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Preparations containing probiotic strains of bacteria have a beneficial effect on human and animal health. Concentrated

probiotic bacteria used in animal nutrition and consumed by humans most commonly occur in the form of dried biomass.

The benefits of probiotics translate into an increased interest in techniques for the preservation of microorganisms. 
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1. Drying Methods

Cryopreservation is one of the most commonly used methods of preserving and storing live cultures of microorganisms for

a long time; this approach is used in microbiological laboratories. From a commercial point of view, this method has

disadvantages, which include high levels of energy consumption and the need to maintain and transport the samples at

temperatures below zero. In addition, freezing and thawing the cells of microorganisms can damage them. When large

amounts of probiotic cultures are produced, it is preferred to use other methods of preservation, such as different drying

techniques .

Figure 1.  Summary of the basic principles for the most commonly applied drying techniques. Created

with Biorender.com (accessed on 27 July 2022).

2. Traditional Drying Methods

2.1. Spray Drying

Spray drying is a fast and relatively inexpensive technique that makes it possible to obtain dry, mostly spherical powder

particles with good flow properties, uniform shape, and particle size distribution . The drying process occurs in four

stages. In the first stage, the microorganism suspension is sprayed into small droplets. Then, the droplets are carried by

hot air, with three different methods for the air to contact the droplets: co-current, counter-current, and mixed . Because

probiotic bacteria are sensitive to high temperatures, the co-current flow is usually applied. In this way, drops with a high

water content contact the high-temperature inlet air, and the dry particles contact the lowest-temperature exhaust air,

which reduces the risk of damage to microorganisms. For example, in previous works, inlet air temperatures for the spray

drying of L. rhamnosus were 130–150 °C ; for probiotic almond milk powder containing L. plantarum, temperatures of

170–190 °C were used . The third stage of the spray-drying process is the drying of the droplets and the formation of dry

particles. It is at this stage that the microorganisms are most susceptible to thermal inactivation .

In comparison with other methods, spray drying has several advantages. These include a short drying time, the capacity

for continuous operation, and low cost; these factors translate into the possibility of drying large volumes of suspension in
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a relatively short time. Additionally, it is possible to influence the characteristics of the powder, and the process is relatively

easy to scale up .

Spray freeze drying is a method that combines the advantages of spray drying and freeze drying. It is conducted in three

stages: the atomization of a cell suspension in a spray dryer, freezing (over liquid nitrogen), and freeze drying. In this

process, the cells are first atomized with the addition of a protective material (such as WPI) over liquid nitrogen, which

allows the droplets to quickly freeze. They are then additionally freeze dried. Studies conducted using spray freeze drying

showed an encapsulation efficiency of 88–95% for  L. plantarum  MTCC 5422 with various wall materials. The overall

encapsulation efficiency was, however, lower than in regular freeze drying due to the additional stress factors that

occurred during atomization and freezing .

2.2. Freeze Drying

Freeze drying, or lyophilization, is a common method of removing water from probiotic bacterial cells to ensure their

storage stability. The dryer consists of a vacuum chamber with a freezing system, a system for removing water vapor, and

heating elements that are necessary to supply heat for sublimation. The freeze-drying process occurs in three stages: the

freezing of the cell culture, sublimation, and final drying, the first of which is often carried out outside the dryer. In the next

stage of the process, the frozen water is removed in the sublimation process under reduced pressure, and in the last

stage, non-frozen water is removed in the process of desorption in order to attain the final water content ). Because the

conditions of the freeze-drying process are milder than those of the spray-drying process, probiotic cultures dried by this

method usually show higher rates of survival .

Despite the frequent use of this method of drying microorganisms, including probiotics, freeze drying has several

disadvantages. It is an expensive and lengthy batch process, and the final product is often compact and hard. Regardless

of this, freeze drying is a useful and widely used drying technique with several strategies already developed to maximize

the viability of probiotic cultures. Among such modifications is pulse-spouted microwave freeze drying . It aims to

shorten the drying time in comparison with the traditional variant of freeze drying.

2.3. Vacuum Drying

A vacuum dryer consists of a chamber in which heated shelves are located. Trays containing wet biomass are placed on

the shelves, and the water vapor is removed using a vacuum pump and condensed in a condenser. During freeze drying,

the cells are frozen before the water is removed, while in vacuum drying, they remain in liquid form. Moreover, vacuum

dryers operate at a higher temperature and pressure, and the energy consumption is 40% lower compared to freeze

drying . Typical pressures for vacuum drying are above 30–60 mbar, which corresponds to a boiling point of water of

25–30 °C; for freeze drying, the pressure is lower than 6 mbar . The main disadvantage of vacuum drying, compared

to spray or fluid bed drying, is the long processing time, ranging from 20 to 100 h .

New developments in the field of vacuum drying include the use of pulse-spouted microwave vacuum drying (PSMVD)

. Banana cubes dried by PSMVD showed an expansion trend, resulting in a better structure and rehydration ratio.

PSMVD-dried cubes also provided better nutritional value as measured by the content of ascorbic acid, which reached

7.96 mg 100 g  (compared to 4.23 mg 100 g  for the traditional variant of vacuum drying).

2.4. Fluidized Bed Drying

Fluidized bed drying is a process in which heated gas, usually air, flows at a certain speed through a layer of solid

particles, causing them to reach a fluidized flow state. Because the fluidization process has very good heat and mass

exchange conditions, water is quickly evaporated from the dried material. The time required for fluidized bed drying (1 min

to 2 h) is shorter than that of freeze drying and comparable to that of spray drying. The relatively low drying temperature

does not cause thermal stress . The cell biomass is not dried on its own but mixed with additional material that acts as

a carrier or matrix to which the cells adhere. In practice, many loose and powdered materials have been used for this

purpose, such as wheat flour, skimmed milk powder, casein, maltodextrin, starch, microcrystalline cellulose, inulin, and

NaCl . Usually, the matrix material is first placed in the dryer chamber and fluidized; then, the bacterial

suspension is sprayed onto the fluidized matrix via a nozzle. Another method is to prepare the granulate first; after mixing

the wet biomass with the matrix material and forming the granules using a sieve, pellet mill, or drum granulator, they are

then dried in a fluidized bed . It is important to consider the purpose of the dried bacterial product when selecting the

matrix material as it can have variable technological characteristics or provide additional properties (e.g., prebiotic inulin)

.
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3. Novel Immobilization Methods

New methods of probiotic cell immobilization are also emerging as an alternative to drying processes and

microencapsulation. Škrlec et al. . have developed two types of electrospun nanofibers (Figure 2): monolithic

poly(ethylene oxide) and composite poly(ethylene oxide)/lyoprotectant.  L. plantarum  cells were applied to these

nanofibers and achieved high cell concentrations (up to 7.6 × 10  cfu/mg). Moreover, their survival during storage at 25 °C

was promising, with a 1.83 log decrease in viability over 24 weeks (from 8.51 to 6.68 cfu/mg). For comparison, lyophilized

samples showed a 1.70 log decrease in viability over the same period (from 8.97 to 7.27 cfu/mg). The differences

between nanofibers and lyophilized samples stored at 4 °C were also minimal. The release time was also measured.

Nearly all (>90%) L. plantarum cells were released from the nanofibers within the first 30 min of the experiment. This was

confirmed by both plate cell counts and fluorescence measurements of the mCherry protein and provided insight into

possible applications of probiotic-loaded nanofibers. The 30 min release period allowed for the controlled delivery of

probiotic bacteria and was sufficient for their adhesion to the intestinal epithelium and mucosa.

Figure 2. Principal elements of nanofiber fabrication by electrospinning. Created with Biorender.com (accessed on 1 June

2022).

3D printing is a novel method used in food industry applications that allows for the design of customized products. Yoha et

al.  studied the effects of the 3D printing of probiotic encapsulates on their viability. To prepare the base for the 3D

printing of L. plantarum (NCIM 2083), cells were dried using four encapsulation techniques (spray drying, freeze drying,

spray freeze drying, and refractance window drying) with the addition of a prebiotic matrix (fructooligosaccharide, whey

protein, and maltodextrin in a ratio 4:1:1, respectively). Dried microcapsules were then used for 3D printing with a

composite flour formulation using the food 3D printer CARK . Yoha et al. (2021) reported that the 3D printing process

did not lower the viability of probiotic bacteria. They also determined that freeze drying yielded the highest level of cell

viability, i.e., 8.23 ± 0.21 log  CFU/g, followed by spray freeze drying (8.18 ± 0.16 log  CFU/g). Under in vitro digestion,

freeze-dried probiotics showed a lower level of viability (6.12 ± 0.29 log  CFU/mL) than spray-freeze-dried samples (6.43

± 0.29 log  CFU/mL).

4. Auxiliary Methods

The standard drying methods, by themselves, are well-established and optimized. They can be, however, improved upon

by the introduction of auxiliary methods, such as fluid bed coating. The combination of two different techniques allows the

use of the most popular methods, such as spray drying or freeze drying, in the first step; then, the stability of the

preparation is improved upon by fluid bed coating with different protective substances.

In their research, Jacobsen et al.  showed that the viability of freeze-dried probiotics after granulation and fluid bed

coating was only slightly reduced. Freeze-dried  L. reuteri  LR92 was used to produce probiotic pellets by granulation,

extrusion, and spheronization. The obtained probiotic pellets were then subjected to fluid coating with the Eudragit S100
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and Eudragit FS30D coating suspensions to achieve delayed release. To evaluate the targeted delivery of coated

probiotic pellets, an in vitro model simulating the conditions of the human gastric system, duodenum/jejunum, and ileum

was developed. The release of active substances from the coated pellets was determined by the quantification of the

released marker riboflavin with HPLC. The results show that the coated probiotic pellets achieved the desired release

profile (release in the ileum) based on the release of riboflavin.

Fluidized bed drying was also used to prepare dried probiotic apple snacks. The apple cubes were first dried in a fluidized

bed at 50 °C until they reached a level of water activity lower than 0.5 and a moisture content below 15%. Then, the dried

apple cubes were coated with a solution of hydroxyethyl cellulose and polyethylene glycol mixed with washed Bacillus
coagulans spores. The optimal ratio of coating substances was established at 0.125 g of HEC to 11.7 uL of PEG. Coating

with the optimal coating mixture resulted in achieving a 77.7% coverage of the sample area. The achieved product was

microbiologically stable during storage at room temperature for 90 days and was able to maintain at least an 8 log CFU/30

g portion. Reductions in enzymatic activity, specifically the activity of polyphenol oxidase (by 86%) and of peroxidase (by

92%), represented an additional improvement .

5. Factors Affecting the Viability of Probiotics during Drying

During drying, probiotic microorganisms are exposed to various stress factors, such as excessive dehydration and

thermal, mechanical, osmotic, and oxidative stresses . Probiotic microorganisms belong to the group of products with

low thermal stability; at the same time, there is a certain critical water content that must be maintained. A reduction in

water content below this critical value may cause the dehydration of the cells and, therefore, their inactivation. Thermal

stress and dehydration are considered the main causes of losses of the viability of probiotic bacteria during spray drying.

Stress factors that affect probiotic bacteria during different processing stages are presented in Figure 3.

Figure 3.  Stress factors affecting probiotics during different stages of their preparation and administration. Created

with Biorender.com (accessed on 27 July 2022).

Thermal stress, i.e., the heat inactivation of microorganisms, is a significant risk in the second stage of drying, according

to various authors. In this phase of the process, microorganisms can reach the temperature of the drying air, especially

since the dried particles often remain in the dryer until the entire process is completed. Not all bacteria are equally prone

to thermal inactivation. For example, L. acidophilus  has shown better survival rates under various drying temperatures

than E. coli K12. This can be explained by differences in the thickness of the cell wall, which is thicker in the case of

Gram-positive bacteria (e.g.,  L. acidophilus). Moreover, drying in a medium containing nutrient broth yielded better

survival rates than drying in a medium without broth components .

High temperatures can denature intracellular proteins and destabilize cell membranes, which in turn leads to cell death. At

the same time, higher temperatures cause a decrease in the water activity of the dried samples, which translates into

increased storage stability. Therefore, when choosing spray drying parameters for probiotic microorganisms, it is important

to determine an optimal outlet air temperature that is high enough for the dried samples to have low water activity and, on

the other hand, low enough to prevent cell damage . Air temperature also significantly affects the bulk density of dried

probiotic powders. As the temperature increases, evaporation rates also increase. The powder dries to a more porous

structure and is more prone to forming hollow particles .

The inactivation of microorganisms caused by dehydration often occurs simultaneously with heat damage. During drying,

water molecules are removed from the cells, which limits chemical reactions and metabolic activity. Because water is

essential for the stabilization of various components of the cell, its removal may result in a loss of cell integrity, changes in
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cell structure, and damage to the enzyme system . This applies to, among other things, changes in the lipid bilayer of

the cell membrane that can cause the leakage of intracellular fluid and, consequently, cell death . In experiments on

drying single droplets of an  L. plantarum  suspension, it was shown that at an outlet air temperature below 45 °C,

inactivation due to dehydration was dominant, while above this temperature, dehydration and temperature stress occurred

simultaneously . The authors of their study also believed that the longer the drying time, the more cells would undergo

dehydrative inactivation.

Osmotic stress during drying occurs as a result of cells losing water to the environment, which increases the molarity of

the intracellular solution and reduces the volume of the cytoplasm. A loss of cellular turgor occurs, and the cell undergoes

plasmolysis, which, as a consequence, leads to a loss of viability .

Oxidative stress is caused by oxygen contained in the air and dissolved in an aqueous suspension of microorganisms .

Probiotic bacterial tolerance to oxygen is varied, with most Bifidobacterium species requiring strict anaerobic conditions

and many strains of lactic acid bacteria tolerating oxygen. Oxidative stress is caused by reactive oxygen particles

interacting with proteins, nucleic acids, and lipids. As a result, protein denaturation and lipid oxidation occur, leading to cell

membrane damage and cell death .

The cells of probiotic microorganisms can also be inactivated by shear forces as their suspension is sprayed into the dryer

head. Several studies have shown a relationship between the pressure of the suspension administered through atomizing

nozzles and the survival of probiotic bacteria .

Similar to other methods of drying probiotic bacteria, in fluidized bed drying, certain factors cause losses of cell viability,

mainly by osmotic stress, excessive dehydration, and oxidative stress . It is believed that the threat of thermal shock at

the temperatures used in the fluidized bed drying of microorganisms is insignificant up to a material moisture level of 15%

and increases as the water activity of the dried material decreases . Additionally, the pressure in the atomizing nozzle

can affect the viability of the cells. An increase in nozzle pressure above 1.5 bar reduced the viability of Enterococcus
faecium cells by 4 log cycles .

In the process of freeze drying, microorganisms are exposed to various stress factors caused by freezing and the

sublimation of ice, leading to changes in the cell. These include deformation, mechanical damage to the cellular structure

by ice crystals formed during the process, the loss of semipermeable properties of cell membranes, changes in the

structure of membrane lipids, and the denaturation of protein components due to an increase in the concentration of

intracellular compounds .

Ice crystals form at the biomass-freezing stage. The crystal growth depends on the freezing rate and temperature. Rapid

freezing is recommended because the ice crystals reach small dimensions and do not damage the microbial cells. In

addition, slowly lowering the temperature leads to ice forming mainly outside the cells, which leads to excessive

dehydration. The formation of ice crystals is not the only threat to cell viability. During ice crystallization, the intracellular

solution thickens, which can lead to osmotic stress. Moreover, the removal of water bound to the cells may damage

surface proteins, the cell wall, and the cytoplasmic membrane. The lipid fraction of the bilayer cell membrane, where the

structure of polar phospholipid parts may change, is particularly vulnerable to damage during dehydration .

Because vacuum drying occurs at a temperature higher than freeze drying but lower than spray drying, it is a milder

process in terms of the effects of high or low temperature on the cells of microorganisms. Furthermore, the lack of oxygen

in the drying environment can reduce oxidative stress, especially when drying oxygen-sensitive bacteria,

e.g., Bifidobacteria  . Dehydration stress, however, is considered a major threat to cell viability during this process. For

example, during vacuum drying, cell damage is observed mainly in the cell membrane .

The described stress factors, when introduced in a controlled manner in the culturing stage, can also be used to prevent

the loss of viability during drying and storage. Research by Hernández et al.  confirms that fermentation parameters,

such as pH and temperature, influence the stress resilience of L. reuteri DSM 17,938 during freeze drying. Simultaneous

exposure to mild heat (50 °C) and osmotic stress (0.6 M of NaCl) also significantly improved the storage stability of L.
casei CRL 431 when compared with bacteria exposed to just one of those stress factors .

6. Prevention of Stress Factors

The prevention of stress factors in the spray drying of probiotic microorganisms can be achieved by careful selection of

the appropriate drying strategy :
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The addition of protective substances;

The proper selection of process parameters;

The adaptation of cells to stress factors before drying.

These preventative measures affect the survival of probiotic bacteria directly during drying, as well as after drying during

storage. The following substances are considered protectants and additives used to improve the survival rate of probiotics

during spray drying: saccharides, skimmed milk, whey proteins, inulin, trehalose, and oligosaccharides, as well as

polymers, such as gum arabic . In the scientific literature, several hypotheses have been put forward

explaining the protective effect of these substances on the cell membrane and intracellular proteins. These include the

theory of vitrification, the hypothesis about the exchange of water molecules in the hydration layer of proteins and the cell

membrane with a protective substance (the “water replacement hypothesis”), and the hypothesis of hydration force (the

“hydration force hypothesis”) .

The activities aimed at optimizing the spray-drying process parameters for probiotic bacteria include, first and foremost,

the correct selection of the chamber inlet and outlet air temperatures, the appropriate spray nozzle configuration, the

atomizing pressure, and the flow volume of the suspension fed to the dryer . A significant improvement in the viability

of spray-dried L. lactis after replacing air with nitrogen has also been demonstrated .

To increase the survival of probiotic cells during spray drying, they can also be exposed to stress conditions during

culturing. These stress conditions include exposure to low pH, thermal shock, culturing microorganisms without additional

nutrition, exposure to sodium chloride and monosodium glutamate, and culturing with the addition of saccharides, such as

mannose and sucrose. In general, it is also believed that cellular biomass derived from the stationary culture phase has

better survival rates than that derived from the logarithmic growth phase .

There are numerous measures that were developed to improve the viability of freeze-dried bacteria. These include the

addition of protective substances to bacterial suspensions, the appropriate control of process parameters during bacteria

cultivation, and the adaptation of cells to stress factors before the drying process. The effectiveness of these operations

may vary depending on the species of the microorganism . These actions are, in many cases, similar to those used for

spray drying.

The most common way to prevent stress factors in freeze-dried probiotic bacteria is to use cryo- and lyoprotectants.

Cryoprotectants are water-soluble chemical compounds that lower the melting point of ice. When ice crystals form in the

first stage of the process, bacterial cells cluster in the non-frozen fraction. The addition of cryoprotectants increases the

volume of the non-frozen fraction of the solution, which increases the space occupied by cells, which in turn reduces cell

damage as a result of mechanical and osmotic stresses. These cryoprotectants include polyols, polysaccharides, mono-

and disaccharides, amino acids, proteins, minerals, organic acid salts, and complex vitamins . In turn, lyoprotectants

protect probiotic bacteria at the stage of water removal from the cell. The types and mechanisms of action of

lyoprotectants are similar to those described for spray drying. Some sugars, such as sucrose and trehalose, act as both

cryo- and lyoprotectants, which translates into their high effectiveness in ensuring the survival of probiotics after freeze

drying .

The main strategies for protecting probiotic bacteria against stress factors in vacuum drying include the use of protective

substances and the selection of process parameters . Among the protective substances most commonly used in the

vacuum drying of probiotics are sugars and polyalcohols, such as trehalose and sorbitol. The protective mechanism of

these substances is the same as for spray and freeze drying .

The relatively low temperature of vacuum drying enables the dehydration of biomass prepared in a semisolid state, such

as pellets mixed with a protective substance. The drying efficiency is increased compared to other methods because less

water is removed; therefore, a smaller quantity of protective substances can be used . This was proved by vacuum

drying (100 mbar, 43 °C, 12 h) L. bulgaricus bacteria in the form of a pellet with the addition of powdered lactose, sorbitol,

inulin, and xanthan gum . An improvement in the rate of cell survival was found only for samples with 1% sorbitol as the

protective substance. The protective effects of sorbitol are due to its ability to lower membrane phase transition

temperatures via the interaction with phosphate groups in the membrane .

Drying time and temperature are the most important process parameters to be taken into account when optimizing the

drying process. The shorter the drying time and the lower the temperature, the higher the survival rate of the dried cells .

For example, for  L. delbrueckii  subsp.  bulgaricus  dried at 30, 45, and 70 °C (13.3 mbar, 10 min), damage to the cell

membrane was higher with decreases in water activity and increases in drying temperature .
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The countermeasures used against threats to the viability of fluid-dried bacteria are essentially the same as those used in

other drying techniques and include the addition of protective substances, control of process parameters, and the

adaptation of cells to stress factors before drying.

The addition of various protective substances to dried probiotic bacteria is the most commonly used protective method.

The viability of fluidized-bed-dried probiotic bacteria is also highly dependent on their final humidity. The authors of 

believed that the critical level of humidity that threatens the viability of L. helveticus cells was 1–3%. It was indicated that

this might depend on the bacterial species; for L. salivarius, for example, the critical humidity was in the range of 5–6%.

There are also certain factors that can influence the viability and survival of probiotic bacteria during storage. To increase

the shelf-life of dried probiotics, various protective measures can be used. These include the addition of antioxidants, such

as 0.5% (w/w) vitamin E; they protect the final formulation against oxidative stress . Storage at a lower temperature,

i.e., 4 °C, can also result in an improvement in the survival rate of dried probiotic powder compared to the results when

stored at 22 °C or 35 °C . 
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