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Abstract

The alteration in human micro-flora results in an increase in the population of the pathogenic bacteria, which further gives
rise to the gastrointestinal diseases and disorders. To this extent, the supplementation of food products with probiotics may
eliminate the pathogenic microbiota from the adhesion sites and regulate the immune response via the stimulation of the
specific genes within the human’s gastrointestinal tract (GIT). Nonetheless, due to the sensitivity of probiotics to the envi-
ronmental conditions during food manufacture/storage, it is a challenge to develop probiotic products with a desirable shelf
life that maintain the viability of the probiotic cells. The spray drying of bacteria is a sustainable process and enables bulk
production with lower energy costs. This is also a promising way to encapsulate bacteria within various protective matrices
to ensure their improved resistance during storage, technological processes, and digestive stresses. This review assembles
and summarizes the scientific data on various aspects of probiotic bacteria encapsulated using conventional spray drying
and incorporated into different functional food products, as well as the aspects of safety, toxicity, and regulations of adding

encapsulated probiotics into functional foods.
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Introduction

The word “probiotic” comes from the Greek word “mpo-
Biog” meaning “for life”. Probiotics are defined as “live
microorganisms which when administered in adequate
amounts, confer health benefits to the host” (FAO & WHO,
2014). To achieve a healthy lifestyle, an interest in employ-
ing functional foods containing bioactive ingredients pro-
ducing many health-promoting properties has been emerged
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in recent years. Functional foods are defined as “foods that
contribute to the management of diseases or reduce the risk
of their development in addition to providing essential nutri-
ents” (Salmeron, 2017). Functional foods market comprises
of the largest segment of probiotics, prebiotics, and synbi-
otics, further improving gut health, with probiotics alone
covering about 65% of the world’s functional foods market
(Spigno et al., 2015). Normally, the intestinal flora is in a
constant state of flux and balance, but such a balance can
be disturbed by factors including food ingredients, alcohol,
antibiotics, stress, aging, and digestive disorders (Amara &
Shibl, 2015). Some methods have been developed for the
delivery of probiotics into the gastrointestinal tract (GIT)
such as pharmaceutical supplements and food-based prod-
ucts. To maintain the viability and functionality of probiotics
into food products, they should be able to colonize within the
gut and to survive the environmental conditions of the upper
GIT (Mattila-Sandholm et al., 2002). Food-based probiotic
products are divided into two categories: dairy products (e.g.
cheese, yogurt, ice cream, milk, acidified milk, cream), and
non-dairy products (e.g. meats and meat products, bread,
chocolate, fruit juices, etc.) (Trabelsi et al., 2019).
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Probiotics provide beneficial effects on the health of both
humans and animals. They do this by improving the intes-
tinal health, enhancing the immune response, reducing the
serum cholesterol, preventing various types of cancer, and
production of many other health-promoting agents (Kerry
et al., 2018; Tarrah et al., 2018). Various factors influence
the viability of probiotics in food products during process-
ing and storage; and these include pH, titratable acidity,
oxygen, water activity, presence of salt, sugar, hydrogen
peroxide, bacteriocins, artificial flavouring and colouring
agents. Fermentation parameters (e.g. incubation tempera-
ture, heat treatment, cooling and storage conditions of the
product, packing materials, production scale) and microbio-
logical factors (e.g. probiotic strain used, rate and propor-
tion of inoculation) are among the processing parameters
(Putta et al., 2018). The health benefits of some probiotic
strains have been demonstrated for the genera: Bacillus,
Enterococcus, Lactobacillus, Saccharomyces, Leuconos-
toc, Streptococcus and Pediococcus (Fijan, 2014). Some of
the numerous health benefits of probiotics (from in vitro
and in vivo studies) include the improvement in lactose
intolerance condition and other GIT disorders/diseases,
suppression of various types of cancer, the management of
cardiovascular diseases, type II diabetes, obesity, allergy,
inflammatory bowel diseases, and irritable bowel syndrome
(Markowiak & SliZewska, 2017; Kumar et al., 2013).

For exerting health benefits, probiotics need to overcome
the main natural barrier of the GIT (e.g. low pH and bile salts)
and maintain their viability throughout the gut (Gerez et al.,
2012). According to WHO, probiotic foods must comply with
some requirements, such as containing at least 10° microorgan-
isms per gram or mL when consumed, supplying an antimicro-
bial effect, adhesion capacity, being non-pathogenic and allow-
ing their survival throughout the GIT, tolerating the stomach’s
low pH and the high bile salts conditions in the intestine (Liu
etal., 2015). Even at the time of storage, the bacteria are unde-
sirably affected by water activity, temperature, moisture con-
tent, light, and oxygen (Pandey & Vakil, 2017). Generally, the
number of live microorganisms that can reach the intestine is
too low (to exert their action after their ingestion), and thus, it
is very important to protect them (Mokhtari et al., 2017a, b). In
order to increase the number of foods containing live probiotic,
it is inevitable to increase the viability of these microorgan-
isms using some protecting techniques such as encapsulation
(Arslan-Tontul & Erbas, 2017; Rokka & Rantamaki, 2010).
Encapsulation assists in achieving high cell densities, improves
substrate concentration, and acts as a barrier against the release
of entrapped cells. Various food grade materials that are used
to encapsulate probiotics are proteins, lipids, gums, maltodex-
trin, carbohydrates, skimmed milk, fructo-oligosaccharides,
and inulin.

Although there are many studies on the encapsulation of
probiotics, there are limited review publications covering
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the application of final encapsulated ingredients in real food
products; particularly for spray dried probiotics as a popular
technique of encapsulation. As per literature, spray drying
is one of the most popular, suitable, fast, and cost-effective
techniques to produce powders (solid microparticles) from
starting liquid raw materials. This has resulted in applica-
tion of spray drying as one of the promising processes to
produce dry probiotic formulations, as well as a strategy to
protect and improve the viability of probiotic cells within
GIT (Azam et al., 2020; Bhagwat et al., 2020). Moreover,
spray drying is one of the most efficient encapsulation meth-
ods that can be used for the delivery of sensitive organisms
such as probiotic bacteria. Encapsulation refers to a process
where bioactive ingredients or cells are surrounded/encap-
sulated by a protective continuous film of wall materials
(Lai et al., 2021). This review aimed to compile the avail-
able information and recent publications related to the spray
drying encapsulation of the probiotics and the incorporation
of such encapsulated live organisms into different functional
food products.

Challenges Towards Probiotics Delivery
and the Role of Encapsulation

The viability and bioactivity of probiotics decreases substan-
tially during food processing, storage, and consumption, as
well as during the passage through the GIT due to different
stress conditions, heat treatment, exposure to oxygen, mechan-
ical processing, temperature fluctuations, the physical state
of the food, and the chemical micro-environment (Mokhtari
etal., 2019). To achieve the highest beneficial effects, probiot-
ics must survive throughout the GIT and retain their bioac-
tivity at their target site (colon). However, several probiotics
are incapable of delivering their targeted beneficial effects
to the host for several reasons such as the presence of gas-
tric acids and intestinal juices (Rokka & Rantamiki, 2010).
Additionally, the adverse conditions such as high temperature
and high/low humidity may elicit a sub-lethal effect on the
microorganisms including probiotics (Saarela et al., 2000). In
particular, the survivability of probiotics in food products is
affected by a range of factors including pH, post-acidification
(during storage) of the fermented products, hydrogen perox-
ide production, oxygen toxicity (oxygen permeation through
packaging), storage temperatures, stability in dried or frozen
forms, poor growth in some food matrices such as milk and
dairy products, lack of proteases to break down milk proteins
to the simpler nitrogenous substances, and compatibility with
the traditional starter cultures during the fermentation. Impor-
tantly, oxygen plays a major role in the poor survival of pro-
biotic bacteria (Kailasapathy, 2002). Therefore, after inges-
tion, the number of live microorganisms reaching the gut is
too low to exert their action, making probiotic cell protection



Food and Bioprocess Technology (2022) 15:2135-2154

2137

a necessity before their incorporation into functional foods
(Pinto et al., 2015).

To this extent, microencapsulation is the most promising
technique applied for enhancing the bacterial viability, since it
protects the bacteria during all phases of food preparation, stor-
age, and digestion. Encapsulation is defined as the technology
for packaging solids, liquid, or gaseous materials (the so-called
core) in an inert shell, capsules, that can release their contents
in a controlled rate under specific conditions (Mahdavi et al.,
2016; Sarabandi et al., 2020). Various encapsulation technolo-
gies have been developed for the protection and delivery of
probiotics, including extrusion, emulsification, coacervation,
spray drying, and freeze drying. In addition to maintaining the
viability of probiotic cells, microencapsulation technology is a
promising solution for the problems related to the deterioration
of flavour and aroma of fermented foods during storage due
to the bioactivity of living probiotic cells (Liao et al., 2017).
For example, acetic acid produced by Bifidobacterium spp.
during the fermentation period, gives an off-flavour (known
as vinegar taint) to the fermented probiotic products such as
yogurt. Microencapsulation of Bifidobacteria has been used to
overcome this problem. Adhikari et al. (2000) reported that the
amount of the produced acetic acid in yogurt generated by the
encapsulated Bifidobacteria was considerably lower than that
produced by non-encapsulated bacteria; hence, it improved the
flavour properties of the fermented product. It has also been
reported that the addition of microencapsulated probiotics such
as L. casei, B. bifidum, L. acidophilus, and B. lactis had no
significant effects on the sensorial properties of the products
such as non-fermented ice cream, cream-filled cakes, dry sau-
sages, mayonnaises, cheese, yogurt, fermented liquid porridges
(mahewu), and fruit juices (Kokott, 2004; Kailasapathy, 2006;
Muthukumarasamy & Holley, 2006; Fahimdanesh et al., 2012;
Zanjani et al., 2012; Homayouni et al., 2008; Krasaekoopt &
Kitsawad, 2010; Ningtyas et al., 2019).

The assortment of the encapsulation method is adminis-
tered by certain variables, such as the preferred size of the
microparticles, processing cost, type of food in which pro-
biotics are incorporated and release mechanisms of micro-
particles in food and the GIT, physicochemical properties of
the core, and wall materials. Spray drying is a common and
popular method for encapsulation of probiotics (Assadpour
& Jafari, 2019), which will be discussed briefly in the fol-
lowing section.

Spray Drying Encapsulation of Probiotics;
an Overview

Spray drying is an economical, conventional, and flexible
method for drying liquid foods; however, there is a trend
to use this technique for microencapsulation of probiotic
cultures. Based on several studies, the survival of probiotic

cultures during spray drying depends on many factors such
as the species and strain of the probiotics used, the drying
parameters (outlet air temperature, type of atomization), the
drying method (hot air drying, freeze drying, spray drying,
and vacuum drying), and growth medium (temperature,
sugar substrates, moisture content, oxygen content/redox
potential, pH) (Fu et al., 2018).

Advantages of Spray Drying for Encapsulation
of Probiotics

As shown schematically in Fig. 1, spray drying involves atom-
ization of an aqueous or oily suspension of probiotic microor-
ganisms and wall material(s) into a drying chamber, resulting
in the rapid evaporation of water (Rokka & Rantamiki, 2010).
To atomize the liquid systems such as solutions, dispersions,
and emulsions, different atomization devices with pressure
nozzles and rotary atomizers are used (Romano et al., 2018;
Rokka & Rantamiki, 2010). Air inlet and outlet temperatures,
product feed, and gas flow rate are some of the parameters
which control the atomization process.

Spray drying provides small capsules with average diam-
eters of < 100 um at comparably low costs and among vari-
ous encapsulation methods for bioactive live organisms,
which facilitates a greater contact surface for the nutrient’s
availability. Spray drying is widely used in the food indus-
try because of its short processing/drying time, low water
activity (a,,), low energy consumption, simplifying transport,
flexibility, high process yield, easy storage, homogeneous
distribution throughout the product and favourable applica-
tions in the development of functional foods (Assadpour &
Jafari, 2019). It is highly suitable for heat sensitive com-
pounds as total drying time is few milliseconds to few sec-
onds (Avila-Reyes et al., 2014). Despite thermal inactivation
of microorganisms, spray drying encapsulation technology
has many advantages. The amount of energy used during
the process is 6—10 times lower than is used during freeze
drying. Spray drying is also 30-50 times cheaper (Martin
etal., 2015; §ipailiené & Petraityté, 2018). This technique of
encapsulation is easy-to-scale up and can be combined with
other methods such as extrusion, freeze drying, emulsifica-
tion, and fluidized bed drying (Alves et al., 2016; Martin
et al., 2015; Pinto et al., 2015). Table 1 shows a summary
of the research related to spray drying encapsulation of
probiotics.

Wall Materials Used for Spray Drying Encapsulation
of Probiotics

Polysaccharides and proteins are widely used to prepare car-

riers/delivery systems, playing a pivotal role in their structure
and stability (Choudhury et al., 2021). The wall materials in
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Fig. 1 A brief overview of spray drying encapsulation of probiotics

the spray dried particles can give the probiotic cells adequate
protection during food processing and passage through the
GIT (Arslan-Tontul & Erbaas, 2017). Generally, for the spray
drying technique, water-soluble polymers such as modified
starches, whey proteins, maltodextrin, p-cyclodextrin, and
gum Arabic are used as the wall/coating material. Among
them, gum Arabic is the most commonly used ingredient
(Gharsallaoui et al., 2007). Maltodextrin (MD) can replace
water in bacterial membranes, thus maintaining their struc-
tural and functional integrity (Akanny et al., 2020).

The major chemical group in the structure of gum Ara-
bic (GA) is a highly-branched polysaccharide consisting of
a galactose backbone with linked branches of arabinose and
rhamnose (Hosseini et al., 2015). GA prevents the com-
plete dehydration of cell components and stabilizes bacte-
rial cells during drying and storage (Arepally & Goswami,
2019). Lactose, milk proteins, and reconstituted skimmed
milk were reported as the effective matrices for the protec-
tion of the cellular structure, cell viability, and functions
of probiotics during spray drying encapsulation (Huang
et al., 2017). Soy protein isolate, whey protein isolate, and
casein have also been used for the encapsulation of pro-
biotics by spray drying (Khem et al., 2016a, b; Liu et al.,
2018). These protein matrices, with a high glass transition
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temperature, slow down the degradation of the cells by
retarding the molecular mobility in the cytoplasm. In the
case of polymers that are commonly used as wall materials
for encapsulation, the glassy state corresponds to a rigid
solid, while the supercooled state is observed to be of a
rubbery or viscoelastic nature for low molecular weight
materials. It is important to note the details of dextrose
equivalence (DE) for maltodextrin provided by the manu-
facturers, since lower DE corresponds to a higher molecu-
lar weight, and hence, higher glass transition temperature,
which is favourable (Seimons et al., 2020).

Stability of Spray Dried Probiotics

During the storage, the oxidation and subsequent satura-
tion of membrane lipids exert a negative impact on the cell
viability of probiotics. The peroxidation of lipids leads to a
decrease in the ratio of unsaturated to saturated fatty acids
in the membrane lipids of lactic acid bacteria, which is
caused by reactive oxygen species (ROS). Furthermore, the
products of lipid peroxidation have been shown to induce
damage to the bacterial cell wall, cell membrane, and DNA
during storage. This oxidative damage during spray drying
can be efficiently lowered by the addition of antioxidants
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(Rodklongtan & Chitprasert, 2017). For example, ascorbic
acid can function as a biological antioxidant in living cells
through electron donation to quench radicals (Cuddihy et al.,
2008). The addition of ascorbic acid as an antioxidant to
skim milk for spray drying of Lactococcus lactis subsp. cre-
moris ASCC930119 has resulted in> 10% higher viability
(Ghandi et al., 2012). In another report (Huang et al., 2017),
the addition of ascorbic acid and monosodium glutamate
protected Lactobacillus bulgaricus cells, but only during the
storage at 4 °C. At 20 °C, the death rate of the culture was
even higher in the presence of these compounds than in the
control sample (Huang et al., 2017). This could be explained
by the pro-oxidant properties of ascorbic acid as a metal ions
reducer, in addition to its antioxidant function as a radical
scavenger.

Rodklongtan and Chitprasert (2017) investigated the
combined effects of holy basil essential oil (HBEO) and
inlet temperature on the lipid peroxidation and survival of
Lactobacillus reuteri KUBACS during spray drying. The
addition of HEBO resulted in an encapsulation efficiency
of 42.52-47.73% in skim milk at the inlet temperature of
130 °C and HBEO concentration of 6 mg/mL. The incor-
poration of HEBO resulted in the reduction of lipid peroxi-
dation, thermal stress, oxidative stress, and cell death dur-
ing spray drying. This is because the stability of the spray
dried microorganisms is increased due to the presence of
carbohydrates in the dehydration media which increases
their capacity to create amorphous structures that inhibits
or slows down the deterioration processes (Romano et al.,
2018). Zhang et al. (2016) investigated the effects of dif-
ferent parameters such as heat adaptation, media, and out-
let temperature on the viability of Lactobacillus salivarius
NRRL B-30514. An improvement in the viability of this
organism was observed by the addition of drying media
(sucrose, lactose, and trehalose) followed by a higher mortal-
ity rate with the increase of outlet temperature. In vitro stud-
ies have described that probiotics can be protected from the
stress in the course of digestion using a suitable spray dry-
ing medium. Péez et al. (2013) conducted an in vivo study
using spray dried Lactobacillus paracasei A13, Lactobacil-
lus acidophilus A9, and Lactobacillus casei with 20% (w/v)
skimmed milk. The administration of spray dried probiotic
powders to mice for 5 and 10 days showed a significant
proliferation in the number of Immunoglobulin A (IgA)-
producing cells in the small intestine, when compared with
the non-encapsulated probiotic cultures.

Challenges Toward Spray Drying Encapsulation
of Probiotics

Despite the advantages of the spray drying technique, the
viability of probiotics and their activity in the final prod-
uct could be reduced by the temperature conditions of the

spray drying process. In this regard, to retain the activity
and viability of probiotics, the maximum and minimum air
inlet temperature reported in the literature is 170 and 100 °C,
respectively, while the air outlet temperature varies between
105 and 45 °C (Gbassi & Vandamme, 2012). Besides the
progressive effects on probiotic survival, there are several
factors that contribute to the loss of probiotic viability dur-
ing spray drying and storage.

These include airflow rate, dehydration, inlet and outlet
drying temperature conditions, the concentration of the pro-
biotics in the suspension, the carrier materials used in the
process, storage temperature, heat and dehydration stresses,
osmotic and oxidative stress and packaging conditions
(Broeckx et al., 2017; Sosnik & Seremeta, 2015). However,
the level of inactivation and mechanism also depends upon
the strain/species, growth conditions, or medium and stage
of growth. Drying and heat stresses are mainly responsible
for the decrease in viability of the probiotics (Huang et al.,
2017).

At higher temperatures during spray drying, the probiotic
cells get damaged and formation of cellular pores and leak-
age of the intracellular substances occur (Anekella & Orsat,
2013). Spray drying at higher outlet temperatures induce
greater viability losses due to more dehydration resulting
from exposure of micro-particles to higher temperatures
(Peighambardoust et al., 2011; Pispan et al., 2013). It has
been suggested that the viability of bacteria during spray
drying is inversely proportional to the outlet temperature
and not directly related to the inlet temperature of the
dryer (Ranadheera et al., 2015). This can be explained by
the theory that any increase of outlet temperature directly
increases the temperature that the droplets are subjected to;
moreover, the time needed to decrease the outlet air tem-
perature prolongs the drying duration (Arslan et al., 2015).
In addition, high-temperature also results in phase change
and stress, which damages proteins and cell membranes. So,
using thermos-protectants like trehalose has been reported to
reduce the thermal stress, and further viability of cells can be
enhanced by adding prebiotics, granular starch, and soluble
fibres (such as inulin, gum acacia, and polydextrose). Simul-
taneously, the rate of survival of probiotics during storage or
drying operation after incorporation of fibres, coating, etc.,
is also dependent upon the strain and operating conditions
while spray drying (Ermis, 2021). Generally, water-soluble
coating materials are used in spray drying. Several protect-
ants are added to media containing probiotics since the stress
induced by high-temperature drying may decline the viabil-
ity of the cells (Ziaee et al., 2019).

Adoption of suitable protectants during spray drying
conferred protection to the encapsulated cells (Khem et al.,
20164, b), which can be attributed to mechanisms of enhanc-
ing the intrinsic stress tolerance of probiotic cells, provid-
ing extracellular protection on cells as physical shield and
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having favourable drying kinetics (Zheng et al., 2016). Addi-
tional thermo-protection can be achieved through the addi-
tion of free radical scavengers or by reducing water mobility
through the cell membranes and the cell wall, thus modulating
dehydration upon heating (Ying et al., 2012). On the other
hand, lowering of inlet temperature results in higher post-
encapsulation viability but greater moisture and water activity
which adversely affects the prolonged storage. However, the
thermal and osmotic damage to the probiotic cells should be
minimized by carefully optimizing operating conditions and
the composition carrier media (Behboudi-Jobbehdar et al.,
2013). In addition to this, utilization of optimized lab con-
ditions or pilot scale to industrial scale is challenging. The
primary reason for this is the shorter residence time of the lab-
scale dryer due to the small chamber height; whereas, on an
industrial scale, the drying chamber height is more prominent
(Ziaee et al., 2019). Moreover, the method of atomization also
varies from lab-scale to industrial scale. Usually, industrial-
scale uses either pressure nozzle or rotary disk, whereas, at
lab scale, two-fluid nozzles for atomization are used (Broeckx
et al., 2016). These parameters affect the drying droplet size
and time of spray drying, due to which variation in moisture
content and temperature were observed that affects the inac-
tivation mechanism of probiotics.

To overcome these hurdles and correlate the conditions,
Siemons et al. (2021) suggested that single droplet drying
be used to know the insight of the process. It was difficult to
quantify in situ probiotic inactivation as well as changes in
bacterial cells. Hence, it is beneficial to use single droplet
drying under representative drying conditions. Experiments
for single droplet drying can be performed differently by sus-
pending the droplet in conditioned and moving air to achieve
the closest spray drying experimental resemblance. Nedovic
et al. (2011) stated that around 80 to 90% of the industrial
encapsulates are produced using spray drying technology.
On the other hand, the limitation of this technique is that it
requires a high initial investment due to the high cost of its
auxiliary parts like atomizer, etc. Moreover, controlling the
particle size of the spray-dried powder is very challenging.
Additionally, uneven drying might happen due to the dry-
ing chamber’s variable temperature zones (Arslan-Tontul
& Erbas, 2017). Because spray drying produces powders
with particle sizes in the micrometre range (apart from
nano-spray drying, which is not used for encapsulation of
probiotics due to their large size), the particles would have
a smoother mouthfeel than microbeads and so, allowing the
encapsulated probiotics to be added to a wider range of food
products (Yonekura et al., 2014). Considerations should be
given to pre-drying, and post-drying stages during spray dry-
ing for retaining the viability of encapsulated probiotics at
recommended levels (Huang et al., 2017).

@ Springer

Application of Spray Dried Encapsulated
Probiotics in Functional Foods

A schematic illustration of spray dried probiotics in food prod-
ucts is represented in Fig. 2. The incorporation of the encapsu-
lated probiotics into functional food products ensures that the
strains of these live organisms maintain their expected charac-
teristics and viability (10° to 10® CFU/g daily at the time of the
consumption) during the production and storage at the specified
storage temperature (freezing, refrigeration, room temperature)
(Terpou et al., 2019). Probiotics must survive in the physiologi-
cal conditions of GIT, including the acidic pH of the stomach,
enzymatic degradation, and the presence of bile salts in the
small intestine (Aragén-Rojaset al., 2018). Various research
groups have focused on the negative effects of high tempera-
ture in spray drying process and improving the resistance and
stability of encapsulated cells, by the addition of prebiotics,
mucilages, gums and soluble fibres to the encapsulating mate-
rial as thermal protectors (Rodrigues et al., 2020). Application
of encapsulated probiotics by spray drying in different food
products will be discussed in the following sections.

Dairy Products

Presently, dairy products such as yogurt, fermented sour milk,
and cheese remain at the forefront of probiotic food develop-
ment. Even though fermented dairy foods are one of the most
popular and traditional ways to provide probiotics to people,
several non-dairy, non-traditional, and convenient probiotic
products (e.g. capsules) have been developed and commer-
cialized in several countries (Ranadheera et al., 2017). The
incorporation of the encapsulated probiotics into dairy foods
may aid in tolerating harsh GIT conditions better than that of
non-dairy carrier foods, due to the buffering capacity of milk
and milk fat, which possesses a protective effect by reduc-
ing the direct exposure of probiotics to the harsh conditions
(Ranadheera et al., 2010). Dairy foods rich in milk fat (e.g.
cream, cheese, and ice cream), were found to be more effec-
tive in enhancing the survivability and bile acid tolerance of
probiotics (Ranadheera et al., 2013). The dairy industry covers
about 33% of the functional food market in this area (Granato
et al., 2010). Table 2 shows the microencapsulated probiot-
ics incorporated into dairy food products by spray drying
technique. Among dairy products, the application of probiot-
ics has been widely explored in cheese and fermented milk,
which will be discussed below.

Cheese

Gardiner et al. (2002) developed a milk powder product
containing probiotic Lactobacillus paracasei NFBC 338
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Fig.2 Advantages and conditions of using encapsulated probiotics in food products

using spray drying (with a viable count of 10° CFU/g) and
used this powder for the manufacture of Cheddar cheese.
After three months of ripening, a count of 7.7 x 10’ CFU/g
probiotics in the product was reported, without any adverse
effects on the texture, flavour, functionality, or appear-
ance of the cheese. In another study by Radulovic et al.
(2017), the highest viability of spray dried Lactobacillus
Plantarum 564 cells (> 8 log units/g) in soft goat cheese
throughout eight weeks of storage indicated the possibility
of this application in soft cheese production with a longer
storage period. Spray drying was efficient in maintaining
the number of Lactobacillus Plantarum 564 strain on a
higher level compared to the free cell counts. The survival
of non-encapsulated and encapsulated L. rhamnosus in
the functional cream cheese was also studied over 35 days
of storage at 4 °C, and the structural and textural proper-
ties of the functional cream cheese were investigated. L.
rhamnosus in both forms remained viable (> 10° CFU/g)
in the cream cheese throughout the storage period. Probi-
otic cream cheese with f-glucan and phytosterol emulsions

(spray dried) showed less reduction in their viable counts
after 35 days of refrigerated storage. The addition of probi-
otics either in the non-encapsulated or encapsulated forms
did not significantly change the pH, moisture, protein, or fat
content of the experimental cheese (Ningtyas et al., 2019).

Milk Beverages

Spray-dried Lactobacillus casei ATCC393 was added into
a fermented milk product, and it was found that spray dry-
ing encapsulation resulted in an increase in the survival rate
of this probiotic during the refrigerated storage of the fer-
mented milk, when compared with the free form of the bac-
teria (Dimitrellou et al., 2016). In another study, a mixture
of probiotic cultures including Lactobacillus acidophilus
LA-5, Bifidobacterium animalis subsp. lactis BB-12, and
novel potential probiotic Propionibacterium jensenii 702
was suspended in a reconstituted (20% w/v) goat’s milk,
and then spray dried in a mini spray dryer (inlet tempera-
ture of 195 °C and outlet temperature of 85 °C). The spray

@ Springer
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Table 2 (continued)

Reference

Country  Encapsulated probiotics Encapsulation material Spray drying conditions Size of capsules Encapsulation Key findings

Product

efficiency/ Population
of probiotics (CFU)

NR,

Malmo et al.

The results showed

10 pm

Chitosan and alginate Flow rate: 15 mL/

Lactobacillus reuteri

Chocolate Soufflié¢ Italy

(2013)

7% protection to the

10 log CFU/mL

min, Outlet: 72 °C;
Inlet: 140 °C

DSM 17938

Lactobacillus reuteri in

chocolate soufflé when
encapsulated using

alginate microcapsules

Spigno et al.
(2015)

process yield of (51%) and

a,, (>0.4) when probiotics
were encapsulated using

The results revealed better
inulin

3.79% 107 CFU/g

58-65%,

NR

Outlet:105 °C, Flow
rate: 6 mL/min

Inlet:150 °C,

maltodextrin and
sodium alginate

Lactobacillus paracasei  Skim milk powder,
LMG S-27487

Italy

Ice-cream

Kearney et al.
(2009)

improved from sevenfold

The probiotic viability

1.2x107 CFU/g

NR NR,

Inlet:170 °C, Outlet:
80 °C

NFBC 338

Ireland  Lactobacillus paracasei NR

Yogurt

(3.9% 10° CFU/g) during
the fermentation period

of 10h

“NR Not Reported

dried powder was stored in airtight glass jars at two differ-
ent temperatures (4 and 30 °C) for 24 weeks. The powder
quality and the probiotic viability after spray drying and
the subsequent storage were measured. Although there was
a significant reduction in the viability of probiotics in the
reconstituted goat’s milk, all three probiotics were able to
maintain their satisfactory viability levels (10°~10% CFU/g)
after spray drying (Ranadheera et al., 2015).

Another study aimed to evaluate the survivability and safety
of Lactobacillus plantarum HM47 strain supplemented in
milk chocolate during storage and transit throughout the GIT
of mice (Nambiar et al., 2018). The milk chocolate was sup-
plemented with microencapsulated Lactobacillus plantarum
HM47 (isolated from human breast milk). Water activity (aw),
pH, and sensory attributes of the milk chocolates containing L.
Plantarum HM47 were analysed. The HM47 were found to be
viable up to 180 days of storage at 25 °C (> 8 log CFU/g), and
the overall acceptability results suggested that the addition of
the encapsulated probiotic had no significant negative effects
(P>0.05) on the sensorial attributes of the milk chocolate
(Nambiar et al., 2018).

Yogurt

The encapsulation of Lactococcus lactis Ghl, spray dried using
gum Arabic and Synsepalum dulcificum, when incorporated
into a functional yogurt retained viability of 10’ CFU/mL,
compared with non-encapsulated cells which presented viabil-
ity of 10> CFU/mL. In the simulated gastric juice (pH=1.5),
the viability was 1.11 X 10° CFU/mL after 2 h (Fazilah et al.,
2019). Picot & Lacroix (2004) successfully encapsulated Bifi-
dobacterium strains (B. breve R0O70 and B. longum R023) in
whey protein-based microcapsules using spray drying. B. breve
RO70 exhibited a high survival rate during spray drying and
encapsulated cells showed higher viability than unencapsu-
lated cells during 28 days of storage in low pH yogurts and the
simulated gastrointestinal environment.

Bakery Products

Spray drying technique is widely utilized to encapsulated
probiotics in food. However, the spray drying process is
associated with high cell mortality resulting from simul-
taneous dehydration and thermal inactivation microorgan-
isms. Besides, the dimension of microencapsulation pro-
duced by the spray-drying process usually has micron size
(Lieu et al., 2017) decreasing the survival rate of probiotic
supplemented in the bakery during baking (Dong et al.,
2020). In this context, Malmo et al. (2013) prepared a
potentially probiotic chocolate soufflé using Lactobacillus
reuteri DSM 17,938 cells which were microencapsulated
by spray drying in alginate matrix and further coated with

@ Springer



2146

Food and Bioprocess Technology (2022) 15:2135-2154

chitosan. Microencapsulation led to a survival rate of 10%
after baking a chocolate soufflé.

However, when Lactobacilli were encapsulated by spray-
coating and added to cookie fillings, the cells did not show
a satisfactory viability during storage, and it was found that
the water activity had a greater effect on the viability levels
than coating (Belvis et al., 2006). Recently, Arslan-Tontul
et al. (2019) aimed to incorporate single and double-layered
microcapsules containing Saccharomyces boulardii, Lacto-
bacillus acidophilus, and Bifidobacterium bifidum, produced
by spray drying and spray chilling, in cake products. In one
treatment, encapsulated probiotics were added after baking
to three different types of cakes (cream-filled, marmalade-
filled, and chocolate-coated), and in another treatment (plain
cake), the microcapsules were injected into the centre of the
cake mix and baked at 200 °C for 20 min. After baking of
plain cakes, the count of S. boulardii and L. acidophilus, as
determined in the double-layered microcapsules, produced
by spray chilling was 2.9 log CFU/g. The survivability rates
of S. boulardii and L. acidophilus were also determined as
67.4 and 70.7% in this type of microcapsules, respectively.
However, there was no viable B. bifidum detected after bak-
ing. The free forms of these probiotics did not survive in any
cake formulation. Single-layered microcapsules produced by
spray chilling provided a better protective effect on the pro-
biotics in cream-filled and marmalade-filled cake samples
during the 3-month storage at 4 °C. This study showed that
a combination of spray chilling and spray drying microen-
capsulation techniques (double-layered microcapsules) could
increase the survivability of probiotic microorganisms after
the cake baking process. During the storage, the cake sam-
ples had a near-neutral pH value, and the textural properties
deteriorated due to staling. However, staling had a limited
effect on the sensorial attributes of the cakes and the sam-
ples could be readily consumed after the storage for 90 days
(Arslan-Tontul et al., 2019).

Fruits and Vegetables

Table 3 shows the research related to the spray dried encap-
sulated probiotics which have been incorporated into non-
dairy food products. So far, the development of the probiotic
juices using spray drying has not been carried out exten-
sively and systematically.

Dias et al. (2018) developed a probiotic passion fruit juice
as a novel non-dairy product by the incorporation of micro-
encapsulated Bifidobacterium animalis ssp. lactis BB-12,
which was encapsulated by spray drying using maltodextrin
and inulin as the wall materials. The results showed that
the viability was in the range of 8.08-8.41 CFU/g. Accord-
ing to Ying et al. (2013), an increase of 2 logCFU/100 mL

@ Springer

within 1-2 weeks of the storage was reported for an apple
juice containing microencapsulated probiotics L. rhamno-
sus GG, using whey protein and resistant starch matrices
as the carrier material. Prior to that, Saarela et al. (2006)
reported that the viability of L. rhamnosus in another apple
juice product could be sustained by the addition of oat flour
containing 20% f-glucan. Acerola nectar juice was prepared
using probiotic culture of B. animalis microencapsulated
by spray drying using cellulose acetate phthalate, and the
results confirmed the substantial survivability of 8 log CFU
per portion (200 mL per nectar) for 30 days, when stored
under the refrigeration conditions of 5 °C (Antunes et al.,
2013). Similarly, encapsulated L. casei cells (spray dried by
maltodextrin) when added into a bitter gourd juice powder,
showed the highest viability counts over a storage period of
four weeks. The capsules produced with maltodextrin and
gum Arabic showed a higher count, when compared with the
capsules produced with a mixture of both maltodextrin and
gum Arabic (Kalal et al., 2017).

The addition of spray dried Pediococcus acidilactici
HA-6111-2 or and Lactobacillus plantarum 299v into an
orange juice product showed that the powder with a,, value
of 0.4, presented no loss of microbial viability (Barbosa et al.,
2015). A decrease in the microbial viability from 9.5 to 5 log
CFU/mL in raspberry juice incorporated with spray dried Lac-
tobacillus acidophilus and L. rhamnosus was shown when the
inlet temperature increased from 100 °C to 130 “C (Anekella
& Orsat, 2013). Considering this information on the incorpo-
ration of the spray dried probiotics in fruit juice products, it
is important to carry out the required corresponding clinical
studies, to understand the release behaviour of the microen-
capsulated probiotics into the body.

Other Food Products

Four thermotolerant lactic acid bacteria (LAB) were encap-
sulated in Acacia gum (using spray drying) and inoculated
into cooked meat batters (Pérez-Chabela et al., 2013), and
it was reported that the inoculation of spray dried LAB
enhanced the initial LAB count with a concomitant Entero-
bacteria reduction. These results suggest that the spray dry-
ing encapsulation is an effective way to protect thermotoler-
ant LAB in cooked meat batters (Pérez-Chabela et al., 2013).
The microencapsulation of Lactobacillus casei in synbiotic
mayonnaise using whey protein, maltodextrin, and galacto-
oligosaccharides showed viability of 1.55 to 3.27 log CFU/g
as compared with the free cells, in which the viability sig-
nificantly decreased by about 4 log CFU/g after six weeks of
storage. Whey protein showed a more protective effect than
maltodextrin during the spray drying process (Lieu et al.,
2017).
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Safety, Toxicity, and Regulations of Adding
Encapsulated Probiotics Into Functional Foods

Like any other food ingredients, probiotics are subject to the
regulations contained in the general food law, according to
which they should be safe for human and/or animal health.
In the USA, microorganisms used for consumption purposes
should follow the GRAS (Generally Regarded as Safe) guide-
lines, regulated by the FDA (Food and Drug Administration).
In Europe, EFSA (the European Food Safety Authority) intro-
duced the term of QPS (Qualified Presumption of Safety) for
these types of products. The QPS concept involves some
additional criteria for the safety assessment of the bacterial
supplements, including the history of safe usage and absence
of the risk of acquired resistance to antibiotics (Markowiak
and Slizewska, 2017).

According to the suggestions of the WHO, FAO, and EFSA,
in their selection process, probiotic strains must meet both safety
and functionality criteria, as well as those related to their tech-
nological usefulness. Probiotic characteristics are not associated
with the genus or species of a microorganism, but with few and
specially selected strains of some particular species (Hill et al.,
2014). The safety of a strain is defined by its origin, the absence
of association with pathogenic cultures, and the antibiotic resist-
ance profile. Functional aspects define their survival in the GIT
and their immunomodulatory effect. Probiotic strains must meet
the requirements associated with the technology of their produc-
tion, which means they must be able to survive and maintain

their properties throughout the storage and distribution processes
(Lee et al., 2009).

The schematic illustration in Fig. 3 represents the release
and safety of probiotics in GIT. Various types of bacteria are
used as probiotics for human consumption; thus, the safety
of such microorganisms is tied to the specific microbes
intended for use. The safety of probiotics depends on the
deliberation of possible susceptibility of the consumer, the
dose and duration of the consumption, and both the manner
and frequency of the administration (Sanders et al., 2010).
Unlike other food or drug ingredients, probiotics are excep-
tional as they are alive when administered, and possess the
potential for infectivity or in situ toxin production. The
presence of transferable antibiotic resistance genes, which
comprises a theoretical risk of transfer to a less innocuous
member of the gut microbial community, must also be con-
sidered. Genetic stability of the probiotics over time, del-
eterious metabolic activities, and the potential for patho-
genicity or toxicogenicity must be assessed depending on
the characteristics of the genus and species of the microbe
being used. In addition, the immunological effects must be
considered, especially in certain vulnerable populations,
including infants with undeveloped immune function. Only
a few reports about the negative effects of probiotics sup-
plemented to humans have been published, meaning that
their significance is yet to be better understood with a more
complete understanding of the mechanisms of the probiotic
interaction with the host and colonizing microbes.

Spray dried Probiotics
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Fig.3 The release and safety of probiotics in GIT
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According to a 2002 report released by WHO and FAO,
“probiotics may theoretically be responsible for four types
of side effects such as systemic infections, deleterious meta-
bolic activities, excessive immune stimulation in susceptible
individuals and gene transfer”. Further, it has been recom-
mended that the new probiotic strains should be evaluated
for safety by testing for antibiotic resistance, toxin produc-
tion, and haemolytic potential, assessing metabolic activities
such as p-lactate production and bile salt de-conjugation.
Human studies should be conducted to evaluate their side
effects and post-market surveillance of the consumers, and
ideally, the administration in the immune compromised
animals to determine the infectivity of the probiotic organ-
ism in this type of host should be investigated (Doron &
Snydman, 2015). The use of readily available and low-cost
genomic sequencing technologies to assure the absence of
genes of concern is advisable for the candidate probiotic
strains. However, there is a scarcity of information in this
field of probiotic safety as the required studies are yet to be
designed to particularly assess the safety contrasted with
the long history of the safe use of many of these microbes
in foods (Sanders et al., 2010).

Conclusion and Future Aspects

Probiotics are beneficial microbial supplements and when
ingested in sufficient levels, they can improve the intestinal
microbial balance of the host. Several factors such as acidic
conditions and the exposure to the environmental conditions
(e.g. oxygen, temperature, and pH) can negatively affect
the viability of probiotics. Nowadays, there is an increas-
ing trend towards the application of probiotics in functional
food products. To fulfil the criteria of having 10° CFU/mL
at the time of consumption of functional food products,
microencapsulation of probiotics is gaining an increasing
interest in parallel to the growing demand for probiotic fer-
mented foods. Large-scale production and application of
the encapsulated probiotics would allow a better in vivo
assessment for the survival of the consumed probiotics and
their beneficial effects on human health. Spray drying is an
efficient and available encapsulation technique that can be
applied to proliferate the resistance of various strains of pro-
biotics and facilitate the incorporation of live probiotics into
various food products. It is a low-cost technique with high
process yield, and more time-efficiency, which produces the
end products with desirable moisture contents.

To date, little attention has been paid to the effects of
spray drying devices on the viability of probiotics in pow-
ders. The main influence of different devices on probiotic
powders is probably the residence time of particles in the
drying chamber: The longer the residence time, the longer
the bacteria are exposed to stress and consequently the

@ Springer

poorer the viability. Another factor worth noting is that the
industrial scale spray dryers are normally equipped with
pneumatic devices to enable the continuous collection and
cooling of the powders, thus maximizing the cell viability.
Several spray dried probiotic powders have been added into
dairy and non-dairy-based functional foods, but there still
exists some challenges regarding the viability of spray dried
encapsulated probiotics in vivo, as well as the corresponding
regulations in most countries around the globe. Challenges
faced during the encapsulation of probiotics by spray dry-
ing method need to be considered. Spray dried encapsulated
probiotics can have the great potential for formulation of
functional foods, and their commercial application would
benefit both industries and consumers.
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