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Abstract

:

Polysaccharide hydrogels have been increasingly utilized in various fields. In this review, we focus on polysaccharide-based hydrogels used as probiotic delivery systems. Probiotics are microorganisms with a positive influence on our health that live in the intestines. Unfortunately, probiotic bacteria are sensitive to certain conditions, such as the acidity of the gastric juice. Polysaccharide hydrogels can provide a physical barrier between encapsulated probiotic cells and the harmful environment enhancing the cells survival rate. Additionally, hydrogels improve survivability of probiotic bacteria not only under gastrointestinal track conditions but also during storage at various temperatures or heat treatment. The hydrogels described in this review are based on selected polysaccharides: alginate, κ-carrageenan, xanthan, pectin and chitosan. Some hydrogels are obtained from the mixture of two polysaccharides or polysaccharide and non-polysaccharide compounds. The article discusses the efficiency of probiotic delivery systems made of single polysaccharide, as well as of systems comprising more than one component.
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1. Introduction


Nowadays, people’s awareness of importance of health is significantly increasing. Consumers are more often interested in food products having positive impact on their health. This type of functional food is enriched with components, such as vitamins, antioxidants, proteins or probiotics, providing benefits other than just nutrition [1,2]. Unfortunately, many bioactive components used in the food industry are sensitive to the manufacturing process and storage conditions. Exposing them to, e.g., oxygen, elevated temperatures, certain pH or light, might be harmful [3]. Therefore, delivery systems for bioactive components are designed to protect probiotics against adverse conditions. At some point, biomaterials used in food products as the delivery systems will come into contact with human digestive tract. They have to meet several requirements, such as non-toxicity, compatibility with bioactive components and relatively low cost [4]. Numerous polysaccharides can meet those requirements. In this review, we focus on polysaccharides-based hydrogels used as delivery systems for probiotics. Probiotics are sensitive to elevated temperatures, consequently entrapment of probiotic cells in hydrogel matrix has to proceed under mild conditions. The ionic gelation method, which does not require harsh conditions, has been suitable for obtaining hydrogel probiotic delivery systems. Moreover, the ionic gelation as physical cross-linking method, allows avoiding potentially toxic crosslinking agents [5].



According to Food and Agriculture Organization of the United Nations and World Health Organization, probiotics are “live microorganisms which, when administered in adequate amounts, confer a health benefit on the host” [6]. In general, probiotics are associated with having positive effects on the human gastrointestinal tract. However, probiotics also offer other health benefits, for example, they enhance immunity [7], decrease cholesterol levels [8] (and, as a result, control hypertension [9]), or even prevent atopic eczema in infants [10]. Moreover, the use of probiotics might prevent colon cancer [11] or reduce breast cancer risk [12]. Because the level of probiotic microbial strains in human intestines might decrease for various reasons, such as unhealthy eating habits, stress or antibiotic therapy [13,14], probiotics should be administered regularly, e.g., with food or pharmaceutical formulations. Unfortunately, the viability of probiotics might be negatively affected during food processing and storage [15]. Moreover, to fulfill their role, probiotics must survive in the acidic conditions in stomach and be delivered to the intestines at high numbers [16]. Therefore, there is a need to develop delivery systems for the probiotic microbial strains which will improve their viability under the gastrointestinal tract conditions, as well as during the storage of the probiotic food products [17]. For probiotic delivery systems, biomaterials such as proteins (gelatin, casein or whey proteins), as well as synthetic polymers, such as poly(d,l-lactic-co-glycolic acid), polyvinyl alcohol or Eudragit (poly(methacrylic acid-co-ethyl acrylate) 1:1) could be used [18,19,20]. However, the most commonly used materials for encapsulation of probiotic cells are polysaccharides.



As it is known, the bioactive compound should be retained within delivery system and the system should be stable, until it is exposed to a certain set of environmental conditions. Those environmental conditions (e.g., temperature, pH and enzyme activity) should trigger the release of bioactive compound. Therefore, biomaterials used in delivery systems for probiotics have to be stable in acidic conditions in the stomach and decomposition of such biomaterials should occur only after subjecting them to the small intestine’s pH or pancreatic enzymes [21]. Numerous polysaccharides meet those requirements, for example alginate, carrageenan, xanthan, pectin or chitosan (Figure 1). Hydrogels made of polysaccharides might be used as delivery systems for probiotics, when pore sizes of the hydrogels are adequately small compared to the dimensions of bacteria cells. It ensures entrapment of probiotic cells in hydrogel matrix until the breakdown of the network [22].




2. Polysaccharide Hydrogels


2.1. Alginate-Based Hydrogels


Alginate is an anionic linear polysaccharide, composed of β-(1,4) linked β-d-mannuronic acid and α-l-guluronic acid residues. Alginate is produced on an industrial level via extraction from the cell walls of brown algae [23]. Composition and sequence of the chains of this polysaccharide might vary depending on algal species or part of the algae used as a source [24]. In addition, biosynthesis, which allows obtaining alginate with more defined chemical structures than alginate extracted from algae, has been considered as promising route for production of this polysaccharide [25]. Alginate, as a non-toxic, biocompatible and biodegradable polymer, has found multiple medical-related applications, such as drug delivery systems, wound dressing or tissue engineering [26]. In many of those applications, alginate has been used in the form of hydrogels [27]. The gelling properties of alginate are related to interaction of α-l-guluronate residues with multivalent cations (e.g., Ca2+) [28]. Alginate hydrogels are insoluble in acidic media [29], therefore they can be utilized as delivery systems able to provide protection for the probiotics against acidic gastric juice. The behavior of ionically crosslinked alginate hydrogels, as well as other ionically crosslinked polysaccharide hydrogels, is strongly depends on the pH of the surrounding solution [30]. Calcium alginate hydrogel beads remain stable in the simulated gastric fluid (pH 1.0) and acquire a percent swelling of 110%, while under simulated intestinal fluid (pH 7.4) exhibit a percent swelling over 600%, start to disintegrate and subsequently they dissolve completely [31].



Alginate has been used to prepare multilayer hydrogel beads protecting probiotic bacteria Bifidobacterium breve against simulated gastric juice low pH conditions. Probiotic cells were encapsulated in spherical, smooth-surfaced calcium alginate beads using emulsion method. The obtained beads with encapsulated probiotic cells, as well as free cultured cells, were subjected to various pH environments, which simulate gastric juice and intestinal fluids. The viability of B. breve cells encapsulated in calcium alginate beads compared with viability of free B. breve cells was significantly enhanced [32]. Single layer alginate beads might not provide proper protection for the encapsulated cells against acidic conditions, due to pore size of this hydrogel. However, with the increasing number of layers in alginate beads, the survival of encapsulated probiotic cells has been enhanced [33]. Moreover, such multilayer calcium alginate hydrogels degraded slowly under conditions simulating small intestinal fluid (pH 6.8) and rapidly under conditions simulating colonic fluid (pH 7.2) [34]. Calcium alginate hydrogels improve viability of tested probiotic cells under acid conditions while undergoing degradation under intestinal conditions allowing for the release of encapsulated probiotic cells.



The survivability of bacteria after encapsulation depends on type of strain used in the research, which is associated with different natural resistance of the microorganisms against acidic conditions [35]. Taking that into consideration, calcium alginate hydrogels were applied in encapsulation of other probiotic strains, e.g., Lactobacillus rhamnosus and Lactobacillus acidophilus. Both strains of bacteria, encapsulated in alginate micro beads and alginate macro beads, as well as free cells, have been subjected to simulated gastric and intestinal fluids. Alginate micro beads were produced by double aerosol method, while alginate macro beads were produced by extrusion method. The L. acidophilus was found to be more resistant to acid and bile salts (steroid acids secreted into the lumen of the intestine) than L. rhamnosus. Alginate micro and macro beads provide similar protection for L. rhamnosus subjected to simulated gastric and intestinal fluids, whereas L. acidophilus encapsulated in alginate macro beads showed higher tolerance against acid and bile salts than L. acidophilus encapsulated in micro beads. However, protection abilities of micro beads have been further enhanced by coating the beads with chitosan (aminopolysaccharide derived from chitins [36]). As a result of such treatment, diffusion of the acid medium into porous hydrogel matrix has been restricted, and thus the contact between probiotic microorganisms and harmful medium has been limited [37]. The influence of coating alginate microgels with chitosan on the viability of various probiotic strains has been investigated in a study in which alginate microcapsules were prepared using single-stage and double-stage method. In the first method, microcapsules have been obtained in a solution containing crosslinking agent (CaCl2) and chitosan, therefore Ca2+ and protonated amine groups of chitosan competed to interact with negatively charged carboxylic groups of alginate. In the double-stage method, gelation process was carried out first and the microcapsules have been coated with chitosan subsequently. Encapsulated Lactobacillus plantarum using the double-stage procedure in calcium alginate coated with chitosan showed improved viability under simulated gastrointestinal conditions in comparison to free cells and to cells encapsulated by single-stage procedure. In the case of microcapsules obtained by single-stage method, it was found that too close proximity of the chitosan layer to the protected cells has negative effect on cell viability. That effect was explained by increased antimicrobial activity of chitosan resulting from presence of protonated amine groups in chitosan under acidic conditions [38].



Probiotic bacteria are mainly administered with dairy products, however, people with lactose intolerance have to find alternative sources. Fruit juices could serve as an alternative but, having usually a highly acidic pH, they are considered a harmful environment for probiotic cells [39]. Because alginate hydrogels have been proved as suitable materials to enhance the survival rate of probiotic under acidic gastric conditions, their use in protecting bacteria against low pH occurring in fruit juices has been investigated. Selected probiotic strain L. plantarum was encapsulated into uncoated alginate beads and alginate beads single and double coated with chitosan. Prepared coated and uncoated beads, as well as free probiotic cells, were kept in pomegranate juice for six weeks at 4 °C (refrigerated storage). Free cells and cells encapsulated into uncoated beads died after four weeks of storage, while cells in single and double coated beads survived six weeks of storage [40]. It might be concluded that chitosan layer contributes to the formation of a thicker, less porous membrane, which impedes penetration of acidic medium into beads.



Delivery systems for probiotics must improve the survival rates during gastric transit as well as to improve the heat tolerance. Thermal treatments, such as the pasteurization process, are often applied during manufacture of food and beverage products [41]. Various strains of probiotic bacteria, namely L. rhamnosus, B. longum, L. salivarius, L. plantarum, L. acidophilus, L. paracasei and B. lactis, have been encapsulated in calcium alginate beads using emulsion method and exposed to heat (65 °C). Heat tolerance of encapsulated cells was compared with heat tolerance of free cells. After 30 min of incubation at 65 °C, encapsulated bacteria showed higher rate of survival than free cells, whereas, after 60 min of incubation, the survival rates of free and encapsulated probiotic bacteria were almost similarly low. Those results indicated that calcium alginate beads improve heat tolerance of encapsulated bacteria over limited period. In addition, encapsulated probiotic cells subjected to acidic conditions and bile salts maintained higher viability than free cells subjected to the same conditions [42].



Alginate hydrogels uncoated or coated with chitosan, could be used in probiotic delivery system, as it was demonstrated in research results described above. Moreover, it seems possible to prepare hydrogels efficient for such applications by combining alginate with other non-polysaccharide biopolymers. Whey proteins (mixture of globular proteins, mainly β-lactoglobulin and α-lactalbumin [43]) could be applied as coating material for calcium alginate beads. Lactobacillus plantarum strain encapsulated in such beads has been subjected to simulated gastric and intestinal fluid. Results indicated that bacterial survival rate in alginate beads coated with whey proteins has been improved in comparison to uncoated alginate beads [44].



Proteins isolated from pea were combined with alginate to prepare hydrogel beads via extrusion. Shelf life of Lactobacillus casei encapsulated in such beads has been tested during storage under different temperatures: 22, 4, and −15 °C. Chosen temperatures correspond to storage conditions at room temperature, in a refrigerator and in a freezer, respectively. Viability of encapsulated cells was compared with free L. casei cells. Survival rate of encapsulated bacteria stored at −15 °C was the highest among all samples. Free cells at that temperature might be damaged by forming ice crystals, while hydrogel capsules provided a physical barrier between cells and the ice crystals. Viability of encapsulated cells stored at 22 °C and 4 °C has been disturbed by moisture entering the sample tubes during samples withdrawal [45].



In other studies, negatively charged alginate has been combined with another positively charged biomaterial–elatin (the denatured collagen [46]). The probiotic strain Lactobacillus salivarious has been encapsulated in alginate and alginate–gelatin microgels using electrostatic microencapsulation unit and subjected to simulated gastrointestinal conditions. Viability of probiotic cells encapsulated in both types of microgels was compared with viability of free L. salivarious. Encapsulated and free probiotics subjected to artificial saliva maintained their viability, while the survival rate of encapsulated probiotics after incubation under simulated gastric conditions has been greatly improved in comparison to the free cells. What is noteworthy, alginate microgels subjected to simulated intestinal fluids have partly dissolved and alginate–gelatin microgels have slightly swelled under those conditions. Such behavior is desired, because it enables the release of probiotic from microgels, and probiotics need to be released to fulfill their role in the large intestine. In addition, to verify survival rates during long-time storage in aqueous-based commercial products, free and encapsulated L. salivarious were stored for five weeks in the wet-state. After storage period, viability of encapsulated cells was significantly higher than viability of free cells. Moreover, the thermal stability of encapsulated cells has been tested. The encapsulation allowed for maintaining a higher number of viable cells after heat treatment, simulating thermal processing used in the food industry. Alginate–gelatin microgels were found to be more effective at protecting probiotics during storage, heat treatment, and under simulated gastrointestinal conditions, than microgels based only on alginate. That has been attributed to differences in the physicochemical and structural properties of interior of both types of hydrogel [47].



As can be seen from the above examples, the alginate-based hydrogels have been proven as suitable materials for orally administered delivery systems of probiotic bacteria. All discussed hydrogels are summarized in Table 1. Table 1 also contains information about tested probiotic strains and type of tested conditions. Alginate hydrogels have to be coated, e.g., with chitosan or proteins, to provide proper protection for encapsulated probiotic cells subjected to harmful conditions. However, as was proven in the cited studies [32,33], the alginate beads consisting of several layers are able to efficiently protect encapsulated bacteria against acidic conditions.




2.2. Carrageenan-Based Hydrogels


Carrageenan are linear anionic polysaccharides obtained from certain algae species, consisting of alternate units of β-d-galactose and 3,6-anhydro-α-d-galactose, joined by α-(1,3) and β-(1,4) glycosidic linkages [48]. There are three most important types of commercially available carrageenan: monosulfated κ-carrageenan, bisulfated ι-carrageenan and trisulfated λ-carrageenan, however only the first two can form gels [49]. The gelation of κ-carrageenan occurs in the presence of monovalent or divalent cations and their mixtures upon cooling [50]. The κ-carrageenan hydrogels are thermo-sensitive and undergo reversible volume transitions in response to thermal stimuli, therefore they are suitable materials for delivery systems in which release could be controlled with temperature [51].



The κ-carrageenan hydrogels have been used for encapsulation of bioactive components, such as enzymes [52], antioxidants [53], or probiotics, which might be sensitive to environmental conditions occurring during manufacture and shelf life of the food products or during passage through the gastrointestinal tract. Strains of lactic acid bacteria have been encapsulated into κ-carrageenan gel beads, prepared using KCl as the cross-linker, and lyophilized. The freeze-drying process as well as the rehydration process can be harmful to cells. In mentioned studies, κ-carrageenan matrix allowed maintaining viability of probiotic bacteria during lyophilization and protected cells from osmotic shock during rehydration. In addition, survival rate of encapsulated probiotic has been examined during one-month-long storage at 4 °C and 22 °C (refrigeration conditions and room temperature). Survival rate of all tested strains was high during the treatment and cells maintained their activity [54]. Moreover, probiotic bacteria, such as L. rhamnosus, B. longum, or L. acidophilus, entrapped in κ-carrageenan microcapsules showed higher acid and bile tolerance than the free cells [55].



Properties of hydrogels made of single polysaccharide might be further enhanced by adding a second component, for example κ-carrageenan has been combined with ι-carrageenan and used for encapsulation of L. acidophilus. Microcapsules with probiotics were subjected to solutions simulating changing pH conditions during passage through the gastrointestinal tract. Viability of encapsulated bacteria has been maintained after treatment with solutions with various pH. It has been concluded that both polysaccharides used to prepare microcapsules, could create the Interpenetrating Network. The close interaction between entangled chains creating this network has influence on decreasing porosity of hydrogel. Consequently, the diffusion of harmful medium into microcapsules beads matrix has been limited [56].



Bacteria have been entrapped in hydrogel made of polysaccharide not only to improve their viability under conditions of the gastrointestinal tract or storage conditions but also to test their usability in fermenting dairy products. For example, κ-carrageenan–locust bean gum beads with lactic acid bacteria have been successfully used during fermentation of whey-based media [57,58]. The locust bean gum is a galactomannan polysaccharide, consisting of a mannose backbone with galactose side groups, obtained from the locust tree seeds [59].



κ-carrageenan–locust bean gum hydrogels have been used to prepare films containing L. rhamnosus probiotics. Storage ability of such films has been tested at 4 °C and 25 °C (storage in a refrigerator and at room temperature) and compared with storage ability of films made of other biomaterials, such as alginate and pectin. It was found that κ-carrageenan–locust bean gum films showed the highest ability to stabilize live probiotic organisms under tested conditions [60].



In the development of delivery systems of probiotics, κ-carrageenan has been combined with other biomaterials, such as DNA. Hydrogels prepared from single-stranded DNA extracted from salmon milt, combined with gelatin and κ-carrageenan, have been used to improve survival of selected probiotic strains (Lactobacillus, Lactococcus and Bifidobacterium) under simulated gastric juice conditions and during long refrigerated storage. In addition, the food-grade hydrogels have been prepared (using commercially food-graded biomaterials) and tested under the simulated gastric conditions. Thus, the potential usability of such hydrogels as delivery systems of probiotics, which could be orally administered, has been confirmed [61].



Interestingly, there are controversies regarding to negative influence of carrageenan on gastrointestinal tract, e.g., it is considered a cause of colitis [62]. It was found that the intake of carrageenan could change the composition of the intestine microbiota: in presence of this polysaccharide, the amount of some species decreased, while at the same time the abundance of other species increased. Carrageenan significantly decreased the populations of A. muciniphila and loss of this anti-inflammatory intestine bacteria is significantly relevant for the development of carrageenan-induced colitis. It should be taken into consideration during development of probiotic delivery systems based on carrageenan [63].



The aforementioned κ-carrageenan-based hydrogels used as probiotics delivery systems are placed in Table 2, which summarizes tested probiotic strains as well as type of tested conditions. The κ-carrageenan-based hydrogels improve survival rate of encapsulated probiotic cells not only under gastrointestinal conditions, but also during storage at various temperatures. Probiotics, to fulfill their role, have to be released from hydrogels. Release of probiotic cells from carrageenan-based hydrogels have occurred under simulated intestinal juice conditions. However, rate of probiotic release from carrageenan hydrogels might be slower than from alginate hydrogels. It might be related to fact that carrageenan hydrogels dissolve at a significantly slower rate in the simulated intestinal juice [64].




2.3. Xanthan-Based Hydrogels


Xanthan is a branched polysaccharide, the backbone of which consists of β-(1,4) linked d-glucose units with side chains consisting of d-glucuronic acid unit between two d-mannose units attached to every second glucose residue in the backbone [65]. Xanthan is produced via fermentation by bacteria from, e.g., agro-industrial wastes such as straw, corn cobs or fruit peels [66]. Hydrogels based on xanthan can be formed in the presence of bivalent cations, such as Ca2+, Mg2+, Cd2+ or Pb2+ [67,68]. Xanthan and hydrogels based on this polysaccharide have found applications in various fields, such as medicine (e.g., tissue engineering and drug delivery systems) [69,70] or food industry (e.g., freeze–thaw stabilizers) [71,72].



Xanthan and alginate have been used as materials for microencapsulation of L. plantarum. To establish the pH tolerance, alginate–xanthan beads with probiotic cells, as well as free cells, have been subjected to simulated gastric and intestinal fluids. The survivability of encapsulated probiotic cells after contact with low gastric pH was higher than survivability of free cells. Moreover, it was found that coating of alginate–xanthan beads with chitosan further enhanced survivability of encapsulated cells under acidic conditions. Under simulated intestinal conditions, the uncoated alginate–xanthan beads disintegrated in less than an hour, while coated beads required twice as much time to achieve maximum cell release. However, both types of beads were able to provide sufficient viable probiotics to the targeted site. Furthermore, thermotolerance of probiotic cells encapsulated into coated and uncoated beads has been tested during heat treatment of 75 °C for 30 s and 90 °C for 5 s. It was established that polysaccharide beads, acting as heat barrier, improved heat tolerance of L. plantarum bacteria under tested conditions [73].



Xanthan, the anionic polysaccharide, can form physical hydrogels with cationic chitosan. A strain of probiotic bacteria Pediococcus acidilactici was encapsulated into such hydrogels and exposed to the simulated gastrointestinal conditions. The encapsulated P. acidilactici under simulated gastric fluids showed higher survival rate than free cells subjected to those conditions. Moreover, release from xanthan–chitosan hydrogels was examined, and it was found that the probiotics release was negligible under gastric low pH, while a complete release occurred under intestinal conditions. This desired behavior is related to pH-sensitive swelling of xanthan–chitosan hydrogels. Additionally, in presented studies, the positive effect of encapsulation on the viability of probiotic cells after freeze-drying was observed [74]. Xanthan–chitosan hydrogels have been used to encapsulate other probiotic strains, for example L. acidophilus. The solutions with different concentrations of both polysaccharides, as well as different cells to polysaccharides ratios, have been tested to establish optimal encapsulation conditions [75].



Xanthan–chitosan hydrogels could be used to improve survival of encapsulated probiotics not only under gastrointestinal conditions but also during storage in yogurt under conditions corresponding to storage in a refrigerator and at room temperature. Two kinds of beads, single-layer (xanthan–chitosan) and double-layer (xanthan–chitosan–xanthan), were prepared. Both types of beads with probiotic cells were kept in yogurt for 21 days at 4 °C and 25 °C. The survival rate of B. bifidum cells encapsulated in both types of beads in storage at 4 °C has been improved significantly in comparison to free probiotic cells. Although the survival of encapsulated cells at 25 °C was higher than survival of free cells at that temperature, the level of viable cells was below the level recommended by World Health Organization. In addition, the release of probiotic cells from both types of beads has been examined in the presence of simulated intestinal fluids and the single-layer beads showed better release profile under tested conditions [76]. The xanthan–chitosan and xanthan–chitosan–xanthan beads have been tested as encapsulation systems for other probiotic strains, e.g., L. acidophilus. During this study it was confirmed once again that encapsulation in beads based on xanthan enhanced survival of the probiotic cells in yogurt during storage at 4 °C and 25 °C for 21 days [77].



The aforementioned xanthan-based hydrogels used as probiotic delivery systems are placed in Table 3, along with encapsulated probiotic strains and type of tested conditions. Xanthan-based hydrogels were proven to be capable of improving probiotic cells viability, e.g., during storage in yogurt.




2.4. Pectin-Based Hydrogels


Pectin, an anionic polysaccharide, consists of a linear backbone of α-(1-4) linked d-galacturonic acid which can be partially methylated [78]. As it is a component of plants cell wall, pectin can be extracted from citrus peels, apple pomace, sugar beet, pumpkin pulp or potato pulp [79,80,81]. Pectin hydrogels can be obtained in the presence of crosslinking bivalent cations, such as Ca2+ [82]. Pectin, as well as hydrogels made of this polysaccharide, might be used in medicine related applications, e.g., as drug delivery systems [83] or in food industry, e.g., as texture modifiers or fat replacers [84].



Selected probiotic strain, Lactobacillus rhamnosus, has been encapsulated into pectin hydrogel beads. Additionally, glucose has been introduced into part of the beads. Beads with probiotics were subjected to simulated gastric fluid and simulated colonic fluid containing enzymes. Encapsulation provides good protection for probiotic cells against acidic conditions and enzymes. Moreover, the addition of glucose further improved their protective abilities. Before the beads with encapsulated probiotic cells were subjected to gastrointestinal conditions, they were freeze-dried and stored at room temperature for over one month. The survival rate of encapsulated probiotic cells during freeze-drying has been improved in comparison to free cells. It is worth noting that introduction of glucose into pectin beads further improved cells survivability during lyophilization. As could be predicted, shelf life of encapsulated cells was longer than shelf life of free cells stored at ambient temperature [85]. Glucose has a positive influence on viability of probiotic cells; e.g., as cryoprotectant agent, it can inhibit formation of ice crystals which are harmful to cells [86]. Furthermore, the viability of L. rhamnosus subjected to simulated gastric fluids has been improved in the presence of glucose [87].



Properties of pectin hydrogels, for applications as probiotic delivery systems, could be further improved by coating them with chitosan. L. casei cells were encapsulated into pectin hydrogel beads, and then the beads were coated with chitosan. Viability of cells encapsulated into coated and uncoated beads, as well as viability of free cells, was investigated under simulated gastric fluid. Encapsulation in pectin and pectin–chitosan beads improved cells survivability under acidic conditions. Moreover, this research allowed establishing the effect of coating of pectin beads with chitosan. It was found that coating with chitosan has a significantly positive influence on viability of bacteria under simulated gastric conditions. Chitosan-coated beads with probiotic bacteria were also subjected to simulated intestinal conditions. As a result of disintegration of coated pectin beads under simulated intestinal fluid, the release of viable probiotic cells from beads occurred after one hour [88]. As is known, providing high numbers of living probiotic cells into the intestines contributes to their proper functioning.



Pectin, similar to other polysaccharides mentioned above, could be used in combination with non-polysaccharide polymers to form probiotic delivery systems. Pectin hydrogel microparticles were obtained in the presence of calcium hydrochloride and a part of microparticles was coated with whey protein. The interaction between protonated amine groups of whey protein and negatively charged carboxylic groups of pectin occurred during coating. Coated and uncoated microparticles with encapsulated probiotic strain of L. acidophilus, have been exposed to simulated gastric and intestinal fluids. Coated and uncoated microparticles subjected to gastric acid conditions remained intact and the viability of encapsulated L. acidophilus was maintained at higher level than viability of free probiotic cells. Interestingly, the coating of the particles with whey proteins did not provide additional protection to encapsulated probiotic cells. Although uncoated microparticles exposed to intestinal conditions remained intact, the coated microparticles disintegrated after being subjected to intestinal fluids allowing the release of probiotic cells [89]. In another study, a different probiotic strain, Lactobacillus rhamnosus, was encapsulated into pectin hydrogel beads coated with whey protein. Such beads provided good protection of encapsulated cells against gastric fluid. However, in that study, the survival of the probiotic bacteria encapsulated into uncoated pectin beads was not tested, so effect of coating with whey protein on cells survivability could not be clearly defined [90].



In other study, pectin has been used with rice bran extract to encapsulate probiotic cells. The rice bran extract contains carbohydrates, protein and fat. The L. plantarum encapsulated in pectin and pectin–rice bran extract beads, as well as free probiotic cells, have been subjected to acidic and bile conditions. Pectin beads improved the survival rate of encapsulated cells in comparison to free cells subjected to the same conditions. Moreover, it was established that the rice bran extract helped to further enhance the viability of probiotic cells after exposure to harmful conditions [91].



Pectin-based hydrogels used as delivery systems for selected probiotic strains along with information concerning type of tested conditions were summarized in Table 4.




2.5. Chitosan-Based Hydrogels


Chitosan is an aminopolysaccharide derived from chitins, composed of β-(1,4) linked d-glucosamine and N-acetyl-d-glucosamine [36]. Chitosan, as it was described above, has been successfully used in combination with other polysaccharides as probiotic delivery systems. Layer of chitosan has positive influence on probiotic delivery systems protection abilities against harmful conditions. Chitosan-based hydrogels have been used for numerous applications, such as drug delivery systems [92], bone regeneration materials [93] or wound dressings [94]. However, chitosan, as the only cationic polysaccharide of natural origin, shows antimicrobial properties [95]. Those antimicrobial properties are related to strong electrostatic interaction between positively charged chitosan and negatively charged cell surface of bacteria. Consequently, it causes changes in the functioning of cell membrane accompanied by increased membrane permeability, which leads to destabilization of cell membrane and leakage of intracellular substances, and finally to the death of the cell [96]. Therefore, chitosan cannot be used as a solitary material for creating hydrogels for probiotic delivery systems.





3. Conclusions


Possibilities of efficient applications of polysaccharide hydrogels as probiotic delivery systems have been proven in numerous studies. Those hydrogels can improve the survival of encapsulated probiotic strains under gastrointestinal track conditions, as well as during storage at various temperatures or during heat treatment. Table 1, Table 2, Table 3 and Table 4 provide a summary of the types of tested hydrogels, used probiotic strains, and research conditions. However, the best delivery system among all listed in this review cannot be indicated. Each of the cited studies was carried out under individual conditions (temperature, pH, and time), using different probiotic strains having various resistances to enzymes or acidic conditions. Therefore, based on comparison of the results of those studies, it is not possible to clearly indicate the most efficient hydrogel.



Many polysaccharide-based hydrogels have tested as probiotic delivery systems and the list is constantly increasing. Therefore, only selected hydrogels were described above to indicate the possibilities of using them to design probiotic delivery systems suitable for certain bacteria strains and for various conditions. Based on cited studies, it can be noticed that hydrogels obtained from mixture of two polysaccharides or polysaccharide and non-polysaccharide compounds provide better protection against tested conditions than hydrogels made of single polysaccharides. Addition of a second component into probiotic delivery systems, especially as coating, might decrease the size of pores and, as a result, limit the contact between probiotic cells and a harmful medium. Based on research results cited in this review, bi-component polysaccharide-based hydrogels are more suitable as delivery systems for probiotics and it should be considered during development of new probiotic delivery systems.
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Figure 1. The chemical structures of: alginate (A); carrageenan (B); xanthan (C); pectin (D); and chitosan (E). 
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Table 1. Alginate-based hydrogels used as delivery systems of selected probiotic strains.
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	Biopolymer(s)
	Probiotic Strains
	Tested Conditions
	Ref.





	Alginate
	B. breve
	gastric fluids
	[32]



	Alginate, alginate–chitosan
	L. rhamnosus, L. acidophilus
	gastric fluids, bile salts
	[37]



	Alginate–chitosan
	L. plantarum
	gastric fluids, bile salts, pancreatic enzymes
	[38]



	Alginate, alginate–chitosan
	L. plantarum
	storage in pomegranate juice at fridge
	[40]



	Alginate
	L. rhamnosus, B. longum, L. salivarius, L. plantarum, L. acidophilus, L. paracasei, B. lactis
	gastric fluids and bile salts; heat treatment
	[42]



	Alginate, alginate–whey proteins
	L. plantarum
	gastric fluids, bile salts, pancreatic enzymes
	[44]



	Alginate–pea protein isolate
	L. casei
	storage at room temp., fridge and freezer
	[45]



	Alginate, alginate–gelatin
	L. salivarious
	wet storage; heat treatment; saliva, gastric fluids and bile salts
	[47]
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Table 2. κ-Carrageenan-based hydrogels used as delivery systems of selected probiotic strains.
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	Biopolymer(s)
	Probiotic Strains
	Tested Conditions
	Ref.





	κ-carrageenan
	L. delbrueckii, L. casei, L. lactis, S. thermophilus
	freeze-drying; storage at room temp. and fridge
	[54]



	κ-carrageenan
	L. rhamnosus, B. longum, L. salivarius, L. plantarum, L. acidophilus, L. paracasei, B. lactis, L. rhamnosus, B. bifidum
	gastric fluids and bile salts
	[55]



	κ-carrageenan–ι-carrageenan
	L. acidophilus
	pH conditions of the gastrointestinal tract
	[56]



	κ-carrageenan–locust bean gum
	L. rhamnosus
	storage at room temp. and fridge
	[60]



	DNA–gelatin–κ-carrageenan
	B. lactis, B. longum, B. bifidum, L. acidophilus
	gastric fluids; storage at fridge
	[61]
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Table 3. Xanthan-based hydrogels used as delivery systems of selected probiotic strains.
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	Biopolymer(s)
	Probiotic Strains
	Tested Conditions
	Ref.





	Xanthan–alginate, xanthan–alginate–chitosan
	L. plantarum
	gastric fluids and bile salts; heat treatment
	[73]



	Xanthan–chitosan
	P. acidilactici
	gastric and intestinal fluids; freeze-drying
	[74]



	Xanthan–chitosan, xanthan–chitosan–xanthan
	B. bifidum
	storage at room temp. and fridge in yogurt; gastric fluids and bile salts
	[76]



	Xanthan–chitosan, xanthan–chitosan–xanthan
	L. acidophilus
	storage in yogurt at room temp. and fridge
	[77]
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Table 4. Pectin-based hydrogels used as delivery systems of selected probiotic strains.






Table 4. Pectin-based hydrogels used as delivery systems of selected probiotic strains.





	Biopolymer(s)
	Probiotic Strains
	Tested Conditions
	Ref.





	Pectin
	L. rhamnosus
	freeze-drying; stored at room temperature; gastric fluids, enzymes
	[85]



	Pectin, pectin–chitosan
	L. casei
	gastric and intestinal fluids
	[88]



	Pectin–whey protein
	L. acidophilus
	gastric and intestinal fluids
	[89]



	Pectin–whey protein
	L. rhamnosus
	gastric fluid
	[90]



	Pectin, pectin–rice bran extract
	L. plantarum
	acid and bile solutions
	[91]
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