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Abstract
Non-dairy matrices represent 63% of the vehicles used for probiotication. However, their benefits to human health may be 
hindered by food processing, storage, and movement through the gastrointestinal tract. The microencapsulation of probiotic 
bacteria is an alternative to increase their resistance to such challenges. This review outlines the current advances in the 
encapsulation of probiotics using emulsification methods. The review also addresses the influence of encapsulating agents 
on the yield, the final size of microcapsules, and the survival rate of probiotic microorganisms. The main drying methods 
for probiotic microparticles, the kind of foods used for probiotication, and the emerging methods of emulsification are dis-
cussed. Emulsion microencapsulation has proven to be a viable technique for the production of probiotic microcapsules, 
while freeze-drying is the most suitable drying technique due to the mild process conditions. Emulsification through mem-
branes and microfluidic devices are potential encapsulation techniques owing to their ability to control particle size and to 
work under mild conditions. The emulsion microencapsulation is thus a potential technique for ensuring the safe delivery 
of next-generation probiotics applied to non-dairy products.

Keywords Internal gelation · Probiotic microcapsules · Non-dairy probiotic · Membrane emulsification · Microfluidics · 
Next-generation probiotics

Introduction

Probiotics are defined as “live microorganisms, which when 
administered regularly provide benefits to the host health” 
[1]. Until recently, they were typically applied to dairy prod-
ucts. However, the growing number of individuals affected 
by lactose intolerance, milk protein allergy, galactosemia, 
hypercholesterolemia, or simply a change in consumers’ 
food preferences has considerably increased the demand for 
non-dairy probiotic foods [2, 3]. The food industry and food 
scientists are aware of this demand and are progressively 
developing solutions to meet the market needs.

Probiotics can provide many benefits to human health, 
such as the maintenance of the intestinal microbiota, the 
regulation of the intestine, the inhibition of pathogenic bac-
teria growth, the improvement of the immune system, and 
the increase of calcium absorption and vitamin [4]. Yet, 
probiotics must reach the human intestine in an active and 
viable way to colonize or interact with intestinal microbiota 
and exert these functional properties. This means that after 
passing through the upper digestive tract, its survival rate 
and metabolic activity must be maintained [5]. Prestes et al. 
[6] and Hill et al. [1] indicate that a microbial count equal 
to or greater than 6 log UFC  g−1 characterizes the food as 
a probiotic product capable of providing benefits to human 
health.

One of the most important challenges for researchers and 
industries working with non-dairy functional foods through 
the incorporation of probiotics, is the maintenance of high 
levels of viable probiotic bacteria after food processing, dur-
ing storage, and safe arrival in the intestine, which is where 
probiotics perform their beneficial functions for the human 
organism [7]. During processing, the bacteria must be stable 
to temperature variations caused by heat treatments such as 
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freeze-drying, spray-drying, freezing, etc. On the other hand, 
during storage, probiotics must resist the intrinsic factors 
of the food to which they have been added, such as low pH 
and water activity, presence of additives, and antimicrobial 
substances, in addition to extrinsic factors such as tempera-
ture, relative humidity, and oxygen [8]. The human digestive 
tract is another obstacle that probiotics must face. Digestive 
enzymes, stomach acids, bile salts secreted by the duode-
num, and peristaltic movements of the intestine are some of 
the challenges [9]. For these reasons, adequate preservation 
strategies to prevent bacterial damage or death are of great 
importance.

The microencapsulation technique proved to be a prom-
ising alternative for the protection of probiotics. Currently, 
there are many probiotic encapsulation technologies, such as 
spray-drying, freeze-drying, extrusion, fluidized bed, layer-
by-layer, electrospinning, coacervation, liposome, and emul-
sion [10–12]. The encapsulation by emulsion techniques is 
widely used considering its cost, simplicity, mild process 
conditions, and the possibility of yielding microparticles [4, 
13–16].

Some probiotic encapsulation methods have been sys-
tematically revised, such as complex coacervation [17], 
layer-by-layer [18], and electrospinning [19]. To the best 
of our knowledge, no review article focusing on the emul-
sion techniques for encapsulating probiotics has been previ-
ously published. In this review, probiotic encapsulation by 
emulsification will be critically discussed for an overview 
of the most recent published research. Information such as 
probiotic bacteria, encapsulating agents, encapsulation yield, 
drying techniques, microparticle size, non-dairy carriers, 
storage conditions, and probiotic survival will be presented. 
Then, future innovations and trends in emulsion microencap-
sulation, including new emulsification methods (membrane 
emulsification and microfluidics) and next-generation pro-
biotics will be discussed.

Preparation of the Emulsion 
for Encapsulation

In encapsulation by emulsification, simple or multiple type 
emulsions can be formed (Fig. 1). In simple type emulsions, 
if the dispersed phase is aqueous, the emulsion is character-
ized as a water-in-oil (W/O) emulsion, while the opposite is 
called an oil-in-water (O/W) emulsion. If one more phase 
is added, multiple emulsions are obtained, such as water-in-
oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O). These 
emulsified systems can be used to encapsulate probiotics to 
improve the protection of encapsulated cells. Emulsions of 
the (W/O) or (W/O/W) type are preferably used, due to the 
hydrophilic character of the probiotics [8, 20].

The technique of encapsulating probiotics by emulsion 
(Fig. 2) is based on the mixture of two immiscible phases, 
which are called dispersed or discontinuous phases, and 
oily or continuous phases. The dispersed phase consists of 
a small volume of probiotic suspension with a hydrocol-
loid (e.g., alginate, containing previously solubilized cal-
cium carbonate), while the continuous phase consists of 
a large volume of vegetable oil, usually canola oil, corn 
oil, soybean oil, sunflower oil, or mineral oil [21–23]. An 
emulsifier or surfactant is added in the continuous phase 
to stabilize emulsions, favoring the production of smaller-
sized microparticles. In the case of alginate encapsulation 
by emulsification, an aliquot of organic acid, usually acetic 
acid, is added to the mixture after emulsification to promote 
gelation. As the organic acid enters the aqueous phase, it 
interacts with calcium carbonate, releasing calcium ions 
and carbonic acid. Calcium ions react with alginate through 
complexation with the polymer's carboxyl groups, forming 
the structure of the “egg carton model” [11, 24, 25]. After 
crosslinking the hydrocolloid, the microparticles are solidi-
fied and collected by filtration. This process is known as 
internal polymer gelation.

The parameters of the emulsion preparation, such as 
the viscosity, pH, temperature, and agitation rate strongly 
influence the final size of the microparticles [26]. The size 
distribution of probiotic microparticles obtained by emul-
sion is often broad, between 1 µm and 100 µm [4, 14, 15, 
20, 27], but can also be greater than 100 µm [28–32]. It is 
assumed that high rates of agitation during the preparation 
of the emulsion result in small microparticles. Rosas-Flores 
et al. [26] used agitation rates of 400 rpm, 800 rpm, and 

Fig. 1  Emulsion types. (a) Simple emulsion, and (b) multiple emul-
sion
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1200 rpm for the production of microcapsules (wet suspen-
sions) containing encapsulated Lactobacillus helveticus and 
Lactobacillus delbrueckii spp lactis. The authors verified 
that the size distribution range was modified by increas-
ing the stirring rate. At 400 rpm, a bimodal behavior was 
observed in the range of 20–420 μm; at 800 and 1200 rpm, 
the behavior became unimodal and the range was from 20 
to 200 μm and 20 to 160 μm, respectively.

A modification of the emulsification technique can be 
made to improve the survival rate of probiotic bacteria, 
such as the coating of microcapsules with polymers. The 
layer-by-layer (LbL) technique has been used to apply such 
coatings to probiotic microcapsules. The coating interacts 
with the surface of the capsule creating an additional mem-
brane (layer) on the microcapsule [21]. The LbL is typically 
based on hydrogen bonding or electrostatic interactions [33]. 
Examples include the use of chitosan or alginate solutions, 
which have created additional protection for probiotic cells 
when exposed to the human digestive system [27, 29, 32, 
34, 35], yielding a count of probiotic bacteria above 6 log 
UFC  g−1 after in vitro simulation gastrointestinal condi-
tions. Figure 3 shows this process in which a microcapsule 
produced by an anionic material (for example, alginate) is 

consecutively coated with a cationic material (for example, 
chitosan).

The survival rate of probiotics encapsulated by emulsi-
fication may decrease during long-term storage. However, 
freeze-drying [4, 13, 14], spray-drying [37], critical point 
drying [38], or fluidized bed drying [30] can increase the 
cell survival rate. For instance, Beldarrain-Iznaga et al. [14] 
freeze-dried microcapsules of Lacticaseibacillus casei C24 
(Lc), produced by emulsification. The viable cell count (7 
log UFC  g−1) of microencapsulated L. casei increased from 
8 (control) to 17 (freeze-dried microcapsules) weeks at 4 °C.

Methods

Literature Search and Selection of Relevant Studies

The literature search method and the selection of relevant 
articles were carried out according to Graça et al. [39]. 
Four databases (Web of Science, Scopus, Science Direct, 
and CAPES Portal) were systematically searched in Janu-
ary 2021 using the following sets of keywords: emulsi* and 
probiotic, emulsi* and in vivo, emulsi* and lactobacillus, 

Fig. 2  Flow diagram of the 
process of encapsulation of 
probiotics by emulsification

Fig. 3  Chitosan coating process 
of a probiotic microcapsule 
produced with alginate [36]
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emulsi* and bifidobacteri*, emulsi* and “cell encapsulat*”, 
“cell encapsulat*” and microfluidics, “cell encapsulat*” 
and “membrane emulsi*”, “next-generation probiotic”. It 
is worth emphasizing that the CAPES Portal is a database 
that gathers several databases, yielding numerous scien-
tific documents. The search was limited to peer-reviewed 
studies in the English language. As inclusion criteria, we 
selected articles that reported on the topics: (1) encapsula-
tion of probiotic microorganisms that used the emulsion 
method; (2) encapsulation of microorganisms that used 
the membrane emulsification and microfluidics technique; 
and (3) papers on next-generation probiotics. On the other 
hand, the exclusion criteria were: (1) review, opinion, and 
conference articles; (2) papers that studied the emulsion 
technique to encapsulate non-probiotic microorganisms, 
enzymes, bacteriophages, bioactive compounds, and phar-
maceutical drugs; (3) papers on the incorporation of probi-
otics in food, animal feed, and packaging, without having 
been previously encapsulated by the emulsion method; (4) 
papers that used only the complex coacervation technique; 
and (5) papers on tissue engineering and the medical / and 
or biomedical field.

Figure 4 shows a flow diagram summarizing how the 
bibliographic research was conducted. The searches were 
managed on EndNote Web, and after removing duplicate 
entries, a total of 876 papers were exported to the online 
reference management platform Rayyan.QCRI.org to pro-
ceed with title and abstract screening. Then, 188 full-texts 
were assessed for eligibility based on the inclusion and 
exclusion criteria, of which 79 were excluded, resulting 
in a final set of 109 articles for data extraction.

Data Extraction

Data were extracted into a standardized summary table. The 
extraction considered a set of general study characteristics 
like title, authors, year of publication, and country. The fol-
lowing variables were also identified: the type of microor-
ganism, encapsulating materials, encapsulation method, and 
microparticle solidification technique. The response data 
were obtained: encapsulation yield, water activity, and size 
of droplets and/or solidified microparticles. Likewise, we 
gathered information on the type of food matrix where the 
microparticles were incorporated, conditions of storage of 
the food matrix/or microparticles, and the probiotic survival 
rate.

Results and Discussion

General Characteristics of the Published Literature

The literature search yielded 109 articles meeting the inclu-
sion criteria, published between 2003 and 2020. Figure 5 
shows the number of articles published over the years. 
Between 2003 and 2012, a small proportion (14%) of articles 
were published, 25% were published from 2013 to 2016, and 
the majority (61%) between 2017 and 2020, demonstrating 
that the interest in the subject of this review is growing and 
relevant. In addition, the bibliographic research revealed that 
the Asian region is the one that most publishes (42.3%), 
followed by Europe (29.2%), America (25.6%), Oceania 
(2.2%), and Africa (0.7%).

Fig. 4  Flow diagram of litera-
ture search
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Characteristics of the Encapsulation of Probiotics 
by Emulsion

Probiotic Strains

Among the encapsulated probiotics, the species of Lacto-
bacillus (62.2%) stood out, followed by the strains of Bifi-
dobacterium (24.2%), Saccharomyces (6.3%), Enterococcus 
(4.2%), Pediococcus (2.1%), and Akkermansia (1%). Among 
the studied species, Lactiplantibacillus plantarum and Bifi-
dobacterium BB-12 are the most used in encapsulation by 
emulsification.

It is notable the great use of probiotic bacteria belong-
ing to the species of Lactobacillus and Bifidobacterium in 
encapsulation. Certainly, this can be associated with the 
wide range of potential benefits that these species can offer 
to human health when consumed regularly in the diet, as 
depicted in Fig. 6. In contrast, the survival rate of these pro-
biotic strains in the face of heat treatments, incorporation 
into different food matrices (section “Probiotic microcapsule 
delivery vehicles”; Table 4), exposure to different storage 
conditions, and submission to gastrointestinal conditions, 
has also been explored by several authors [14–16, 28, 32, 
40–44]. Beldarrain-Iznaga et al. [14] tested the thermal 
resistance of free and microencapsulated probiotic L. casei 
at 50, 70, and 90 °C, for 10 and 20 min. The viability of L. 
casei significantly decreased when temperature increased, 
and non-encapsulated cells were the most affected. The cell 
count of the non-encapsulated cells decreased by 4.0, 5.3, 
and 6.5 log CFU  g−1 (from 9.71 log CFU  g−1) after apply-
ing 50, 70, and 90 °C for 10 min, respectively. On the other 
hand, after exposing the microencapsulated probiotic at 50, 

70, and 90 °C for 20 min, reductions of 1.3, 1.2, and 1.5 log 
CFU  g− 1 were obtained, respectively. The authors concluded 
that the double layer formed by caseinate and sodium algi-
nate protected the probiotic with a rigid and heat-resistant 
interfacial film. Similarly, Ji et al. [32] measured the thermal 
tolerance of free and encapsulated Bifidobacterium longum 
at 55, 60, and 65 °C, for 30 min. For non-encapsulated B. 
longum exposed to 55, 60, and 65 °C, the bacterial count 
decreased by 2.83, 3.31, and 4.12 log CFU  g−1, respectively. 
The viability of alginate microcapsules decreased by 0.24, 
0.53, and 1.72 log CFU  g−1, while the viability of chitosan-
coated microcapsules decreased by 0.20, 0.64, and 1.14 log 
CFU  g−1 at 55, 60, and 65 °C, respectively. The authors 
reported that the chitosan coating could block the pores of 
alginate capsules, firmly immobilizing the bacteria within 
the microcapsules and reducing the probability of probiotic 
migration, thus protecting the probiotic against heat stress.

Studies have shown that alginate and caseinate [14], gela-
tin and gum arabic [16], pectin [42], chitosan [32], and car-
rageenan [28] have formed microcapsules that effectively 
protect cells under environmental stress such as oxygen 
and moisture, and internal heat diffusion. These materials 
have a high water-holding capacity and minimize damage to 
probiotic cells caused by oxygen and moisture. In addition, 
electrostatic interactions between wall materials (which have 
opposite charges) and ionic gelling form highly protective 
layers against environmental stresses.

Probiotic cells are typically very sensitive to the highly 
acidic conditions of the human stomach. Raddatz et al. [42] 
reported that microcapsules produced with pectin provide 
excellent protective barriers against stomach acidity (pH 
range of 1.3 to 2.5 for healthy individuals). The authors 

Fig. 5  Number of publications 
over the years of the papers 
selected for data extraction
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verified that the viable cell counts did not present a signifi-
cant difference (p < 0.5) when comparing the initial count 
with the count of microorganisms released in the ileum. 
According to Paula et al. [16], bacteria have proton pumps 
in their plasma membrane as a defense mechanism to keep 
the cytoplasm close to its physiological pH. However, if 
these regulatory systems do not function properly, intracel-
lular acidification will occur and cause a loss of viability, as 
seen in free cells. In the case of encapsulated cells, excess 
protons may not substantially affect the pH of the cell's cyto-
plasm, as they interact with the acid and alkali groups of the 
biopolymers that surround the encapsulated cells participat-
ing in the protonation equilibrium [16]. In low pH media, 
the amino groups of the side chain of proteins are protonated 
and the percentage of carboxylic groups dissociated from 
the polysaccharides is decreased. Therefore, electrostatic 
interactions between these biopolymers are enhanced so that 
cells are less likely to be severely affected by ambient pH. In 
addition, the microcapsule wall material provides a physi-
cal barrier against gastric fluids, increasing the protection 
of cells against adverse conditions. Coating the microcap-
sules with alginate [14], chitosan [32], and nanocrystalline 
starch [43] reduces the hydrolysis of the phospholipid layer 

of probiotic cells from the action of bile salts present in the 
duodenal phase. The additional layer limits the diffusion of 
bile salts into the microcapsules, delaying the interaction 
with probiotic bacteria and allowing them to colonize the 
small and large intestine providing health benefits to the 
host. Ma et al. [15] noticed that pepsin digested the lac-
toprotein layer of microcapsules containing L. plantarum 
LIP-1 into smaller peptide fragments. Although pepsin 
would damage the microcapsules resulting in a decrease 
in the number of living cells, the microcapsules could still 
effectively protect cells since the lactoprotein contains basic 
amino acid residues that neutralize the  H+ that permeates the 
microcapsule, maintaining a neutral internal environment. 
On the other hand, the interest of researchers in discovering 
new probiotics (e.g., Akkermansia muciniphila), known as 
next-generation probiotics, is noticed. An overview of the 
latest studies on next-generation probiotics is shown in the 
following section.

Next‑Generation Probiotics (NGPs)

Even though most parts of the microorganisms approved 
and commercialized are from the Lactobacillus species, 

Fig. 6  Potential benefits of some species of Lactobacillus and Bifidobacterium for human health [45, 46]
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considerable growth in the number of studies regarding the 
discovery of new microorganisms with probiotic poten-
tial has been observed. The next-generation of probiotics, 
mainly the genera Akkermansia, Enterococcus, Bacteroides, 
Coprococcus, Veillonella, Ruminococcus, Corynebacterium, 
Faecalibacterium, Lactococcus, and Eggerthellaceae, has 
shown promising results in the treatment of diseases such as 
type 2 diabetes and obesity. Moreover, some of these micro-
organisms exhibited potential anti-inflammatory, anticancer, 
antimicrobial, and antiviral properties (Table 1).

The expansion of the scope of probiotic microorganisms 
is very relevant for science and industry. Nevertheless, many 
challenges need to be overcome, like the need for higher 
efficacy and higher safety for consumption of these new pro-
biotics [60], as well as the technological aspects of the incor-
poration of these microorganisms in food. Furthermore, the 
maintenance of viable cell count in the gastrointestinal tract 
and methods for measuring the cell survival rate are other 
issues that still need to be addressed. Emulsion microencap-
sulation technology emerges as an interesting alternative to 
protect cells against adverse processing conditions, intrinsic 
factors of the food, and hostile digestive tract environments.

So far, only six studies have assessed microencapsulation 
technology as a method of protecting these new probiotics, 
namely Akkermansia and Enterococcus [30, 48, 61–64]. 
Some of the studies evaluated the protective effect of micro-
encapsulation in simulated gastrointestinal conditions and 

confirmed that it was effective in protecting microorganisms 
against stomach acids, digestive enzymes, and bile [30, 48, 
63, 64]. In contrast, only two papers investigated the effect of 
adding these new probiotics in food matrices, Enterococcus 
faecium (UAM1) in sausages [61] and Akkermansia mucin-
iphila DSM22959 in black chocolate [64]. These authors 
concluded that these foods served as excellent probiotic car-
riers, promoting counts greater than 6 log UFC  g−1 after 
long-term storage.

The limitation of studies in the literature on the micro-
encapsulation of new probiotics is notable. It is believed 
that the upcoming studies should focus on the evaluation of 
the protective effect of microencapsulation under different 
food matrices and in simulated gastrointestinal conditions. 
However, more research must be carried out to prove the 
efficacy and safety of consumption of these next-generation 
probiotics.

Influence of Encapsulating Agents on the Properties 
of Probiotic Microcapsules

Encapsulating agents are considered to be one of the most 
important variables for the successful microencapsulation of 
probiotic bacteria. Wall materials such as chitosan, alginate, 
gelatin, milk proteins, pectin, carrageenan, and different 
types of starch occupy a prominent place in microencap-
sulation by emulsion. Also, prebiotic materials have gained 

Table 1  Benefits of new-generation probiotics

Microorganism Effect Reference

Akkermansia muciniphila Prevent diet-induced obesity and type 2 diabetes in mice; Synthesis of vitamin 
B12

[47, 48]

Lactobacillus mucosae A1 Treatment of hyperlipidemia and atherosclerosis [49]
Lactococcus lactis subsp. cremoris NZ9000 Anti-cancer activity [50]
Bacteroides fragilis ATCC 25285 Treatment of bacterial infection caused by Salmonella Heidelberg [51]
Bacteroides fragilis strain ZY-312 Prevents Clostridium difficile infection in a mouse model by restoring gut barrier 

and microbiome regulation
[52]

Bacteroides and Parabacteroides spp. Anti-inflammatory action [53]
Bacteroides Uniformis CECT 7771 Obesity treatment in mouse [54]
Bacteroides vulgatus LMG 17767
Bacteroides thetaiotaomicron DSM 2079
Coprococcus catus ATCC 27761
Veillonella parvula DSM 2007 Ruminococcus 

obeum DSM 25238
Akkermansia muciniphila DSM 22959 

Lactiplantibacillus plantarum LMG 9211

Propionate produced by strains restored antibiotic-induced dysbiosis in a 
dynamic in vitro model of the human intestinal microbial ecosystem

[55]

Enterococcus faecium K1 isolated from kalarei Exopolysaccharide (EPS) produced by E. faecium K1 exhibited hypocholesterolemic [56]
Corynebacterium pseudodiphtheriticum 090104 Improved resistance of infant mice to respiratory Syncytial Virus and Streptococcus 

pneumoniae superinfection
[57]

Faecalibacterium prausnitzii Anti-microbial and hemolytic activity [58]
Eggerthellaceae sp. Anti-inflammatory, anti-carcinogenic, cardioprotective, and neuroprotective 

properties
[59]
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prominence as encapsulants [4, 42, 61, 65]. Table 2 presents 
several encapsulating agents used in microencapsulation by 
the emulsion of probiotic strains and the results in terms of 
encapsulation yield, droplet/microcapsule size, and the via-
ble cell count of probiotic strains after storage and/or after 
submission to gastrointestinal conditions. The criteria for 
choosing a suitable encapsulating agent are mainly based on 
its physicochemical properties (molecular mass, solubility, 
glass transition temperatures, crystallinity, film formation, 
and emulsifying properties) [66]. A good wall material must 
also be easy to handle during the encapsulation process. In 
addition, it cannot react or injure the probiotic strain during 
the encapsulation and storage process and, finally, it must 
meet the solubility properties of the microcapsule by releas-
ing the probiotics at the site of action [67].

Influence of Encapsulating Agents on Encapsulation 
Yield

The encapsulation yield is related to the concentration of 
cells trapped in the microparticles, and to the survival rate 
of the probiotic strains after the encapsulation process. Thus, 
high yield values are more advantageous. Variables such as 
the rate of agitation of the emulsion, encapsulating materi-
als, the concentration of organic acid used in the internal 
gelation step, and the species of the probiotic strain influence 
the encapsulation yield [75]. Sodium caseinate and sodium 
alginate have been reported to form excellent protective bar-
riers for the Lacticaseibacillus casei C24 (Lc) strain against 
stress suffered by the encapsulation through the emulsifica-
tion process, resulting in a high encapsulation yield (97.3%) 
[14]. Similarly, a mixture of gelatin and Arabic gum was 
able to protect Lactiplantibacillus plantarum cells against 
agitation and temperature variations during the encapsula-
tion by emulsification process, providing a 95.9% encapsula-
tion yield [16]. A direct correlation was observed between 
the encapsulation yield of Lactobacillus acidophilus (PTCC 
1643) and the encapsulant polymer concentration. When 
increasing the concentration of alginate 5% (w/v) and whey 
protein isolate 10% (w/v), there was an increase from 81.42 
to 97.51%. This variation in the yield of the encapsulation 
may be due to the high concentration of the wall materials 
since the repetition of groups with opposite charge increases 
the ionic crosslinking and forms a denser membrane in the 
microcapsule [13]. It has also been documented that the 
combination of pectin with rice bran or pectin with inulin 
improves the survival of the Lactobacillus acidophilus LA-5 
strain, promoting high yields (90.59–91.24%) [42]. The addi-
tion of prebiotics like inulin or rice bran reduces cell death 
by stabilizing pectin networks. Besides, inulin has excellent 
plasticizing properties, contributing to a more efficient coat-
ing [76]. The use of alginate with Eleutherine americana 
extract increased the yield of encapsulation from 67.34% 

(without Eleutherine americana extract) to 87.17%. It is 
believed that the plant extract was responsible for reducing 
the porosity of the microcapsules and, consequently, reduced 
the leakage of microencapsulated Bifidobacterium longum, 
ensuring good encapsulation performance [72]. Multiple 
type emulsions can provide a high yield in the encapsulation 
of probiotic microorganisms [14, 16]. The additional physi-
cal barriers formed by the encapsulating agents are mainly 
responsible for this increase in yield, which provides greater 
protection to the encapsulated probiotics. Furthermore, the 
presence of cells within the internal aqueous droplets limits 
the migration of probiotic strains out of the microcapsule, 
since they first need to permeate through the W/O interface 
and then diffuse into the oil phase, migrate through the wall 
material and finally reach the exterior of the capsule.

Influence of Encapsulating Agents on the Size 
of Droplets and Microparticles

The size of the droplets and/or microparticles is another 
property influenced by the encapsulating materials. In addi-
tion to the encapsulating agents, the size can be affected 
by the rate of agitation, since increasing the stirring speed 
results in decreased microparticle size, as it produces 
smaller emulsion droplets through stronger shear forces 
and increased turbulence [42]. There is no standardiza-
tion regarding size limits for the classification of capsule 
size. However, la Cruz Pech-Canul et  al. [67], Campos 
et al. [77], and Yao et al. [78] classified the capsules as 
macro (> 1000 µm), micro (1 to 1000 µm), and nanocap-
sules (< 0.2 μm). However, an optimal range (1—100 µm) 
is indicated for food application [4, 21] since microparti-
cles above this range are sensorially perceptible, causing 
a gritty sensation when consumed. It is worth emphasiz-
ing that the probiotic particles must be larger than 1 μm, as 
microbial cells dimensions are typically in the 1—10 μm 
range. The reduced size (36.3 µm) of droplets of an emul-
sion (wet suspension) with microencapsulated Lactiplan-
tibacillus plantarum was attributed to the use of sodium 
alginate since it can form a more cohesive surface structure 
due to the interaction between the calcium ions and alginate 
[14]. The combination of pectin and inulin was responsi-
ble for increasing the size (462 µm) of the microparticles 
(wet suspension) containing encapsulated Lactobacillus 
acidophilus LA-5 when compared to the size (24.4 µm) of 
the microcapsules produced only with pectin. The differ-
ence in size may have occurred due to the long length of 
the inulin chain, which when incorporated into water forms 
microcrystals and results in larger microparticles [42]. It has 
also been documented that the combination of alginate (1, 
2, and 3%) with flaxseed mucilage (0.9%) produced larger 
probiotic microparticles (wet suspension) (60–104 µm) than 
those produced only with alginate (56–90 µm). This increase 
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was associated with the increase in alginate concentration 
with the incorporation of flaxseed mucilage. The different 
polysaccharides have different hydration capacities due to 
the different chemical groups (COO– and  SO3) that can 
interact with water molecules through hydrogen bonds [68]. 
Besides, it has been reported that multiple type emulsions 
tend to produce probiotic microcapsules with larger sizes, 
due to the formation of additional barriers by encapsulating 
materials [14]. Similarly, Chen et al. [34] indicated that the 
size of dried probiotic microparticles produced with whey 
protein isolate was influenced by coating with an alginate 
solution. After coating with the alginate solution, the size 
of the microcapsules increased by 40 µm. A similar finding 
was verified by Mokhtari et al. [79] when they produced 
probiotic microcapsules (wet suspension) coated with algi-
nate. The microparticles with a single, double, and triple-
layer, had a size of 54.25 µm, 77.43 µm, and 103.66 µm, 
respectively, directly attributed to the number/thickness of 
the coating layer.

Influence of Encapsulating Agents on the Survival 
Rate of Probiotic Strains During Storage 
and Passage Through the Digestive Tract

A correct choice of encapsulating agents reflects positively 
both on the survival rate of microencapsulated probiotic 
strains during storage and under gastrointestinal conditions. 
It is worth emphasizing that these encapsulating agents need 
to resist oral and stomach fluids and enzymes and dissolve 
in the human intestine to release the probiotics from the 
microcapsules. After the rupture of microparticles, probi-
otics must colonize or interact with intestinal microbiota 
to exercise their functional roles in human health. Alginate 
has been the wall material most widely used in emulsion 
microencapsulation technology [13, 30–32, 68]. The large 
use of this material is due to its low cost, biocompatibility, 
food grade, and the targeted delivery of probiotics (soluble 
in basic medium, for example in the intestine) [80]. How-
ever, microcapsules formed with this single polymer were 
characterized as more porous and susceptible to extreme pH 
values, resulting in an early release of probiotics and less 
efficient protection of microencapsulated strains [81]. The 
combination of wall materials and the formation of multiple 
layers through the microcapsule coating process have been 
reported as alternatives to overcome these limitations [14]. 
Chen et al. [34] reported that the high counts (> 7 log UFC 
 g−1) of Lactobacillus bulgaricus were due to the alginate 
coating of the dried microparticles produced with whey 
protein isolate. These alginate-coated microparticles were 
resistant to the penetration of digestive fluids, enzymes, 
oxygen, and water. The coating of probiotic microparticles 
with other materials, such as chitosan [27, 29, 32, 35, 73, 
82], xanthan gum [69], Eudragit S100 [83], whey proteins 

[84], and resistant starch [85], also provided counts greater 
than 6 log UFC  g−1 after the simulation of gastrointestinal 
conditions, and great stability during storage.

Chitosan is frequently used in probiotics encapsulation 
using the emulsion technique, mainly for coating microcap-
sules. It is worth emphasizing that chitosan exhibited inhibi-
tory effects on different types of lactic acid bacteria [11]. 
These inhibitory properties are believed to be related to a 
strong electrostatic interaction between chitosan, positively 
charged, and the cell surface of the bacterium, negatively 
charged. This electrostatic interaction causes changes in 
the functioning of the membrane cell followed by increased 
membrane permeability that leads to destabilization of the 
cell membrane and leakage of intracellular substances and, 
finally, cell death [86]. For this reason, chitosan is preferred 
to be used as a coating material, not as a single wall mate-
rial. Alginate-chitosan-type microparticles are one of the 
most widely used microcapsules for microbial cultures due 
to the high compatibility between polymers, low cost, and 
abundance in nature. The polycationic nature of chitosan 
contributes to a strong interaction of the alginate carboxylic 
groups with the chitosan amine groups, resulting in the for-
mation of a membrane highly resistant to digestive fluids and 
environmental conditions during storage [35].

Milk proteins have been reported to be good wall materi-
als [15, 69] due to the buffering capacity of amino acids, 
and consequently minimizing cell death during digestion. 
In addition, it was reported that the combination of whey 
protein isolate and alginate produced dried microcapsules 
containing Lactobacillus acidophilus (PTCC 1643) is highly 
resistant to digestive fluids. The ionic interaction between 
alginate and β-lactoglobulin (major whey protein) can 
reduce the pores of the microcapsule surface and guarantee 
the targeted delivery of probiotics in the intestine [13].

Prebiotics such as inulin [42, 62, 65, 76], oligosaccharides 
[72, 87], rice bran [4, 42, 76], flaxseed mucilage [68], flour 
pear peel, and apple pomace flour [61] were applied with 
the association of other wall materials and showed promis-
ing results in the survival rate of probiotic microorganisms 
during storage and after the simulation of gastrointestinal 
conditions. These prebiotics can contain non-nitrogen com-
pounds, mainly fibers, and monosaccharides, including 
xylose, galactose, arabinose, maltose, glucose, and fucose. 
Therefore, these substances can act in three main ways: as a 
carbon source promoting microbial growth; as water absorb-
ers increasing the stability of probiotic microcapsules during 
storage; and as protective barriers increasing the survival 
rate of microorganisms during passage through the tract.

Drying Techniques for Producing Probiotic Microcapsules

Drying the probiotic microcapsules is important both from 
a microbiological and technological point of view, as it 
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increases the lifetime of microorganisms. Šipailienė and 
Petraitytė [88] mentioned that a water activity greater than 
0.25 increases the mortality rate of probiotic bacteria, sup-
posedly due to the high molecular mobility in the matrix, 
which is related to the stimulation of cellular metabolism. 
Similarly, high humidity and high water activity favor the 
microparticle agglomeration during storage [89]. Another 
technological advantage of drying the microcapsules is 
the possibility of the incorporation of probiotics in a low-
moisture food matrix. Therefore, choosing a suitable drying 
method that causes less damage to the probiotic strains is 
another challenge during the encapsulation by the emulsifi-
cation process. Several techniques are used to dry the pro-
biotic microcapsules obtained by emulsification. We found 
a total of 25 studies out of 109 eligible articles, which used 
some drying technique after internal or external gelation of 
probiotic microcapsules. Among the drying techniques used, 
freeze-drying (84%), spray-drying (8%), critical point drying 
(4%), and fluidized bed drying (4%) are highlighted.

Although the drying techniques provide technological 
advantages to microparticles, for example, increased probi-
otic stability, most studies characterized and used only wet 
probiotic microcapsules. As mentioned in some studies [15, 
26, 29, 61, 68, 72, 81, 90–94], after the encapsulation pro-
cess, the microparticles are filtered to remove the crosslink-
ing solution and are washed with distilled water, peptone 
water, or 0.85% (w/v) saline solution to remove residual 
oil. After that, microparticles are stored under refrigeration 
(4 ± 2 °C) until analysis and incorporation into foods. On the 
other hand, when probiotic microcapsules are not subjected 
to a filtration process, they remain in emulsion [40, 41, 95, 
96] or are suspended in peptone water [35] or saline solution 
[87] before characterization and addition to probiotic foods.

The freeze-drying technique is based on the sublimation 
phenomenon, which occurs in three stages: freezing, pri-
mary drying, and secondary drying. In the former stage, 
depending on the freezing rate and temperature, ice crystals 
that damage probiotic cells may be formed [80]. It is worth 
mentioning that, in addition to the formation of ice crystals, 
the chemical and osmotic damages caused by the concentra-
tion of solutes in the unfrozen fraction are highly harmful to 
probiotics. In the second stage, the frozen water is removed 
by sublimation under vacuum, while in the third stage, the 
non-frozen water is removed by desorption [97]. Despite 
the limitations, freeze-drying remains the most widely used 
technique to dry probiotic microcapsules. To avoid the for-
mation of intracellular crystals, and consequently minimize 
cell loss, a high freezing rate is preferable (approximately 
5 °C  min−1, as suggested by Heylen et al. [98]), reaching  
a final temperature lower than -60 °C. In addition, cryopro-
tective agents (including lactose, sorbitol, maltodextrin, 
powder milk, milk proteins, glycerol, trehalose, sucrose,  
and mannitol) have been used to overcome the issues during 

freeze-drying [88]. The cryoprotective agents can be used 
both in the dispersed phase of the emulsion and in the coat-
ing of probiotic microcapsules. As ice crystals are formed, 
probiotic cells are compressed into the unfrozen fraction. 
The addition of these cryoprotective agents decreases the 
melting point of the water, and consequently increases the 
unfrozen fraction, giving more space to the probiotics, and 
thus contributing to less cellular damage due to mechanical 
or osmotic stress. The combination of alginate and mannitol 
provided slight protection to the cells of Bifidobacterium 
animalis ssp. lactis BB-12 after freeze-drying. The viable 
cell count of Bifidobacterium animalis ssp. lactis BB-12 
in alginate-mannitol and alginate formulations were 6.61 
and 6.34 log UFC  g−1, respectively [99]. Several studies 
reported that the use of freeze-drying as a drying treatment 
after encapsulation by emulsification produced probiotic 
microparticles with a water activity below 0.4 [4, 14, 16, 
37, 71, 76], and with good maintenance of probiotic survival 
rate during long-term storage.

Spray-drying is well established for large-scale industrial 
applications [100] and is considered economically viable. 
The energy consumption of the spray-drying process is 
considered to be 6 to 10 times lower compared to freeze-
drying [11]. In this technique, the emulsion or microparti-
cles resuspended in water are atomized in a drying chamber 
that contains a gas at a temperature between 47 and 200 °C 
[101]. The spray flow can be applied in three ways (concur-
rent, countercurrent, or mixed flow). However, the choice of 
spray flow will depend on the direction in which the air and 
liquid (e.g. emulsion or microparticles resuspended in water) 
enter the drying chamber. In the first case (co-current), the 
final product is in contact with the cooler air, being prefer-
able for drying thermosensitive materials, such as probiotics. 
After evaporation of the solvent, the dried microcapsules are 
formed and separated from the drying gas using a cyclone, 
which deposits them in a glass collector located at the bot-
tom of the equipment [100]. Broeckx et al. [97] detailed the 
main phases involved in the spray-drying process. During the 
process, encapsulated microorganisms can undergo several 
stresses, including thermal stress, dehydration, shear stress, 
osmotic and oxidative stress. Thermal stress and dehydration  
were mentioned as the main responsible for the inactiva-
tion and death of probiotic strains [102]. Gelatin, arabic 
gum, and cellulose acetate phthalate have been reported 
as protective agents capable of forming a physical barrier 
resistant to hot air [101]. Also, the use of disaccharides is 
encouraged, as they can preserve the structure of proteins 
and membranes of probiotic cells through a connection in 
places that previously interacted with water [103]. The emul-
sion technique was used to produce probiotic microcapsules 
containing sodium caseinate, okara oil, and Lactiplantibacil-
lus plantarum CIDCA 83,114, and then the microcapsules  
were dried by freeze-drying or spray-drying [37]. The results 
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revealed that spray-dried microparticles showed better phys-
icochemical stability after storage (90 days at 4 °C) and the 
smallest decrease in the microbial count (1.89 log UFC  g−1) 
when compared to freeze-drying (5 log UFC  g−1).

Recently, fluidized bed drying was used to dry micro-
capsules produced with alginate and mineral oil, containing 
Saccharomyces boulardii (CGMCC No. 10381) or Entero-
coccus faecium (CGMCC No. 2516) microencapsulated by 
the emulsion technique [30]. Before the drying process, the 
probiotic microcapsules must be collected and separated by 
filtration from the oil fraction, and then dried. A heated gas 
(35—50 °C) with controlled speed passes through a bed of 
reticulated particles, suspending the microparticles in the 
drying air [104]. Fluidized bed drying consumes less time 
than freeze-drying, and operates at lower temperatures than 
the spray-drying process, minimizing the inactivation of 
probiotics by heat. Marcial-Coba et al. [80] mentioned that 
the osmotic stress caused by the expulsion of water during 
the fluidized bed drying process can affect the survival rate 
of probiotic strains. However, those cryoprotective agents 
used in freeze-drying have been reported as a solution to 
this problem.

The use of critical point drying was reported in only one 
study [38]. However, Ayama et al. [38] did not evaluate the 
influence of the drying technique on the survival rate of 
microorganisms. The effect of drying on the physicochemi-
cal and microbiological properties of probiotic microcap-
sules during long-term storage has also not been evaluated. 
Due to the mild conditions of the process, it is believed that 
both techniques (fluidized bed drying and critical point 
drying) seem to be promising for drying probiotic micro-
capsules obtained by emulsion, but the available literature 
is scarce and more research is needed to demonstrate the 
potential of these techniques.

Probiotic Microcapsule Delivery Vehicles

One way to deliver probiotic microcapsules to humans is 
through incorporation into food. Table 3 shows the different 
types of foods that were used as vehicles for the probiotic 
microparticles obtained by the emulsification technique. 
Only 19 articles, of 109 eligible, investigated the effect of 
adding probiotic microcapsules to food matrixes. This find-
ing indicates that more research in this area must be devel-
oped because each food matrix presents new challenges due 
to its different compositions. In addition, 61% of the stud-
ies did not evaluate the survival rate of microorganisms in 
simulated gastrointestinal conditions. This evaluation can 
be considered one of the most relevant in the development 
of a functional product through the addition of probiotics, 
considering that probiotics must reach the colon with a count 
above the recommended dose (> 6 log UFC  g−1) to exercise 
their bioactive functions.

Non-dairy products added with probiotic capsules repre-
sent 63% of probiotics delivery vehicles, 26% meat foods, 
21% fruit products, and 16% bakery products. The dairy 
matrices represent 37% of the applications. The sausage was 
the delivery vehicle most used by researchers (Table 3), and 
good probiotic survival rate results were confirmed after 
long-term storage. In addition, recent researches have shown 
that fruit juices [94], dehydrated fruits [113, 114], and bak-
ery products, such as cupcakes [107], guaranteed excellent 
results of probiotic survival rate after the study of storage, 
evidencing the potential of this market. Although dairy 
matrices are a focus of research with probiotics, there is a 
tendency to use these microorganisms in non-dairy matrices 
[115].

The main reason for the probiotication of non-dairy matri-
ces is to serve those consumers who dislike milk and its 
derivatives, or who are intolerant to milk compounds. Also, 
probiotic products such as fruit juices are often lactose-free, 
soy-free, and vegan-compliant [115]. However, maintaining 
the survival rate of probiotic microorganisms in non-dairy 
matrices represents a major challenge. Intrinsic factors like 
the presence of fermentative bacteria, sodium chloride, 
nitrate and nitrite, low pH, and high water activity [41] of 
some meat products, for instance, represent the main obstacles 
for probiotic strains. Besides, the high cooking temperatures 
(70—72 °C) [61] negatively affect the lifetime of these micro-
organisms. Bakery products, such as bread and cupcakes, usu-
ally cooked at around 180 °C, represent the main difficulty in 
the development of functional foods. In addition, changes in 
pH or water activity, ethanol production, and products of the 
Maillard reaction are other obstacles that the probiotic strains 
have to face [115].

In fruit-based foods, low pH, high water activity, and the 
presence of phenolic acids and lactones [94] represent the 
main challenges for probiotic microorganisms. To overcome 
these challenges, the encapsulation of probiotics with dif-
ferent encapsulating materials has been an alternative and 
guaranteed good results of probiotic survival rate (Table 3). 
For example, flour pear peel and apple pomace flour were 
responsible for decreasing the humidity in sausages and pro-
viding greater thermal resistance to probiotics during cook-
ing [61]. Alternatively, coating the microcapsules (wet sus-
pension) with chitosan protected the probiotic cells during 
the baking of the bread, providing higher counts of micro-
organisms than the uncoated microcapsules [108]. The use 
of wall materials such as powder milk and lecithin proved to 
be effective in protecting probiotic cells in pineapple juice, 
but they did not protect the bacteria in strawberry-apple 
juice [94]. Another alternative to provide greater thermal 
resistance to microorganisms is the genetic manipulation of 
probiotic strains and their exposure to stress in sublethal 
temperatures [7, 116]. Table 4 shows the main challenges 
encountered in the probiotication of non-dairy foods, as well 
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as the strategies that can be used to increase the survival rate 
of probiotics in these food matrices.

Innovations and Future Trends 
in the Encapsulation of Probiotics Using 
the Emulsion Technique

The encapsulation of probiotics using the emulsion tech-
nique is constantly advancing. Studies on new encapsulation 
methods that produce microparticles of small size, with high 
encapsulation yield, and less damage to probiotic strains 
during the encapsulation process should still be developed.

Membrane Emulsification

Membrane emulsification is a relatively new technology and 
has been reported as a method for encapsulating probiotic 
microorganisms in only two studies [83, 119]. Microencap-
sulation of probiotic strains using this technique is based on 
forcing the dispersed phase of an emulsion through the pores 
of a membrane into the continuous phase. Droplets grow at 
pore outlets until detaching after reaching a certain size. The 
detachment of these droplets from the membrane surface can 
also be favored by the application of shear forces [120]. As 
the droplets of the hydrocolloid detach, a continuous phase 
envelope is formed on the surface, generating the emulsion 
(W/O). Then, this emulsion is poured into an acetic acid 
solution to allow the hydrocolloid gelation, as described in 
"Preparation of the Emulsion for Encapsulation".

Metal membranes with a micro-sieve format are more 
appropriate for encapsulating probiotics since they have 
straight rectilinear pores in a regular array. The lack of a tor-
tuous pore channel minimizes membrane fouling, facilitates 
cleaning, and yield higher fluxes [83]. Figure 7 shows the 
flow diagram of the process for obtaining probiotic micro-
capsules using membrane emulsification.

Song et al. [119] used a microporous glass membrane 
(SPG) with a pore diameter ranging from 4—6.4 μm to 
encapsulate Lacticaseibacillus casei YIT 9018. The dried 
microcapsules obtained had a size between 31 and 52 μm 
and were stable during storage at 4 °C for 42 days  (104–109 
log UFC  g−1), and resistant to gastric fluid and bile  (106 log 
UFC  g−1). Similarly, Morelli et al. [83] used a flat disk metal 
membrane with a pore diameter of 30 μm to encapsulate 
Saccharomyces cerevisiae cells. The size of the droplets (wet 
suspension) containing microencapsulated S. cerevisiae cells 
ranged between 60 and 340 μm. The size of the microcap-
sules favored the incorporation in food matrices (without 
being sensorially perceived by consumers), but the authors 
did not investigate this effect.

Several studies have investigated and detailed the main 
factors related to the membrane emulsification process Ta
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(Fig. 7) and how they affect the microcapsules prepared 
[120, 122–130]. The knowledge helps researchers and 
industrial operators to obtain microcapsules with a uniform 
size distribution (monodisperse particles) and reduced size. 
According to Charcosset et al. [122], the factors are classi-
fied in: (i) membrane parameters (mean pore size and pore 
size distribution, wettability, porosity, number of active 
pores, permeability, and thickness); (ii) phase parameters 
(interfacial tension, emulsifier type and concentration, vis-
cosity, and density of continuous and dispersed phases); (iii) 
process parameters (shear stress at the membrane surface, 
transmembrane pressure, and temperature).

Mean pore size largely affects the droplet size. It is 
believed that the droplet diameter, dg , increases with the 
average membrane pore diameter, dp , by a linear relation-
ship (Eq. 1), where c depends on the operating conditions.

Monodisperse emulsions can be produced if the pore 
size distribution of the membrane is narrow enough. For 
instance, Song et al. [119] used a microporous glass mem-
brane (SPG) with a pore diameter ranging from 4—6.4 μm 
to encapsulate Lacticaseibacillus casei YIT 9018. The drop-
lets of the emulsions containing the probiotic had a diameter 
between 20 and 32 μm.

Membrane wettability can affect the average size and size 
distribution of droplets. Membranes that are not completely 
wetted by the continuous phase often form emulsions with 
a high degree of dispersion and larger average droplet size. 
Pore wetting with the dispersed phase should be avoided to 
guarantee the successful production of monodispersed emul-
sions [83]. Therefore, in the production of W/O emulsions, 
the membrane should be thoroughly wetted by the continu-
ous oil phase, to minimize the spreading of the dispersed 
phase on the membrane.

(1)dg = c ∗ dp

The porosity of the membrane surface is essential because 
it determines the distance between the two adjacent pores 
[131]. Suárez et al. [132] recommended that the distance 
between the pores should be ten times the size of the pores. 
This rule ensures that two adjacent forming droplets do not 
contact each other, which could lead to coalescence.

The presence of emulsifiers or surfactants in the phases 
play two relevant roles in forming an emulsion: i) reduction 
of the interfacial tension between oil and water, facilitating 
the distribution of droplets and, in the case of membranes, 
decreasing the minimum emulsification pressure; and ii) 
stabilization of drops against coalescence [133]. Sorbitan 
monooleate, Polysorbates, PGPR, and Panodan SDK, have 
been the main emulsifying agents used to stabilize probiotic 
emulsions [4, 14, 40, 110, 113]. Furthermore, lecithin [38] 
and Saccharomyces cerevisiae bioemulsifier [134] have been 
explored as surfactants of probiotic emulsions. According 
to Schröder et al. [135], Tween 20 emulsifier can produce 
emulsions with droplet diameters about twice as large as 
when stabilized with Sodium Dodecyl Sulfate (SDS). So far, 
there are no studies in the literature that have investigated the 
influence of emulsifier type or emulsifier concentration on 
the distribution and final droplet size of probiotic emulsions 
obtained by membrane emulsification. Therefore, future 
research may focus on this field.

The viscosity of the dispersed phase also has an important 
effect on the performance of the membrane emulsification 
process. According to Darcy's law (Eq. 2) the flux of the 
dispersed phase ( Jd ) is inversely proportional to the viscos-
ity of this phase, i.e., when the viscosity is high, the flux 
will be low and, therefore, the droplet diameter will be large 
compared to the average pore diameter.

(2)Jd =
K ∗ ΔPtm

� ∗ L

Fig. 7  Flow diagram of the 
process of obtaining probiotic 
microcapsules using membrane 
emulsification [121]
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where K is the membrane permeability, ΔPtm the transmem-
brane pressure, μ the dispersed phase viscosity, and L the 
membrane thickness.

As mentioned earlier, the dispersed phase droplets are 
formed at the membrane/continuous phase interface and 
the detachment of these droplets is favored by the applica-
tion of continuous phase shear stresses [120]. According to 
Kobayashi et al. [136], the droplet size becomes smaller as 
the shear stress increases. However, in the encapsulation of 
probiotics, high shear rates should be avoided to minimize 
the death of microorganisms. High shear rates can dam-
age cell walls, causing cell lysis. Morelli et al. [83] and 
Vinner et al. [121] used shear rates of 200 and 250 rpm, 
respectively, in an encapsulation system similar to Fig. 7 to 
encapsulate biological materials.

The membrane emulsification process requires hydraulic 
pressure to drive the dispersed phase through the membrane 
to the continuous phase side. The transmembrane pressure 
( ΔPtm ) is defined as the difference between the pressure of 
the phase to be dispersed  (Pd) and the average pressure in the 
continuous phase that flows through the membrane module 
(Eq. 3).

where Pc,in and Pc,out are the pressure of the flowing con-
tinuous phase at the inlet and at the outlet of the membrane 
module, respectively.

The applied transmembrane pressure required to make 
the dispersed phase flow through the membrane pores can 
be estimated from the capillary pressure (Eq. 4), assuming 
that the pores are ideal cylinders:

where Pc is the critical pressure, � the O/W interfacial ten-
sion, � the contact angle of the oil droplet against the mem-
brane surface well wetted with the continuous phase, and dp 
the average pore diameter.

According to Darcy’s law (Eq. 2), the dispersed phase 
flux, Jd , is related to the difference in pressure applied to the 
membrane, i.e., an increase in pressure will increase the flux 
of the dispersed phase through the membrane. The pressure 
applied to the membrane must be carefully chosen since high 
fluxes tend to form droplets with larger size distribution and 
diameters due to the increase in the coalescence of the drop-
lets on the membrane surface. Also, very high fluxes will 
form jets of dispersed phase rather than droplets with the 
trapped probiotic. It is also worth emphasizing that very high 
pressures can damage the plasmatic membrane of probiotic 
cells, causing a decrease in the viable cell count. For the 
microporous glass membrane (SPG) with a pore diameter 

(3)ΔPtm = Pd −

(

Pc,in + Pc,out

)

2

(4)Pc =
4 ∗ � ∗ �

dp

ranging from 4—6.4 μm, Song et al. [119] used pressures 
of 100 to 190 kPa to encapsulate Lacticaseibacillus casei 
YIT 9018.

A mathematical model (Eq. 5) has been used to predict 
the droplet size [127, 137–139] produced in a dispersion 
dead-end cell depicted in Fig. 7. The droplet diameter (x) is 
calculated from a force balance of the capillary force (func-
tion of interfacial tension and pore size) and the drag force 
(function of shear stress and the droplet size) acting on a 
strongly deformed droplet at a single membrane pore.

where rp is the pore radius, T is the maximal shear stress, and 
� is the interfacial tension. The maximal shear stress over 
the entire membrane area is calculated according to Eq. 6.

where �c is the continuous phase viscosity, � is the angular 
velocity, rc is the critical radius, which corresponds to the 
point where the rotation changes from a forced vortex to a 
free vortex, at which shear stress is greatest, calculated using 
Eq. 8, and � is the boundary layer thickness, given by Eq. 7.

where ρ is the continuous phase density.

where D is the stirrer diameter, T is the tank (cell) diameter,b 
is the blade height, nb is the number of impeller blades, and 
Re is the Reynolds number, given by Eq. 9.

Microfluidic Emulsification

Microfluidic emulsification is another emerging technology 
with great potential for encapsulating probiotic microorgan-
isms. So far, to the best of our knowledge, only two studies 
evaluated this technology to encapsulate probiotics [95, 140]. 
The generation of droplets in microfluidic devices involves the 
injection of the dispersed phase through a single microchannel 
(MC) into another perpendicular MC carrying the continuous 
phase (T junction) or break-up of coaxial streams of immisci-
ble liquids in a narrow orifice, which is called flow focusing. 
The T-junction is the simplest microfluidic structure to make 
droplets, and therefore the most used [141]. Figure 8 shows the 

(5)

x =

√

18 ∗ T2 ∗ r2
p
+ 2 ∗

√

81 ∗ r4 ∗ r4
p
+ 4 ∗ r2

p
∗ T2 ∗ �2

3 ∗ T

(6)T = 0.825 ∗ �c ∗ � ∗ rc ∗
1

�

(7)� =

√

�c

�c ∗ �

(8)
r
c
= 1.23 ∗

D

2
∗

(

0.57 + 0.35 ∗
D

T

)

∗

(

b

T

)0.036

∗ n
0.116

b
∗

Re

1000 + 1.43 ∗ Re
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flow diagram of the process for obtaining probiotic microcap-
sules using microfluidic emulsification. Martinez et al. [95] 
and Ekanem et al. [140] used microfluidic emulsification to 
encapsulate Saccharomyces cerevisiae cells. Ekanem et al. 
[140] found a high encapsulation yield (96%) and a very small 
dried capsule size (5–7 μm). Conversely, the droplets (wet sus-
pension) obtained by Martinez et al. [95] remained in the size 
range of 60–230 μm. As with membrane emulsification, the 
small size of the microparticles or droplets was in the range 
indicated for incorporation into food. Future studies could 
focus on the incorporation of these microparticles in food. In 
addition, it is necessary to evaluate the long-term storage and 
in vitro digestion of these probiotic microcapsules.

To understand the mechanism of droplet breakage in the 
system (Fig. 8), it is usual to analyze the influence of viscous 
stress and pressure around the droplet. In addition, the geom-
etry of the junction where the drop is detaching is of great 
importance and determines what forces are acting to cause 
detachment. For the T-junction structure (Fig. 8), the inter-
facial force tends to pull the forming droplets towards the 
nozzle orifice. Drop formation starts when the viscous force 
overcomes the clamping force due to the interfacial force and 
the drops are formed very close to the orifice of the capillary 
injection [142].

Some dimensionless numbers are important for understand-
ing the system behavior and the drops formation. The Reynolds 
number ( Re ), Eq. 9, describes the relationship between the iner-
tial and viscous forces and indicates the flow regime [143].

where � is the density of the fluid, V  is the average flow 
velocity in the channel, D is the diameter of the channel, and 
� is the viscosity of the fluid.

(9)Re =
� ∗ V ∗ D

�

Microfluidic systems operate with typically laminar flows 
( Re < 2000). For emulsion production systems (microfluidic 
emulsification) it is common to operate with numbers Re 
< < 1, ensuring greater droplet size stability.

The capillarity number ( Ca ), Eq. 10, relates the viscous 
forces and surface tension that act at the interface between 
two immiscible fluids. It is defined as a function of the con-
tinuous phase of the system [144].

where �c is the viscosity of the continuous phase, Vc is 
the flow velocity of the continuous phase, which can be 
described in terms of the flow rate (Qc) and channel geom-
etry. Vc =

Qc

area
 and � is the interfacial tension between the 

two immiscible fluids.
As the capillarity number increases, the size of the drop is 

decreased. When Ca > 1, shear dominates the cutting mech-
anism. For Ca range between 0.01 and 1, there is a combina-
tion of shear and pressure, and for Ca < 0.1, there is a pre-
dominance of pressure on the droplet detaching mechanism.

Weber's number (We) , Eq. 11, is used to characterize 
droplet formation and is applied to the dispersed phase 
[145].

where  �d is the density of the dispersed fluid, Vd is the flow 
velocity of the dispersed fluid, and � is the interfacial ten-
sion between the two immiscible fluids. Abate et al. [146] 
observed that with an increase in the Weber number, the 
drops of the dispersed phase detached faster than in lower 
We.

(10)Ca =
�c ∗ Vc

�

(11)We =
�d∗ V2

d

�

Fig. 8  Flow diagram of the 
process of obtaining probiotic 
microcapsules using microflu-
idic emulsification
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Garstecki et al. [147] proposed a method (Eq. 12) to cal-
culate the droplet diameter (Dd) when using a T-junction 
microfluidic device.

where Dd is the diameter of the dispersed phase channel, � is 
a proportionality constant dependent on the geometry of the 
microfluidic device, Qd is the flow rate of the dispersed phase 
fluid, and Qc is the flow rate of the continuous phase fluid.

Several advantages have been attributed to the use of 
membrane emulsification and microfluidic emulsification 
for the production of probiotic microcapsules: (i) production 
of uniformly sized and controlled-sized particles (control 
by appropriate membrane pore size selection), (ii) parti-
cles with a low polydispersity (CV = standard deviation / 
mean < 3%) [141], (iii) low shear stress, (iv) energy require-
ment reduction, (v) high flexible plant use and (vi) operation 
under mild conditions [125]. The set of these characteris-
tics demonstrates that these methods are very promising 
in microencapsulation of probiotic strains, because these 
microorganisms are sensitive to shear and temperature, and 
also, the control of the final size of the microcapsule is a 
valuable advantage for the applications in foods.

In addition to the development of emerging emulsion meth-
ods to encapsulate probiotics, in vivo studies that demonstrate 
the behavior of emulsion-encapsulated probiotics during pas-
sage through the gastrointestinal tract are needed. So far, only 
a couple of papers in the literature have studied the survival 
rate of these microorganisms microencapsulated by emulsion 
in animal models. In the study of Oguntoye et al. [91], forty 
male Wistar rats were fed for fifteen days with a provitamin 
A cassava hydrolysate containing free and encapsulated Lac-
ticaseibacillus rhamnosus GG (LGG) (wet suspension). The 
fecal microbial population was determined in rats for days 15 
and 30 post-administration of provitamin A cassava hydro-
lysate without or with LGG. The authors found that emul-
sion encapsulation improved LGG survival during exposure 
to in vivo gastrointestinal conditions. The encapsulated LGG 
was able to outcompete total aerobes and other pathogenic 
organisms in the intestine and eventually colonize the intes-
tine. According to Adak et al. [148], LGG is a facultative 
anaerobic bacterium that creates anaerobiosis in the environ-
ment, competes with pathogenic bacteria for nutrients and 
binding sites, and produces bacteriostatic compounds that 
limit the activity and growth of aerobic and other pathogenic 
organisms. In the study of Rodklongtan et al. [149], microcap-
sules (wet suspension) containing Limosilactobacillus reuteri 
KUB-AC were incorporated into an animal feed for chickens. 
A group consisting of five chickens was randomly divided 
into two groups consisting of two in the control and three in 
the probiotic treated group. The authors concluded that the 

(12)
Dd

Dd

= 1 + � ∗
Qd

Qc

encapsulation of the probiotics protected the cell from acid-
induced cell death in the upper digestive tract of chickens and 
delivered the cells in sufficient numbers in the intestine.

Conclusions

The emulsification technique is a useful tool to improve the 
survival of probiotic bacteria during processing, storage, 
and gastrointestinal passage. When considering encapsulat-
ing agents, studies have shown that the use of alginate in 
combination with chitosan or prebiotics extends the life of 
probiotic strains during storage and ensures safe delivery to 
the intestine. Furthermore, the coating of the microparticles 
with chitosan, xanthan gum, resistant starch, or alginate, and 
the use of multiple emulsions improves the encapsulation 
performance and guarantees greater protection to probiotic 
microorganisms during storage and movement through the 
digestive tract. Nevertheless, the coating increases the final 
size of the microparticle. The use of by-products from the 
food industry, especially those with prebiotic properties, is 
highlighted since such a procedure can stabilize probiotic 
microorganisms and add value to industrial waste. Freeze-
drying is the most suitable drying technique for drying pro-
biotic microcapsules due to the mild process conditions. 
However, more attention should be given to fluidized bed 
drying and critical point drying.

Encapsulation technologies that operate under mild pro-
cess conditions and that produce microcapsules with reduced 
size are still required. Membrane emulsification and micro-
fluidics methods have great potential to meet such demands. 
The different beneficial effects of next-generation probiot-
ics encourage future studies focusing on using technologies 
that guarantee the safe delivery of these microorganisms to 
the intestine, e.g., microencapsulation by emulsification. In 
addition, one of the research trends in this area is to incor-
porate probiotics into non-dairy foods. Non-dairy products 
represented 63% of applications with probiotics microencap-
sulated by emulsion techniques, demonstrating the research-
ers' concern to serve other consumer groups, e.g., vegans.
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