
the survivor of a large number of these beneficial microorganisms for the successful colonization of the
host’s colon. Strict safety criteria are also compulsory, such as origin, the lack of pathogenicity and
infectivity, or presence of virulence factors (toxicity, metabolic activity, and intrinsic properties, i.e.,
antibiotic resistance) [10,11].

Microencapsulation with edible coatings is often used to carrying a wide variety of products, such as:
probiotics, flavours, fragrances, enzymes, antioxidants, antimicrobials, lipids, minerals, edible pigments,
nucleicacids, etc. [12,13]. During the last decades, the microencapsulation has arisen as a trendy method for
enhancing the survival of probiotic microorganisms. Probiotic microcapsules, when ingested, should result
in more efficient probiotic delivery to the host gastrointestinal tract [14,15]. The term “microencapsulation”
is defined as a process in which tiny particles or droplets of liquid or solid material are surrounded by
a coating, or embedded in a homogeneous or heterogeneous film of polymeric matrix, to give small
capsules with many useful properties [16,17]. According to the size, the capsules can be classified as:
macro- (>5000 pum), micro- (0.2 to 5000pum), and nano-capsules (<0.2 um) [18].

The protection efficiency provided by microencapsulation depends on many parameters, such as
the probiotic microorganism strain, the method of microencapsulation, the coating material, among
others. Microencapsulation has proven to reduce probiotic cell damage and enhance survival in simulated
gastrointestinal fluid (SGIF) models. [14]. Coating material gives protection to the microorganism
through the control of stress response mechanisms against gastric environment, which involve: moisture,
solute migration, gas exchange, oxidative reaction rates, etc. It also offers protection from adverse
external conditions as UV light and heat. Many technical approaches based on several physical and
chemical principles have been explored for the microencapsulation of probiotic microorganism. Successful
methods of microencapsulation include: spray drying; spray chilling; spray freeze drying; extrusion;
electrospraying; layer-by-layer; fluidised bed drying; and other physicochemical techniques such as
emulsification and coacervation. Furthermore, most of the coating materials currently used in the
microencapsulation of probiotics mainly comprises proteins, polysaccharides, and lipids. These naturally
occurring polymers, or their chemically modified versions, are often used alone or in blends to form the
structural coatings [19]. A successful probiotic microencapsulation mainly depends on the compatibility of
all the components, namely the type of microorganism, the method of microencapsulation and the coating
material. Little changes in the composition of coating and/or core material, as well as in the physical
and/or chemical treatments that the capsules are subjected to, make great differences in the final properties
of the microcapsule [20]. In this regard, this review aims to give an overview of the most featured edible
coating materials used until to date for the microencapsulation of probiotics. This work first summarises
current methods of microencapsulation and then further presents a review of the commonly used coating
materials, such as proteins, polysaccharides, and lipids.

2. Methods for Microencapsulation of Probiotics

The physical and/or chemical properties of the edible microcapsule are largely defined by the
method of encapsulation, the probiotic microorganism, and the coating admixtures. Modern and
innovative methods for microencapsulation have been developed in the last decades, which led to
creating a wide variety of functional probiotics microcapsules. Table 1 summarizes the different
methods commonly employed for the microencapsulation of probiotics whereas Table 2 summarizes
the permeability properties of films based on edible film-forming materials. However, it is important
to point out that food industries more likely prefer cheaper processes. So, from the industrial
perspective the main aspect of the method applied to manufacture is the cost; it should be cheap
and also functional without compromise ethics or the quality of final product. The different
methods for the microencapsulation of probiotic microorganisms involved several physical and
chemical principles. Successful methods used in the microencapsulation of probiotics include:
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spray drying [21,22]; spray chilling (also called spray cooling or congealing) [23,24]; spray freeze
drying [25,26]; lyophilisation [27,28]; electrospraying [29,30]; layer-by-layer [31,32]; fluidised bed
drying [33,34]; extrusion [35,36] and its improved version: the vibrating nozzle technology [37,38].
Emulsification [39,40] and coacervation [41,42] are other important and often used physicochemical
techniques. Although uniform particle size distribution may be preferred in many applications, these
different microencapsulation methods produce microcapsules with a wide range of particle sizes.
Figure 1 provides some basic guidelines to help decide which of the described microencapsulation
methods could be most suitable for a particular, desired microcapsule size. Nonetheless, it should be
considered that, in addition to the method, the particle size output of the microcapsules also varies as a
function of the coating materials employed for the probiotic microencapsulation (Table 1).

Mittiod Particle size (um) SCH SFD
Min Max
Electrospraying ~0.3 600
Spray drying 8 ~612
Coacervation 10 3,000 FBD
Extrusion 15 3,500
Emulsification ~55 2,250 EXVN
Fluidized bed drying (FBD) ~56 ~133
Lyophilisation (LYO) 70 800 Lyophilisation
Spray chilling (SCH) 79 83
Extrusion, vibrating nozzle (EXVN) 110 1.250 Emulsification
Spray freeze drying (SFD) 1,000 1.400
Extrusion

Coacervation
Spray drying

Electrospraying

0.1 um lum 10 pm 100 um 1000 um 10000 um
Particle size

Figure 1. Output particle size ranges of the different methods employed for the microencapsulation of
probiotic microorganisms.

The various methods described below have the same aim, namely, coating living microorganisms with
a protective layer. However, these methods have different basic principles. The specific operating conditions
employed by the listed methods, as well as the encapsulation efficiency, are summarised in Table S1.

The spray drying and spray chilling methods for the microencapsulation of probiotics are similar in
many ways; both methods involve dispersion of the core material via atomization into a chamber with
an environmental condition that promotes the solidification of coating. Then, the formed microcapsules
are separated from the humid air by a filter or by a cyclone in order to collect them in powder form.
The temperature of the chamber for coating solidification is the main difference between these methods.
During spray drying, hot air lead to the rapid evaporation of solvent in which the coating material is
dissolved, while in spray chilling solidification is accomplished by atomising the hot molten mixture
of core-coating materials in an environment which is cooled below the melting point of the coating
material [43,44]. Freeze drying is also denominated as lyophilisation or cryodesiccation. It is a drying
process in which the solvent medium is frozen and then sublimed (direct transition from the solid
phase to the gas phase) under a reduced pressure environment. On the other hand, in the spray
freeze drying technique, a liquid containing the coating and core materials is sprayed into a cryogenic
chamber wherein the spray droplets are rapidly frozen. Then the frozen droplets are lyophilised to
take away the solvent and generate dried particles [43,45].
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Extrusion and emulsification are both basic techniques used to produce hydrocolloid microcapsules,
which are also denominated droplet and two-phase system methods, respectively. The extrusion
method consists in the preparation of a hydrocolloid solution containing the probiotic cells. Then,
the suspension is forced through a small orifice, as a syringe needle, in a way that the resulting
droplets freely drip into the hardening solution. The droplet scheme is an old, cheap, and common
procedure to create microcapsules. However, in spite of the low cost of production, the most important
disadvantage of this procedure is that the coating of microcapsules has slow solidification rates, which
makes difficult to scale-up the process [46]. An evolving progress of the extrusion process is the
vibrating nozzle method [47]. This method is based on a mechanical principle where a vibrational
frequency, with defined amplitude, is applied to an extruded jet causing that the laminar jet break-up
in defined-size droplets [48]. The droplet size depends on jet diameter, the velocity of the extruded
fluid, viscosity, surface tension, and the frequency of disturbance. During the last decades, studies
focused on the microencapsulation of probiotic have been using the vibrating technology [37,49-51].

The emulsification method is another cheap method for the probiotic microencapsulation process
that, in contrast to extrusion, can be easily scaled-up. By mixing the probiotic cells and the coating polymer
in aqueous and oil phases, a ‘solution-like” is formed consisting of small droplets. Then, the water soluble
polymer becomes insoluble after the addition of cross linking agents (e.g., calcium chloride) which lead to
the formation of gel particles in the oil phase. Later, microcapsules can be recovered by filtration [52]. The
size of the microcapsule in this process is mainly defined by the agitation rate of the mixture. Emulsifying
agents (e.g., Tween 80 and lauryl sulphate) decrease the interfacial tension of the two immiscible phases
producing a better homogenization and can be used for the preparation of smaller capsules [46,53].

Microencapsulation by coacervation basically consists of three steps performed under continuous
agitation. The first step involves the formation of three immiscible chemical phases: the assembly
liquid, the core medium, and the coating material. The second step consists of a phase of coating
deposition, where the core material is dispersed in the polymer coating solution. The last step is
the rigidification of coating, where the immiscible coating material becomes rigid, which generally
involves warm, cross-connect, or desolvation methods. Furthermore, the coacervation method can be
divided into simple and complex categories. Simple coacervation involves the addition of a strongly
hydrophilic substance to a colloid solution to form two phases, while complex coacervation manipulates
the acidic/basic nature of one or more colloid system to induce the production of microcapsules [18,54].

Among the different methods mentioned previously, the electrospraying, the layer-by-layer,
and the fluidised bed drying are emerging methods in the field of the microencapsulation of
probiotics. The electrospraying technology used for microencapsulation is based on the principle
of electrohydrodynamics. Electrospraying is also known as electrohydrodynamic atomization.
The process typically involves a high voltage electrical field which is applied to a capillary where a
liquid, containing the core material, flows and it is sprayed towards a charged collector where the
spherical droplets are deposited. The solidification occurs by different means, for example by chemical
hardening or by solvent evaporation. This method was combined with other microencapsulation
techniques to increase the efficiency of the microencapsulation process. Until now, the electrospray
extrusion technique has been successfully used for probiotic microencapsulation [29,55].

The layer-by-layer method (LbL) is based on the chemical electrostatic attraction of positively
and negatively charged materials [56]. The preparation of microcapsules by LbL consists in the
self-assembly of layers by electrostatic adsorption of materials with opposite charge to the surface of
the core material. This method represents an efficient strategy to assemble multi-layered capsules
by the sequential exposure of charged substrates on the core material surface. The process can be
repeated until obtaining the required number of coating layers [57]. Finally, in the fluidised bed drying
method the core material is fluidised in the gaseous phase and mixed with the coating material in the
form of particles or fine droplets. The coating material is deposited on the surface of the core material
and forms a layer due to electrostatic forces. Two studies have demonstrated the effectiveness of the
fluidised bed drying method for probiotic microencapsulation [33,34].
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Table 1. Different works reporting the microencapsulation of probiotics. The table summarizes the probiotic microorganisms, the method of microencapsulation, and
the coating material employed for the development of probiotic microcapsules, as well as the reported average particle size.1.

ine Material ** . .
Probiotic Method * Coating Materia Part(ldri)s 1ze Reference
Inner External H
Lactobacillus paracasei subsp. paracasei E6, e WPI + GA . 10-15 58]
Lactobacillus paraplantarum B1
Lactobacillus paracasei subsp. paracasei E6, CC + EX WPI + GA A 2000-3000 [41]
Lactobacillus paraplantarum B1
Lactobacillus acidophilus La-5 CC +LYO G+ GA - 227.05 [42]
Lactobacillus plantarum BLO11 ES A - 7-2000 [29]
A+P
Bifidobacterium longum BIOMA 5920 ES A +CLG - 300-600 [55]
Lactobacillus acidophilus TISTR 1338 ES A+Z - 500-600 [55]
Bifidobacterium animalis subsp. lactis Bb12 ES WPC + Pul - 1.1-4.7 [55]
Lactobacillus plantarum CECT 748 T ES WPC - ND ** [30]
Lactobacillus acidophilus PTCC 1643,
Bifidobacterium bifidum PTCC 1644 EM A+ Cao YCW 90-117 (51
Bifidobacterium BB-12 EM A + CaO - 54-55 [60]
Lactobacillus casei NCDC-298 EM A + RS + SO SA, BW, PLL ND [61]
Lactobacillus casei NCDC-298 EM A+ SO - ND [62]
Lactobacillus helveticus R0052 EM P+ CaO WPI 90-130 [63]
. . SC + Ca0O,
Lactobacillus casei 431 EM SC + GG + CaO - 287-399 [64]
Lactobacillus paracasei ssp. paracasei F19, EM SC + Tgase + SFO ) 165 + 23 [65]

Bifidobacterium lactis Bb12
Lactobacillus acidophilus EM CGNs + VF - ND [39]
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Table 1. Cont.

Probiotic

Coating Material **

Particle Size

Method * (um) Reference
Inner External Hm
Lactobacillus rhamnosus Lr-32,
Bifidobacterium longum BI-05,
Lactobacillus salivarius Ls-33,
. A + VF,
Lactobacillus plantarum Lpc-37,
Lactobacillus acidovhilus NCFM GUG + VE
: phi ’ EM XG + VE, - ND [40]
Lactobacillus paracasei Lp-115,
L . . LBG + VF,
Bifidobacterium lactis type Bl-04, CGN + VF
Bifidobacterium lactis Bi-07,
Lactobacillus rhamnosus HOWARU
Bifidobacterium bifidum HOWARU
Lactobacillus F19, SC + Tgase + SFO,
Bifidobacterium lactis Bb12 EM +1YO SC + RS + Tgase + SFO . ND [66]
. . . G + CoO, 66.07 + 3.24
Lactobacillus plantarum (Digestive Care, USA) EM + CC G+GA - 105.66 < 3.24 [67]
Lactobacillus acidophilus La5 EM + CC P+B WPI 230-270 [68]
Lactobacillus acidophilus LA-5, EM, k-CGN + CoO,
Bifidobacterium bifidum BB-12 EX A ) 500-1000 [69]
Bifidobacterium bifidum BB-12, EM, k-CGN + CoO, ) 300-400 [70]
Lactobacillus acidophilus LA-5 EX A 200-300
. EM, A+ XG+1I+00, 600-900
Lactobacillus plantarum CECT 220 (ATCC 8014) EX A+XG+1 - 1860-2250 [71]
Lactobacillus plantarum MF369875.1,
Weissela paramesenteroides CP023501.1, AS + WP, 382.8
Enterococcus faecalis HQ802261.1, EX+LYO M + WP ) 349.92-458.91 [72]
Lactobacillus paraplantarum AB362736.1
Lactobacillus acidophilus TISTR 1338 EM + ES + FBD A +EA +SA - 450 + 50 [34]
Lactobacillus casei ATCC 393 EX A Ch, CMCS 2200 + 100 [73]
Lactobacillus acidophilus, EX A+ GUG ) 2000-5000 [35]

Lactobacillus bulgaricus

6 of 34
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Table 1. Cont.

Coating Material **

Particle Size

Probiotic Method * (um) Reference
Inner External Hm
Lactobacillus bulgaricus . 750 + 12
(Hangzhou Wahaha Group. Co. Ltd.) EX A+ Milk ) to 890 + 25 511
Bifidobacterium lactis BI07 A + XG,
Lactobacillus acidophilus LA14 EX A + CAP ) 1000-2000 [74]
Lactobacillus casei W8® EX P - ND [36]
Lactobacillus acidophilus 547, A + PLL,
Bifidobacterium bifidum ATCC 1994, EX A Ch, 1890 [75]
Lactobacillus casei 01 A
Lactobacillus reuteri (PTCC 1655) EX A - 1000-2250 [76]
Lactobacillus plantarum TN8 EX A Ch 20 [77]
Lactobacillus plantarum NCIMB 8826 EX AP Ch 2500-3500 [78]
Bifidobacterium sp. EX A + CMCH - ND [79]
Lactobacillus acidophilus,
Lactobacillus bulgaricus EX A+GUG ) ND (351
Lactobacillus casei Shirota (Yakult®) EX A+RS Ch 500 [80]
Lactobacillus acidophilus CSCC 2400 and 2409 EX A+ RS A, Ch,PLL 450-500 [81]
Lactobacillus acidophilus La5 EX A+ RS - 50-80 [82]
. 3030 + 30
Lactobacillus plantarum TISTR 050 EX A + SPI - to 3440 + 60 [83]
Lactobacillus plantarum ATCC:13643 EX CMC, - 86-95 [84]
P ' CMC + k-CGN
Lactobacillus acidophilus
(Synbiotech Biotechnology Co., Ltd.) EX XG+Ch XG ND (851
Bifidobacterium lactis EX XG + GG - 20-2200 [86]
Lactobacillus acidophilus LA1 EX A +C8 + GUG, . 15-180 [7]

A + CS + FOS

7 of 34
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Table 1. Cont.

Coating Material **

Particle Size

Probiotic Method * (um) Reference
Inner External um
Lactobacillus plantarum 299v, 800, and CIP A159 EX + LYO A WP ND [88]
Lactobacillus plantarum LAB13 EX + LYO A, A+ XG Ch 1343.2 +4.8 [89]
Lactobacillus gasseri,
Bifidobacterium bifidum (CECT) EX+1YO A+ Ch ) 340-360 501
Lactobacillus plantarum LAB12 EX +LYO A+XG, Ch 1302-1335 [89]
P A +XG + p-CD
. . . . A, )
Lactobacillus acidophilus La-14 (Danisco) EX + LYO A+ RS+ Ch - 112.5;114.5 [91]
Yarrowia lipolytica VIT-MNO1, A+ BBG 700-750
. A + FMBG 750-800
Kluyveromyeces lactis VIT-MNO02, A +GA ND
Lipomyces starkeyi VIT-MNO3, EX + LYO WPLCh [92]
LS A + OBG 600-650
Saccharomycopsis fibuligera VIT-MIN04,
Brett torsi VIT-MNO7 A + PMBG 750-800
rettanomyces custersianus A + RBG 850-899
. EX, Ch + LF + SC,
Lactobacillus rhamnosus GG, LMG 18243 LBL A Ch + DS 130 + 47 [93]
Lactobacillus reuteri DSM 17938 EXVN A Ch 110 x5 [37]
Bifidobacterium longum subsp. infantis
(UMA 298, UMA 299, MA 300, UMA 305), EXVN A Ch 310-340 [04]
Bifidobacterium longum subsp. longum
(UMA 306, UMA 318, UMA 401, UMA 402)
y o A + WPI, WPI WP, A 900-1250
Saccharomyces boulardii (Ultralevure, n° 325988.5) EXVN A A + WPI A, WPI 800-1200 [95]
A + HPMC,
A + CMC,
o ) . A + MCC,
Bifidobacterium lactis 300b EXVN A+ MS, - 1054-1066 [38]
A+D,

A + Pul

8 of 34
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Table 1. Cont.

. . e . ;
Probiotic Method * Coating Material Part(lcll:;)s 1ze Reference
Inner External M
Lactobacillus rhamnosus GG ATCC 53103 EXVN WPI - 200 [96]
Bifidobacterium animalis spp lactis NCC 2818 FBD HPMC HPCP 55.6-132.7 [33]
(BL818)
Bacillus coagulans ATCC 7050 LBL A Ch ND [31]
Lactobacillus acidophilus LBL Ch CMC ND [32]
. FOS + WP,
Lactobacillus plantarum MTCC 5422 LYO FOS + DWPI - 70-90 [28]
) LYO, A + WP],
Lactobacillus plantarum MTCC 5421 SDY A + DWPI - ND [97]
Lactobacillus casei DSM 20011,
Lactobacillus reuteri DSM 20016, LYO + EXVN A - 600-800 [49]
Lactobacillus bulgaricus DSM 20081
Saccharomyces cerevisiae DSY-5 LYO GUG - ND [27]
Lactobacillus acidophilus LA3, SCH,
Bifidobacterium animalis subsp. 103 lactis BLC1 CC +LYO VE G+GA 79-83 23]
Lactobacillus reuteri DSM 17938 SDY A Ch 3 [98]
Lactobacillus acidophilus La-05,
Bifidobacterium lactis Bb-12 SbY CAP ) 550 591
Ch+1, 11.39
Lactobacillus acidophilus NRRL (B-4495) SDY Ch+M, Ch+I,Ch+M 13.94 [100]
G+M 21.37
GA + seed, leaf, or pulp
Lactococcus lactis Ghl SDY extract of miracle fruit - ND [21]
(Synsepalum dulcificunt)
Bifidobacterium PL1 SDY MS - 5 [101]
Lactobacillus acidophilus La-05 SDY SE+M - 497 £2.33 [22]

to 8.82 + 4.07
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Table 1. Cont.

10 of 34

X e e . .
Probiotic Method * Coating Material Part(lcl:;)S 1ze Reference
Inner External H
SW,
Bifidobacterium lactis Bb12 SDY SWI, - ND [102]
SWP
WPI,
HWP,
Lactobacillus rhamnosus GG SDY DGS, - ND [103]
RS,
SFO
p . o SDY, WP, 20
Bifidobacterium bifidum F-35 EM WPI + SO - 200 [104]
oYiscn Gaspen o aman
Bifidobacterium bifidum BB-12 SCH + SDY HPO GA + B-CD, 244.55-612.54
Lactobacillus paracasei LMG P-21380 SFD MT - 1000-1400 [25]
A + WPI,
. WPI + FOS,
Lactobacillus plantarum MTCC 5422 SFD A + DWPL - 53.99-105.07 [105]
DWPI + FOS,
SFD,
Lactobacillus plantarum MTCC 5422 LYO, WPI - ND [26]
SDY

* Microencapsulation method: Complex coacervation (CC), Emulsification (EM), Electrospraying (ES), Extrusion (EX), Extrusion by vibrating-nozzle (EXVN), Fluidized bed drying (FBD),
Layer-by-layer (LBL), Lyophilisation (LYO), Spray chilling (SCH), Spray drying (SDY), Spray freeze drying (SFD). ** Coating material: Proteins: Collagen (CLG), Denatured whey protein
isolate (DWPI), Egg albumen (EA), Gelatine (G), Hydrolysed whey protein (HWP), Lactoferrin (LF), Poly-L-lysine (PLL), Sodium caseinate (SC), Soy extract (SE), Soy protein isolate
(SPI), Sweet whey—inulin (SWI), Sweet whey—polydextrose (SWP), Sweet whey (SW), Whey protein (WP), Whey protein concentrate (WPC), Zein (Z), Whey protein isolate (WPI).
Tgase: Microbial transglutaminase; Polysaccharides: Alginate (A), Arrowroot starch (AS), Barley bran gum (BBG), Carboxymethyl cellulose (CMC), Carboxymethyl chitin (CMCH),
Carboxymethyl chitosan (CMCS), Carrageenan (CGN), Cellulose acetate phthalate (CAP), Chitosan (Ch), Corn starch (CS), Dextran sulfated (DS), Dextrin (D), Dried glucose syrup (DGS),
Finger millet bran gum (FMBG), Fructooligosaccharides (FOS), Gellan gum (GG), Glucono-d-lactone (GDL), Guar gum (GUG), Gum Arabic (GA), Hydroxypropyl cellulose - poloxamer
(HPCP), Hydroxypropyl methyl cellulose (HPMC), Inulin (I), Locust bean gum (LBG),Maltodextrin (M), Maltodextrin-Trehalosa (MT), Microcrystalline cellulose (MCC), Modified starch
(MS), Oats bran gum (OBG), Pear] millet bran gum (PMBG), Pectin (P), Pullulan (Pul), Resistant starch (RS), Rice bran gum (RBG), Xanthan gum (XG), Yeast cell wall (YCW), 3-cyclodextrin

(B-CD); Lipids: Bee wax (BW), Canola oil (CaO), Corn oil (CoO), High-oleic sunflower oil (SFO), Hydrogenated palm oil (HPO), Olive oil (OO), Soybean oil (SO), Stearic acid (SA),
Unsalted butter (B), Vegetable fat (VF). *** ND: Not determined.
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Table 2. Different works reporting the water vapor, O,, and CO, permeability of some edible films.
Water Vapour Permeability O; and CO, Permeability
Coating Material WVP PO, PCO,
Test Conditions (10712 gm~1.s71.Pa~1)  Test Conditions (10710 L. m~1.d-1.Pa-1) References
Proteins
Collagen (CLG) 25°C, 50% RH 211 + 44 =¥ - - [106]
Zein (2) 21-30 °C, 0/85% RH 116 20 °C, 60% RH 0.31 231 [107]
25°C, 50% RH 3900 - - - [108]
Egg albumen (EA)g 25 °C, 100/50% RH 2310 - - - [109]
Heat denatured whey protein isolate (DWPI) 25°C, 50% RH 922 - - - [110]
Hydrolysed whey protein (HWP) 25°C, 35% RH 944 - - - [111]
Mammalian gelatin films 25°C, 0/81% RH 523 - - - [112]
Sodium caseinate (SC) 25°C, 0/81% RH 425 25°C,77% RH 8.8 52.78 [113,114]
23°C, 55% RH 3580 . . § [115]
5-35 °C, 100/50% and 100/70%RH 1600-4400 - - - [116]
Soy protein isolate (SPI) 25°C, 50% RH 830 - - - [117]
25°C, 50% RH 3540 25C, 50% RH - - [118]
Whey protein (WP) 25 °C, 100/55% RH 616-4170 25°C, 50% RH 0.012 2.13 -
Whey protein concentrate (WPC) 23°C,55% RH 2960 - - - [115]
L 23 °C,50% RH 3830 - - - [119]
h 1 PI ’
Whey protein isolate (WP1) 23°C, 55% RH 3370 - - - [115]
[-casein 22.5 °C,53/11% and 53/76% RH 179-523 - - - [120]
Polysaccharides
. 20 °C, 100/50% RH 3900 - - - [121]
Al A
ginate (A) 25°C, 50% RH 102 583 139 [122]
Amylose 25 °C, 100/0% RH 370 - - - [123]
Arrowroot starch (AS) 25°C, 75% RH 419 - - - [124]
Barley p-glucan-protein alkaline extracts 25°C, 50% RH 400 - - - [125]
Barley p-glucan-protein non alkaline extracts 25°C, 50% RH 1400.0 - - - [125]
Carboxymethyl cellulose (CMC) 25°C,75% RH 298 - - - [126]
Carboxymethyl chitosan (CMCS) 25°C, 53% RH 236 - - - [127]
Carrageenan (CGN) 25 °C, 100/50% RH 1900 3.62 - - [121]
Cellulose acetate phthalate (CAP) 25°C, 52% RH 69.8-116 - - - [128]
. 25 °C, 100/50% RH 490 25°C, 93% RH 0.0014 - [129]
Chitosan (Ch) 25°C, 53% RH 181 . . . [127]
Gellan gum (GG) 21 °C, 0/54% RH 158 - - - [130,131]
Guar gum (GUG), 25°C, 53% RH 128 - - - [132]
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Table 2. Cont.
Water Vapour Permeability O3 and CO; Permeability
Coating Material WVP PO, PCO,
Test Conditions (1012 gm~1.s71.Pa~1)  Test Conditions 101 L.m-1.d-1.Pa-1) References
Polysaccharides
Resistant starch (RS) 25°C, 50% RH 1.17 x 10* - - - [108,133]
Hydroxypropyl cellulose - poloxamer (HPCP), 30 °C, 11% RH 52-66 30 °C, 0% RH 2.59-3.2 - [134]
Hydroxypropyl methylcellulose (HPMC) 27 °C, 0/85% RH 105 25 °C, 50% RH 0.12-1.16 - [129,135]
Inulin (T) - - - - - [136]
Locust bean gum (LBG) 25°C, 53% RH 114 - - - [132]
35 °C, 0/90% RH 55.6 - - - [137]
Methyl cellul MC
ethyl cellulose (MC) 25 °C, 0/75% RH 76-92 30 °C, 0% RH 2.17-12.96 69-743 [129]
Microcrystalline cellulose (MCC) 25 °C, 50% RH 277 - - - [138]
Oats protein 25°C, 100% RH 760-1570 - - - [139]
Pearl millet starch 30 °C, 75% RH 206 - - - [140]
Pectin (P) - - 6.6-29.5 472 [129]
Pullulan (Pul) 25°C, 53% RH 106 25 °C, 96% RH - - [127]
-5 _
Rice bran gum (RBG) 25°C, 55% RH 8x10°-92x10°  35°C,55%RH, ;X0 ; [141]
Starch 23 °C, 74/50% RH 2170 20 °C, 63.8% RH 1591 29209 [129]
Starch from red sorghum (St-RedS) 25 °C, 0/75% RH 45.6-61.5 - - -
St-RedS Oxidize-Acid-modified 25 °C, 0/75% RH 34-41.7 - - - [142]
St-RedS Acid-modified 25 °C, 0/75% RH 27.9-58.7 - - - [142]
St-RedS Acid and oxidize-modified 25°C, 0/75% RH 63.4-69.1 - - - [142]
Xanthan gum (XG) low-density 38 °C, 0/90% RH 0.7-0.97 25°C,90% RH 743 21.7 [129]
XG high-density 38 °C, 0/90% RH 0.24 25°C, 90% RH 21 120 [129]
Yeast cell wall (YCW) 24°C, 10% RH 280 - - - [143]
Lipids

Bee wax (BW) 25 °C, 0/100% RH 0.58 25°C, 0% RH 1.06 - [129]
Vegetable or animal fat 23 °C, 12/56% RH 2.2-34.7 - - - [121]

* Not determined.
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3. Edible Coating Materials

The coating material is the barrier that contains the core medium, protecting against external
conditions. Itis also known as wall, shell, membrane, carrier material, external phase, or matrix material.
The arrangement of the coating material on the surface of the core material is the main determinant
of the functional properties of the microcapsule. Additionally, the coating material can arrange in
one, two, or more coating layers containing the core material. Great challenges have been dealt with
before for the development of edible probiotic microcapsules. In this regard, bioactive ingredients
for coating material have been the subject matter of many studies for the last two decades [15,144].
An ideal coating material should have the following desirable characteristics: be chemically inert with
the core material; be able to seal and contain the core material inside the capsule; capability to provide
protection against unfavourable conditions; and be sustainable and cheap. To date, no ideal coating
exist yet that fits for all purposes, mainly because the coating characteristics cannot be simultaneously
improved. Thus, obtaining suitable coatings for microcapsules as a probiotic delivery system, implies
to find a point of balance among desirable characteristics, such as protecting against the effects of
moisture, acidity, pressure, gas interchange (O,/CO,), and/or thermal aggression. Nevertheless, for an
appropriate selection of the coating material, the interdependence with the microencapsulation method
and the probiotic microorganism should also be considered. A wide variety of natural or synthetic
polymers are currently available which choice depends on the core composition to be coated, as well as
the desired features in the final microcapsules [145,146]. In order to be used in the microencapsulation
of probiotic cells, coating agents must also be edible film-forming materials. Edible coating materials
based on bio-polymers are widely used and comprise: proteins (such as zein, soy protein, collagen,
and gelatine), polysaccharides (such as cellulose derivatives, starch, alginate, and chitosan), and lipids
(such as fats and waxes) [19].

The properties of edible film-forming materials are an important factor to consider when formulating
an edible coating for the microencapsulation. Since probiotic cells are living microorganisms, they are
sensitive to the presence of water or gases (O,/CO,). Conveniently, edible film-forming materials possess
selective permeability (e.g., water vapour and gases) which allow control respiration exchange and
microbial development. It has been shown that by combining edible film-forming materials, it is possible
to improve or modulate the physical properties of the resulting edible film. The WVP and gas permeability
are some of the most important properties of an edible film. The water vapour (WVP), oxygen (PO,) and
carbon dioxide permeability (PCO,) of several edible film-forming materials have been studied, and some
of the reported values are summarised in Table 2. However, when comparing these values, it is important
to consider the different conditions that were employed for testing such films, i.e., the temperature and
relative humidity (RH). For example, the effect of RH on permeability is significant; little differences in
RH during testing can result in drastic changes in the permeability [147].

Due to their hydrophilic nature, polysaccharide- and protein-based films are generally rather
poor water barriers and they generally have good gas barrier properties, particularly under low RH
conditions. Increasing RH leads to a sharp increase in gas permeability. Most films based on pure
polysaccharides tend to display lower WVP values than most protein-based films. However, at elevated
RH, all protein-based films exhibit increased WVP values. Thus, the selectivity of these hydrophilic
materials is sensitive to moisture variations. On the other hand, lipid-based films have extremely
low WVP values and suitable gas barrier properties, which is a consequence of their hydrophobic,
crystalline structures. Generally, if the degree of crystallinity of lipid is higher, the permeability of the
film will be lower. Indeed, the presence of carbon-carbon double bonds, branching or the reduction in
the length of the carbon chains disrupts the lipid crystalline structure which results in decreased oxygen
permeability. As stated previously, the formulation of composites allows combining the properties of
each component. The incorporation of lipids into polysaccharide- or protein-based films can reduce
their WVP values and gas permeability. Accordingly, at high RH, the addition of lipidic compounds to
the films results in a decrease in the water and gas permeability [147-149].
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Coating materials should also provide other desirable traits for the food industry, such as: be
economical, meet quality and food safety standards, have no chemical reactivity with core materials
and possess rheological traits (such as viscous, elastic, and plastic properties) making it easier to work
with at high concentrations during the encapsulation process [146,150]. They must have good solubility
in commonly-used industrial solvents used in the microencapsulation process (e.g., water, ethanol, etc.).
Coating materials also require other necessary features, for example: capability to seal and maintain
the core material within its structure during processing or storage; be able to disperse or emulsify
the active material and to stabilize the produced emulsion; be able to favour the desolventization in
the microencapsulation process; provide maximum protection against environmental conditions; and
be chemically inert with the encapsulated core material during processing and during the shelf life
of the final product. In the following sections, we describe the most common coating materials that
have been used lately for microencapsulation of probiotics. Proteins, polysaccharides, and lipids are
among the most featured edible coating materials used to date in the microencapsulation of probiotics;
and their use has improved the stability of probiotics during processing, storage, and simulated
gastrointestinal conditions.

4. Proteins

Proteins are great materials for probiotics microencapsulation; however, they are frequently used
in a mix with other coating agents. To date, few works have employed proteins as a solely coating
agent [26,30,96,104]. Many proteins have been widely used as coating agents due to their properties that act
as a good barrier against the O, and CO, permeability. Each protein owns a unique set of physicochemical
properties. Its particular sequence of amino acids allows a wide variety of both intra- and intermolecular
interactions and with other material participating in the formation of the edible matrix [15,19].

The proteins used as coating agents for probiotic microcapsules can be categorized, according to
their nature, as vegetable or animal proteins. Examples of proteins from animal source are: gelatine,
casein, whey protein concentrate (WPC), whey protein isolate (WPI), egg white, and caseinates.
On the other hand, examples of proteins from vegetable source are: corn (zein), pea, wheat, and soy
proteins. Particularly, some proteins are highlighted to be ideal for creating or improving coatings
in accordance with specific microencapsulation methods. For example, gelatine is a large, fibrillar
protein obtained through the partial hydrolysis of collagen [151]. The fact that gelatine is one of the
oldest and multiple-purposes ingredients in the food industry makes it also one of the most studied
proteins as coating agent in the preparation of microcapsules [152]. Moreover, the properties of gelatine
and its ability to interact with a wide variety of polysaccharides allows its use as a coating material
in a several microencapsulation methods, such as extrusion, complex coacervation, spray chilling,
spray drying, and lyophilisation [23,42,67,100,153,154]. Another particular advantage of using gelatine
as a coating material is its linear structure, which provides a better oxygen barrier than globular
proteins. Nonetheless, the use of gelatine for probiotic microencapsulation has few disadvantages like
the varying purity, which make unknown the exact molecular weight within preparations, or that it
generally needs to be blended with other materials to achieve particular properties, such as viscosity,
gel strength, or adhesiveness. Additionally, due to its animal origin, it results inappropriate in the
creation of microcapsules within the bounds of the vegetarian or kosher trends [154-156].

Egg white (albumen), soy proteins, and whey proteins are some examples of globular proteins used
in probiotic microencapsulation. These proteins have good emulsifying and gelling properties that are
considered as ideal materials for microencapsulation through the coacervation process [154,157,158].
However, only a few studies using whey proteins have been carried out for probiotic coatings by
coacervation [58,68]. Others techniques has been preferred over coacervation using globular proteins as
coating materials. For example, a coating composed of egg albumen and stearic acid was employed to
preserve Lactobacillus acidophilus by electrospraying and fluidised bed drying [34]. Similarly, a blend of
alginate and soy protein isolate was used as a coating material for the microencapsulation by extrusion
of L. plantarum [83] and the microencapsulation of L. acidophilus by spray drying was achieved using
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soy extract and maltodextrin as coating agents [22]. It is important to point out that soy protein isolates
have recently attracted interest as a probiotic coating ingredient. Among other vegetable proteins
available, soy proteins isolate represents a source of high quality proteins and a reliable alternative
for vegetarians and people allergic to milk [159]. Additionally, soy proteins own several properties
(e.g., gelation, emulsification) that make it suitable to use as coating material in the food industry [160].
The synergistic effects of the combination of soy proteins isolate and other edible materials enhanced
the final properties of microcapsule coatings. Moreover, Wang et al. recently reported that the gelation
properties of soy protein isolate are transformed by the presence of CaSO4 MgCl,, or MgSO;. Their
studies provided insights into the structural behaviour of soy protein gels and would be useful toward
future applications in the food industry including the microencapsulation process [161,162].

Milk proteins used as coating materials are available in native and processed forms. Many current
works regarding the microencapsulation of probiotics described the use of caseins, whey proteins
(WPC and WPI), and products containing both casein and whey proteins. Bovine milk contains ~3.5%
protein, which composition is mainly casein and whey proteins. Casein is the most remarkable protein
as it represents nearly 80% of the total protein content in milk. Hence, whey proteins are defined
as any protein which keeps in solution after removal of casein from milk [163,164]. Caseins mainly
comprise aS1-, 52-, 3-, and k- caseins variants whereas whey proteins comprise (3-lactoglobulin
(B-LG), a-lactalbumin (x-LA), immunoglobulins, and serum albumins. Caseins and whey proteins
present genetic variability that give them inherent properties as different molecular weight, isoelectric
point, hydrophobicity, and so on [164,165]. Ata pH of 4.6, caseins are insoluble, whereas whey proteins
are soluble. Thus, the isoelectric precipitation is the main method to obtain caseins from dairy products.
During the process known as curdling, the casein is precipitated, washed, and dried, resulting in the
separation from whey proteins. When the water soluble derivatives of acid caseins react with alkali
solutions, the resulting product is known as caseinate [166]. Sodium caseinate (SC) is the most common
form of casein used as a coating material due to their physicochemical features that confer excellent
surface active properties similar to caseins, as well as an increased resistance to heat denaturation.
Indeed, caseinates are more preferred than whey proteins when using the spray drying method of
dairy-based oil-in-water emulsions [164]. Additionally, the commercial enzyme transglutaminase
(TGase) has been recognized to improve texture and sensory traits in dairy products. This enzyme
forms inter- and intra-molecular isopeptide bonds between proteins by cross-linking of glutamine
and lysine residues [167]. TGase is able to induce the gelation of caseinates under mild conditions,
sufficient to achieve successful microencapsulation of heat-sensitive, living probiotics [65,66].

Whey proteins are commercially available as concentrates (WPC) and isolates (WPI) containing
35%—-85% and >95% of protein, respectively. Their processing technologies for purification and
separation are different and, in consequence, their compositions also differ. WPC is obtained by
centrifugation followed by ultrafiltration/diafiltration and spray drying. On the other hand, for the
manufacture of WPI additional steps such as ion exchange chromatography are carried out [168,169].
Due to these manufacturing differences, WPCs are characterized by a low fat and cholesterol content,
and high levels of lactose and total lipids whereas WPIs have high protein content and low concentration
of lactose and lipids [170].

The -LG protein in bovine milk represents the highest amount of whey protein composition
(50%—-60%). Consequently, this typical globular protein (162 amino-acid residues) has been well
characterized. The 3-LG exhibits excellent thermogelification properties, a fact that determines the
gelation properties of WPC [169]. The a-lactalbumin (x-LA) is a calcium metallo-protein consisting of
123 amino-acid residues. It is another major component (~20%) of whey proteins. Studies showed an
increase in gelation ability and gel properties (strength, rigidity, or viscoelasticity) of 3-LG when mixed
with «-LA, suggesting a synergistic effect of these proteins in the gelation behaviour [171]. The calcium
atom of «-LA can promote the formation of intermolecular ionic bonds, which makes this protein
thermally stable and allow it to bind to other proteins [172]. Among several bio-properties attributed
to «-LA, the digestion of o-LA releases small peptides that have shown antimicrobial activity against
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pathogenic bacteria, such as Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Staphylococcus
epidermis, streptococci, and Candida albicans. Moreover, these small peptides also exhibited the capacity
to prevent enteropathogenic Escherichia coli, Salmonella typhimurium, and Shigella flexneri from adhering
to intestinal cells [172,173]. Whey proteins, in its different forms, were recently explored as coating
materials for the microencapsulation of probiotics [28,30,41,58,72,95,97,102-105].

Finally, sweet whey (SW) is an example of product containing both casein and whey proteins.
It is a concentrated, dried by-product of cheese production with a rich protein content that is mainly
composed of B-LG, followed by «-LA, «S1-casein, lactophorin (a small phosphoglycoprotein), fatty
acid binding proteins (FABP), bovine serum albumin (BSA), as well as immunoglobulins G heavy and
light chain (IgG-HC and IgG-LC, respectively) [164,174]. Sweet whey was successfully used as coating
material for the microencapsulation by spray drying of Bifidobacterium lactis [102].

5. Polysaccharides

Polysaccharides or polyglycans are bio-polymers consisting of monosaccharide blocks that possess
hydroxyl groups, such groups may interact with water or other molecules via intra- and intermolecular
hydrogen bonds. However, the behaviour of polysaccharides is also influenced by the nature of
their monomers and their substituent groups, which allows a wide variation in their molecular and
functional characteristics. The substituent groups may be unmodified (natural polysaccharides) or
modified, also known as synthesized or seminatural polysaccharides. Regardless of its origin or
composition, polysaccharides commonly employed as coating materials for probiotic encapsulation
may be classified according to their magnitude of electric charge into five categories: anionic, cationic,
non-ionic, amphoteric [175].

5.1. Anionic Polysaccharides

Anionic polysaccharides tend to be negative at pH values above their pKa value and neutral when
well below their pKa value. Alginate, pectin, carrageenan, xanthan, gellan gum, and gum Arabic are
natural anionic polysaccharides mostly used in probiotic microencapsulation; whereas commonly used
modified anionic polysaccharides are: sodium carboxymethyl cellulose (CMC), also known as cellulose
gum, and carboxymethyl chitin (CMCH), also called chitin liquid. Ionic species in the surrounding
milieu may alter the electrical charge of polysaccharides. Monovalent or multivalent ions, such as Na*
or Ca?*, may interact to negatively charged groups on the bio-polymer chain, modifying overall charge
characteristics. The gelation of anionic polysaccharides involves interaction to oppositely charged
groups on the polymer chain. For example, the gelation of alginates and pectins with divalent metal
ions, such as Ca2* [176].

Alginate is an ingredient widely used as a coating material for the production of microcapsules
by ionic gelation using extrusion and spray drying methods. However, pectin also showed similar
capabilities and it is considered more resistant to acids and the gastrointestinal environment when
compared to alginate [68]. Alginate is an unbranched heteropolysaccharide extracted from the cell
wall of brown algae (Laminaria spp.). Its structure consists of £5-1,4 glycosidic bonds formed between
the fs-D-mannuronic acid and o-L-guluronic acid residues with varying composition [177]. On the
other hand, pectin is extracted from some fruits or fruit peels (e.g., apple pomace and citrus peels) and
forms a coating structure via calcium gelification which is mainly composed of linear «-(1-4)-linked
D-galacturonic acid segments, as well as of highly branched segments with other neutral sugars such
as arabinose, galactose, and xylose [178]. In spite of their similarities, alginate is currently the coating
material most extensively used for the microencapsulation of probiotic microorganisms (Nearly half
from the summary of references presented in Table 1), in comparison to pectin [29,36,63,68,78].

Carrageenans are extracted from red seaweeds (Rhodophyta) and consist of different sulfated
polysaccharide mixtures. Red seaweeds are able to produce three distinctive types of commercial
carrageenans (k-, -, and A-carrageenan) that differ in their chemical structures and properties [179].
Importantly, only k- (monosulfated) and 1-(bisulfated) carrageenan types possess anhydrous bridges
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that, under the presence of certain cations such as K* and Ca?*, allow gelation to occur. On the other
hand, A-carrageenan (trisulfated) type is unable to form hydrogen bridges, consequently, it does not
allow gelation to happen [180]. Thus, depending on type (k-, -, and A-), carrageenans have a wide
varied of gel properties [181-183]. All types of carrageenan are soluble in hot water. The k-carrageenan
forms a hard, brittle gel which is melted by heating at low temperature, while (-carrageenan is soluble
in cold water forming soft, elastic gels. The (-carrageenan has shown to be a promising coating material
in microcapsules that contain flavours and aromatic compounds. Despite this, 1-carrageenan has not
been widely investigated yet for its use in probiotic microencapsulation [39,179]. Currently, studies of
probiotic microencapsulation using carrageenan as coating material have been mainly focused on «-
carrageenan. Furthermore, the gel properties of k-carrageenan have been improved by mixing it with
other coating materials, such as vegetable oils, calcium alginate, as well as several gums (e.g., xanthan,
gellan, and locust bean gums). These mixtures were used for the successful microencapsulation of
probiotic through emulsification [39,69,70,84,183].

Xanthan gum, gellan gum and gum Arabic are other anionic polysaccharides used in the
microencapsulation of probiotics. Xanthan and gellan gums are bacterial extracellular polysaccharides
produced by Xanthomonas campestris and Sphingomonas elodea, respectively. On the other hand, gum
Arabic (also known as gum acacia) is a tree exudate from some plants of the Acacia family. Particularly,
the Acacia senegal tree is mostly appreciated for commercial production of gum Arabic [178].

Xanthan gum (XG) is produced by several species of the family Xanthomonadaceae. However,
currently XG is industrially produced from Xanthomonas campestris, a plant-associated bacterium.
The chemical structure of XG consists of pentasaccharide repeating units, that consisting of a side-chain
comprising one glucuronic acid residue between two mannose units, attached to every second
glucose unit of a linear backbone of cellulose (f3-(1-4)-linked glucose) [184]. The structure of XG
also contains varying proportions of O-acetyl and pyruvyl residues which depend on the microbial
specie, as well as on their fermentation conditions [185]. The acetyl and pyruvyl residues play
a fundamental role due their protonation at pH > 4.5, which confers to XG a polyanionic charge
characteristic. The interaction between the side chains of XG and the acetyl/pyruvyl residues leads to
intramolecular crosslinking, promoting changes in folding arrangement in the XG structure. Thus,
the XG features mainly depend on the milieu conditions, such as pH, the nature of the electrolyte,
and the ionic strength [185]. Current studies have shown that the presence of acetyl or pyruvate
on the outer mannoses of the xanthan gum influences on the stability of the helical (ordered)
conformation [186-188]. In addition, the content of acetyl and pyruvate groups is an important
parameter for practical applications, as it is directly related to the rheological properties of XG in
aqueous solutions. For example, lower levels in pyruvyl substitutions confer low viscosity, while
higher levels promote a gel behaviour [185,188]. Importantly, the acetyl and pyruvyl residues in
the XG set the conditions for complexation with divalent cations (e.g., Ca®* or Mg2+) [189]. XG has
proven to be an excellent coating agent for the microencapsulation of probiotics, protecting probiotic
cells against simulated gastrointestinal conditions and high temperatures [71,74,85,86,89,183,190,191].
Moreover, XG was successfully combined with other coating materials (such as: alginate, chitosan,
gellan and -cyclodextrin) in order to improve its coating properties in the microencapsulation of
probiotics [85,86,89,191]. For example, the microencapsulation of Lactobacillus plantarum LAB12 using
XG and alginate as coating materials, improved the cell viability of the probiotic microorganism in
conditions simulating gastricjuice and bile salts, when compared to free cells. In thisregard, the addition
of chitosan to the coating complex XG-alginate enhances L. plantarum LAB12 survival, providing
a higher protection against the low pH and high temperatures [89,191]. Similarly, other studies
using XG in combination with other encapsulant materials are: the XG-chitosan and XG-chitosan-XG
complexes which improved survival of L. acidophilus in microcapsules added to dairy beverages [85]
and the XG-gellan gum complex which improved cell survivor of Bifidobacterium lactis in microcapsules
preserved in sodium phosphate buffer (pH 6.8) [86].
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Gellan gum (GG) is an anionic bacterial polysaccharide with a lineal structure of tetrasaccharide
repeating sequence that consists of two residues of 3-D-glucose, one of 3-D-glucuronate and one of
a-L-rhamnose. The chemical structure of GG is naturally acylated, however, the deacylated form
of GG is obtained by alkaline hydrolysis treatment. Variations in the content of acyl groups of GG
confer distinctive properties, including their gelation behaviour. Currently, GG is available in two
forms: high acyl (acylated) and low acyl (deacylated) commercially known as Gelrite and Kelcogel,
respectively. Each GG type has individual properties. In the presence of gel-promoting cations, the
high acyl GG forms soft and flexible hydrogels upon cooling at 65 °C, while the low acyl GG forms rigid
and brittle hydrogels upon cooling at 40 °C [192]. The deacylated form of GG has been successfully
used as a coating material for microencapsulation of probiotic. In addition to the XG-GG mixture cited
before [86], the microencapsulation of L. casei using a sodium caseinate-GG mixture as coating agent,
also enhanced the probiotic survival in simulated environments of gastric fluid and bile salts [64].

Gum Arabic or gum acacia (GA) is mainly composed of D-galactose, L-arabinose, L-thamnose,
D-glucuronic acid, and 4-O-methyl-D-glucuronic acid. The chemical structure of GA is quite complex,
the backbone consists of 1-3-linked (-D-galactopyranosyl units with side chains of two to five
(1-6) linked -D-glucopyranosyl units, joined to the backbone by 1,6-linkages. Both main chain
and side branches may contain «-L-rhamnopyranose, 3-D-glucuronic acid, (3-D-galactopyranose,
and «-L-arabinofuranosyl units [193,194]. Remarkably, GA is covalently associated to a protein moiety
that is rich in amino acid residues of hydroxyproline, proline, and serine. GA is highly soluble in water
(up to 50% w/v) and also presents a relatively low viscosity in comparison to other exudate gums. These
properties are attributed to its highly branched structure and its relatively low molecular weight. On the
other hand, the protein moiety of GA provides the surface activity, foaming abilities, and emulsifying
characteristics of this polysaccharide [178,195]. In this regard, combinations of gelatine-GA [67], whey
protein isolate (WPI)-GA [58], and the individual mixture of seed, leaf, or pulp extracts of the miracle
fruit (Synsepalum dulcificun) with GA [21], were used as coating materials for the microencapsulation
of probiotics and these coatings successfully improved the survival of probiotic cells during processing,
simulated gastrointestinal in vitro conditions, and upon storage, when compared to free cells.

Carboxymethyl cellulose (CMC) and carboxymethyl chitin (CMCH) are modified anionic
polysaccharides, also called semi-synthetic anionic polysaccharides. CMC and CMCH are cellulose
and chitin derivatives, respectively. Interestingly, cellulose and chitin are the first and the second
most abundant natural polysaccharides on earth. The chemical structure of cellulose consists of a
linear structure of 3-1,4-linked D-glucose residues, while chitin is composed of (3-1,4-linked units
of the amino sugar N-acetyl-glucosamine [196-198]. CMC and CMCH are both broadly used in the
food industry, including their use as coating material in the microencapsulation of probiotics. CMC
is a water soluble derivative of cellulose. It is obtained by the reaction of cellulose with alkali and
chloroacetic acid, resulting in the partial replacement of the hydroxyl groups of anhydrous glucose by
carboxymethyl groups (-CH2-COOH) [199]. A study using CMC and chitosan as coating materials for
the microencapsulation of L. acidophilus showed the ability of these materials to improve of probiotic
viability during its simulated gastrointestinal transit [32]. In another study, blends of CMC and
K-carrageenan were used as coating materials for the microencapsulation of probiotic L. plantarum, and
they showed suitability for the production of microcapsules for oral delivery of viable probiotics [84].

CMCH, also known as chitin liquid, is a water soluble anionic polysaccharide. CMCH is
synthesised by replacing the hydroxyl groups of chitin with carboxymethyl groups [200]. CMCH
has been widely used for different applications, such as drug delivery systems, antimicrobial, food,
cosmetic, among others [197]. However, little has been done regarding its potential as a coating material
for probiotic microencapsulation. In a recent study, sodium alginate and CMCH were used as a coating
material for the microencapsulation of Bifidobacterium. When compared to free cells, microencapsulated
probiotic showed an increased survival under simulated in vitro gastrointestinal conditions which
represents an efficient mean to produce microcapsules as a probiotic delivery system [79].
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5.2. Cationic Polysaccharides

The cationic polysaccharides are those that tend to be positive below their pKa value, while
remaining neutral when well above their pKa value. Chitosan is the only naturally derived cationic
polysaccharide [176]. Chitosan is mainly composed of (1,4)-linked 2-amino-2-deoxy-f-D-glucan, which
is resulting from partial deacetylation of chitin. However, chitosan is also naturally occurring in insect
exoskeletons and various bacterial parasites, but in too small quantities to be commercially exploited [175].
Despite the fact that chitosan has a broad antimicrobial spectrum it has been used in mix with other
encapsulating agents for the microencapsulation of probiotics [201,202]. Chitosan in combination
with materials like: alginate, starch, whey protein isolate, and xanthan gum; provided protection
to several probiotic microorganisms under simulated in vitro gastrointestinal environments, which
may be an effective way to deliver probiotic benefits to the consumer [77,78,80,81,85,90-92,94,98,153].
An outstanding example is the microencapsulation of Bacillus coagulants using alginate and chitosan
as coating materials. Anselmo et al. demonstrated that these probiotic microcapsules enhance the
survival of probiotics against simulated gastrointestinal conditions. They also demonstrated that the
microencapsulated probiotics have a higher adherence to the mucosal surface of fresh porcine intestinal
tissues and to the Epilntestinal™ system (an isolated intestinal model that recreates physiological
intestine structures), in comparison to free cells. Furthermore, they also used a mouse model to assess
in vivo probiotic survival, where microencapsulated probiotic exhibited significant survival advantages
when compared to free cells [31].

Other synthetic cationic polysaccharides were described previously, for example, those with cosmetic
applications such as cationic hydroxyethylcellulose, cationic guar, and cationic hydroxypropylguar [175].
However, despite their potential and advantages as cationic materials, none of them has been reported yet
as a coating material for probiotic microencapsulation.

5.3. Non-ionic Polysaccharides

Non-ionic polysaccharides are macromolecules that do not carry a formal charge. However,
other neighbouring species and/or milieu conditions may influence their charge characteristics changing
their regular solution behaviour. Natural, non-ionic polysaccharides such as starch, maltodextrins,
cyclodextrins, and guar gum have been employed as coating materials for probiotic microencapsulation.
Additionally, modified, non-ionic polysaccharides like cellulose ethers (e.g., hydroxypropyl methyl-
and hydroxypropyl-cellulose) have also been used as coating materials [175,183].

Starch is a soft, white, tasteless powder. It is produced by plants and is mainly composed of
two different polysaccharides of D-glucose: the linear and helical amylose and the highly branched
amylopectin. Amylose consists of almost exclusively linear molecules with «-(1,4)-linked D-glucose
units which render a helical structure, while amylopectin consists of a central chain of repeating
«-(1,4)-linked D-glucose units, which is randomly decorated with side chains of x-(1,6)-linked D-glucose
units [183]. The ratio of amylose/amylopectin contained in the starch varies depending on the source
and defines its intrinsic characteristics. Starch of high amylose content is known to form strong and
flexible films, probably due to the predominant amylose structure and its crystallization properties;
a common example is the high amylose maize starch also known as resistant starch (RS) [203,204].
Starch films conveniently hold several properties that make it quite suitable as a coating material
for probiotic microencapsulation. Starch films are: odourless, tasteless, colourless, non-toxic, and
semipermeable to carbon dioxide, moisture, oxygen, as well as lipid and flavour components [203].
In this regard, a modified version of starch (octenyl-succinate starch) was assessed as a coating
material for the microencapsulation of Bifidobacterium. Octenyl-succinate starch is a food additive
also known as E1450, it was preferred due to its particular suitability for the spray drying method
for microencapsulation. Such microencapsulation process failed to improve probiotic survival under
acid conditions or when added to dry food preparations, in comparison to free cells. Despite that, the
microencapsulation using the spray drying method and E1450 as coating material, was successfully
optimized for the production of microcapsules containing viable Bifidobacterium probiotic cells [101].
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Furthermore, starch was described as a potential prebiotic compound for the microencapsulation of
diverse probiotics. In several studies, the microencapsulation of probiotics were conducted using RS
mixed with other coating materials, such as alginate, chitosan, sodium caseinate, as well as hydrolysed
or isolated whey protein (Table 1). In general, the addition of RS in the coating material provided an
additional protection to the microcapsules against simulated gastrointestinal conditions and under
different storage temperatures [61,66,81,82,91,103].

Maltodextrin is formally defined as “purified, nutritive mixtures of saccharide polymers obtained
by partial hydrolysis of edible starch”. Maltodextrins can be produced from any starch and is chemically
composed of D-glucose units connected in chains of variable length. The dextrose equivalent (DE) and
the degree of polymerization (DP) are the two parameters that vary among maltodextrins and ultimately
define their properties [205]. Conveniently, some of these properties are suitable for microencapsulation,
such are: good solubility; film formation; moisture control; easy digestibility; easy spray-drying;
capability to form gels, among others. In this regard, maltodextrin has been positively associated with
others edible agents to improve drying properties of probiotic coatings during microencapsulation.
For example, the microencapsulation by spray freeze drying of Lactobacillus paracasei using maltodextrin
and trehalose as coating materials significantly improved both the probiotic survival and viability [25].
A recent study found similar results in the microencapsulation of L. acidophilus by spray drying using
maltodextrin and soy extract as coating materials [22].

Cyclodextrins (CDs) are cyclic oligosaccharides produced by the cyclodextrin glycosyltransferase
(CGTase), a bacterial enzyme that catalyses the starch degrading activity and the cyclization reaction of
oligosaccharides. The CDs structure consist of «-(1,4)-linked glucose residues forming a closed circular
molecule, usually containing six (x-CD), seven (3-CD), or eight (y-CD) glucopyranose units [206].
Currently, 3-CD and their derivatives are the most studied cyclic oligosaccharides. Many advantages
have been reported regarding 3-CD, such as: its safety and metabolism; the ability to remove cholesterol
in many foods (e.g. eggs and dairy products); its consumption prevents the elevation of plasma
cholesterol and triacylglycerols; among others [207]. Additionally, cross-linked 3-CD microcapsules
have been broadly used to provide controlled release of drugs [208,209]. However, only a few studies
on 3-CD as a coating material have been carried out for the microencapsulation of probiotics. Recently,
the microencapsulation was described of Saccharomyces boulardii, L. acidophilus, and B. bifidum employing
B-CD and gum Arabic as coating materials. In general, the microencapsulation of probiotics using 3-CD
enhanced survivability in simulated gastro-intestinal conditions and also provided heat resistance,
when compared to free cells [24]. On the other hand, Farrez et al. [191] reported the use of 3-CD
together with alginate, xanthan gum, and chitosan as coating materials for the microencapsulation of
L. plantarum LAB12. In addition to the improvements reported in [24], they also demonstrated that
microcapsules containing probiotic and 3-CD have a combined cholesterol-lowering capability.

Guar gum (GUG) is another natural, non-ionic polysaccharide also known as guaran. It is derived
from the seeds of guar plant Cyanaposis tetragonolobus. GUG is chemically a galactomannan, which
structure consists of a backbone of (3-1,4-linked D- mannose units and with side chains of scattered single
units of «-1,6-linked D-galactose. It has been largely described as a coating material for drug delivery;
however it was recently described as a coating agent for probiotic microencapsulation. Ameeta et al. [87]
described the microencapsulation of Lactobacillus acidophilus LA1 using fructo-oligosaccharide (FOS) or
partially-hydrolysed GUG as co-encapsulating agents in alginate-starch microcapsules. The addition
of FOS or GUG improved the survival of microencapsulated probiotic under simulated gastrointestinal
environments and during heat processing. In another study, the microencapsulation of a mixed culture
of three probiotic (L. acidophilus, L. rhamnosus, and B. longum) was conducted using GUG or XG as
coating materials. Microcapsules were then successfully incorporated in cream biscuits with the aim to
develop a functional probiotic food [210]. In this regard, microcapsules of Lactobacillus strains were
prepared with GUG and alginate as coating agents for the supplementation of probiotics to milk
chocolate drinks [35]. In addition to the improved probiotic viability during the product storage, both
studies found that the incorporation of probiotic microcapsules did not affect the taste and flavour of
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the final products. On the other hand, a recent study also explored the use of GUG as a coating agent
for the microencapsulation of probiotic yeast S. cerevisiae. In contrast to the previous studies, probiotic
microcapsules were subsequently used for fish feed supplementation. Interestingly, the administration
of microencapsulated probiotic was further shown to be beneficial to the fish host, as it improved rates
of growth, feed conversion ratio, and stimulating the immune response [27].

In addition to carboxymethyl cellulose (CMC), other non-ionic cellulose ethers have also been
able to participate as coating ingredients for probiotic microencapsulation. Common examples of
non-ionic cellulose ethers are: methyl cellulose (MC); hydroxyethyl cellulose (HEC); hydroxypropyl
cellulose (HPC); hydroxypropyl methyl cellulose (HPMC); and microcrystalline cellulose (MCC).
Pop et al. (2015) described the use of alginate mixed with several non-ionic polysaccharides as
co-encapsulating materials. The study was focused on investigating the microencapsulation of B. lactis
300B with the aim to obtain microcapsules with adequate physical/biochemical properties able to
withstand probiotic viability and feasible to be scaled-up. Co-encapsulating agents used to develop the
experimental coatings were hydroxypropyl methylcellulose (HPMC), sodium-carboxymethyl cellulose
(Na-CMC), microcrystalline cellulose (MCC), two types of starch (BR-07 and BR-08), dextrin, and
pullulan. They found that the probiotic survival is largely dependent on the encapsulating material
mixture. Alginate-pullulan and alginate-HPMC were the two admixtures that provided high protection
to the probiotic during the encapsulating process and after 15 days of storage [38]. On the other hand,
the microencapsulation of B. lactis was also performed using non-ionic polysaccharides as coating
materials via the layer-by-layer method. HPMC was used as the inner layer while the outer layer
was based on a combination of HPC and poloxamer. Polaxamer is a non-ionic surfactant which
consists of a poly(ethylene oxide)—poly(propylene oxide)—poly(ethyelene oxide) triblock copolymer
(PEO-PPO-PEO). The coating mixture composed of HPMC/HPC/poloxamer is described as a smart
polymer due to its ability to respond to changes in the milieu, such as the temperature. Its structure
displays fast macroscopic changes depending on a lower critical solution temperature (LCST). Below
the LCST the polymer is soluble, but as the temperature increases beyond the LCST the polymer turn
into insoluble. The microencapsulated probiotic was added to powdered infant formula (PIF) and
the probiotic survival was tested during reconstitution of PIF. The microcapsules were able to protect
probiotic cells during the reconstitution of PIF at high temperature (70 °C) since coating may form an
insoluble gel that protects entrapped cells. Additionally, the coating gel dissolves when cooling at
40 °C realising the probiotic cells [33].

5.4. Amphoteric Polysaccharides

Amphoteric polysaccharides are polymers that carry on both cationic and anionic charges on
the same chain. They are normally synthesised using natural polysaccharides as building blocks.
Some common examples are carboxymethyl chitosan (CMCS), N-[(2’-Hydroxy-2’,3’-dicarboxy)ethyl]
chitosan, sulphated chitosan, and modified amphoteric starches, which have been used in the cosmetic
industry [175]. CMCS is synthesized by replacing the amino and hydroxyl groups of chitosan with
carboxymethyl groups. When compared to chitosan, CMCS possess valuable properties such as
improved water solubility, moisture absorption, high viscosity, non-toxicity, biocompatibility, and good
ability to form films and hydrogels [211,212]. Until now, only CMCS has been reported as a coating
material for the microencapsulation of probiotics. The microencapsulation of Lactobacillus casei
ATCC 393 was conducted in matrices of alginate, chitosan, and CMCS by the extrusion method.
Microcapsules increased the survival of L. casei after cold-air-flow drying and under simulated
gastrointestinal conditions [73].

6. Lipids

Lipids are a heterogeneous group of molecules, such as fats, fatty acid, waxes, and phospholipids,
among others. Lipids can be used as edible coating materials as they work by primarily blocking
moisture transport due to their relatively low polarity. However, their hydrophobic nature confers
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fragility to the formed coatings. For that reason, lipids need be blended with other coating agents such
as proteins or polysaccharides, in order to improve their coating characteristics [213,214]. For example,
polysaccharides or proteins confer selective permeability to gases (O, or CO;,) along with durability,
structural cohesion, and integrity, whereas the addition of lipids to the mixture improves its water
vapour resistance [121].

Most of the lipids employed in the microencapsulation of probiotics are fats. Depending on their
source edible fats may be of animal or plant origin. For example, fats from animal source are fish oil, butter,
or pork oil. On the other hand, examples of plant fats are sunflower, corn, or olive oils. Fats are typically
found as mono-, di- or triglycerides, composed of fatty acids and glycerol. Thus, their properties largely
depend on the fatty acid composition. Fatty acids are a group of molecules with a carboxylate hydrophilic
head covalently linked to a hydrophobic tail with different numbers of carbon and hydrogen atoms that
determine their molecular weight. Melting point is related to the molecular weight of the fatty acid,
a greater molecular weight renders a higher melting point. Additionally, the presence of unsaturations in
the hydrophobic chain also influences on the melting point; saturated fatty acids have higher melting points
than unsaturated fatty acids. The melting point of fats is the main property used for microencapsulation,
since thermal solidification is induced at temperatures below their melting point [213,214]. Vegetable
fats have been extensively used as co-encapsulating materials in the microencapsulation of probiotics by
emulsification [34,39,59-67,69-71,104,183] or by spry drying [24,103,104]. On the other hand, in a recent
study, Silva et al. reported the microencapsulation of probiotics using vegetable oil as a sole coating
material or covered with gelatine-gum Arabic. This type of microencapsulation protected probiotic
cells under simulated gastrointestinal conditions and stress conditions (e.g., pH, temperature, sodium
chloride, and sucrose), when compared to free cells [23]. Despite the reported success, the viability of the
microencapsulated probiotic during storage still needs to be improved.

Waxes are lipid materials commonly used in the food industry. Some examples of naturally
occurring waxes are beeswax, candelilla wax, and carnauba wax, whereas paraffin wax and oxidized
polyethylene wax are examples of synthetic waxes. Natural waxes consist of a complex mixture of
organic molecules like long alkyl chains, long-chain fatty acids, long-chain alcohols, ketones, aldehydes
and fatty acid esters; they may also contain aromatic compounds. Beeswax is a common example of
natural wax; it is secreted by honeybees and used for their comb construction. It mostly consists of
higher monohydric alcohols (C24-C33), saturated hydrocarbons (C25-C33), and long-chain fatty acids
C24-C34. Due to its composition, it has a melting point (MP) of 61-65 °C as well as a good solubility
in other waxes and oils. Beeswax is a plastic material at room temperature, but at low temperatures,
it turns into a brittle material. Candelilla wax is a secretion of the candelilla plant (Euphorbia cerifera,
E. antisphylitica) with a MP of 65—68.8 °C. Its composition consists of mainly hydrocarbons (C29-C33),
higher molecular weight esters, free fatty acids, and resins. Its degree of hardness is intermediate
between beeswax and carnauba wax. Moreover, carnauba wax is an excretion from the leaves of the
Tree of Life (Copernica cerifera) with a MP of 82.5-86 °C. Its composition consists of saturated fatty acid
esters (C24-C32) and saturated long-chain alcohols. This wax has the highest melting point and specific
gravity among the natural waxes. Due to this, it is used to increase melting point, stiffness, strength,
and lustre of lipidic blends. On the other hand, two synthetic waxes commonly used in the food
industry are paraffin wax and oxidised polyethylene wax. Both are petroleum-derived products that
can be melted into liquid form and shaped into various forms like pellets, flakes or powder. Paraffin
wax (MP ~50 °C) is composed of hydrocarbon fractions of generic formula C,Hpp, ranging C18-C32.
Oxidised polyethylene wax (MP 97-115 °C) is also known as food additive E914, it is defined as the
polar reaction products from the mild oxidation of polyethylene [215,216].

The waxes described above are considered GRAS substances and have been largely used in the
food industry, for example, as food additives or as protective coatings for fruits, vegetables and cheese.
Despite that, waxes have been barely employed as coating materials for the microencapsulation of
probiotics. For example, Mandal et al. [61] reported the use of beeswax, stearic acid or poly-L-lysine as
external coating of probiotic microcapsules prepared with resistant starch and alginate. Microcapsules
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coated with beeswax and stearic acid showed an improved survival rate of the encapsulated probiotic
cells of Lactobacillus casei under simulated gastrointestinal conditions. Particularly, the stearic acid coating
gave the better protection and displayed a complete release of encapsulated probiotics in simulated
colonic pH solution. In a similar study, Rao et al. [217] described the use of beeswax or stearic acid as
external coating of probiotic microcapsules prepared with cellulose-acetate-phthalate (CAP). Conversely,
they found that microcapsules coated with beeswax displayed the highest survival of Bifidobacterium
pseudolongum after sequential incubation in simulated gastric juice followed by intestinal juice.

Phospholipids are a large class of lipids commonly used in the food industry, which have
the ability to form emulsions, micelles and liposomes. These lipids contain phosphorus and play
an important structural and metabolic role in living cells. Phospholipids are more complex than
simple lipids (fats and waxes). Examples of phospholipids are phosphatidic acid (phosphatidate) (PA),
phosphatidylethanolamine (cephalin) (PE), phosphatidylcholine (lecithin) (PC), and phosphatidylserine
(PS). Their general structure is composed of a phosphate group esterified to a glycerol molecule which
may have one or two esterified fatty acids. The phosphate group is also esterified to an alcohol which
provides an electric charge and a hydrophilic character to the molecule. The fatty acid tails provide
a neutral charge and a hydrophobic character. These characteristics give an amphipathic nature to
the phospholipids which is essential for the formation of biological membranes [218]. In this regard,
phospholipids are the primary components of liposomes; when phospholipids are dispersed in water the
molecules aggregate forming a characteristic bilayer which is a consequence of the interaction between
the hydrophobic fatty acid chains and the hydrophilic water environment. Such interactions promote
the formation of closed, sealed vesicles also known as liposomes [217]. The liposome entrapment
is another microencapsulation technique employed in the food industry [145,219]. Liposomes have
been largely employed as delivery systems of bioactive compounds, e.g., drugs, vitamins, enzymes,
etc. Even though liposomes showed great potential for encapsulation and controlled release of
nutritional compounds, their application in foods has yet to be fully exploited [53,220]. For example,
to date the microencapsulation of probiotics by liposome entrapment has not been reported, which
may be due to the cost associated to the process and the materials, as well as for the large size of
probiotic microorganisms [221]. Nevertheless, the microencapsulation of probiotics using the liposome
entrapment technique represents an opportunity to test such technique, the potential raw materials
and the behaviour of loaded liposomes in the gastrointestinal tract. The resistance of liposomes to
gastric and intestinal juices as well as the probiotic delivery efficacy once in the intestinal environment
are also topics that need to be investigated.

7. Conclusions

Among the many strategies used for the preservation of probiotics, microencapsulation has
emerged as a promising approach to enhance the effectiveness of consuming probiotic microorganisms.
Microencapsulation ensures a highest rate of survival of probiotic microorganisms from the production,
storage and delivery into the gastrointestinal system of the consumer. The design of probiotic
microcapsules must consider the interrelationship between the encapsulation process, the type of
probiotic microorganism and the coating materials. Currently, a broad variety of edible materials based
on bio-polymers are available as coating agents for the microencapsulation of probiotics. Coating
materials based on polysaccharides are the most extensively explored. Alginate and starches are the
polysaccharides most commonly used with virtually all the reported microencapsulation methods
(Table 1). In contrast, proteins, lipids and semi-synthetic polysaccharides have not yet fully been
exploited as coating agents for the encapsulation of probiotics, even though many of these are described
as polymeric compounds and are currently in use for the microencapsulation of various compounds
of importance in the food and pharmaceutical industry. The different forms of whey proteins are
the most frequent protein-based material which has also been employed in almost all the reported
encapsulation methods, except for the layer-by-layer and spray chilling methods. There are many
protein-based materials that still can be exploited, such as vegetable proteins, egg albumin or gelatine,
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which are cheap and easy-available materials. On the other hand, little has been done regarding the
use of lipids as coating materials for the microencapsulation of probiotics. Reports have been mainly
limited to the use of vegetable fats as co-encapsulating agents employing the emulsification and spray
drying methods. Due to their relative availability and permeability properties, waxes, mono- and
di-acylglycerols, or phospholipids, are some of the promising lipid materials that still can be explored
either as pure or composite coating materials.

In spite of the recent advances in this field, new approaches regarding the microencapsulation of
probiotics represent a field of opportunities to be investigated. For example, the liposome entrapment is
a microencapsulation method that has been widely used to encapsulate bioactive compounds, however,
to date the microencapsulation of probiotics using such technique has not been reported, which
represents a field of research opportunities to be investigated in the future. Nonetheless, the research
towards new combinations of current coating materials and microencapsulation processes, or the
development/discovery of new edible film-forming materials, are two important challenges that still
need to be undertaken for further progress in the field of probiotic microencapsulation.

Finally, despite the fact that many techniques, coating materials, and probiotic microorganism
have been investigated, few works have focused on in vivo assessment of the viability and biological
properties for probiotic microencapsulated [91,140,156]. Hence, another important topic to be addressed
is if the survival advantages of microencapsulated probiotics translate into animal or human models.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/3/197/s1,
Table S1: Different works reporting the microencapsulation of probiotics.
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