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Abstract 11 

Probiotic cells encapsulated within functional nano-microfibers and capsules produced by 12 

electrohydrodynamic (EHD) processing methods are reviewed. This review paper presents an 13 

overview of the EHD (electrospinning and electrospraying) technologies fundamentals and the 14 

most used polymers to encapsulate probiotics by EHD. Depending on the properties of the 15 

polysaccharides, proteins, or hybrids compounds utilized for probiotics encapsulation by EHD, 16 

the functionality of the tailor-made fibers and capsules can be developed to facilitate high 17 

encapsulation and long-term stability of live probiotics cells. The advantages and the efficiency 18 

of the electrospun fibers and electrosprayed capsules to encapsulate, preserve the survival and 19 

facilitate the targeted delivery of the coated probiotics towards the gastro intestinal track, are 20 

also presented. 21 

 22 

 23 

 24 

 25 

 26 
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1. Introduction 29 

To provide health benefits to the consumers, probiotic functional foods should preserve 30 

probiotics viability until their delivery into the site of action (e.g. intestine). However, in general 31 

free probiotics bacterial cells display limited survival, due to their exposure to different adverse 32 

environments (Burgain et al., 2011; de Vos et al., 2010). 33 

Microencapsulation provides to a physical barrier to protect probiotics living bacteria against 34 

adverse environmental conditions, such the ones required in food processing, storage and 35 

during their journey within the Gastro Intestinal Track (GIT) after consumption. Several review 36 

papers have summarized the different approaches for the encapsulation of the probiotics in past 37 

years(Rodrigues et al., 2020)(Terpou et al., 2019)(Iravani et al., 2015)(B Haffner et al., 2016)(H. 38 

Liu et al., 2019)(Yao et al., 2020).This review article aims to provide an overview on the 39 

encapsulation of probiotic cells using electrohydrodynamics (EHD) processing technologies 40 

(Figure 1).  41 

2. Probiotic cells 42 

Accordingly to the definition provided by the World Health Organization (WHO), probiotics are 43 

live organisms, such as bacteria and yeasts, that when administered in adequate amounts 44 

confer health benefits to the host (FAO/WHO, 2001). Among the diversity of probiotics currently 45 

used, the most common are Gram positive genera and include strains such Lactobacillus, 46 

Bifidobacterium, Leuconostoc, Pediococcus, Enterococcus, Streptococcus, and Bacillus (Fiocco 47 

et al., 2020). Most of these bacterial strains (e.g. Lactococcus, Streptococcus, Lactobacillus, 48 

Pediococcus, and Leuconostoc) are lactic acid bacteria (LAB) and are characterized by their 49 

metabolic activity to produce lactic acid through carbohydrate fermentation(Bintsis, 2018) and 50 

by their ability to adapt and survive in diverse harsh environments(Peng et al., 2020). LABs are 51 

often included in food or pharmaceutical products because they can enter the body in a 52 

noninvasive way, e.g. through food ingestion, resist better to the acidic conditions of the 53 
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stomach (comparatively to other probiotic strains), reach the colon, colonize and convert 54 

carbohydrates into lactic acid and other essential nutrients. The production of lactic acid by the 55 

LABs is beneficial because it lowers the pH level in the host’s gut, which can prevent the growth 56 

and survival of pathogenic microbes(Peng et al., 2020). Bifidobacteria is another main type of 57 

bacteria which share some ecological and metabolic traits with LAB, although they are 58 

phylogenetically different (Bintsis, 2018; Fiocco et al., 2020).  59 

Overall, probiotics have been proved to have the capability to inhibit the metabolic activity of 60 

pathogenic bacteria in the gut, modify the composition of the intestinal microbiota, produce short 61 

chain fatty acids and conjugated linoleic acids, degrade toxins and their respective receptors, 62 

facilitate the digestion of foods and nutrients with subsequent improvement of micronutrients 63 

absorption (Sanders et al., 2018)(Rodrigues et al., 2020). Therefore, consumption of probiotics 64 

have been associated with the stimulation of the immune system (Ashraf & Shah, 2014), and 65 

improvement of several diseases including inflammatory bowel disease and irritable bowel 66 

syndrome(Cremon et al., 2018; Rodrigues et al., 2020), rheumatoid arthritis(Riaz & Masud, 67 

2013), prevention of colorectal cancer(Rodrigues et al., 2020) reduction of the cardiovascular 68 

disease risks(D. M. Liu et al., 2017), atopic dermatitis, lactose intolerance, gastroenteritis, and 69 

of food allergy(Riaz & Masud, 2013), among others.  70 

Due to the claimed healthy benefits, the use of probiotics has been greatly popularized among 71 

the general public (Suez et al., 2019). The healthy benefits derived from consumption of 72 

probiotics might vary according to the probiotic strains and formulations administered. 73 

(Rodrigues et al., 2020) Conflicting clinical results have been published for various probiotic 74 

strains and formulations(Suez et al., 2019).Nevertheless, most of the probiotic strains are 75 

recognized as food-grade and safe for human consumption by regulatory authorities(Rodrigues 76 

et al., 2020; Suez et al., 2019). Yet, the demand for probiotic food products have been 77 

increasing, as they account for a an high percentage within the world’s functional food 78 
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market(Grand View Research, 2019). Probiotics have been included primarily in dairy food 79 

products (e.g. milk, yogurt, ice cream and desserts (Boylston et al., 2004)) and, to a lesser 80 

extent, in non-dairy products such as chocolate, cereals and juice.  81 

In foods, the viability of probiotics present should be at least 106 colony-forming units (CFU)/g 82 

throughout the product shelf-life to confer beneficial effects. It is suggested that the minimum 83 

daily therapeutic dose is 108-109 cells, and it is achieved by consuming ~100g/day of probiotic 84 

products containing is 106-107 viable cells/g (Fiocco et al., 2020; Gomes & Malcata, 1999; 85 

Terpou et al., 2019). In this respect, probiotics need to be metabolically active in the food 86 

product, and survive the passage through the stomach to reach the intestine in large amounts 87 

for colonizing at the host (Fiocco et al., 2020; Sarkar, 2010). 88 

Several factors reduce the viability of probiotics, such as exposure to oxygen, low pH, digestive 89 

enzymes, heat treatment (Martín et al., 2015) and water activity. Consequently, the majority of 90 

probiotic products are available as tablets and blisters. When it comes to the fortification of 91 

foods with probiotics the strategy is to overdose the foods with the probiotics so those products 92 

can meet the specifications required for end-of-shelf-life (at least is 106 CFU of viable cells). 93 

Consequently, there is an unmet need to manufacture live probiotic cells in food products with 94 

extended shelf-life and ability to reach the intestinal tract. 95 

In this regard, different approaches have been attempted to enhance and preserve probiotic 96 

cells viability. Some of these approaches include: i) selection of probiotic strains more resistant 97 

to acid and bile, ii) use of oxygen resistant containers to avoid contact of the probiotics with 98 

oxygen, iii) incorporation of micro-nutrients (e.g. fructo-oligosaccharides) with ability to stimulate 99 

probiotics viability and iv) micro- encapsulation (Sarkar, 2010). 100 

Micro-encapsulation is a physicochemical or a mechanical process in which active compounds 101 

are entrapped within a coating material with different properties and functionalities (García-102 
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Moreno et al., 2018; Rodrigues et al., 2020). Consequently, it is crucial to combine the 103 

appropriate micro-encapsulation technique, with the suitable coating material to ensure 104 

minimum losses on their functionality and on their health benefits. 105 

3. Electrohydrodynamic processing  106 

The encapsulation of probiotics has been mainly done using extrusion, emulsion, spray drying, 107 

freeze-drying, coacervation and more recently by fluidized bed (B Haffner et al., 2016; 108 

Rodrigues et al., 2020)(Huq et al., 2013). Each of these techniques offer advantages and 109 

disadvantages as summarized in Table 1. In the extrusion method, the hydrocolloid solution with 110 

the probiotics is allowed to fall into a hardening solution, and high temperatures are used to dry 111 

the bacteria cells which affect their survival rate. The emulsification method requires more cost 112 

for performance compared with the extrusion method, due to need of using vegetable oil for 113 

emulsion, resulting in variability of the capsules in size and shape, while the cells are collected 114 

wet. Typical survival rates in the spray-drying and freeze drying encapsulation processes are in 115 

the range of 70–85%. Spray-drying is cheaper than freeze drying however, the viability loss of 116 

the cells is very high due to presence of both dehydration and heat. In the freeze drying, heat 117 

injuries to the cells are minimal compared with other methods, however, cryoprotectants must 118 

be used to inhibit cold injuries to the cells. Other vital limitations of those encapsulation methods 119 

are the low encapsulation efficiency and loading capacity, as well as the wide particle size 120 

distribution. 121 

In the last years, electrohydrodynamic processes (EHD), such as electrospinning and 122 

electrospray, have been emerging as alternative encapsulation techniques for 123 

probiotics(García-Moreno et al., 2018; Jacobsen et al., 2018; Lim et al., 2019). These 124 

techniques use high-voltage electrostatic fields to charge the surface of (bio)polymer solution 125 

droplets, which induced the ejection of a liquid jet through a spinneret (Figure 1).  126 
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When the electric field applied overcomes the surface tension of the (bio)polymer solution, a 127 

charged jet is ejected towards the collector forming shaped electrospun fibers and 128 

electrospinning process takes place. Electrospray occurs when the polymer concentration is too 129 

low and destabilizes the jet due to varicose instability, forming fine highly charged droplets 130 

commonly shaped in spherical morphologies. 131 

In both processes (electrospinning and electrospray), during the trajectory from the spinneret to 132 

the collector, the jet/charged droplets will be subjected to dominant electrostatic forces, allowing 133 

it to stretch immensely and simultaneously solidify through solvent evaporation or cooling. The 134 

electrically charged fibers/capsules will remain in the collector and then collected in sheets or 135 

other useful shapes (Chronakis, 2005; Frenot & Chronakis, 2003). 136 

The size and the morphologies of the fibers and capsules produced by EHD can be tuned by 137 

adjusting EHD processing parameters (applied potential, electric field, spinning distance, flow 138 

rate) and solution parameters (conductivity, viscosity, surface tension, dielectric constant)(A. C. 139 

Mendes et al., 2017). The EHD can be used to produce high-performance functionalized fibers, 140 

capsules, rods, tubes, spirals, rings and other shapes with large surface-to-volume ratio and 141 

dimensions that can range from nano to micro scale(Lim et al., 2019; Mendes et al., 2017). 142 

Furthermore, EHD can provide additional functionalities through the use of a co-axial spinneret 143 

to produce core-shell structures and immobilization of functional molecules.  144 

The EHD processing can produce functional dried structures without the need of harmful 145 

solvents, using a broad range of wall materials appropriate for the encapsulation of sensitive 146 

compounds, including probiotic cells(Jacobsen et al., 2018). Currently, it is well documented the 147 

high survivability of probiotic cells against high voltage and shear stress during the EHD 148 

processes. 149 

 150 
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4. Biopolymers as encapsulation matrices for probiotics using EHD 151 

Food biopolymers (include proteins and polysaccharides) have been used as encapsulation 152 

matrices for bioactive compounds and probiotics. 153 

Proteins are a unique class of natural biopolymers consisting of different types of aminoacids 154 

linked by peptide bonds. The type, sequence and number of amino acids defines the molecular 155 

weight, electrical charge, structural conformation (e.g. globular or random coil), hydrophobicity, 156 

interactions and chemical reactivity of a specific protein (García-Moreno et al., 2018; Lim et al., 157 

2019). Furthermore, protein properties can be affected by: temperature and pH changes, 158 

addition of salts, plasticizers, crosslinkers (El-salam & El-shibiny, 2016), and by the interactions 159 

with a range of hydrophobic and hydrophilic compounds (García-Moreno et al., 2018). 160 

Examples of proteins used in EHD processing for the encapsulation of probiotics include whey 161 

protein concentrate, zein (Table 2). Potato protein capsules developed by EHD(A. C. Mendes et 162 

al., 2020) can also be used to encapsulate probiotics (unpublished data). Other proteins 163 

commonly used for the encapsulation of bioactives include, soy, amaranth proteins, whey, 164 

casein, gelatin, collagen, elastin, silk, marine and eggs proteins (Lim et al., 2019; A. C. Mendes 165 

et al., 2017). However, electrospinning or electrospray of proteins for the encapsulation of 166 

probiotics is challenging. Protein’s polyelectrolyte nature need to be considered as it reduces 167 

the stability of the EDH processing(García-Moreno et al., 2018), which in turn require the 168 

adjustment of the different EHD parameters that can influence the viability of the probiotics 169 

(Moayyedi et al., 2018). Furthermore, other challenges for EHD processing of proteins include 170 

the high surface tension of aqueous protein solutions which hinders the formation of a stable 171 

Taylor cone, and the lack of adequate protein chain entanglements to produce fibrilar or 172 

capsular structures (García-Moreno et al., 2018) able to immobilize the probiotics. 173 
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Desirable protein chain entanglements for EHD processing can be reached by using organic 174 

solvents, (e.g. hexafluoro-2-propanol or trifluoroethanol) (Nieuwland et al., 2014), by changing 175 

the pH or applying heat to the protein solution, or by adding denaturing agents able to modify 176 

the protein structure/aggregation and intra/inter-molecular disulfide bonds(A. C. Mendes et al., 177 

2017). However, the referred solutions for EHD processing of proteins are not ideal for the 178 

encapsulation of probiotics, as the use of organic solvents and the addition of certain 179 

compounds, too alkaline (> 7.5) or too acidic (<4.5) pHs and hot temperatures (< 37 °C) will 180 

reduce the survival rate of the encapsulated probiotics. Thus, the use of surfactants to reduce 181 

the surface tension, blending of proteins with carrier polymers (e.g. polysaccharides or synthetic 182 

polymers such as PVA or PEO (Ceylan et al., 2019; Feng et al., 2020; Jayani et al., 2020; 183 

Mojaveri et al., 2020; Nieuwland et al., 2014; Škrlec et al., 2019; Yilmaz et al., 2020)) or the 184 

development of core-shell structures by co-axial EHD (where proteins used as shell materials), 185 

are typical approaches to utilize proteins for the encapsulation of probiotics by EHD.  186 

Polysaccharides are also widely used for the encapsulation of bioactives (A. C. Mendes et al., 187 

2017), including probiotics (Table 2 and Table 3). Polysaccharides are macromolecules 188 

established by repeating units of monosaccharides linked by glycosidic bonds. The use of 189 

polysaccharides in the EHD processing has been increasing due to their low cost, chemical 190 

diversity, biocompatibility, biodegradability and ultimately biological activities, which are relevant 191 

properties for food and other life science applications (García-Moreno et al., 2018; Lee et al., 192 

2009; Lim et al., 2019; Mendes et al., 2017). 193 

The EHD processing (electrospray, electrospinning) of polysaccharides depends mostly on their 194 

chemical properties (e.g. molecular weight, functional groups and charges)(García-Moreno et 195 

al., 2018; Mendes et al., 2017). The conductivity, extensional and intrinsic viscosity, surface 196 

tension and vapor pressure of polysaccharides solutions(A. C. Mendes et al., 2017; Stijnman et 197 

al., 2011) are also critical parameters for EHD. Electrospun polysaccharides fibers can be 198 
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formed when significant polymer chain entanglements and weak shear thinning solution 199 

properties exist (García-Moreno et al., 2018; Shekarforoush et al., 2017; Stijnman et al., 2011).  200 

To facilitate the electrospinning of individual polysaccharides, polymer carriers such as PVA, 201 

PEO, pullulan can also be used (García-Moreno et al., 2018; Lim et al., 2019). 202 

Examples polysaccharides used for the encapsulation of probiotics by EHD include pullulan 203 

(López-Rubio et al., 2012), alginate (Laelorspoen et al., 2014), starch (Lancuški et al., 2017), 204 

pectin (Coghetto et al., 2016), cellulose derivatives, chitosans(Zaeim et al., 2019)(Mojaveri et 205 

al., 2020), pullulan(López-Rubio et al., 2012) and alginates (Coghetto et al., 2016) (Yilmaz et al., 206 

2020). 207 

5. Overview of the encapsulation of probiotics by EHD  208 

5.1. Electrosprayed capsules for the encapsulation of probiotics 209 

The encapsulation of Bifidobacterium strains, lactis Bb12 within electrosprayed WPC and 210 

pullulan capsules (Table 2), using both PBS and skimmed milk as solvents has been studied 211 

(López-Rubio et al., 2012). An increase in the viability of the encapsulated probiotics within 212 

electrosprayed WPC and pullulan capsules was observed particularly at 20 ºC, in respect to 213 

non-encapsulated and freeze-dried probiotics tested under the same conditions. In this study 214 

the encapsulation matrix affects the viability of the probiotics. WPC demonstrated greater 215 

protection ability as encapsulation material comparatively to pullulan, as WPC capsules 216 

prolonged the survival of the cells up to 120 days even at relatively high humidity (> 53%), 217 

compared to pullulan electrosprayed capsules.  218 

Lactobacillus acidophilus were encapsulated within core-shell alginate–zein microcapsules 219 

(Laelorspoen et al., 2014). The capsules were made by electrospraying alginate/glycerol 220 

solution (the core of the capsule) into a solution of acidic zein (zein, citric acid and ethanol) with 221 

CaCl2 to create the shell (Table 2). The diameter of the microcapsules was observed to 222 
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decrease from 543 to 259 µm with the increase of the voltage from 4 to 6 kV, and it was not 223 

affected by the concentration of citric acid (0.10-0.15 % w/v) in the shell solution. However, the 224 

more acidic concentrations decreased the viability of encapsulated cells. Cell viability of the 225 

encapsulated and free (non-encapsulated) cells was tested in simulated gastric fluid (SGF) at 226 

pH 1.2 with pepsin. Results demonstrated that encapsulated L. acidophilus suffered only 1-log 227 

reduction, while the number of the non-encapsulated bacteria was reduced by 5-log. 228 

Sodium alginate and sodium alginate/pectin solutions loaded with L. plantarum BL011 were 229 

electrosprayed (Table 2) into a 0.5 M CaCl2 solution (Coghetto et al., 2016). Due to the crosslink 230 

of the carboxylic groups of the alginate and alginate/pectin with the calcium ions, a rigid external 231 

wall was formed at the surface of the microcapsules. The viability of encapsulated probiotics 232 

was assessed after exposure to simulated gastric (SG) and intestinal fluids (IF), and for 21 days 233 

of storage under refrigeration temperature (4 °C ± 1 °C). The viability of L. plantarum BL011 234 

cells suspended in sodium alginate and sodium alginate/pectin (not electrosprayed) was also 235 

investigated as control samples. After 2 h of exposure to SG and IF, the non-encapsulated cells 236 

(control) lost 6 and 4.2 log CFU mL−1 of their viability, respectively. The microencapsulated cells 237 

decreased their viability by 2.9 CFU mL−1 in SG, and 2.7 CFU mL−1 in SI. Consequently, the 238 

foreseen electrospray processing effects, for example change in the osmotic environmental 239 

pressure of the cells (caused by the rapid evaporation of water upon electrospraying), the high 240 

voltage applied and the shear stress, did not reduce the cell viability, confirming the potential of 241 

this technology for the encapsulation of probiotics. 242 

In another study, the use of fresh instead of freeze dried Lactobacillus plantarum cultures was 243 

observed to improve the viability of encapsulated Lactobacillus plantarum within electrosprayed 244 

whey protein concentrate (WPC) capsules (Table 2)(Gomez-Mascaraque et al., 2016). The 245 

encapsulation of this strain within WPC microcapsules enhanced its viability during storage at 246 

relatively high humidity (53%), comparatively to the free cells. Furthermore, it was found that the 247 
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use of surfactant Tween20® for the suspension of the bacteria, increased the yield of the 248 

electrospray capsules production. The viability of L. plantarum electrospray microcapsules was 249 

also evaluated after an in-vitro digestion process and compared to the freeze-dried structures. It 250 

was found that encapsulation protected the bacteria and that the main viability losses occurred 251 

after the gastric phase, due to the acidic conditions (pH 3), while small viability differences 252 

between encapsulated and freeze-dried samples were observed after the intestinal phase, 253 

probably because in this step the capsules were completely disrupted. It was also suggested 254 

that the small differences could be due to the high resistance of this specific strain to acidic 255 

conditions. (Gomez-Mascaraque et al., 2016). 256 

Lactobacillus plantarum was also encapsulated within Ca-alginate/chitosan hydrogel 257 

microcapsules produced by wet electrospraying (Table 2) with encapsulation efficiency of 98% 258 

(Zaeim et al., 2017). Herein, bacteria were first entrapped inside a highly dense calcium alginate 259 

network, and then a chitosan layer was deposited on the surface of microcapsules through the 260 

crosslinking of the negatively charged COO- groups of alginate. The authors pointed out that 261 

these capsules improved the survival of the cell by 1 log cycle in both simulated gastric (pH 2.5) 262 

and simulated intestinal juice (pH 7.4) compared to the free cells (controls) (Zaeim et al., 2017). 263 

To protect Lactobacillus acidophilus against moist heat conditions, multilayered microcapsules 264 

produced by electrospray and fluidized bed coating were assessed (Pitigraisorn et al., 2017). 265 

The core solution (composed of alginate/glycerol) was electrosprayed (Table 2) into the shell 266 

solution (egg albumen (EA) and stearic acid (SA)), prior the coating with cassava starch 267 

granules while drying in a fluidized bed dryer. The encapsulation efficiency was higher than 90% 268 

and the cell viability could be improved by increasing the concentration of SA. A loss of vitality of 269 

0.6 log CFU/g of the encapsulated cells was reported, however, further stability study over time 270 

is needed in order to evaluate the performance of these capsules to preserve probiotics.  271 
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In another study biopolymers such as whey protein concentrate (WPC), resistant maltodextrin 272 

(Fibersol) and polyvinylpyrrolidone (PVP) were electrosprayed to encapsulate freeze-dried 273 

Bifidobacterium longumsubsp. infantis CECT 4552 (Table 2) (Librán et al., 2017).Coated 274 

probiotics preserved their cell viability over 6 log cfu/g for 600 days at 23% RH and after 10 275 

days at 37 °C, while non-encapsulated cells didn´t survive under the same conditions. 276 

Ca-alginate/chitosan micro capsules with either inulin or resistant starch, processed by a 277 

double-stage electrohydrodynamic atomization procedure, were utilized to encapsulate 278 

Lactobacillus plantarum and Bifidobacterium lactis (Table 2). The bacterial survival during 279 

storage and exposure to gastrointestinal (GI) conditions were investigated(Zaeim et al., 2019). 280 

High molecular weight prebiotics promoted the targeted delivery and the survival of probiotics 281 

under GI conditions. Particularly, 5.90 ± 0.3 log CFU/g of Lb. plantarum and 7.19 ± 0.15 log 282 

CFU/g of B. lactis survived in starch-containing micro capsules. However, micro capsules 283 

containing inulin improved the survival of the lactobacilli more efficiently than micro capsules 284 

containing starch during storage, as 6.33 ± 0.21 log CFU/g survived after 90 days 25 °C. The 285 

layer of chitosan created a strong polyelectrolyte complex with the alginate and improved the 286 

stability of the micro capsules, as well as reduced the rate of the release of probiotics and the 287 

amount of inulin discharged from microcapsules due to the pore size reduction on the surface of 288 

capsules.  289 

As shown in Figure 2, ethyl cellulose (ETC) can be used as shell polysaccharide to produce 290 

electrospray core-shell capsules for the encapsulation of Bifidobacterium animalis subsp. Lactis 291 

(BB12) probiotic cells (unpublished data). The ETC capsules displayed relative low water 292 

activity (below 0.20), which is valuable for the protection and stability of probiotics, as confirmed 293 

by the relatively high values of viable cells counted post encapsulation, as well as over time at 294 

30 ºC and 40% HR (unpublished data). 295 
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Furthermore, it is to note that electrospun and electrospray structures can exhibit good  296 

mucoadhesive properties (A. Mendes et al., 2018)(Moreno et al., 2018). This is advantageous 297 

as it prolongs sufficiently the residence time of probiotics in the gastrointestinal tract, and their 298 

interactions with the gut microbiome. In a recent study by Phuong Ta et al.(Phuong Ta et al., 299 

2021), mucoadhesive electrospraying microcapsules of alginate-starch and chitosan-coated 300 

alginate loaded with Lactobacillus plantarum were evaluated for gastrointestinal delivery. The 301 

authors have used an in vitro fluorescence imaging based flow-through test, on ex vivo porcine 302 

gastric epithelial mucosa. The chitosan-coated alginate particles exhibited excellent retention 303 

ability on gastric mucosa, comparable to that of pure chitosan control. Weak retention of 304 

alginate-starch particles (negative control) was also observed due to that starch is a non-ionic 305 

polysaccharide and exhibits poor mucoadhesive properties.  306 

 307 

5.2. Electrospun fibers for the encapsulation of probiotics 308 

Co-axial electrospinning was also used to encapsulate Bifidobacterium animalis subsp. lactis 309 

BB12 (López-Rubio et al., 2009) as shown in Table 3. In this work, BB12 cells suspended in 310 

skimmed milk were pumped through the inner needle, while PVA solution was pumped through 311 

the outer needle, resulting in core-shell fibers with an average diameter of 150 nm. This study 312 

demonstrated that living bacteria could survive the osmotic changes and the high electric field 313 

during the electrospinning process. Encapsulated cells were viable within the PVA electrospun 314 

fibers for 40 days at room temperature, and 130 days at refrigeration conditions, whereas a 315 

decrease in cell viability was observed for non-encapsulated bacteria exposed to the same 316 

storage conditions. 317 

Electrospinning a blend of PVA with soluble dietary fiber (SDF) from agrowastes: okara 318 

(soybean solid waste), oil palm trunk (OPT), and oil palm frond (OPF) was also investigated to 319 
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encapsulate Lactobacillus acidophilus(Fung et al., 2011) (Table 3). Results suggested that 320 

those fibers could provide thermal protection of probiotics in heat-processed foods. 321 

Furthermore, the encapsulated probiotics within the OPF/PVA fibers remained viable up to 71 % 322 

during 21 days of storage at the refrigeration temperature (4 °C). Okara/PVA and OPT/PVA 323 

electrospun fibers preserved the viability of Lactobacillus acidophilus up to 38% and 49%, 324 

respectively. Thus, the agro waste-based electrospun soluble dietary fibers fractions are 325 

suitable as encapsulation matrices for the protection of probiotics, and as dietary fiber 326 

supplements.  327 

In another study, core-shell electrospun fibers made of glycerol (core)/ starch formate (shell) 328 

with diameters of 4.45 µm (Table 3) were also used to encapsulate Lactobacillus paracasei 329 

bacteria (in the core) (Lancuški et al., 2017). These fibers were shown to preserve the bacterial 330 

activity at 4°C and at room temperature for up to 21 days.  331 

To limit the bacterial growth contamination in fish fillets, electrospun PVA/sodium alginate fibers 332 

loaded with Lactobacillus rhamnosus were evaluated (Table 3). The microbiological results 333 

revealed that the nanofiber probiotics coatings were effective to delay the growth of pathogenic 334 

bacteria in the fish fillets up to 38%( Ceylan et al., 2018). Furthermore, it was observed that the 335 

PVA/sodium alginate nanofibers and L. rhamnosus GG-loaded PVA/sodium alginate nanofibers 336 

were significantly effective to delay the growth of Total Mesophilic Aerobic Bacteria (TMABc), 337 

and Psychrophilic Bacteria (TPBc), however, were not effective to delay the growth of Yeast and 338 

Mold count (TYMc) bacteria in the fish fillet. Similarly, Lactobacillus reuteri E81 339 

nanoencapsulated into PVA nanofibers with an average diameter of 381.83 ± 130.69 nm (Table 340 

3) and assessed as surface coatings of fish fillets(Ceylan et al., 2019). A considerable increase 341 

in the antioxidative characteristics and inhibition of free radicals of fish fillets treated with 342 

nanoencapulated L. reuteri was observed.  DPPH activities, ABTS radical-scavenging activities 343 
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and FRAP values of fish fillets were found significantly improved in comparison to the uncoated 344 

samples.¨ 345 

In a recent study by Škrlec et al.(Škrlec et al., 2019), Lactobacillus plantarum ATCC 8014 ()with 346 

diameter of 492 ± 35 nm, were encapsulated within PEO and PEO/lyoprotectant nanofibers 347 

(Table 3). Lyoprotectant included sucrose and trehalose that are known to preserve the viability 348 

of probiotics during their drying. Although pure PEO nanofibers were uniform with average 349 

diameter of 135 ± 25 nm, the probiotic cells (with larger diameter) were entirely coated and 350 

oriented along the nanofibers with diameters in the section of coated probiotics of 815 ± 115 nm 351 

(Figure 3). This was attributed to the drying and dehydration and/ or the mechanical stress 352 

experienced by the cells during electrospinning. Moreover, DSC studies indicated that 353 

interactions between PEO, lyoprotectants and the L. plantarum cells existed, as the presence of 354 

the cells in the nanofibers shifted the melting point peak of PEO to lower temperatures, reduced 355 

the crystallinity of PEO, PEO/sucrose nanofibers and showed complete amorphization of the 356 

trehalose. Such interactions and the amorphous state of trehalose in the nanofibers contributed 357 

to the increased viability L. plantarum cells. Relative humidity (RH) during the electrospinning 358 

was found to affect cell viability. RH of 55% resulted in higher cell viability (1.02 log reduction in 359 

viable L. plantarum, comparatively to the theoretical loaded L. plantarum) compared to 20% 360 

relative humidity (1.81 log reduction in viable L. plantarum). Overall, it was found that the 361 

addition of trehalose to the composite nanofibers (PEO:lyoprotectant, 1:1 (w/w)) contributed 362 

substantially to promote the viability of the probiotic cells over 24 weeks of storage at the 363 

temperature of 4 °C. 364 

Double-layered encapsulation of Lactobacillus plantarum probiotic cells by coaxial 365 

electrospinning (Table 3) showed to provide protection to the cells under simulated 366 

gastrointestinal conditions and heat moisture treatment at 45°C, 60°C and 70°C for 30 min 367 

(Feng et al., 2020). In this study, a mixture of PVA:sodium alginate with the mass ratio of 4:1 368 
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was used as the shell material, and the core was made of probiotic cells suspended in 6% (w/w) 369 

of PVA. The encapsulated cells were oriented in the fiber (average diameter of 270 ± 64 nm) 370 

due to the sink-flow at the Taylor Cone(Dror et al., 2003). It is also to note that the probiotic cells 371 

encapsulated in core-shell fibers suffered a lower loss of viability (0.32 log CFU/mL) than the 372 

encapsulated cells in uniaxial fibers (2.28 log CFU/mL). 373 

Bacterial cellulose (BC) dissolved in trifluoroacetic acid (TFA) was mixed with PVA-TFA 374 

suspension to produce composite nanofiber (BCNF) via electrospinning (Table 3) with a mean 375 

diameter of 576.46 nm(Jayani et al., 2020). Due to the organic solvent (TFA) used for the 376 

preparation of the composite BCNF, the Lactobacillus acidophilus 016 was immobilized within 377 

the developed BC nanofibers using the adsorption and incubation method. The viability of L. 378 

acidophilus 016 immobilized in the developed BCNF exhibited a survival percentage of 71% on 379 

the 24th day of storage at room temperature. 380 

Moreover, Bifidobacterium animalis subsp. lactis Bb12 were immobilised within chitosan 381 

(CS)/poly(vinylalcohol) (PVA) and prebiotic inulin (INU) using electrospinning processing (Table 382 

3) (Mojaveri et al., 2020). The encapsulation of probiotic cells within nanofibers substantially 383 

protected and enhanced the resistance of the entrapped cells when assessed under simulated 384 

gastrointestinal conditions. The viability of BB12 cells encapsulated in the CS/PVA nanofibers, 385 

was reduced by 0.06−0.2 log CFU/mL, irrespectively of the presence of the prebiotic. It was also 386 

suggested that the higher viability of CS/PVA-entrapped bacteria, compared to the bacteria 387 

encapsulated within electrospun PVA nanofibers, could be due to the microstructure of the 388 

fibers that were highly compact due to the formation of intermolecular hydrogen bonds between 389 

the hydroxyl groups of PVA and amino groups (-NH2) of CS, which provided a protective 390 

coating for the cells. Furthermore, the high melting point (> 200 °C) of the encapsulated 391 

nanofibers with probiotics demonstrated that they can be used in heat-treaded foods. 392 
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Alginate-based electrospun nanofibers (Table 3) was used to encapsulate Lactobacillus 393 

paracasei KS-199. When they were incorporated in kefir, the viability of the probiotics was 7.38 394 

log cfu/mL, while non-encapsulated cells displayed a viability of 6.65 cfu/mL. (Yilmaz et al., 395 

2020). The typical pseudoplastic flow behavior and viscoelastic properties of the kefir remained 396 

unchanged with the inclusion of electrospun nanofibers loading probiotics. However, an 397 

increased yield stress with the presence of nanofiber was noticed, as kefir probably gained 398 

more elasticity and ability to return to its original conformation due to the solid nanofiber 399 

addition. Moreover, encapsulation increased the viability rate of the strain in simulated gastric 400 

juice from 51.8% to 70.8%. It was suggested that the encapsulated cells (initially 3.24 × 108 401 

CFU/g) would be able to arrive at the small bowel with a well probiotic concentration amounts, 402 

large enough to ease colonization (1.05 × 106 CFU/mL). 403 

6. Conclusions and future perspectives 404 

The lack of encapsulation manufacturing technologies for producing storage stable probiotic 405 

bacteria, especially at high water activity and high temperature storage, is preventing the 406 

exploitation of the key health benefits from probiotics, and preventing the availability of probiotic 407 

products to a large part of the world’s rapidly growing population. Electrohydrodynamic (EHD) 408 

processes with their ability to encapsulate probiotics by means of an electrical field has opened 409 

new routes to the encapsulation technologies. EHD show promise as novel encapsulation 410 

technology for probiotics as the processes utilize electrical fields that can be operated using 411 

aqueous dispersions, at room temperature without heat, and without affecting the viability of the 412 

live cells. This fast-drying process is compatible with food ingredients and allows very efficient 413 

(>90%) and stable encapsulation. Electrospinning and electrospray, can operate with a broad 414 

range of food ingredients (e.g. proteins and polysaccharides) as a coating matrices for 415 

probiotics. Whey protein concentrate, PVA and alginate are among the most investigated 416 

biopolymers for the encapsulation of probiotics. The EHD processes have also the capability to 417 
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encapsulate probiotic blends or inclusion of other functional compounds (e.g. prebiotics) to 418 

facilitate the desired properties of the living bacteria. Moreover, electrohydrodynamic 419 

encapsulation of probiotics can enhance their survival under simulated gastric and intestinal 420 

fluids conditions. An additional approach for enhancing the effectiveness of gastrointestinal 421 

delivery of probiotics, is to utilize EHD processed fibers and capsules with optimized 422 

mucoadhesive properties and mucosal retention. 423 

Overall, the EHD processes are expected to be adopted more widely in the probiotics industry 424 

due to low cost, low quantity of raw materials required, minimal use of additives, ease of 425 

encapsulation of different types compounds in a one-single step with high reproducibility. In 426 

general, the technology requires relatively low investment, can be assembled-installed easily 427 

and with easy maintenance. The process is also flexible with relative simple setup 428 

configurations for diverse purposes (e.g. can be incorporated together with other techniques, 429 

like fluid bed coating). However, further investments from academia, industry and regulatory 430 

agencies are essential not only to improve the implementation and scaling up of 431 

electrohydrodynamic processes for the encapsulation of probiotics, but also to create high value 432 

bioactive functional ingredients and fortified foods, as well as extend the health benefits 433 

probiotics to a wider range of the world population. 434 
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 655 

 656 

Figures and captions 657 

 658 

 659 

Figure 1.Schematics of encapsulation of probiotics by EHD. 660 

 661 
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 669 

Figure 2. Electrosprayed ethyl cellulose core-shell capsules for the encapsulation of 670 

Bifidobacterium animalis subsp. Lactis (BB12): A) Scanning electron microscopy and B) 671 

confocal microscopy images showing the BB12 probiotics distribution inside the capsules. 672 
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 681 

Figure 3. (Figure 1 and caption from the reference (Škrlec et al., 2019) for PERMISSION 682 

REQUEST) 683 

(a) Schematic representation of electrospinning of poly(ethylene oxide) (PEO) without and with 684 

lyoprotectants and with L. plantarum, for the preparation of L. plantarum-loaded nanofibers. 685 

Arrows indicate individual and dividing cells in the nanofibers. Scanning electron microscopy 686 

images are shown for (b) pure PEO nanofibers, (c) L. plantarum cells air dried from water 687 

dispersion and (d) L. plantarum-loaded PEO nanofibers. Confocal microscopy images are also 688 

shown for PEO nanofibers with incorporated L. plantarum cells that harbor the pCDLbu-689 

1ΔEc_Ptuf34_mCherry plasmid, as (e) fluorescence, (f) bright-field, and (g) merged images. 690 

 691 

REF: Škrlec, K., Zupančič, Š., Prpar Mihevc, S., Kocbek, P., Kristl, J., & Berlec, A. (2019). 692 

Development of electrospun nanofibers that enable high loading and long-term viability of 693 

probiotics. European Journal of Pharmaceutics and Biopharmaceutics, 136(January), 108–119. 694 

https://doi.org/10.1016/j.ejpb.2019.01.013.  695 
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Tables and captions 702 

 703 

Table 1. Pros and Cons of the different encapsulation technologies of probiotics. 704 

 Emulsification Coacervation Spray 
Drying 

Freeze 
Drying Extrusion Electrospray/ 

Electrospinning 

Encapsulation 
efficiency 

+ ++ + - ++ +++ 

Cell viability ++ + - + + ++ 

Room 
temperature 

++ + - - - +++ 

Low 
investment 

+ + ++ - + + 

Versatility of 
the materials 

selection 

- + + +++ - +++ 

Technology 
Industrialized 

+++ 
- 

+++ +++ +++ + 

+++: maximum; -: non existent 705 

 706 

 707 

 708 

 709 

 710 
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Table 2. Overview of encapsulation studies of probiotics using electrospray. 712 

Probiotic strain Polymer Solvent Mw / 
Concentration/other 

Processing* 
Conditions 

Average diameter Reference 

Bifidobacterium 
strains 

Whey protein 
Concentrate (WPC); 

Pullulan 

PBS;  
skimmed milk 

WPC: 30-40 wt.% 
Pullulan:(Mw 100,000) 

15-20 wt.% 

12-14 kV 
7 cm 

0.3 mL/h 

658-1315 nm 
(Pullulan/milk) 
259-2024 nm 
(WPC/milk) 

(López-Rubio et al., 
2012) 

Lactobacillus 
acidophilus 

Alginate Water Alginate 1.4% (w/v)/ Glycerol 
(8%, w/v) 

4, 6, 10 kV 
6 cm 

10 mL/h 

259-543 nm (Laelorspoen et al., 
2014) 

Lactobacillus 
plantarum 

 

Sodium alginate (SA);  
SA/citric pectin 

Water; 
Water/citric acid 

SA: 3% w/v;  
SA/citric pectin:  
4% w/v:4% w/v  

24 kV 
15 cm 
2 mL/h 

SA 116 ± 13 µm 
SA/Pectin: 111 ± 13 

µm 

(Coghetto et al., 2016) 

Lactobacillus 
plantarum 

Whey protein 
concentrate (WPC) 

Water; skimmed milk WPC: 0.3 g/mL. 10-14 kV 
10 cm 

0.15 mL/h 

Not specified (Gomez-Mascaraque 
et al., 2016) 

Lactobacillus 
plantarum 

 

Ca-alginate (A) 
/chitosan (Ch) 

A: water 
Ch: acidified 

water (pH 3.5) 

A: (medium viscosity) 
Ch: Mw: 70–300 kDa, DD: 

75–95% 

9.5 kV 
100 mm 
5 ml/h 

300–550 µm (Zaeim et al., 2017) 

Lactobacillus 
acidophilus 

Core: alginate (A)/ 
glycerol(G) 

Shell: egg albumen 
(EA), stearic acid (SA) 

Water A: 2.5% w/v; G: 8% w/v; EA: 
8% w/ 

8 kV 
6 cm  

10 mL/h 

450 ± 50 µm (Pitigraisorn et al., 
2017) 

Bifidobacteriuml
ongumsubsp. 
infantis CECT 

4552 

WPC, Fibersol® (F) 
Maltodextrin (M), Zein 

(Z); PVP 

F, M: water 
WPC: skimmed 

milk 
Zein: ethanol 
PVP: water 

F and M: 20wt.% 
WPC: 20 wt.% 
Zein: 12 wt.% 
PVP: 10 wt.% 

Not specified WPC: 2.47 ± 1.15μm 
F:87 ± 2.07 μm 

M: 1.95 ± 0.54 μm 

(Librán et al., 2017) 

Lactobacillus 
plantarum ATCC 

8014™and 
Bifidobacterium 

lactis BB12 

Alginate (A)/chitosan 
(Ch), Inulin (I), 

resistant 
Starch (RS) 

Water A: 50 mg/g; Mw 80-120 kDa 
Ch: 50 mg/g, MW: 70–300 

kDa; DA: 75–95% 
I: Mw 4.0–6.5 kDa; DP≥23 

RS: 50 mg/g 

9.5 kV 
100 mm 
5 mL/h 

 

460 to 710 μm (Zaeim et al., 2019)  
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*Applied voltage; Distance spinneret-collector; Biopolymer flow rate  713 
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Table 3. Overview of encapsulation studies of probiotics using electrospinning. 726 

Probiotic strain Encapsulating Material Solvent Mw / 
Concentration/other 

Processing 
Conditions* 

Average 
diameter 

Reference 

Bifidobacterium  
animalis subsp. 

lactis Bb12 

Polyvinyl alcohol (PVA) Skimmed 
milk (core) 

water (shell) 

Mw 146 000-186 000 11 kV 
13 cm  

0.06-0.3 mL/h 

150 nm (López-Rubio et al., 
2009) 

Lactobacillus 
acidophilus 

 

Soluble dietary fibers 
(SDF) from agrowastes + 

PVA  

Water PVA: 8% w/v; Mw 
85,000-124 

12 kV 
 15 cm 

0.1 mL/h 

229-703 nm (Fung et al., 2011) 

Lactobacillus 
paracaseiare 

Core: glycerol (G) 
Shell: Starch (S) 

Formic acid 
(shell) 

G: 99.5% purity 
S: 17 wt.% 

21 kV; 
2 mL/h(core) 5 mL/h(shell) 

10 cm 

4.45 ± 0.91 µm (Lancuški et al., 2017) 

Lactobacillus 
rhamnosus 

PVA 
Sodium alginate (SA) 

Water PVA: 20% (w/) 
SA: 3% (w/v)  

22 kV; 
 10 cm 

1.2 mL/h 

583.1 nm  (Zafer Ceylan et al., 
2018) 

Lactobacillus 
plantarum 

Sodium alginate (SA) 
PVA 

 

Water SA: 2% w/w 
PVA: 6% and 8%, w/w 

16 kV 
14 cm 

0.4 mL/h 

270 ± 64 nm (Feng et al., 2020). 
 

Lactobacillus 
acidophilus 016 

PVA 
Bacterial cellulose (BC) 

Water/ 
Trifluoroaceti

c acid 

BC: 5% w/w  
PVA:5% w/w 

20 kV 
20 cm 

0.5 mL/h 

450 to 800 nm (Jayani et al., 2020) 
 

Bifidobacterium 
animalis subsp. 

lactis Bb12 

Chitosan(Ch) 
Poly(vinylalcohol) (PVA) 

Inulin (I) 

Acetic acid 
Water 

Ch: 1% w/w; medium 
Mw 75–85 % DD 

PVA: 15% w/w; Mw: 
89000–98000 

18 kV 
15 cm 

0.1 mL/h 

117.5 ± 70.6 to 
217.6 ± 62.7 

nm 

(Mojaveri et al., 2020). 
 

Lactobacillus 
plantarum ATCC 

8014 

Poly(ethylene 
oxide)(PEO) 

PEO/ lyoprotectant(L) 

Water PEO: 4% w/w; Mw, 
900 kDa) 
L: 4% w/v 

15 kV 
15 cm 

0.4 mL/h 

815 ± 115 nm (Škrlec et al., 2019) 
 
 

Lactobacillus 
reuteri E81 

PVA Water Not mentioned  25 kV 
10 cm 

0.4 mL/h 

381.83 ± 
130.69 nm 

(Z. Ceylan et al., 2019) 
 

 
Lactobacillus 
paracasei KS-

Sodium alginate(SA) 
PVA 

Water PVA: 20% w/w; Mw 
130,000 Da 

15-27 kV 
6-15 cm 

 170 - 360 nm (Yilmaz et al., 2020). 
 

Jo
urn

al 
Pre-

pro
of



31 

 

*Applied voltage; Distance spinneret-collector; Biopolymer flow rate  727 

 728 

 729 

199 SA: 3% w/w, Mw: 
60,000 Da 

1.2 mL/h  
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Highlights 

 
 

1. Encapsulation of probiotics by means of an electrical field can be done using 

Electrohydrodynamic (EHD) processing technologies (electrospinning and 

electrospray). 

 
2.  EHD processes can be done using aqueous solutions, at room temperature without 

heat, and without compromising the viability and functionality of the live cells. 

 
3. EHD is a fast-drying process compatible with various food ingredients and allows very 

efficient and stable encapsulation over time. 
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