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6.1 Introduction

Probiotics are defined as live microorganisms administered in adequate amounts
as part of foods or supplements to benefit host health (Arellano et al. 2021). Since
probiotics improve the intestinal microbial balance, foods containing probiotics
are classified as functional foods. The beneficial impact of probiotics on human
health includes alleviating inflammatory bowel disease, immune disorders, type 2
diabetes, and atherosclerosis (Arellano et al. 2021). Even though the daily dosage
intake or the minimal viable cell number of probiotics is not well defined, it is
suggested around 10°g™", or ml™}, to exert health benefits in the gastrointestinal
system (Her et al. 2015).

Fermented foods (i.e. fermented dairy products) are natural sources of probiot-
ics. On the other hand, freeze-dried and spray-dried probiotic powders in capsules
or sachets are available in the market, which is expanding rapidly. Probiotics in
the package should maintain viability during transportation and storage. Different
drying techniques have been used to obtain probiotic powders. The freeze-drying
(FD) method has been preferred over others, such as spray-drying (SD), for higher
viability and extended shelf life (Meireles Mafaldo et al. 2022). However, FD
takes a long time and is more costly than spray drying. The drying conditions need
to be optimized, and appropriate protective/cryoprotectant materials should
be used to maintain the cell viability as high as possible during harsh conditions
in drying processing steps such as pumping (shear and oxygen stresses),
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6 Freeze-Drying of Probiotics for the Incorporation in Functional Foods

drying (shrinkage and ice crystals), growth to high cell densities, and grinding
(shear and heat stress) after drying (Béal and Fonseca 2015; Her et al. 2015).

Microencapsulation might be employed to protect the sensitive probiotic strains
using FD and wall materials such as proteins (i.e. whey protein), alginates, poly-
saccharides, resistant starch, and milk, during processing and gastrointestinal
stress conditions (Arellano et al. 2021). Maillard reaction products can improve
the solubility, emulsifying properties, and thermal stability of proteins; hence pro-
tein and polysaccharide conjugates are functional wall materials for encapsulat-
ing probiotics (Li et al. 2023). The rehydration of dried probiotics is a vital step in
producing functional foods. The rehydration conditions significantly influence
the viability of the probiotics in the food matrix.

This chapter aims to provide a general overview of the FD (lyophilizing) probi-
otics process, focusing on the significance of protective material, process optimi-
zation, characterization, and factors affecting the powder properties and viability
of freeze-dried probiotics. It also reviews recent works incorporating freeze-dried
probiotic powders into functional food products.

6.2 Functional Foods

Since ancient times, food has been not only for energy and alimentation but also sort
of medicine and health-promoting source of life. Greek physician Hippocrates II, the
great phenomenon in the history of medicine, once said, “Let food be thy medicine
and let medicine be thy food” (King 2020). Food’s role in life and its contribution to
health through its numerous bioactive properties are gaining the utmost importance
(Chugh and Kamal-Eldin 2020). The more the health consciousness develops in soci-
ety, the more expectation of food efficacy increment. Therefore, there is an increased
demand for functional foods (Dinkgi et al. 2019). The term functional food can be
simply explained as food for supplemental health use (Lin 2003). Natural foods,
foods with additional components, and foods with omitted components can all be
functional foods through biotechnological procedures (Figure 6.1) (Ashaolu 2020).

Consuming bioactive and nutritious components, such as metabolites, fatty
acids, probiotics, prebiotics, vitamins, polyphenols, and flavonoids, through func-
tional foods is more effective than taking medicine or supplements (Peng
et al. 2020). Increasing demand for healthy and functional foods has opened new
paths for developing bioactive components like probiotics and nutraceuticals
(Reque and Brandelli 2021). Among all the bioactive compounds in functional
foods, food products supplemented with probiotic bacteria are of particular inter-
est (Siciliano et al. 2021). Probiotics are best known for restoring gut microbes and
controlling gastrointestinal system activities (Lin 2003). A list of probiotic micro-
organisms can be seen in Table 6.1.



Conventional

Fermented dairy- and
meat-based food

Yogurt, cheese,
sausages, meat, etc.

Compounds in food
that promote the
growth or activity of
probiotics

Dietary fiber

Functional

foods

6.2 Functional Foods | 155

| Nutraceuticals |
Products containing
concentrated
food-derived nutrients
(i.e. powder, pill)

Dietary supplements
and food additives

Live microorganisms
with claimed health
benefits

Beneficial bacteria
and yeasts

Figure 6.1 Categories of functional foods. Source: Adapted from Damian et al. (2022).

Table 6.1 Probiotic microorganisms (Song et al. 2012).

Lactobacillus species

Bifidobacterium species

Others

L. acidophilus
L. amylovorus
L. brevis

L. casei

L. rhamnosus
L. crispatus

L. delbrueckii subsp.
bulgaricus

L. fermentum

L. gasseri
L. helveticus
L. johnsonii

Lactobacillus lactis

L. paracasei
L. plantarum
L. reuteri

Lactobacillus
salivarius

L. gallinarum

B. adolescentis
B. animalis

B. breve

B. bifidum

B. infantis

B. lactis

B. longum

Bacillus cereus

Clostridium butyricum
Enterococcus faecalis
Enterococcus faecium

Escherichia coli

Lactococcus lactis subsp. cremoris

Lactococcus lactis subsp. lactis

Leuconostoc mesenteroides subsp.
dextranicum

Pediococcus acidilactici
Propionibacterium freudenreichii
Saccharomyces boulardii

Streptococcus salivarius subsp.
thermophilus

Sporolactobacillus inulinus
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FAO/WHO’s definition of probiotics is “live microorganisms which, when
administrated in adequate amounts, confer a health benefit on the host” (FAO/
WHO 2001). Foods containing a certain number of live probiotics are considered
functional foods that potentially positively affect host health. The commercial
interest in probiotic food products and supplements has been growing in recent
years. There are numerous probiotics on the market in the form of milk, yogurt,
or special freeze-dried pharmaceutical dietary preparations that are also available
in tablet form (Zubillaga et al. 2001). The functional foods supplemented with
probiotic bacteria directly and indirectly, impact the ecology and health of the gut
through the bacteria that live there (Peng et al. 2020). Besides their increasingly
growing reputation, probiotic cultures are successfully used in various food matri-
ces to make a variety of functional foods (Table 6.2).

One of the biggest reasons for the expansion of probiotics in the functional
food market is people’s need for healthy alternatives to their gastrointestinal
problems other than medicine and supplements (Reque and Brandelli 2021).
In addition to all its favorable properties, it should be kept in mind that there
are various parameters for probiotics. The stability and viability of probiotics
are two crucial factors; food matrices to deliver probiotics, bacterial ability to
adhere intestine, and bacterial strength to gastrointestinal conditions are also
essential factors for appropriate and effective probiotic use in functional
foods (Siciliano et al. 2021). Besides all, it should be emphasized that

Table 6.2 Some examples of probiotic bacteria used in food products.

Probiotic bacteria

Food products

Reference

Lactobacillus plantarum 299v
Pediococcus acidilactici HA-6111-2

Lacticaseibacillus rhamnosus GG

Lactobacillus casei 01

Bifidobacterium longum 15708
Lactobacillus delbrueckii N102
Latilactobacillus sakei H1-5

L. casei ATCC393

Lactobacillus acidophilus DOWARU

Bifidobacterium animalis ssp. lactis
BB12

Lactobacillus reuteri E81

Orange powder
Apple juice, yogurt
Carrot juice

Cheddar cheese

Dry fermented
sausages

Fermented milk
Ice cream
Kefir

Sourdough

Barbosa et al. (2015)

Romero-Chapol et al.
(2022)

Petreska-Ivanovska
et al. (2014)

Amine et al. (2014)
Liu et al. (2021)

Terpou et al. (2018)
Ferraz et al. (2012)

Gonzalez-Sanchez et al.

(2010)
Ispirli et al. (2020)
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functional foods fortified with probiotics should be available and affordable
in the food market (Ashaolu 2020).

Overall, functional food products aim to regulate cellular health and enhance
the implementation of cells’ endogenous defense mechanisms (Zubillaga
et al. 2001). Today, functional foods containing probiotics constitute a developing
industry with significant economic interest. The ongoing interest in well-being
and healthy lifestyles has led to an expansion of probiotic products in the func-
tional food sector (Siciliano et al. 2021). To meet consumer demands, developing
natural, health-supporting, and accessible probiotics and other functional foods
as alternative supplements to medicines and drugs should be regarded seriously.

6.3 Cultivation and FD of Probiotics

The trend toward functional foods using probiotic bacteria is increasing as con-
sumers realize the positive effects on health (Fonseca et al. 2020; Haindl et al. 2020;
Yao et al. 2020). Lactic acid bacteria (LAB) and related genera (i.e. Bifidobacterium
species) and some yeasts (i.e. Saccharomyces cerevisiae) are generally added to
foods as probiotics (Chen et al. 2019; Romero-Chapol et al. 2022; Siaterlis
et al. 2009; Vorldnder et al. 2020). Besides the advantages of probiotic cultures in
these products, some disadvantages limit their use. For this reason, adequate
doses of probiotics may not be taken into the body while consuming foods con-
taining these bacteria. During the production and storage period, the cultures may
be affected by environmental conditions in the food environment and could not
maintain their viability for a long time (Aschenbrenner et al. 2015; Kiep$ and
Dembczyriski 2022). Various applications have been made in different foods to
maintain the survival of probiotics from products to reach consumers. These
applications include cultivation, drying, and storage period (Haindl et al. 2020;
Yao et al. 2020). Cultivation of the probiotics is the first step of the whole process
and may ensure to survival of the cells for drying. Specific broths, media, and
optimum growth conditions (pH, temperature, etc.) for each probiotic species are
used in fermentation (Haindl et al. 2020). Siaterlis et al. (2009) incubated
Lactobacillus rhamnosus GG (ATCC 53103) and L. plantarum (NCIMB 8826) in
modified MRS broth (using different ratios of glucose, yeast extract, and peptone)
at 37°C for 15hours. Then the broth was centrifuged at 3200g and resuspended in
PBS. Chen et al. (2019) prepared Bifidobacterium bifidum BB01 in MRS medium
at 37°C for 18 hours and harvested by a high-speed centrifuge at 8000rpm for
15minutes. In another study, kefir grains were added to UHT (ultra high tempera-
ture) milk samples, and this mixture was incubated at 26 °C for 24 hours. Then,
kefir grains were washed to separate from the milk residues (Conde-Islas
et al. 2019). Haindl et al. (2020) have inoculated B. longum ssp. longum Reuter
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1963 to MRSc medium (MRS medium with 1g/L cysteine) at 37 °C combined with
0.1 L/min N, with a mixing speed of 80rpm (pH 6.0). Vorldnder et al. (2020) acti-
vated baker’s yeast S. cerevisiae onto yeast extract peptone dextrose (YPD) agar
plates. Then the cells were suspended in PBS (isotonic phosphate-buffered saline
solution, pH 7.4) for the process. Lactobacillus plantarum was grown in MRS
broth overnight at 37°C and 140rpm using a shaker (Oluwatosin et al. 2021).
Romero-Chapol et al. (2022) incubated Lacticaseibacillus rhamnosus GG cells in
MRS broth at 37°C for 24 hours at 200 rpm.

One of the most used methods recently is FD (lyophilization) as a new con-
cept combined with the microencapsulation technique. FD dramatically
increases the survival rates of probiotics in food products and in the gastrointes-
tinal tract (GIT; Fonseca et al. 2020). Although FD is an old method used for the
preparation of probiotic preparations, this method has been frequently used in
microencapsulation applications in recent years (Aschenbrenner et al. 2015;
Kieps and Dembczyiiski 2022). FD is a very effective method for preserving sen-
sitive bioactive materials such as probiotic microorganisms by minimizing the
damage caused by temperature in living cells due water removal by sublimation
(Broeckx et al. 2016). This method is based on freezing microorganisms at
a shallow temperature and then drying them under a high vacuum by subli-
mation far below 0°C (usually between —50 and —20°C) (Aschenbrenner
et al. 2015; Fonseca et al. 2020).

The FD process consists of three stages. These stages are sublimation-based freez-
ing (crystallization water) and primary (sublimation ice) and secondary drying (des-
orption water) processes (Aschenbrenner et al. 2015; Broeckx et al. 2016; Rajam and
Subramanian 2022). FD’s first stage is freezing (to T~—50°C), which starts the for-
mation of ice crystals in the liquid solution and causes ice crystals to separate water
molecules from the solution. By decreasing the chamber pressure and gradually
raising the shelf temperature, which starts the sublimation of ice, the ice crystals are
removed from the frozen product, and unfrozen water (15-20%) remains in the
product during primary drying (to T~—35/—20°C). This unfrozen water is desorbed
in secondary drying (H bonds breakage) by adjusting the chamber’s pressure and
temperature. The product’s targeted moisture content (2-10%) is finally achieved,
thanks to the higher temperature under vacuum. The working principle of the
method is based on the code that the material to be dried is first frozen and then
dried by sublimation under a high vacuum. Due to not applying high temperatures
during the process, the viability of microorganisms can be preserved at a higher rate
than spray drying (Aschenbrenner et al. 2015; Broeckx et al. 2016; Rajam and
Subramanian 2022). As the crystals formed due to low temperature and high
osmotic pressure during the FD process affect cell viability, cryoprotectants/protec-
tive solutions are added to the material before this process (Misra et al. 2022).
Different researchers have demonstrated that the results of viability are improved
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when this temperature is lower. Siaterlis et al. (2009) froze L. rhamnosus GG (ATCC
53103) and L. plantarum (NCIMB 8826) at —80°C for 24 hours. After 45hours of
lyophilization, the survival rates of L. rhamnosus GG and L. plantarum ranged
between 40-85% and 60-90%, respectively. Bifidobacterium bifidum BBO1 cells were
lyophilized at —50°C, 7.23 Pa for 24 hours with a vacuum freeze-dryer, and the via-
bility was detected to 88-90% (Chen et al. 2019). FD of the kefir grains was con-
ducted at —20, —40, —60, or —80°C; and pressure in 0.2, 0.4, 0.6, or 0.8 mbar
(Conde-Islas et al. 2019). In another study, the conditions were at 3700 Pa, 24 hours
for B. longum ssp. longum Reuter 1963 after prefreezing at —80 °C overnight (Haindl
et al. 2020). Lyophilization for S. cerevisiae was carried out at three different freezing
temperatures (—20 and —35°C in the freezer and —196 °C in liquid nitrogen), stored
at —20, —35, or —80°C for 24 hours and primary drying took 24 hours at 0.220 mbar.
For secondary drying, the pressure was 0.002mbar (Vorlinder et al. 2020).
Lactobacillus plantarum suspensions were frozen at —80 °C for 24 hours, and then
they were moved to a freeze-dryer that was ran for the same amount of time at
—35°C and 300 mTorr (Oluwatosin et al. 2022).

In addition to the advantages of the FD method, such as reducing aroma losses,
excellent reconstitution properties of the products obtained, and minimizing the
losses caused by the movement of solutes in the food, there are also disadvan-
tages, such as high cost and long processing time. While this method is more mod-
erate than spray drying, its use in microencapsulation applications is limited due
to economic reasons (Aschenbrenner et al. 2015; Fonseca et al. 2020; Kiep$ and
Dembczyriski 2022).

6.4 Protection of Probiotics During FD

Lyophilization is used to dry microorganisms and preserves cell viability at a high
rate. However, this process may cause a decrease in viability because of the denatura-
tion of some sensitive proteins due to the high osmotic pressure during the freezing
stage (Broeckx et al. 2016; Fonseca et al. 2020; Yao et al. 2020). The negative effects of
FD can be reduced by adding some cryoprotectants. Appropriate cryoprotectants are
added to the medium, facilitating the adaptation of probiotics and accumulating in
the cell, reducing the osmotic pressure difference with the external environment.
The cryoprotectant used should be of food origin, nontoxic, easy to find, cheap, and
edible (Aschenbrenner et al. 2015). Polysaccharide, protein, and lipid-based drying
matrices are important to utilize for the probiotics during FD, dehydration, storage,
and gastrointestinal digestion. For this purpose, polymers such as bacterial cellulose,
alginate, skimmed milk powder, whey proteins, betaine, trehalose, adonitol, lactose,
dextran, glycerol, and polyethylene glycerol are some of the cryoprotectants used
(Bagad et al. 2017; Gwak et al. 2015; Rajam and Subramanian 2022).
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Oluwatosin et al. (2021) used 10% of skimmed milk, inulin, maltodextrin, and
sucrose as cryoprotectants for the FD of L. plantarum. They detected that skimmed
milk demonstrated the highest survival (91%), while inulin showed the least
(<1% cell survival). Chen et al. (2019) added 5.5% glycine, 0.8%, sodium bicarbo-
nate, 7% xylooligosaccharides, 4.5% arginine, and 25% skim milk to the process as
cryoprotectants. The survival rate of B. bifidum BB01 was determined as 88-90%.
This research showed that optimizing composite cryoprotectant for freeze-dried
powder successfully protected B. bifidum cells. However, this does not provide all
organisms with the same degree of viability. Due to differences in the colony mor-
phology and the cell membrane, Lactobacillus is adversely affected during lyophi-
lization compared to Bifidobacterium (Chen et al. 2019). This difference in vitality
preservation is observed even in the presence of cryoprotectants. Haindl et al.
(2020) declared that B. longum cells were inactivated during drying; however, stor-
age at +4°C with the addition of 75% maltodextrin relative to bacterial dry mass
totally prevented cell loss. Besides the addition of protective molecules to the
medium, adaptation of bacterial cells during the fermentation process (prestress-
ing factors before FD such as acid, temperature, and media composition), process
parameter management (the choice of operating conditions such as freezing
kinetics), final water content, and storage conditions are the defense mechanisms
created to increase bacterial viability during FD (Aschenbrenner et al. 2015;
Broeckx et al. 2016). It is also known that prestressing cells before FD boosts cell
membrane integrity (Oluwatosin et al. 2022). Cryoprotectants can restrain the neg-
ative effects of membrane integrity loss caused by vitrification or glass formation
(Broeckx et al. 2016). Haindl et al. (2020) determined that the effects causing viabil-
ity losses were better understood with measurements of the glass transition tem-
perature and membrane integrity. For B. longum Reuter 1963, cultivation at pH 6.0
caused more durable cell membranes, resulting in the preservation of membranes
of 43% after drying as opposed to cultivation at free acidification, which preserved
only 1.0% of membranes after drying. They found a direct correlation between
survival rate and remaining cell membrane integrity under various cultivation
conditions. In this study, the best process parameters were cultivation at pH 6.0, a
drying process of 3700Pa, 24hours, and storage temperatures at —10, +10, and
+35°C. In addition, the survival rate of probiotics during drying depends on the
composition of the growth medium and the presence of carbohydrates.

Siaterlis et al. (2009) investigated the effects of some saccharides on the growth
of human-derived L. plantarum and L. rhamnosus GG. Sucrose provided more pro-
tection from the studied cryoprotectants than trehalose and sorbitol. The growth of
L. plantarum tested using 2% of the saccharides in glucose-free MRS and its prebi-
otic potential was identified. Sucrose and inulin both encouraged cell proliferation,
with sucrose doing so better than either (Oluwatosin et al. 2022). The protective
effect varies depending on the type, composition, combination, and sugar ratio.
The encapsulation technique is also used for freeze-dried probiotics for this
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purpose. The wall material used in encapsulation provides a physical barrier
around the cells to protect the viability of the microorganisms against adverse envi-
ronmental conditions (thermal, osmotic, mechanical, and oxidative). In this
method, a protective film or coating layer is formed around the active microorgan-
ism with various substances. With a successful application, the spoilage that micro-
organisms can cause in the product is prevented, and microorganisms can preserve
their vitality at the highest level during storage (Haindl et al. 2020; Yao et al. 2020).
The temperature at which the probiotics are frozen is a crucial process parameter
that can significantly affect how viable probiotics are during FD.

Previous research demonstrated that freezing probiotic bacteria at lower tem-
peratures could result in higher freezing rates and smaller ice crystals, preventing
cellular harm. Additionally, ice crystals during freezing can lead to mechanical
and osmotic stresses that compromise the integrity of cell membranes, and the
subsequent removal of bound water during desorption can destabilize cellular
components like phospholipids and proteins to result in additional viability losses
(Aschenbrenner et al. 2015; Broeckx et al. 2016; Rajam and Subramanian 2022).
Wang et al. (2020) used C18:1 to increase the survivability of L. plantarum during
FD. C18:1 effectively maintains the integrity and fluidity of the cell membrane. It
may act as a cryoprotectant to preserve the fluidity and integrity of the cell mem-
brane, hence improving L. plantarum’s survival rate after FD. This investigation
served as a defense mechanism for bacterial survival.

6.5 Stability and Viability Assessment After FD

Probiotics are live microbial supplements that have been shown to have health
benefits (Rajam and Subramanian 2022) and can be found in various foods such
as non-fermented milk products, fruit juices, and cereals (Saarela et al. 2006).
Probiotic bacteria need to meet the satisfaction of safety and functional criteria.
On the other hand, from a technical perspective, they should have high cell inten-
sity and maintain viability during the drying processes, storage conditions, and
GIT (Ampatzoglou et al. 2010). There are numerous challenges in developing
probiotic-containing food products, such as selecting effective strains and ensur-
ing their survival during processing and storage (Celik and O’Sullivan 2013).
Encapsulated probiotic powders and probiotic-filled capsules are commercially
used for probiotic supplements (Torp et al. 2022). Encapsulation of probiotics
increases the survival rate and keeps the viability at recommended level of cfu/g
during the storage (Her et al. 2015; Jouki et al. 2021a,b; Obradovi¢ et al. 2022).

In the pharmaceutical and food industries, FD (also known as lyophilization) is
a preferred preservation technique for the long-term storage of sensitive products
like probiotic bacteria (Nguyen et al. 2022). If conditions are optimized, drying
cultures can be stored for a long time and transported without refrigeration (Celik
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and O’Sullivan 2013; Jalali et al. 2012). In the FD process, probiotics are exposed
to low temperatures and desiccation (Jalali et al. 2012). While unbound and bound
water are removed from the cell, the decrease in water activity during the drying
process causes damage to the cellular structures and reduces bacterial viability
(Tymczyszyn et al. 2012). During the freezing process, ice crystals can be formed
and cause harm to the cell membrane (Meireles Mafaldo et al. 2022). Even though
FD is known to be stressful for live bacteria, this technique is nonetheless regarded
as a suitable strategy for providing prolonged shelf life for the most of probiotic
microorganisms (Arellano-Ayala et al. 2021).

6.5.1 Factors Affecting Survival and Stability

The viability of probiotic bacteria is a crucial parameter during the FD process
and storage. Oxygen concentration, water activity, temperature, and storage time
affect probiotics’ stability and vitality (Celik and O’Sullivan 2013). The variables
affecting probiotic survival during drying and storage are discussed by Ermis (2021).

Moisture content is an important parameter affecting the survival rate after dry-
ing and the degree of inactivation during storage (Tymczyszyn et al. 2012). The
required moisture content of probiotic powders was reported as 4% or below to
improve the viability during storage (Heidebach et al. 2010; Ying et al. 2010). The
water activity of freeze-dried probiotic powders ranged from 0.24 to 0.27
(Savedboworn et al. 2019). The moisture content, glass transition temperature
(Ty), and storage temperature parameters should be taken into consideration
together to evaluate the viability of probiotic cells in freeze-dried powder form.
The storage temperature should not be close to the T, to maintain the viable cell
number of probiotic bacteria (Savedboworn et al. 2019).

Encapsulated and dried probiotics should be stored in an environment without
light and moisture exposure (Rajam and Subramanian 2022). Water activity is one
of the significant parameters affecting freeze-dried probiotics. It is essential not only
for durability but also for color and solubility. Alteration in color and solubility at
higher a,, can be explained by nonenzymatic browning as the Maillard reaction
(Celik and O’Sullivan 2013). The survival kinetics revealed that probiotics’ viability
decreases more quickly over the water activity of 0.33, which is essential for keeping
them alive (Rascon et al. 2018). The moisture level of freeze-dried probiotic bacteria
is critical for stability and vitality during storage. The moisture content values are
proportional to the cryoprotectant molecular weights, with the lowest molecular
weight resulting in the highest moisture content. Generally, it is suggested that for
probiotic bacteria, moisture content should be under 5% (Oluwatosin et al. 2022).
Relative humidity (RH) is another parameter affecting cell viability. The cells were
observed to lose their vitality as the RH and temperature increased (Tymczyszyn
et al. 2012). Lactobacillus salivarius subsp. salivarius showed higher viability when
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stored at 2.8% and 5.6% RH than stored at 8.8% RH (Zayed and Roos 2004).
Maintaining probiotics in a dry state with low water content is vital to improve long-
term stability (Broeckx et al. 2016). It should be noted that 0% moisture is unneces-
sary because of the harmful effect of over-drying on the cells. Another reason might
be attributed to the free radicals formation from lipid oxidation and membrane
damage caused by phospholipid degradation leading to a decrease in the viability of
freeze-dried probiotics during storage (Savedboworn et al. 2019).

6.5.2 Protective Agents to Improve Viability

The probiotic strain stability during storage is an essential concern for the func-
tional food industry. Protecting and maintaining the viability of cells by protective
agents is a crucial challenge for promoting cellular vitality during storage (Savini
et al. 2010). Health-promoting impact of dried probiotic bacteria depends on high
viability in foods (Santivarangkna et al. 2011). The most thoroughly researched
techniques for protecting probiotic microorganisms are the inclusion of protect-
ants and the alteration of processing parameters (Broeckx et al. 2016).

Maintaining the viability and activity of freeze-dried probiotic bacteria after
storage, finding proper protective agents, and controlling the drying process are
necessary (Bergenholtz et al. 2012). Cryoprotectants protect the cell in the freez-
ing phase, while cryoprotectants protect it in the drying phase (Broeckx et al. 2016).
The use of cryoprotective substances such as skim milk, whey milk, sucrose, lac-
tose, trehalose, sorbitol, proteins, amino acids, dietary fibers, or prebiotics is the
subject of extensive research to increase probiotic cell viability in food products
(Ampatzoglou et al. 2010). Some studies showed that algae and microalgae could
also be potential preservatives for probiotics (Kuo et al. 2022; Meireles Mafaldo
et al. 2022). Cryoprotectants are added to the carrier medium to promote cell via-
bility during FD and to stabilize them during storage (Rajam and Subramanian
2022). The choice of wall material for probiotic microencapsulation is critical
since the chemicals used to encapsulate probiotics must be food-grade, biodegrad-
able, and capable of forming a protective wall between the cell and its surround-
ings (Rajam and Subramanian 2022). These protective materials during FD lead to
improved viability and high yields (Broeckx et al. 2016). It should be noted that all
these cryoprotectants can be strain dependent.

Skim milk is a convenient cryoprotectant that enhances the viability of probi-
otic bacteria during the FD process. It was found that adding 6% skim milk to
medium as a cryoprotective agent increased the vitality of bacteria by up to 20%
compared to the absence of any other cryoprotective substance (Jalali et al. 2012).
Oluwatosin et al. (2021) showed that probiotics treated with 10% skimmed milk
showed 91% viability, while those treated with distilled water had only 22%. Under
refrigerated settings, a high degree of product stability was observed, with no
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decrease in cell viability. It is reported that 8% of skim milk can protect the cell
wall and the probiotic Enterococcus faecalis during and after FD (Romyasamit
et al. 2021). It has been observed that using trehalose and lactose together with
skim milk preserves cell viability at room temperature for 39 weeks (Broeckx
et al. 2016). Due to the commonness of milk-based probiotic formulations, new
probiotic protective agent demands are increased. For customers with lactose
intolerance or allergies, non-milk-based probiotic formulations are crucial (Savini
et al. 2010). Using dairy products as protective agents is not always adequate
owing to their short shelf-life and refrigeration requirements (Kuo et al. 2022).
Therefore, it is critical to find and optimize suitable protective agents and con-
venient parameters for the vitality of probiotic bacteria.

Trehalose, a non-reducing disaccharide, is another suitable cryoprotectant for FD
probiotics and is quite effective when combined with other excipients (Celik and
O’Sullivan 2013). Several studies show a higher cell number of bacteria when treha-
lose is added as a cryoprotective agent to the medium. When 24% skim milk, 4%
sucrose, 0.3% ascorbic acid, and 5% trehalose were added as cryoprotectants, the
initial viable count of B. longum was 10" cfu/g, and it decreased only to 10°cfu/g
after 56days of storage at 4 °C (Izquierdo-Lopez et al. 2017). This indicates that cell
viability and counts can be maintained by combining different cryoprotectants. In
the presence of 10% cellobiose and trehalose, the activity of f-glucosidase, produced
by Bifidobacterium, was observed to be 98.1% and 97.6%, respectively. In this study,
it should be noted that cellobiose is a good cryoprotectant that can protect cells dur-
ing the drying stages (Basholli-Salihu et al. 2014). Besides being economically rea-
sonable, it was found that during room temperature, maltodextrin, glycerol, and
mannitol provide significant stabilization for the viability of the cells (Arellano-
Ayala et al. 2021; Savini et al. 2010). Sucrose, on the other hand, is suggested to have
anoteworthy lyo- and cryoprotective effect on cell survival (Bergenholtz et al. 2012).
Compared to cells without cryoprotectants, adding cryoprotectants dramatically
improved the survival of L. reuteri at both 4 and 30°C. The survival rates of cells
treated with combined cryoprotectants (8-24% trehalose, 0.13-0.53% Na,HPO,,
3-12% lactose, 15-25% skim milk) after six months in storage were 96.4% at 4°C and
73.8% at 30°C, respectively (Shu et al. 2018). According to Rascon et al. (2018),
hypertonic sucrose solutions had the potential as a cryoprotective agent in infusing
fruits loaded with the L. rhamnosus. Freeze-dried banana slices infused with probi-
otic bacteria were successful due to cell count remaining constant at 10°cfu/g for
20-28days. In another study, apple slices were inoculated with L. plantarum and
dried using different drying methods. When the bacterial loads of apple slices using
sucrose solution as cryoprotectant were examined after drying, it was observed that
the best efficiency was obtained from FD (Cui et al. 2018). It is reported that ascor-
bic acid, skim milk, and sorbitol helped freeze-dried probiotics to remain viable and
maintain their probiotic qualities while being stored. In the control group (without
protectants), the survivability percentage of strains was 70%, while strains with
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excipients had a long-term survival rate of 73-93% (Bagad et al. 2017). Hu et al.
(2022) showed that isomaltose oligosaccharide (IMO) increases the survival rate of
Pediococcus pentosaceus by 11.02% during FD and provides protection in different
temperatures storage. It was discovered that IMO might boost the survival rate of
P. pentosaceus during storage and ideal temperatures were between —20 and 4°C. da
Silva Guedes et al. (2019) evaluated the potential use of brewer yeast p-glucans
(YBG) as cryoprotective on different Lactobacillus, and they found YPG were
effective protectives for L. plantarum. YPG added probiotics maintained the ini-
tial probiotic counts for all strains evaluated for up to 60 days of storage. It should
be mentioned that the activity and interaction between the microorganism and
cryoprotectants seen in vitro may differ when tested in vivo. The significance of
incorporating functional foods fortified with freeze-dried probiotics in emergency
relief strategies is to ensure the provision of essential nutrients and support diges-
tive health among affected populations. It may explore the practical implications of
this technology in facilitating the distribution, storage, and consumption of nutri-
tionally fortified products during critical times. The recent focus has also brought
attention to the significance of managing various emergency situations and events
(Wang et al., 2021). Primarily used cryoprotective agents and viability rates of probi-
otics are given in Table 6.3.

Although the FD technique is known to be challenging for live bacteria, it is
nonetheless regarded as a suitable method for ensuring a longer shelf life for most
probiotic products (Arellano-Ayala et al. 2021). In the vast majority of studies, it
has been shown that the inclusion of certain cryoprotectants with prebiotic quali-
ties in the medium (such as skim milk) can increase the viability of cells through-
out the FD process in addition to their potential function with probiotics
(Fatemeh 2011). Despite the availability of a few marketed probiotic medicines,
sustaining cell viability for an extended length of time remains challenging.
Extending cell viability during storage, processing, and digestion should be inves-
tigated for effective probiotic production (Rajam and Subramanian 2022).
Therefore, besides in vitro studies, more in vivo studies are needed on the subject.

6.6 Properties of Freeze-Dried Probiotic Powders

The liquid probiotic preparations require low storage and transport temperature to
reduce the effect of environmental stresses such as pH, water activity, and dissolved
oxygen acting on cells. Drying probiotics into powder form is a helpful way to mini-
mize the costs and exhibits convenience in handling, storage, and transportation
(Ermis 2021). However, it is challenging to produce probiotic powders containing a
sizeable bacterial population having high viability during the dehydration process
and storage time in complex environments. For this reason, encapsulation tech-
niques are employed to maintain microbial bioactivity by using protective materials

165



166

6 Freeze-Drying of Probiotics for the Incorporation in Functional Foods

Table 6.3 Different cryoprotectants and their effect on the survival rate of probiotic
bacteria in various storage conditions.

Cryoprotective Survival
Microorganism agent (g/ml) Storage condition rate (%) Reference
Lactobacillus 8% Trehalose 4°C, 3months 76 Jalali et al. (2012)
paracasel 6% Skim milk
Lactobacillus 4% Sodium 72
delbrueckii ascorbate
Bifidobacterium 5% Cellobiose 37°C, 48-72h 86 Basholli-Salihu
infantis et al. (2014)
Enterococcus 8% Skim milk 4°C, 30days 95-99 Romyasamit et al.
faecalis (2021)
Lactobacillus 10% Skim milk 4°C, 12weeks 91 Oluwatosin et al.
plantarum (2021)
L. plantarum 32% Sucrose 35°C, 3months 34 Strasser et al.

32% Trehalose 40 (2009)
L. plantarum 8% Brewer yeast 4°C, 120days 87 da Silva Guedes

B-glucan et al. (2019)
Pediococcus 8% Fructose 4°C, 120days 77 Bagad et al.
pentosaceus 2.5% Ascorbic acid 93 (2017)
Lactobacillus 13% Trehalose 4°C, 180days 93 Shu et al. (2018)
acidophilus 0.33% Na,HPO,

7.5% Lactose

21% Skim milk
P. pentosaceus 1% Isomaltose 25°C 9months 63 Hu et al. (2022)

oligosaccharide 4°C 37

—20°C 84
—80°C 86

(Wang et al. 2022). Various wall materials such as whey protein concentrate, whey,
hydrocolloids (i.e. maltodextrin, gums, and agarose-based solutions), and sodium
alginate could be used to improve the powder properties (Alehosseini et al. 2019;
Jouki et al. 2021a; Obradovid et al. 2022).

The amount of total soluble solids in the food mixture is the key factor affecting
the powder yield after FD. More soluble solids result in an increased amount of
powder. The size of the probiotic cells (1-5pum) limits the cell loading for beads/
capsules at the nanoscale (Frakolaki et al. 2021). The size of the particles contain-
ing probiotic cells ranges from 2 to 1000 um after FD depending on the milling/
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grinding method used, such as spiral jet mill (Jiang et al. 2020; Picot and
Lacroix 2003). Larger particles confer better protection for the probiotics, while
they show poor dispersibility in the food matrix. An optimal microcapsule size
should be identified to provide reasonable protection, improved shelf stability,
and good food product distribution.

In general, physical, physicochemical, and biological properties of probiotic pow-
ders such as flowability, bulk density, size distribution, reconstitution (wettability,
dispersibility, stability), chemical properties, particles’ microstructural and surface
properties, and viability influence the functionality during processing, storage
(under varying temperatures and moisture content), and digestion in the host. The
formulation of the mixture, the drying method used, and delivery forms (powder
beads, tablets, capsules, liquids, etc.) play vital roles in chemical structure, powder
quality, and particle properties. The cell viability and performance (i.e. adhesion
capacity and growth/colonization) of dried probiotics in the powder state are influ-
enced by biological (e.g. surface membrane adhesion and aggregation), physical
(e.g. crystal formation and size and storage temperature), and physicochemical (e.g.
oxygen permeability and water activity) factors (Ali et al. 2020). Further characteri-
zation of probiotic powders, such as thermal profiling and particle-specific surface
area, which is related to the developed surface to react with dispersing liquid media,
should be done to evaluate the functional properties better. Increased surface area-
to-volume ratio of solid particles of small size accelerates the oxidation and powder
permeability affecting powder stability during storage. Particle size, shape, and wet-
tability properties can be correlated to this ratio. The moisture absorption and oxy-
gen transfer rate from the surrounding air are altered by the degree of porosity,
permeability, and surface hydrophobicity of the particles (Ali et al. 2020).

Adding encapsulated probiotic cells to yogurt yielded yogurt powder with
increased bulk density (around 0.29g/cm?). Yogurt powder without probiotics
provided porous and rougher particles (Jouki et al. 2021b). The yield and the bulk
density of skim milk powder inoculated with probiotics were reported as around
15% and 16.67 g/ml, respectively (Hameed et al. 2021). Plant byproducts such as
grape pulp, pomegranate, and beetroot peel extracts can produce synbiotic pow-
der using FD technology (Jouki et al. 2021b).

6.6.1 Comparison of Spray-Dried and Freeze-Dried Probiotic Powders

Probiotic cells can be microencapsulated using FD and SD techniques (Vaessen
et al. 2020). Spray and FD techniques were used by Luangthongkam et al. (2021)
to produce limestone powder containing Bacillus amyloliquefaciens. They report
100% survival after spray drying when adjusting the outlet temperature at 80°C,
while it is reported as 60% after FD. In addition, a lower temperature (4°C)
resulted in more extended stability during storage. Her et al. (2015) employed
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spray freeze-drying (SFD) to produce Lactobacillus casei fine probiotic powder.
They reported varying particle shapes and sizes (average 24.8 pm) with porous
structures depending on the drying conditions. Previous studies report that irreg-
ular shapes and surfaces (porous and spongy flakes) with sharp edges and spikes
(Figure 6.2) were produced from the FD process (Jiang et al. 2020; Obradovi¢
et al. 2022; Rajam and Anandharamakrishnan 2015; Ying et al. 2010). This irregu-
larity might be attributed to the milling process after the FD of probiotic suspen-
sions. Jouki et al. (2021b) reported the particle size of freeze-dried alginate
microcapsules of L. plantarum ranged from 350 to 1000 pm.

SFD has been introduced to eliminate the adverse effect of heat during SD and
develop a fine powder with a controlled capsule size and specific surface area.
Figure 6.3 exhibits the processing steps of SD, FD, and SFD. The SFD method
includes spraying liquid media containing probiotic cells through an atomization
nozzle into the cold vapor phase of a cryogenic liquid, such as liquid nitrogen.

Figure 6.2 SEM images of freeze-dried probiotic powder particles (protective materials:
gum Arabic and maltodextrin). Source: Shobuz Mahmud et al. 2022/Reproduced with
permission from John Wiley & Sons.

- Hot air- Air
Atomization . .
drying separation

Spray drying
qumfi mixture Probiotic
COI]t?ll’l.lng powder
probiotic cells Freeze-drying

Frozen droplets

Spray freeze-drying

Figure 6.3 The comparison of processing steps of SD, FD, and SFD. Source: Adapted from
Frakolaki et al. (2021).



6.7 Rehydration of Freeze-Dried Probiotics

Dispersed frozen droplets in cryogenic liquid are dried through the FD technique
(Kieps and Dembczynski 2022). Even though the SFD requires less time than FD,
the operating cost is 30-50 times higher than SD (Frakolaki et al. 2021). In addi-
tion, the encapsulation efficiency was found to be lower compared to regular FD
due to the additional stress factors that occurred during atomization and freezing
(Kieps and Dembczynski 2022).

6.7 Rehydration of Freeze-Dried Probiotics

Rehydration of probiotic powders is required before adding them to food formula-
tions. The wetting time and the solubility analyses are often performed to assess the
solubility (Hameed et al. 2021; Jouki et al. 2021b). The hydration of freeze-dried probi-
otic cells has a significant impact on their viability. Regardless of the drying process,
rehydration is a critical stage in the recovery of dehydrated microorganisms.
Even when all precautions are taken to ensure survival during freezing, drying, and
storing, an inadequate rehydration phase may result in poor cell viability (Chen
et al. 2005). Thus, retaining the viability of the cells is essential for effective rehydra-
tion (Arellano-Ayala et al. 2021). Careful selection of medium or excipients contain-
ing the probiotic culture can be used to identify the least amount of harm caused to
microorganisms during rehydration (Nagashima et al. 2013).

The rehydration method and the surrounding media’s conditions determine
the cell’s potential after rehydration (Arellano-Ayala et al. 2021). Slow rehydra-
tion of freeze-dried probiotics provides slow water flow through the cell mem-
brane, thus maintaining bacterial viability (Broeckx et al. 2016). However, the
viability of probiotic powders by rehydration depends on the strain and the
medium in which it is dissolved. When freeze-dried cells were rehydrated
directly with water instead of skim milk solution, the death rate increased by
0.65logcfu/ml (Fatemeh 2011). Skim milk protects cells by stabilizing the com-
ponents of the cell membrane, forming a porous structure in the freeze-dried
product that facilitates rehydration, and having proteins that act as a protective
layer for the cells (Jofré et al. 2015). Rehydration of freeze-dried L. brevis cells in
distilled water resulted in lower recovery than rehydration in a medium con-
taining sugar and minerals (Zhao and Zhang 2005). Enterococcus faecalis iso-
lates were freeze-dried with skim milk powder and stored at 4 °C for 30days. It
might imply that freeze-dried E. faecalis with skim milk has a high potential for
regrowth following rehydration (Romyasamit et al. 2021). On the contrary, no
difference in the recovery of the Lactobacillus helveticus cells was observed
between distilled water and 10% (w/v) skimmed milk medium. This result was
attributed to the preservation of probiotics during rehydration by milk compo-
nents found in kefir (Chen et al. 2005).
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Another crucial aspect of probiotic functioning is its capacity to stick to mucosal
surfaces and the intestinal epithelium, which is necessary for its establishment in
the human GIT (Schillinger et al. 2005). There are specific in vitro tests deter-
mined by FAO (The Food and Agriculture Organization and WHO (the World
Health Organization)). These tests can be listed as resistance to gastric and bile
acidity, adherence to mucus and human epithelial cells, antimicrobial activity
against potentially pathogenic bacteria, and bile salt hydrolase activity (FAO/
WHO 2022). A key aspect in maintaining freeze-dried probiotics’ viability and
physiological activity is the careful selection of appropriate cryoprotectants when
creating new probiotic supplements. Protecting cells from osmotic stress during
rehydration and maintaining probiotic viability is essential for such formulations
(Arellano-Ayala et al. 2021). In order to provide a favorable environment for pro-
biotics and restore their effectiveness, it is crucial to confirm the strain’s adapta-
tion to rehydration in GIT.

6.8 Conclusion and Future Trends

The viability of probiotic bacteria is essential for ensuring the functional activity of
probiotic foods. Protecting the stability and viability of probiotics during and after
FD is a severe industry challenge. FD is one of the main techniques for keeping
probiotics for prolonged storage. The activity of dried probiotics can be improved
by selecting the best bacterial strain and modifying the production, processing,
storage, and rehydration parameters with precise approaches (i.e. the use of ade-
quate cryoprotection, optimization of freezing rate and freezing temperature, and
adaptation procedures applied before freezing to prepare the cells to freezing
stress). In addition, investigating the effect of various cryoprotectants on probiotics
is necessary for freeze-dried probiotics. Optimizing and maintaining probiotics’
stability with newly improved drying and storage techniques is possible. Advanced
fermentation, encapsulation, drying, rehydration, and storage technologies can be
used to prepare freeze-dried probiotics with prolonged stability. However, further
research needs to be done to test new ingredients, improve the cryotolerance of
probiotic bacteria, and improve the stability and functionality of probiotic powders.
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