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ABSTRACT

To exert a beneficial effect on the host, adequate doses of probiotics must be administered and maintaining their viability
until consumption is thus essential. Dehydrated probiotics exhibit enhanced long-term viability and can be incorporated
into low-moisture food matrices, which also possess high stability at refrigeration and ambient temperature. However,
several factors associated with the desiccation process, the physicochemical properties of the matrix and the storage
conditions can affect probiotic survival. In the near future, an increased demand for probiotics based on functionally
dominant members of the gut microbiome (‘next-generation probiotics’, NGP) is expected. NGPs are very sensitive to
oxygen and efficient encapsulation protocols are needed. Strategies to improve the viability of traditional probiotics and
particularly of NGPs involve the selection of a suitable carrier as well as proper desiccation and protection techniques.
Dehydrated probiotic microcapsules may constitute an alternative to improve the microbial viability during not only
storage but also upper gastrointestinal tract passage. Here we review the main dehydration techniques that are applied in
the industry as well as the potential stresses associated with the desiccation process and storage. Finally, low- or
intermediate-moisture food matrices suitable as carriers of traditional as well as NGPs will be discussed.

Keywords: low-moisture probiotic food; desiccation techniques; protectant agents; microencapsulation

INTRODUCTION

Functional foods can influence the health and well-being of the
consumer either naturally or through the addition, removal or
modification of specific components (Ozen, Pons and Tur 2012;
Brown et al. 2018). Probiotics defined as ‘live microorganisms
that, when administered in adequate amounts, confer a health
benefit on the host’ (Hill et al. 2014) deserve special attention
among those components.

Probiotics have been associated with strain-specific health
benefits such as reducing pathogenic bacteria colonization, al-
leviating diarrhea, reducing intestinal inflammation, lowering

blood cholesterol, and for potentially having anti-colon-cancer
activity (Chotiko and Sathivel 2016). However, maintaining the
viability of probiotics in sufficient numbers during formulation
and storage until the time of consumption is critical and repre-
sents a technological challenge (Dodoo et al. 2017). Furthermore,
probiotic microorganisms must withstand harsh conditions dur-
ing their transit through the upper gastrointestinal tract (GIT) in
order to reach their site of action and consequently exert func-
tional benefits on the host (Kim et al. 2016).

The survival of probiotic cells during storage as well
as during passage of the mammalian upper GIT can be
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positively or negatively affected by the food matrix serving as a
carrier (Sanders and Marco 2010). Traditionally, probiotics have
been added to fermented dairy products (Rivera-Espinoza and
Gallardo-Navarro 2010) and some non-dairy beverages like fruit
juice and ice cream (Panghal et al. 2018). However, stress factors
like low pH, presence of antimicrobial substances of vegetable
origin, dissolved oxygen and interaction with starter cultures in
the product limit the survival during storage, and therefore pro-
biotics require constant refrigeration (Ranadheera, Baines and
Adams 2010; Rivera-Espinoza and Gallardo-Navarro 2010; Shori
2015).

The water activity (a,) of food, which is the parameter that
determines the accessibility of water for chemical reactions and
the growth of microorganisms, ranges between 0.15 for very
dry food matrices and 0.99 for moist fresh foods (Dianawati,
Mishra and Shah 2016). Low- and intermediate-moisture foods
like chocolate (a,, ~ 0.2-0.3), peanut butter (a,, ~ 0.35), cereals (a,,
0.25 - 0.4), dried-fruit paste (a,, ~ 0.6), etc. have a long shelf life
and are usually stable for years at room temperature (Finn et al.
2013). Food products in these categories confer a stable environ-
ment for probiotics due to a reduced water activity (a,), which
is a key factor in maintaining their viability as dried metabol-
ically inactive cells (Vesterlund, Salminen and Salminen 2012)
during long-term storage. However, stress suffered during the
drying processes may negatively affect the survival of probiotic
cells and needs to be mitigated through technological optimiza-
tion of those processes (Broeckx et al. 2016).

Probiotics encased in freeze- or spray-dried microcapsules
formed by gelation of biopolymers such as alginate, gelatin, chi-
tosan, gelatin, xanthan gum, gellan gum, cellulose acetate ph-
thalate, etc. have been found to possess enhanced survival dur-
ing storage and upper GIT transit (Dianawati, Mishra and Shah
2016).

Probiotic food products have mainly been supplemented
with strains belonging to Lactobacillus spp. and Bifidobacterium
spp. Nonetheless, there is a broader spectrum of species where
members have been described as probiotics or to exhibit probi-
otic properties. This include, among others, strains belonging to
Streptococcus spp. (Iyer et al. 2010; Uriot et al. 2017), Bacillus spp.
(Elshaghabee et al. 2017), Propionibacterium freudenreichii (Cam-
paniello et al. 2015; Le Maréchal et al. 2015) and Escherichia coli
(Secher et al. 2017).

Nowadays, due to the recognition of the role that the GM
plays in the health of the human host, there is an increas-
ing interest in using indigenous commensal bacteria, which
are dominant members of the GM and perform special func-
tions in the complex intestinal environment, as potential next-
generation probiotics (El Hage, Hernandez-Sanabria and Van de
Wiele 2017). The potential candidates to be considered as next-
generation probiotics include extremely oxygen-sensitive bacte-
ria like Akkermansia muciniphila and Faecalibacterium prausnitzii,
among others. However, the sensitivity to oxygen, gastric pH
and bile salts, together with the difficulties of large-scale prop-
agation, are factors that challenge, from a technological ap-
proach, the development of dosage protocols of these novel pro-
biotic candidates (Brodmann et al. 2017). Additionally, it has been
shown that several commensal Clostridium spp. strains belong-
ing to Clostridia clusters IV, XIVa and XVIII are strongly involved
in the maintenance of overall gut function and possess potential
probiotic properties (Lopetuso et al. 2013). The spore-forming ca-
pacity of Clostridium spp. might represent an advantage, in terms
of survival, during industrial processes, storage and GIT passage.

During storage, the survival of probiotics can vary depending
on the strain and the food matrix. An overview of physically sta-

ble matrices that can provide appropriate conditions in order to
maintain their viability at relevant levels for an extended period
of time is thus needed. This, particularly due to the emergence
of next-generation probiotic candidates once they are approved
for human consumption and their beneficial effects are proven,
will require an optimal dosage protocol (El Hage, Hernandez-
Sanabria and Van de Wiele 2017) that can involve novel microen-
capsulation techniques or even addition into a proper food ma-
trix.

DRYING TECHNIQUES OF PROBIOTICS

Anhydrobiosis is the state in which an organism stops its vital
functions temporarily due to partial or total desiccation (Garcia
2011). The extreme reduction of measurable metabolism in de-
hydrated bacterial cells allows them to remain viable for a long
period of time if stored under appropriate conditions (Perdana
et al. 2013).

Dehydration of microbial cells can be achieved by the
application of methodologies such as freeze-drying, spray-
drying, vacuum-drying and fluidized bed-drying. The decision
of whether to use one technique or another at industrial scale
relies mainly on the cost effectiveness. However, the removal
of intracellular water causes a mechanical stress on the cell
membrane altering its plasticity (Perdana et al. 2013) and des-
iccation increases the contact of cell surfaces with oxygen
molecules, inducing the intracellular accumulation of reactive
oxygen species, which cause damages in cell macromolecules
(Taconelli et al. 2015). Therefore, careful optimization of the pro-
cess is essential.

In concert with the general desiccation stress, cells must face
several specific stresses, which may cause severe losses in via-
bility, unless the cells are protected by the utilization of protec-
tant compounds and development of efficient specific protocols
(Table 1). Furthermore, the intrinsic resistance of strains to the
generated stress is also critical when a desiccation method is
selected.

The utilization of a specific desiccation technique involves
several advantages and drawbacks. For instance, freeze-drying
is the preferred long-term preservation method due to the sat-
isfactory survival rates associated with its application; however,
it is an expensive and time-consuming batch process (Prakash,
Nimonkar and Shouche 2013). In contrast, spray-drying repre-
sents a lower energy cost and higher productivity technique, but
the continuous exposure to oxygen and heat stress generated
during the desiccation process challenge the microbial survival
(Huang et al. 2017).

The combined application of the above-mentioned tech-
niques can also improve the yield of the process in terms of
cost effectiveness, e.g. spray freeze-drying involves spraying a
probiotic suspension and immediately freeze-drying the resul-
tant particles and consequently reducing the long drying time
(Rajam and Anandharamakrishnan 2015).

MICROENCAPSULATION OF PROBIOTICS IN
BIOPOLYMERIC MATRICES

Microencapsulation of probiotics involves the immobilization
and coating of cells in covalently or ionically cross-linked poly-
mer networks, or in some cases polymer granules, which are not
cross-linked, such as those produced during spray-drying (Cook
et al. 2012). This coating constitutes a physical barrier that may
protect probiotics from oxidative reactions, low pH and bile salts,
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Figure 1. Formation of ionotropic cross-linked biopolymer microcapsules by extrusion or emulsification.

extending the shelf life, enabling controlled release and enhanc-
ing the survival throughout GIT transit (Martin et al. 2015).

Several food-grade biopolymer materials are available to en-
capsulate microbes in hydrogel matrices, depending on the de-
sired physicochemical properties of the delivery vehicle (Yeung
et al. 2016). Widely used choices include proteins, such as casein,
and carbohydrates, such as starch, pectin, alginate and gums
that are largely applied using different microencapsulation tech-
niques (Shori 2017).

The production of cross-linked polymer microcapsules con-
taining probiotics falls into two main mechanisms: extrusion
and emulsion (Cook et al. 2012; Rathore et al. 2013). Figure 1
schematizes the principle behind their formation (laboratory
scale illustrated in Fig. 1).

Microencapsulation by extrusion typically involves dripping,
by extrusion through a syringe needle, a hydrocolloid solution
with suspended probiotic cells into a hardening solution con-
taining cations like Ca*™™ (in the form of CaCl,), forming a three-
dimensional network by cross-linking via calcium ions (de Vos
et al. 2010; Burgain et al. 2011). Among the major advantages of
this method are the gentle operational conditions, which ensure
a high viability of cells (Mortazavian et al. 2007) and the uniform
size of the microcapsules in a batch (Solanki et al. 2013).

Based on the same principle, microdrops can also be formed
through spraying systems and hardened in an ionic solution
(Cook et al. 2012). If the droplet formation occurs in a controlled
manner (e.g. vibrating nozzles, spinning-disk atomization and
using a coaxial flow or an electrostatic field), the technique is
known as prilling (Martin et al. 2015). In contrast with needle
extrusion, either spraying or prilling can be easily utilized by in-
dustry to scale-up microencapsulation operations (Kailasapathy
2009). The particles size obtained by needle extrusion can range
from 750 to 5000 um (depending on the diameter of the orifice
of the needle), whereas microcapsules formed through spray-
ing or prilling generally exhibit a diameter of <1000 pm (Silva
etal. 2018). Additionally, the distance between the outlet and the
hardening solution and the viscosity of the probiotic suspension
also influence the size of particles (Heidebach, Forst and Kulozik
2012).

Emulsification consists of dispersing the cell-hydrocolloid
suspension in a bigger volume of an immiscible liquid, like veg-
etable oil for food applications, forming a water-in-oil emulsion
where the water soluble polymer is insolubilized after the ad-
dition of calcium chloride, by means of cross-linking and thus
makes gel particles in the oil phase (Mortazavian et al. 2007;
Holkem et al. 2016). The size of microcapsules produced by
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emulsification ranges from 25 to 2000 um depending on the vari-
ation of agitation speed, mixer type, addition and type of emul-
sifying agents, and the water/oil ratio (Sarao and Arora 2017).
The difficulty to obtain uniformly shaped microcapsules in the
same batch is a drawback of the emulsification technique (Naz-
zaro et al. 2012).

Hardened microcapsules may be either directly added to a
probiotic product or further processed in order to obtain stable
dehydrated particles by applying the desiccation technologies
described above.

Microcapsule particle size has a paramount role in protect-
ing probiotic survival both during the storage of foods and GIT
passage, since the diameter of microcapsules is positively as-
sociated with the protective effect toward cells (De Prisco and
Mauriello 2016). On the other hand, increasing bead size is also
correlated to grainy texture of foods and this could be a limit-
ing factor regarding the sensory acceptance of the food prod-
uct (De Prisco and Mauriello 2016), since during mastication and
swallowing, the tongue and mouth senses only those aggregates
greater than 20 um (Fischer and Windhab 2011).

The efficiency of an encapsulation protocol depends on the
strain and its compatibility with the selected polymer matrix as
well as the desiccation process and the application of protectant
agents to mitigate the stress (Solanki et al. 2013). Although mi-
croencapsulation has shown promising results, only a narrow
spectrum of bacterial species has been tested and it is still far
from enough to ensure the obtainment of the claimed protec-
tive and targeted release effects in humans or animals (Liu et al.
2017).

Below we summarize studies reporting a survival enhance-
ment of probiotics, entrapped in desiccated biopolymer micro-
capsules, during storage and upper GIT passage.

Alginate

Alginate, widely used as an encapsulation material, is an anionic
linear polysaccharide composed of (1-4)-linked B-D-mannuronic
acid and «a-L-guluronic acid residues arranged as blocks of either
type of unit or as a random distribution of each type (Albadran
et al. 2018).

Calcium and sodium alginate, due to their biocompatibil-
ity and low cost, are the most popular biopolymers used for
microencapsulation purposes (Chan et al. 2011). For instance,
Holkem et al. (2016) evaluated the viability of Bifidobacterium an-
imalis subsp. lactis BB-12 embedded in freeze-dried sodium algi-
nate microcapsules. They observed ~1.7 and a 6.3 log CFU g*
reduction after 120 days of storage at 7°C and 25°C, respectively.
During in vitro simulated upper gastrointestinal transit, a 0.8 log
CFU g ! reduction was observed for the microencapsulated cells,
compared with 5.5 log CFU g~* reduction for naked cells (Holkem
et al. 2016). The enhanced survival during upper GIT passage
are in agreement with Ding and Shah (2009), who reported im-
proved survival of several probiotic Lactobacillus and Bifidobac-
terium strains encapsulated in alginate during in vitro upper GIT
transit.

However, other studies have reported poor survival of
probiotics microencapsulated in alginate when exposed to
low pH (Sultana et al. 2000; Gbassi et al. 2009). In this context,
coating alginate-based microcapsules with a shell of polymers
like chitosan and poly-L-Lysine (Cui et al. 2000; Chavarri et al.
2010; Yeung et al. 2016; Bernucci et al. 2017) or the addition of
other materials like gelatin, pea protein or starch (Li et al. 2009;
Varankovich et al. 2017; Yao et al. 2017) into the polymer mixture
have been found to enhance protection to probiotic cells during
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storage and throughout in vitro upper GIT transit. Likewise, it
has been reported that the dissociation of Ca** from CaCOs;
powder (through the addition of organic acids), homogeneously
dispersed in an alginate solution of water-in-oil emulsion, in-
ternally gelate the alginate micelles producing symmetrical and
homogeneous spheres (Song et al. 2013). This approach may also
lead to an enhanced survival of probiotics encapsulated in algi-
nate beads during storage and GIT passage (Holkem et al. 2016).

Pectin

Pectin is a heteropolysaccharide, mainly extracted from fruits
and resistant to low pH, which is composed of «-(1-4)-linked
D-galacturonic acid and 1,2-linked L-rhamnose residues
(Yasmin et al. 2018). Li et al. (2016) reported high stability during
storage at room temperature of Lactobacillus rhamnosus GG,
encapsulated in freeze-dried pectin beads, and a moderate 2
log CFU mL~?! reduction throughout in vitro gastric passage (pH
1.6), which was significantly lower than the reduction suffered
by non-encapsulated cells.

Resistant starch

Resistant starch is the portion of starch that can resist digestion
by human pancreatic amylase in the small intestine and thus
reach the colon where it can be fermented (Fuentes-Zaragoza
et al. 2011). Encapsulation in resistant starch has the often-
desired property that it leads to release of the bacterial cells in
the large intestine (Sarao and Arora 2017). When resistant starch
is used in conjunction with alginate, it can promote a synergis-
tic effect on gelation, providing further protection to probiotic
cells as reported by Etchepare et al. (2016), who observed a sur-
vival enhancement of Lactobacillus acidophilus La-14 entrapped in
alginate plus resistant starch compared with bacteria encapsu-
lated in alginate only, during 30 days of storage at 7°C (Etchepare
et al. 2016).

Xanthan and gellan gum

Also, bacterial exopolysaccharides have shown promising po-
tential as encapsulation matrices for protecting encapsulated
probiotics from the harsh acid and bile conditions of the upper
GIT (Cook et al. 2012; Corona-Hernandez et al. 2013).

Xanthan gum, produced by Xanthomonas campestris, is an
extracellular heteropolysaccharide composed of a linear (1-4)
linked B-D-glucose backbone with a trisaccharide side chain on
every other glucose at C-3 containing two units of mannose and
a terminal glucuronic acid residue (Habibi and Khosravi-Darani
2017). Xanthan gum is known to possess high stability at a wide
range of pH and temperatures (Leela and Sharma 2000).

Likewise, Sphingomonas elodea produces gellan gum, a lin-
ear exopolysaccharide composed of repetitive units of two D-
glucose molecules, one L-rhamnose and one D-glucuronic acid
(Zia et al. 2018). Gellan gum has the ability to bear heat and gels
composed of this polymer are highly stable at low pH (Zia et al.
2018).

A ratio of 1:0.75 in a mixture of xanthan and gellan gum
has been described as giving optimal gelling properties when
using an extrusion encapsulation technique at room tempera-
ture and consequently protecting probiotics efficiently against
low pH (Sun and Griffiths 2000). The use of this polymer mix
in the form of freeze-dried microcapsules preserved the viabil-
ity of Lactobacillus plantarum and L. rhamnosus during long expo-
sure (6 h) to pH 2 while free lactobacilli suffered a total loss of
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viability under the same conditions (Jiménez-Pranteda et al.
2012). Moreover, the survival of encapsulated L. rhamnosus
throughout in vitro simulated upper GIT was significantly higher
than that of naked cells (Jiménez-Pranteda et al. 2012).

We have recently applied xanthan/gellan gum (1:0.75) to mi-
croencapsulate and subsequently freeze-dry A. muciniphila, a
next-generation probiotic candidate, observing a viability loss
corresponding to approximately 0.6 and 4.06 log CFU g~ dur-
ing 30 days of storage at 4°C or 25°C, respectively (Marcial-Coba
et al. 2018). In the same study, microencapsulated A. muciniphila
was exposed to in vitro upper GIT conditions at fasted (gastric
phase pH 2) and fed (gastric phase pH 4) state, suffering a total
reduction of 2.9 and 1.3 log CFU mL~?, respectively, reflecting a
1.03 and 1.6 log CFU mL~? better survival than that of free cells
under the same conditions (Marcial-Coba et al. 2018).

Milk proteins

Milk proteins including caseins, whey proteins and milk fat glob-
ule membrane proteins, offer excellent properties such as high
solubility and low viscosity in solution, allowing a homogenous
dispersion of probiotic cells in the matrix (Heidebach, Forst and
Kulozik 2009). Furthermore, milk proteins can form capsules,
under mild conditions, through different mechanisms includ-
ing extrusion, emulsification, spray-drying and enzyme-induced
gelation (Abd El-Salam and El-Shibiny 2015).

In one study, the viability loss of probiotics contained in
freeze-dried sodium caseinate microcapsules was limited to ap-
proximately 1 and 2 log CFU g! for Lactobacillus paracasei subsp.
paracasei F19 and Bifidobacterium lactis Bb12, respectively, dur-
ing 3 months of storage at 4°C (Heidebach, Forst and Kulozik
2010). Similarly, Zou et al. (2012) observed that Bifidobacterium bi-
fidum F35 embedded in freeze-dried whey protein microcapsules
maintained the initial concentration of live cells when stored
at 4°C during one month of storage, but showed a loss close to
1log CFU g1 at 25°C. Additionally, the survival of encapsulated
cells was reduced by only 1.2 log CFU mL~! when exposed, for
2 hours, to simulated gastric juice (pH 2) without pepsin, which
contrasted a 4.6 log CFU mL~! reduction when pepsin was added
to the simulated gastric fluid (Zou et al. 2012). The digestion
of milk proteins by pepsin may constitute a drawback of using
it as encapsulation material (Hébrard et al. 2010). This can be
improved by coating the microspheres with polymers, e.g. car-
rageenan and locust bean gum (Shi et al. 2013) or by combining
milk proteins with polysaccharides, e.g. gellan gum (Nag, Han
and Singh 2011).

READY-TO-EAT LOW-MOISTURE FOOD
MATRICES

Once the dehydrated particles are prepared, either as powders or
potentially microcapsules, it is necessary to package and store
them until its addition into a food product, serving as a probiotic
carrier, which once again requires to be packaged and stored up
to the time of consumption.

The survival of probiotics is not only challenged during dry-
ing processes but also during storage. Along with the protectant
used during desiccation, the residual moisture content, atmo-
spheric oxygen level, exposure to light, relative humidity and
storage temperature, among others, have significant influence
on the viability of probiotics, as briefly explained in Fig. 2 and
previously reviewed (Zayed and Roos 2004; Chavez and Ledeboer
2007; Fu and Chen 2011; Santivarangkna et al. 2011; Vesterlund,

Salminen and Salminen 2012; Tripathi and Giri 2014). Moreover,
the diameter of particles, apart from having a crucial effect on
probiotic viability and sensory properties of the final product,
affects the distribution of microcapsules and their stability over
time in the food product (Huq et al. 2013).

The physicochemical parameters related to the stability of
probiotics during storage can vary as a function of the food ma-
trix serving as probiotic vehicle (da Cruz, Faria and Van Dender
2007). Below we describe the specific properties of some low-
moisture food products that have been used as probiotic carri-
ers.

Peanut butter

Peanuts are consumed all over the world in different forms, e.g.
raw and roasted peanuts and as peanut butter. The major com-
ponents of peanuts are lipids 40%-50% (mainly monounsatu-
rated fatty acids), proteins 27%-29%, carbohydrates 16% and di-
etary fiber 8.5% (Arya, Salve and Chauhan 2016). Peanuts have
been considered as a functional food (Francisco and Resurrec-
cion 2008), due to its high content of bioactive compounds such
as vitamin E, folate, coenzyme Q10, minerals, resveratrol, phe-
nolic compounds and flavonoids (Isanga and Zhang 2007).

Peanut butter is formed by grinding roasted peanuts into a
paste and stabilized by the addition of vegetable oil, which pre-
vents the separation of the peanut oil and solid fractions (Ma
et al. 2013). The a, of peanut butter is close to 0.35 and the pH
is approximately 6.3 (He et al. 2013). Therefore, peanut butter is
a shelf stable low-moisture food matrix that offers promising
properties as probiotic carrier.

In this regard, Klu et al. (2012) reported that L. rhamnosus GG
embedded in peanut butter, with an initial concentration of ap-
proximately 7 log CFU g~?, showed a viability loss <1 log CFU
g~!in samples stored at 4°C for at least 48 weeks and at 25°C for
27 weeks. Likewise, a mixture of 16 Lactobacillus, Bifidobacterium
and Streptococcus probiotic strains incorporated into peanut but-
ter, in a concentration of 7 log CFU g~?, suffered an approxi-
mately 1 and 3 log CFU g~! reduction during 12 months at 4°C
and 25°C, respectively (Klu, Phillips and Chen 2014). Finally, an
approximately 1.5 log CFU mL~! reduction was observed when
cells encased in peanut butter were exposed to in vitro upper
GIT conditions, showing a higher survival than that of free cells,
which suffered a 3.5 log CFU g~! reduction when exposed to the
same conditions (Klu and Chen 2015). These findings suggest a
high stability of probiotic strains during long-term storage and in
vitro GIT passage when embedded in peanut butter. However, the
concentration of embedded bacterial cells should be increased
in order to obtain efficient daily doses (10°-10%° CFU) by consum-
ing this probiotic formulation.

Cereal bars

Cereal bars are consumed worldwide and can be considered as
nutritious fast snacks, since cereals are conceived as sources of
non-digestible fiber and minerals and a remarkable amount of
proteins and carbohydrates can be provided by other ingredi-
ents (Siré et al. 2008). This snack food is mainly composed of
oat, wheat and/or barley plus other ingredients like dried fruits
and nuts, which are agglutinated by different syrups (Bchir et al.
2018). Depending on the ingredients and the drying process, the
a,, of the product can vary between 0.25 and 0.56, and the mois-
ture content can range from 7.5% to 9.5% (Estévez et al. 1995;
Ouwehand, Kurvinen and Rissanen 2004).
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Figure 2. Factors affecting the viability of dried probiotic bacteria during storage.

In one study, oat-based cereal bars (a,, = 0.25) were described
as efficient carriers of B. animalis subsp. lactis Bb-12 for adminis-
tering probiotics to human subjects (Ouwehand, Kurvinen and
Rissanen 2004). Moreover, Bampi et al. (2016) added L. acidophilus
or B. animalis subsp. lactis, contained in solid lipid microcap-
sules (particle size: 61 and 86 um for L. acidophilus and B. ani-
malis subsp. lactis, respectively), into savory cereal bars (a,, ~ 0.6)
and observed that after 90 days of storage at 4°C L. acidophilus
was reduced by 2.3 log CFU g~! and B. animalis subsp. lactis suf-
fered a 0.9 log CFU g~? reduction from an initial concentration of
10.5 and 10.3 log CFU g1, respectively. Although, the a,, of this
product is out of the optimal range for maintaining the viability
of freeze-dried probiotics (Vesterlund, Salminen and Salminen
2012), it seems that the lipid-based matrix of the microcapsules
and the temperature of storage are associated with a relatively
high survival of probiotic microorganisms in this study.

Dried-fruit snacks

Fruit derived products are an emerging area within functional
foods (Betoret et al. 2012). In this connection, dried fruits con-
stitute a healthy snack, since they possess an acceptable taste
and provide concentrated compounds such as vitamins, miner-
als and phytochemicals (Morais et al. 2018). Furthermore, fruits
in a dried form become more energy dense than fresh fruits and
are highly stable during a long shelf life at room temperature
(Sun-Waterhouse 2011).

Fruits exhibit a highly porous structure due to the occur-
rence of intercellular spaces naturally filled with gases and lig-
uid (Puente, Betoret and Cortés 2009). Vacuum impregnation has
been reported as an industrial technique that removes the ma-
terial filling the intercellular spaces by means of vacuum and
replaces it by diffusion with bioactive ingredients such as pro-
biotic microorganisms suspended in an impregnation solution
(Gras et al. 2002). Depending on the desiccation mechanism ap-
plied (air-drying or freeze-drying), a final product with a a,, rang-
ing 0.3-0.35 can be obtained (Betoret et al. 2003).

Several studies show promising results in terms of survival
of probiotics, impregnated in dehydrated apple slices or cylin-

ders, during storage. In one study, the viability loss during 15
days of storage at 20°C was <1 log CFU g~? for Lactobacillus casei
impregnated in cylindrically air-dried apple portions and using
milk or apple juice as impregnation solution (Betoret et al. 2003).
Likewise, Noorbakhsh, Yaghmaee and Durance (2013) found
that L. rhamnosus, impregnated in air-dried plus radiant energy
vacuum-dried apple slices, suffered a 1 log CFU g~* reduction af-
ter 23 days of storage, while the same viability loss occurred after
14 and 12 days for freeze- and air-dried samples, respectively,
reflecting that the drying method affected the survival perfor-
mance of this bacterial strain.

A dried-fruit bar is a snack-like product consisting of a paste
obtained from dried-fruit pulp and optionally mixed with other
ingredients such as sugar, vegetable oil, pectin, among others
(Sharma et al. 2013). Most of fruit bars fall into the category of
intermediate-moisture fruits, having a,, around 0.6 and a mois-
ture content between 8% and 15% (Orrego, Salgado and Botero
2014), exceeding the optimal a,, range (0.07-0.2) to maintain the
viability of dehydrated probiotics during long-term storage at
room temperature (Vesterlund, Salminen and Salminen 2012).
However, the proposed probiotic Bacillus coagulans BC4, in the
form of spores, embedded in a dried-date paste (a, ~ 0.48-
0.59) showed only neglectable variation in its viability during
45 days of storage either at 4°C or 25°C (Marcial-Coba et al.
2019), suggesting that the physical properties of this matrix did
not lead to spore germination and consequently the viability
remained stable during storage.

Based on these results, dried fruit-based matrices may con-
stitute attractive novel carriers for the administration of probi-
otics. However, the cited studies assessed the microbial viability
duringrelatively short periods of storage (15-45 days). Therefore,
further studies should be performed in order to determine the
applicability of this type of matrix for the formulation of probi-
otic food with longer shelf life.

Chocolate

Chocolate in their main categories, dark, milk and white, is
consumed all over the world in all segments of society and by
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people of all ages (Konar et al. 2016). In essence, chocolate is
a dense semisolid suspension of fine particles of cocoa mass,
sugar and milk (depending on type) in a fat continuous phase,
mostly of cocoa butter (Afoakwa et al. 2008). The high fat con-
tent in chocolate is associated with a low a,, (~0.3), oxygen ten-
sion and moisture permeability, which consequently confer high
stability to the product matrix during its shelf life (Kemsawasd,
Chaikham and Rattanasena 2016; Gutiérrez 2017). Besides that,
it has been observed that the lipid fraction of cocoa butter pro-
vides protection to probiotics during storage and during upper
gastro-intestinal tract passage (Lahtinen et al. 2007).

Several studies have generated promising outcomes regard-
ing the stability of probiotics embedded in a chocolate matrix
during storage. Nebesny et al. (2007), supplemented dark choco-
late with freeze-dried L. casei and L. paracasei (approximately
8 log CFU g1) and observed that >80% of cells survived during
12 months of storage either at4°C or 18°C. Similarly, L. acidophilus
NCFM and B. lactis HN019 embedded in dark or milk chocolate
(initial concentration 9 log CFU g~!) showed to be stable during
14 months of storage at 15°C, after a 1.1-1.6 log CFU g~! reduc-
tion in the initial period after production (Klindt-Toldam et al.
2016). Lalicic-Petronijevic et al. (2015) also evaluated the survival
of the same strains in dark and milk chocolate and confirmed
a high stability of L. acidophilus NCFM in both matrices during
6 months of storage at 4°C, while under the same conditions,
the viability of B. lactis HN019 was reduced with >2 log CFU
g~! in both dark or as well as milk chocolate after 5 months of
storage.

Klindt-Toldam et al. (2016) also observed that the above-
mentioned strains encased in milk or dark chocolate exhibited
an approximately 9 and 5 log CFU g~* higher survival than that of
probiotic cells in yoghurt and juice, respectively, when exposed
to simulated gastric fluid (pH 1.4-2.9) for 65 min. Similarly, L. ca-
sei encased in dark, milk or white chocolate showed a 1 log CFU
mL~? better survival than that of free cells when exposed to sim-
ulated gastric fluid (pH 1.4) for 90 min (Kemsawasd, Chaikham
and Rattanasena 2016).Chocolate in other words not only pro-
vides protection during storage, but also during upper GIT pas-
sage.

Sensorially dark, milk and white chocolate supplemented
with 8-10 log CFU g! dried probiotic bacteria are generally
found acceptable and generally indistinguishable from choco-
late without probiotics (Nebesny et al. 2007; Lalicic-Petronijevic
etal. 2015; Kemsawasd, Chaikham and Rattanasena 2016; Klindt-
Toldam et al. 2016). Chocolate thus offers a good alternative for
administering effective doses of probiotics.

CONCLUSION

Low-moisture food products represent an attractive alternative
for long shelf life at ambient temperature and demand low costs
and simplified logistics for transportation and manipulation.
Due to the stability, dehydrated foods as vehicles of probiotics
can be capable of enhancing the microbial viability at relevant
levels until the time of consumption and even during upper GIT
passage. However, the survival of probiotics is challenged by sev-
eral stresses during manufacturing and storage. Hence, the effi-
ciency of a low-moisture food matrix, as a probiotic vehicle, will
not only depend on its physicochemical properties, but also on
the intrinsic resistance of strains to environmental stresses, the
selection of a proper desiccation method, the application of pro-
tectant agents in order to mitigate the stress during dehydration
and storage, and the storage conditions. Microencapsulation of

probiotics in biopolymers can constitute a promising strategy
to provide stability during storage and enhance the viability
throughout the upper GIT transit. Some low- or intermediate-
moisture food matrices, e.g. chocolate or peanut butter, have
shown promising results regarding their applicability as probi-
otic vehicles. In this connection, the use of this type of probiotic
carriers can represent an alternative for administering effective
dosses of probiotic microorganisms that can be contained in
small portions of the food product. This mini-review may con-
tribute to the design of manufacturing strategies aimed to main-
tain the microbial viability, at relevant levels, in probiotic food
products with low or intermediate content of moisture during
processing, storage and upper GIT passage.

ACKNOWLEDGEMENTS

MS Marcial-Coba was supported by a grant from Ecuadorian Sec-
retariat of Higher Education, Science, Technology and Innova-
tion — SENESCYT (open call - 2014).

Confilct of interest. None declared.

REFERENCES

Abd El-Salam MH, EIl-Shibiny S. Preparation and properties of
milk proteins-based encapsulated probiotics: a review. Dairy
Sci Technol 2015;95:393-412.

Afoakwa EO, Paterson A, Fowler M et al. Modelling tempering be-
haviour of dark chocolates from varying particle size distri-
bution and fat content using response surface methodology.
Innov Food Sci Emerg 2008;9:527-33.

Albadran HA, Chatzifragkou A, Khutoryanskiy VV et al. Develop-
ment of surfactant-coated alginate capsules containing Lac-
tobacillus plantarum. Food Hydrocolloid 2018;82:490-9.

Arya SS, Salve AR, Chauhan S. Peanuts as functional food: a re-
view. ] Food Sci Technol 2016;53:31-41.

Bampi GB, Backes GT, Cansian RL et al. Spray chilling microen-
capsulation of Lactobacillus acidophilus and Bifidobacterium an-
imalis subsp. lactis and its use in the preparation of savory
probiotic cereal bars. Food Bioprocess Tech 2016;9:1422-8.

Bauer SAW, Schneider S, Behr ] et al. Combined influence
of fermentation and drying conditions on survival and
metabolic activity of starter and probiotic cultures af-
ter low-temperature vacuum drying. J Biotechnol 2012;159:
351-7.

Bchir B, Jean-Francois T, Rabetafika HN et al. Effect of pear ap-
ple and date fibres incorporation on the physico-chemical,
sensory, nutritional characteristics and the acceptability of
cereal bars. Food Sci Technol Int 2018;24:198-208.

Bensch G, Riiger M, Wassermann M et al. Flow cytomet-
ric viability assessment of lactic acid bacteria starter cul-
tures produced by fluidized bed drying. Appl Microbiol Biot
2014;98:4897-909.

Bernucci BSP, Loures CMG, Lopes SCA et al. Effect of microen-
capsulation conditions on the viability and functionality of
Bifidobacterium longum 51A. LWT-Food Sci Technol 2017;80:341-
7.

Betoret E, Sentandreu E, Betoret N et al. Technological devel-
opment and functional properties of an apple snack rich
in flavonoid from mandarin juice. Innov Food Sci Emerg
2012;16:298-304.

Betoret N, Puente L, Diaz MJ et al. Development of probiotic-
enriched dried fruits by vacuum impregnation. J Food Eng
2003;56:273-7.

120Z 1890100 9| UO J8SN SUIDIPS\ pue 82usiog 10 Alelqi [euoneN ysiueq Aq £€11.82S/9002Zul/Z/99€/3]101e/8|swa)/woo dno-olwapese//:sdiy woll papeojumod



Brodmann T, Endo A, Gueimonde M et al. Safety of novel mi-
crobes for human consumption: practical examples of as-
sessment in the European union. Front Microbiol 2017;8:1-15.

Broeckx FG, Vandenheuvel D, Claes IJ. et al. Drying techniques of
probiotic bacteria as an important step towards the develop-
ment of novel pharmabiotics. Int ] Pharm 2016;505:303-18.

Brown L, Caligiuri SPB, Brown D et al. Clinical trials using
functional foods provide unique challenges. J Funct Foods
2018;45:233-8.

Burgain J, Gaiani C, Linder M et al. Encapsulation of probiotic liv-
ing cells: from laboratory scale to industrial applications. J
Food Eng 2011;104:467-83.

Campaniello D, Bevilacqua A, Sinigaglia M et al. Screening of Pro-
pionibacterium spp. for potential probiotic properties. Anaer-
obe 2015;34:169-73.

Chan ES, Wong SL, Lee PP et al. Effects of starch filler on the phys-
ical properties of lyophilized calcium-alginate beads and the
viability of encapsulated cells. Carbohyd Polym 2011;83:225-
32.

Chavarri M, Maranén I, Ares R et al. Microencapsulation of a pro-
biotic and prebiotic in alginate-chitosan capsules improves
survival in simulated gastro-intestinal conditions. Int ] Food
Microbiol 2010;142:185-9.

Chavez BE, Ledeboer AM. Drying of probiotics: optimization of
formulation and process to enhance storage survival. Dry
Technol 2007;25:1193-201.

Chotiko A, Sathivel S. Three protective agents for pectin-rice
bran capsules for encapsulating Lactobacillus plantarum. Food
Biosci 2016;16:56-65.

Cook MT, Tzortzis G, Charalampopoulos D et al. Microencapsula-
tion of probiotics for gastrointestinal delivery. ] Control Release
2012;162:56-67.

Corona-Hernandez RI, Alvarez-Parrilla E, Lizardi-Mendoza J et al.
Structural stability and viability of microencapsulated probi-
otic bacteria: a review. Compr Rev Food Sci F 2013;12:614-28.

Coulibaly I, Dubois-Dauphin R, Destain J et al. The resistance to
freeze-drying and to storage was determined as the cellular
ability to recover its survival rate and acidification activity.
Int J Microbiol 2010;2010, DOI: 10.1155/2010/625239.

Cui JH, Goh JS, Kim PH et al. Survival and stability of Bifidobacte-
ria loaded in alginate poly-l-lysine microparticles. Int ] Pharm
2000;210:51-9.

da Cruz AG, Faria JAF, Van Dender AGF. Packaging system and
probiotic dairy foods. Food Res Int 2007;40:951-6.

Desmond C, Stanton C, Fitzgerald GF et al. Environmental adap-
tation of probiotic lactobacilli towards improvement of per-
formance during spray drying. Int Dairy J 2001;11:801-8.

De Prisco A, Mauriello G. Probiotication of foods: a focus on mi-
croencapsulation tool. Trends Food Sci Tech 2016;48:27-39.

de Vos P, Faas M, Spasojevic M et al. Encapsulation for preserva-
tion of functionality and targeted delivery of bioactive food
components. Int Dairy J 2010;20:292-302.

Dianawati D, Mishra V, Shah NP. Survival of microencapsulated
probiotic bacteria after processing and during storage: a re-
view. Crit Rev Food Sci 2016;56:1685-716.

Dimitrellou D, Kandylis P, Kourkoutas Y. Effect of cooling rate,
freeze-drying, and storage on survival of free and immo-
bilized Lactobacillus casei ATCC 393. LWT-Food Sci Technol
2016;69:468-73.

Ding WK, Shah NP. Effect of various encapsulating materials on
the stability of probiotic bacteria. ] Food Sci 2009;74:M100-7.

Dodoo CC, WangJ, Basit AW et al. Targeted delivery of probiotics
to enhance gastrointestinal stability and intestinal colonisa-
tion. Int J Pharm 2017;530:224-9.

Marcial-Cobaetal. | 9

Elshaghabee FMF, Rokana N, Gulhane RD et al. Bacillus as po-
tential probiotics: status, concerns, and future perspectives.
Front Microbiol 2017;8:1490.

Estévez AM, Escobar B, Vasquez M et al. Cereal and nut bars,
nutritional quality and storage stability. Plant Food Hum Nutr
1995;47:309-17.

Etchepare MA, Raddatz GC, Cichoski AJ et al. Effect of resis-
tant starch (Hi-maize) on the survival of Lactobacillus aci-
dophilus microencapsulated with sodium alginate. J Funct
Food 2016;21:321-9.

El Hage R, Hernandez-Sanabria E, Van de Wiele T. Emerging
trends in “smart probiotics”: functional consideration for
the development of novel health and industrial applications.
Front Microbiol 2017;8:1-11.

Favaro-Trindade CS, Grosso CRF. Microencapsulation of L. aci-
dophilus (La-05) and B. lactis (Bb-12) and evaluation of their
survival at the pH values of the stomach and in bile. ] Mi-
croencapsul 2002;19:485-94.

Finn S, Condell O, McClure P et al. Mechanisms of survival, re-
sponses, and sources of Salmonella in low-moisture environ-
ments. Front Microbiol 2013;4:1-15.

Fischer P, Windhab EJ. Rheology of food materials. Curr Opin Col-
loid In 2011;16:36-40.

Francisco MLDL, Resurreccion AVA. Functional components in
peanuts. Crit Rev Food Sci 2008;48:715-46.

Fu N, Chen XD. Towards a maximal cell survival in convective
thermal drying processes. Food Res Int 2011;44:1127-49.

Fuentes-Zaragoza E, Sdnchez-Zapata E, Sendra E et al. Resistant
starch as prebiotic: a review. Starch 2011;63:406-15.

Garcia AH. Anhydrobiosis in bacteria: from physiology to appli-
cations. J Biosci 2011;36:939-50.

Gbassi GK, Vandamme T, Ennahar S et al. Microencapsulation of
Lactobacillus plantarum spp in an alginate matrix coated with
whey proteins. Int J Food Microbiol 2009;129:103-5.

Gras M, Vidal-Broténs N, Betoret A et al. The response of some
vegetables to vacuum impregnation. Innov Food Sci Emerg
2002;3:263-9.

Gutiérrez TJ. State-of-the-Art chocolate manufacture: A review.
Compr Rev Food Sci F 2017;16:1313-44.

Habibi H, Khosravi-Darani K. Effective variables on production
and structure of xanthan gum and its food applications: a
review. Biocatal Agric Biotechnol 2017;10:130-40.

He Y, Li Y, Salazar JK et al. Increased water activity reduces
the thermal resistance of Salmonella enterica in peanut but-
ter. Appl Environ Microbiol 2013;79:4763-7.

Hébrard G, Hoffart V, Beyssac E et al. Coated whey pro-
tein/alginate microparticles as oral controlled delivery sys-
tems for probiotic yeast. ] Microencapsul 2010;27:292-302.

Heidebach T, Forst P, Kulozik U. Transglutaminase-induced ca-
seinate gelation for the microencapsulation of probiotic
cells. Int Dairy ] 2009;19:77-84.

Heidebach T, Forst P, Kulozik U. Influence of casein-based mi-
croencapsulation on freeze-drying and storage of probiotic
cells. ] Food Eng 2010;98:309-16.

Heidebach T, Forst P, Kulozik U. Microencapsulation of probiotic
cells for food applications. Crit Rev Food Sci 2012;52:291-311.

Heylen K, Hoefman S, Vekeman B et al. Safeguarding bacterial re-
sources promotes biotechnological innovation. Appl Microbiol
Biot 2012;94:565-74.

Hill C, Guarner F, Reid G et al. Expert consensus document: the
international scientific association for probiotics and pre-
biotics consensus statement on the scope and appropri-
ate use of the term probiotic. Nat Rev Gastroenterol Hepatol
2014;11:506-14.

120Z 1890100 9| UO J8SN SUIDIPS\ pue 82usiog 10 Alelqi [euoneN ysiueq Aq £€11.82S/9002Zul/Z/99€/3]101e/8|swa)/woo dno-olwapese//:sdiy woll papeojumod



10 | FEMS Microbiology Letters, 2019, Vol. 366, No. 2

Holkem AT, Raddatz GC, Nunes GL et al. Development and char-
acterization of alginate microcapsules containing Bifidobac-
terium BB-12 produced by emulsification/internal gelation
followed by freeze drying. LWT-Food Sci Technol 2016;71:302-
8.

Hsiao HC, Lian WC, Chou CC. Effect of packaging conditions and
temperature on viability of microencapsulated Bifidobacteria
during storage. J Sci Food Agr 2004;84:134-9.

Huang S, Vignolles ML, Chen XD et al. Spray drying of probiotics
and other food-grade bacteria: a review. Trends Food Sci Tech
2017;63:1-17.

Hug T, Khan A, Khan RA et al. Encapsulation of probiotic bacteria
in biopolymeric system. Crit Rev Food Sci 2013;53:909-16.
Iaconelli C, Lemetais G, Kechaou N et al. Drying process strongly
affects probiotics viability and functionalities. J Biotechnol

2015;214:17-26.

Isanga ], Zhang G-N. Biologically active components and Nu-
traceuticals in peanuts and related products: review. Food Rev
Int 2007,23:123-40.

Iyer R, Tomar SK, Kapila S et al. Probiotic properties of fo-
late producing Streptococcus thermophilus strains. Food Res Int
2010;43:103-10.

Jiménez-Pranteda ML, Poncelet D, Nader-Macias ME et al. Sta-
bility of lactobacilli encapsulated in various microbial poly-
mers. ] Biosci Bioeng 2012;113:179-84.

Kailasapathy K. Encapsulation technologies for functional
foods and nutraceutical product development. CAB
Reu: Perspect Agric Vet Sci Nutr Nat Resour 2009;4, DOI:
10.1079/PAVSNNR20094033.

Kemsawasd V, Chaikham P, Rattanasena P. Survival of immobi-
lized probiotics in chocolate during storage and with an in
vitro gastrointestinal model. Food Biosci 2016;16:37-43.

Kim J, Muhammad N, Jhun BH et al. Probiotic delivery systems:
a brief overview. ] Pharm Investig 2016;46:377-86.

Klindt-Toldam S, Larsen SK, Saaby L et al. Survival of Lactobacillus
acidophilus NCFM®) and Bifidobacterium lactis HNO19 encapsu-
lated in chocolate during in vitro simulated passage of the up-
per gastrointestinal tract. LWT-Food Sci Technol 2016;74:404-
10.

Klu YAK, Chen J. Effect of peanut butter matrices on the fate of
probiotics during simulated gastrointestinal passage. LWT-
Food Sci Technol 2015;62:983-8.

Klu YAK, Phillips RD, Chen ]. Survival of four commercial probi-
otic mixtures in full fat and reduced fat peanut butter. Food
Microbiol 2014;44:34-40.

Klu YAK, Williams JH, Phillips RD et al. Survival of Lactobacillus
rhamnosus GG as influenced by storage conditions and prod-
uct matrixes. ] Food Sci 2012;77:659-63.

Konar N, Toker OS, Oba S et al. Improving functionality of choco-
late: a review on probiotic, prebiotic, and/or synbiotic char-
acteristics. Trends Food Sci Tech 2016;49:35-44.

Lahtinen SJ, Ouwehand AC, Salminen SJ et al. Effect of starch-
and lipid-based encapsulation on the culturability of two Bi-
fidobacterium longum strains. Lett Appl Microbiol 2007;44:500-5.

Lalicic-Petronijevic J, Popov-Ralji¢ J, Obradovi¢ D et al. Viability
of probiotic strains Lactobacillus acidophilus NCFM® and Bi-
fidobacterium lactis HNO19 and their impact on sensory and
rheological properties of milk and dark chocolates during
storage for 180 days. J Funct Foods 2015;15:541-50.

Le Maréchal C, Peton V, Plé C et al. Surface proteins of Propioni-
bacterium freudenreichii are involved in its anti-inflammatory
properties. J Proteomics 2015;113:447-61.

Leela JK, Sharma G. Studies on xanthan production from Xan-
thomonas campestris. Bioprocess Eng 2000;23:687-9.

Li R, Zhang Y, Polk DB et al. Preserving viability of Lactobacillus
rhamnosus GG in vitro and in vivo by a new encapsulation
system. J Control Release 2016;230:79-87.

Li XY, Chen XG, Cha DS et al. Microencapsulation of a probiotic
bacteria with alginate -gelatin and its properties. ] Microen-
capsul 2009;26:315-24.

Liu H, Cui SW, Chen M et al. Protective approaches and
mechanisms of microencapsulation to the survival of pro-
biotic bacteria during processing, storage and gastroin-
testinal digestion: a review. Crit Rev Food Sci 2017;8398,
https://doi.org/10.1080/10408398.2017.1377684.

Lopetuso LR, Scaldaferri F, Petito V et al. Commensal clostridia:
leading players in the maintenance of gut homeostasis. Gut
Pathog 2013;5:1.

Ma Y, Kerr WL, Cavender GA et al. Effect of peanut skin incor-
poration on the color, texture and total phenolics content of
peanut butters. J Food Process Eng 2013;36:316-28.

Marcial-Coba MS, Cieplak T, Cahu TB et al. Viability of microen-
capsulated Akkermansia muciniphila and Lactobacillus plan-
tarum during freeze-drying, storage and in vitro simulated
upper gastrointestinal tract passage. Food Funct 2018;9:5868-
79.

Marcial-Coba MS, Pjaca AS, Andersen CJ et al. Dried date paste as
carrier of the proposed probiotic Bacillus coagulans BC4 and
viability assessment during storage and simulated gastric
passage. LWT 2019;99:197-201.

Martin MJ, Lara-villoslada F, Ruiz MA et al. Microencapsulation
of bacteria: a review of different technologies and their im-
pact on the probiotic effects. Innov Food Sci Emerg 2015;27:15-
25.

Mille Y, Obert JP, Beney L et al. New drying process for lactic bac-
teria based on their dehydration behavior in liquid medium.
Biotechnol Bioeng 2004;88:71-6.

Morais RMSC, Morais AMMB, Dammak I et al. Functional dehy-
drated foods for health preservation. ] Food Qual 2018;2018,
DOI: 10.1155/2018/1739636.

Mortazavian A, Razavi SH, Ehsani MR et al. Principles and meth-
ods of microencapsulation of probiotic microorganisms. Iran
] Microbiol 2007;5:1-18.

Nag A, Han KS, Singh H. Microencapsulation of probiotic bacteria
using pH-induced gelation of sodium caseinate and gellan
gum. Int Dairy J 2011;21:247-53.

Nazzaro F, Orlando P, Fratianni F et al. Microencapsulation
in food science and biotechnology. Curr Opin Biotechnol
2012;23:182-6.

Nebesny E, Zyzelewicz D, Motyl I et al. Dark chocolates sup-
plemented with Lactobacillus strains. Eur Food Res Technol
2007;225:33-42.

Noorbakhsh R, Yaghmaee P, Durance T. Radiant energy under
vacuum (REV) technology: a novel approach for producing
probiotic enriched apple snacks. ] Funct Foods 2013;5:1049-
56.

Orrego CE, Salgado N, Botero CA. Developments and trends in
fruit bar production and characterization. Crit Rev Food Sci
2014,54:84-97.

Ouwehand AC, Kurvinen T, Rissanen P. Use of a probiotic Bifi-
dobacterium in a dry food matrix, an in vivo study. Int ] Food
Microbiol 2004;95:103-6.

Ozen AE, Pons A, Tur JA. Worldwide consumption of functional
foods: a systematic review. Nutr Rev 2012;70:472-81.

Panghal A, Janghu S, Virkar K et al. Potential non-dairy probiotic
products - a healthy approach. Food Biosci 2018;21:80-9.

Perdana ], Bereschenko L, Fox MB et al. Dehydration and
thermal inactivation of Lactobacillus plantarum WCFS1:

120Z 1890100 9| UO J8SN SUIDIPS\ pue 82usiog 10 Alelqi [euoneN ysiueq Aq £€11.82S/9002Zul/Z/99€/3]101e/8|swa)/woo dno-olwapese//:sdiy woll papeojumod



comparing single droplet drying to spray and freeze drying.
Food Res Int 2013;54:1351-9.

Perdana J, Fox MB, Siwei C et al. Interactions between formula-
tion and spray drying conditions related to survival of lacto-
bacillus plantarum WCFS1. Food Res Int 2014;56:9-17.

Prakash O, Nimonkar Y, Shouche YS. Practice and prospects of
microbial preservation. FEMS Microbiol Lett 2013;339:1-9.

Puente DL, Betoret VN, Cortés RM. Evolution of probiotic content
and color of apples impregnated with lactic acid bacteria. Vi-
tae 2009;16:297-303.

Rajam R, Anandharamakrishnan C. Spray freeze drying method
for microencapsulation of Lactobacillus plantarum. J Food Eng
2015;166:95-103.

Ranadheera RDCS, Baines SK, Adams MC. Importance of food in
probiotic efficacy. Food Res Int 2010;43:1-7.

Rathore S, Desai PM, Liew CV et al. Microencapsulation of micro-
bial cells. ] Food Eng 2013;116:369-81.

Reddy KBPK, Awasthi SP, Madhu AN et al. Role of cryoprotec-
tants on the viability and functional properties of probi-
otic actic acid bacteria during freeze drying. Food Biotechnol
2009;23:243-65.

Rivera-Espinoza Y, Gallardo-Navarro Y. Non-dairy probiotic
products. Food Microbiol 2010;27:1-11.

Sanders ME, Marco ML. Food formats for effective delivery of pro-
biotics. Annu Rev Food Sci Technol 2010;1:65-85.

Santivarangkna C, Aschenbrenner M, Kulozik U et al. Role of
glassy state on stabilities of freeze-dried probiotics. ] Food Sci
2011,76:152-6.

Santivarangkna C, Kulozik U, Foerst P. Alternative drying pro-
cesses for the industrial preservation of lactic acid starter
cultures. Biotechnol Prog 2007;23:302-15.

Santivarangkna C, Kulozik U, Foerst P. Inactivation mechanisms
of lactic acid starter cultures preserved by drying processes.
J Appl Microbiol 2008;105:1-13.

Santivarangkna C, Kulozik U, Kienberger H et al. Changes in
membrane fatty acids of Lactobacillus helveticus during vac-
uum drying with sorbitol. Lett Appl Microbiol 2009;49:516-21.

Santivarangkna C, Naumann D, Kulozik U et al. Protective effects
of sorbitol during the vacuum drying of Lactobacillus helveti-
cus: an FT-IR study. Ann Microbiol 2010;60:235-42.

Sarao LK, Arora M. Probiotics, prebiotics, and microencapsula-
tion: a review. Crit Rev Food Sci 2017;57:344-71.

Secher T, Kassem S, Benamar M et al. Oral administration of the
probiotic strain Escherichia coli Nissle 1917 reduces suscep-
tibility to neuroinflammation and repairs experimental au-
toimmune encephalomyelitis-induced intestinal barrier dys-
function. Front Immunol 2017;8:1-10.

Sharma SK, Chaudhary SP, Rao VK et al. Standardization of tech-
nology for preparation and storage of wild apricot fruit bar. J
Food Sci Technol 2013;50:784-90.

Shi LE, Li ZH, Zhang ZL et al. Encapsulation of Lactobacillus bul-
garicus in carrageenan-locust bean gum coated milk micro-
spheres with double layer structure. LWT-Food Sci Technol
2013;54:147-51.

Shori AB. The potential applications of probiotics on dairy and
non-dairy foods focusing on viability during storage. Biocatal
Agric Biotechnol 2015;4:423-31.

Shori AB. Microencapsulation improved probiotics survival dur-
ing gastric transit. HAYATI ] Biosci 2017;24:1-5.

Silva MP, Tulini FL, Martins E et al. Comparison of extrusion and
co-extrusion encapsulation techniques to protect Lactobacil-
lus acidophilus LA3 in simulated gastrointestinal fluids. LWT-
Food Sci Technol 2018;89:392-9.

Marcial-Cobaetal. | 11

Siaterlis A, Deepika G, Charalampopoulos D. Effect of culture
medium and cryoprotectants on the growth and survival of
probiotic lactobacilli during freeze drying. Lett Appl Microbiol
2009;48:295-301.

Sird 1, Kapolna E, Kapolna B et al. Functional food. Product de-
velopment, marketing and consumer acceptance-a review.
Appetite 2008;51:456-67.

Solanki HK, Pawar DD, Shah DA et al. Development of microen-
capsulation delivery system for long-term preservation of
probiotics as biotherapeutics agent. Biomed Res Int 2013;2013,
DOI: 10.1155/2013/620719.

Song H, Yu W, Gao M et al. Microencapsulated probiotics using
emulsification technique coupled with internal or external
gelation process. Carbohydr Polym 2013;96:181-9.

Stummer S, Toegel S, Rabenreither MC et al. Fluidized-bed drying
as a feasible method for dehydration of Enterococcus faecium
M?74. ] Food Eng 2012;111:156-65.

Sultana K, Godward G, Reynolds N et al. Encapsulation of probi-
otic bacteria with alginate-starch and evaluation of survival
in simulated gastrointestinal conditions and in yoghurt. IntJ
Food Microbiol 2000;62:47-55.

Sun-Waterhouse D. The development of fruit-based functional
foods targeting the health and wellness market: a review. Int
J Food Sci Technol 2011;46:899-920.

Sun W, Griffiths MW. Survival of bifidobacteria in yogurt and
simulated gastric juice following immobilization in gellan-
xanthan beads. Int ] Food Microbiol 2000;61:17-25.

Tripathi MK, Giri SK. Probiotic functional foods: survival of probi-
otics during processing and storage. ] Funct Foods 2014;9:225—
41.

Uriot O, Denis S, Junjua M et al. Streptococcus thermophilus: from
yogurt starter to a new promising probiotic candidate? J Funct
Foods 2017;37:74-89.

Varankovich N, Martinez MF, Nickerson MT et al. Survival of
probiotics in pea protein-alginate microcapsules with or
without chitosan coating during storage and in a simulated
gastrointestinal environment. Food Sci Biotechnol 2017;26:
189-94.

Vesterlund S, Salminen K, Salminen S. Water activity in dry
foods containing live probiotic bacteria should be carefully
considered: a case study with Lactobacillus rhamnosus GG in
flaxseed. Int J Food Microbiol 2012;157:319-21.

Yao M, Wu J, Li B et al. Microencapsulation of Lactobacillus salivar-
ious Li01 for enhanced storage viability and targeted delivery
to gut microbiota. Food Hydrocolloid 2017;72:228-36.

Yasmin I, Saeed M, Pasha I et al. Development of whey pro-
tein concentrate-pectin-alginate based delivery system to
improve survival of B. Longum BL-05 in Simulated Gastroin-
testinal Conditions. Probiotics Antimicrob Proteins 2018, DOI:
10.1007/512602-018-9407-x.

Yeung TW, Ucok EF, Tiani KA et al. Microencapsulation in algi-
nate and chitosan microgels to enhance viability of Bifidobac-
terium longum for oral delivery. Front Microbiol 2016;7:1-11.

Zayed G, Roos YH. Influence of trehalose and moisture con-
tent on survival of Lactobacillus salivarius subjected to freeze-
drying and storage. Process Biochem 2004;39:1081-6.

Zia KM, Tabasum S, Khan MF et al. Recent trends on gellan gum
blends with natural and synthetic polymers: a review. Int ]
Biol Macromol 2018;109:1068-87.

Zou Q, Liu X, Zhao ] et al. Microencapsulation of Bifidobac-
terium bifidum F-35 in whey protein-based microcapsules
by transglutaminase-induced gelation. J Food Sci 2012;77:
270-7.

120Z 1890100 9| UO J8SN SUIDIPS\ pue 82usiog 10 Alelqi [euoneN ysiueq Aq £€11.82S/9002Zul/Z/99€/3]101e/8|swa)/woo dno-olwapese//:sdiy woll papeojumod



