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This review aims at outlining the current state of electrospinning for the encapsulation of probiotics. A brief introduction of 
electrospinning regarding the principles, setups and affecting parameters is given. The materials and methods (hybrid, core-
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environmental stress are discussed. Potential applications of probiotic encapsulated by nanofibers including controlled 
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electrospun nanofibers for encapsulation of probiotics.  
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1. Introduction 

Electrospinning is a versatile technique for continuous 

production of nanofibers with a diameter in the range from 

nanometers to micrometers, which was first introduced in 

1934 by Formhals.[1] The electrospun fibers have been broadly 

applied in nearly all research areas, such as tissue 

engineering,[2] energy storage and conversion,[3] food 

packaging,[4] drug delivery and release,[5] catalysts,[6] sensors,[7] 

filtration,[8] etc. Electrospun nanofibers have been mostly 

studied and applied for encapsulation (antioxidants, 

antimicrobials, enzymes, and probiotics) and packaging uses 

in food industry.[9]  

As claimed by Food and Agriculture Organization (FAO) 

of the United Nations and the World Health Organization 

(WHO), probiotics are living microorganisms that, when 

administered in adequate levels, confer health benefits to the  

host.[10] These benefits include maintaining healthy gut 

microflora and providing protection against gastrointestinal 

disorders such as gastrointestinal infections, inflammatory 

bowel diseases, and some cancers. However, probiotic 

bacteria are generally very sensitive to the surrounding harsh 

environment, such as acidic, high-temperature, and high-

oxygen conditions. The encapsulation of probiotics aims to 

create a microenvironment in which the bacteria are protected 

and their metabolic activities are maintained. Thus, the 

encapsulating carrier should provide a proper 

microenvironment in which the bacteria survive during 

processing and storage and will be released at targeted sites in 

the gastrointestinal tract. The studies about the encapsulation 

of probiotics, using electrohydrodynamic (electrospinning or 

electrospray) processes, have increased in the past few years 

mainly due to their ability to produce capsules with relatively 

high encapsulation efficiency without the need of heat during 

the processing.[11] 

There have been several reviews which focused on the 

encapsulation of bioactives by electrospinning [12] and their 

applications for active packaging [4,13]. However, there are no 

reviews on the encapsulation of probiotics by electrospun 

nanofibers. Thus, this review aims at outlining the current 

state of electrospinning on the encapsulation of probiotics. A 

brief introduction about electrospinning will be given, and the 

corresponding electrospinning method and electrospun 

materials for the probiotic encapsulated nanofibers will be 

summarized. The effect of electrospinning process and 

nanofiber structure on the viability of probiotics and the 
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potential applications of the probiotic encapsulated nanofiber 

will be discussed. At last, the limitations of current studies and 

challenges for future research will be addressed. It is 

anticipated that the review would provide better understanding 

of the current research status of electrospun nanofibers for the 

encapsulation of probiotics.  

 

 
Fig. 1 The basic setup of solution electrospinning. 

 

2. Introduction of electrospinning 

Electrospinning involves an electrohydrodynamic process, 

during which a liquid droplet is electrified to generate a jet, 

followed by stretching and elongation to generate fibers. Fig. 

1 shows the basic setup of electrospinning, which is the most 

common setup in laboratory. The setup composes of a syringe 

pump, a spinneret, a high voltage supply, and a collector. 

During electrospinning process, the polymer solutions are 

pumped into the spinneret, where a high voltage is supplied by 

either direct current or alternating current. The liquid droplet 

is electrified to generate a Taylor cone due to the electrostatic 

repulsion among the surface charges. The jet initially extends 

in a straight line and then undergoes vigorous whipping 

motions because of bending instabilities. As the jet is stretched 

into finer diameters, it solidifies quickly, leading to the 

deposition of solid fibers on a grounded collector. In general, 

the electrospinning process can be divided into four 

consecutive steps: (i) charging of the liquid droplet and 

formation of Taylor cone or cone-shaped jet; (ii) extension of 

the charged jet along a straight line; (iii) thinning of the jet in 

the presence of an electric field and growth of electrical 

bending instability (also known as whipping instability); and 

(iv) solidification and collection of the jet as solid fibers on a 

grounded collector.[14] Principally, the electrospinning systems 

can be classified into two major categories: (i) solution 

electrospinning and (ii) melt electrospinning. Even though 

there are several electrospinning systems, the literature reports 

have showed that the electrospun probiotic encapsulated 

nanofibers were mainly produced using a conventional nozzle 

based solution electrospinning system, as shown in Fig. 1. 

Various morphologies of nanofibers can be fabricated by 

electrospinning, such as bead-string, uniform, porous, oriented, 

spider net, tree-like fibers, etc. The parameters affecting fiber 

morphology are normally classified into three categories, 

namely the properties of polymer solutions, the processing 

conditions, and the environmental parameters. The polymer 

type, concentration, and solvent properties contribute to the 

viscosity, conductivity, and surface tension, which are the 

normal solution parameters in literatures. The process 

parameters are monitored by the flow rate of extrusion, 

applied voltage and tip to collector distance. The major 

environmental conditions are temperature and humidity. All of 

the above parameters contribute to the tunable morphologies 

and properties of electrospun fibers.[15]  

 

 
Fig. 2 Electrospinning setups based on various nozzle types, collectors, and tip-collector distances.
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Table 1 The electrospun parameters of probiotic encapsulated nanofiber fabrication and fiber diameter. 

Encapsulated 

microorganism 

Electrospun polymer Electrospinning 

method 

Electrospun 

parameter 

Nanofiber 

average 

diameter 

References 

Bacteria 

(Escherichia coli and 

Staphylococcus 

albus) and viruses 

(T7, T4, λ) 

14% w/w poly(vinyl alcohol) (PVA) 

aqueous solution 

Single nozzle, 

rotating disc 

collector 

0.2 - 0.5 

mL/h, 1.1 

kV/cm, 12 

cm 

250 - 400 

nm 

[25] 

Bifidobacterium 

animalis subsp. lactis 

Bb12 

Shell: 10% w/w PVA aqueous solution 

Core: cells suspended in skimmed milk 

Core-shell 

nozzle, plate 

collector 

0.06 - 0.3 

mL/h, 11 kV, 

13 cm 

150 nm [20] 

Lactobacillus 

plantarum 423 

18% (w/v) Polyethylene oxide (PEO) 

aqueous solution 

Single nozzle, 

plate collector 

15 kV, 15 cm 288 nm [27] 

Lactobacillus 

acidophilus FTDC 

8933 

Soluble dietary fiber solutions 

amended with 8% (w/v) PVA aqueous 

solution  

Single nozzle, 

plate collector 

0.1 mL/h, 12 

kV, 15 cm 

229 - 730 

nm 

[37] 

Lactobacillus gasseri 

3143 

10% w/w PVA aqueous solution Single nozzle, 

drum collector 

12 kV, 10 cm 240 - 260 

nm 

[28] 

Lactobacillus 

acidophilus B1075 

10% w/w PVA, 45% w/w PVP K30, 

20% w/w PVP 90* 

Single nozzle, 

plate collector 

35 kV, 15 cm 150 - 600 

nm 

[39] 

Escherichia coli 

strain Nissle 1917 

(EcN) 

Shell: 15% (w/v) PELA solutions in 

dichloromethane/dimethylformamide 

mixtures (9/1, v/v) containing NaCl 

microparticles 

Core: bacterial in PVP or glycerol 

aqueous solution 

Core-shell 

nozzle, plate 

collector 

6 mL/h for 

shell and 1 

mL/h for 

core, 20 kV, 

15 cm 

200 - 600 

nm 

[40] 

Lactobacillus 

rhamnosus 

20% (w/v) PVA, 3% (w/v) SA, and L. 

rhamnosus were mixed in a ratio 7:1:2 

(v/v/v), 60-522 nm 

Single nozzle, 

plate collector 

1.2 mL/h, 22 

kV, 10 cm 

60 - 522 

nm 

[29] 

L. casei, L. 

paracasei, L. 

plantarum, L. 

acidophilus, B. 

adolescentis and B. 

bifidum 

6% w/w PVA solution and that with 

2.5% w/w fructooligosaccharides 

(FOS) 

Single nozzle, 

plate collector 

0.3 - 0.6 

mL/h, 16 kV, 

14 cm 

410 nm [24] 

Probiotic strain 

25.2.M** 

4% PEO or 2.4% chitosan and 1.6% 

PEO (w/v) in 1% (v/v) acetic acid  

Single nozzle, 

plate collector 

0.4 - 0.5 

mL/h, 15 - 

20 kV, 15 cm 

250 nm [38] 

Lactobacillus 

plantarum No. 23941 

The cellulose acetate nanofiber were 

dipped into 5 mL MRS broth and then 

1% L. plantarum inoculated broth was 

added.  

- - 390 nm [36] 

Enterococcus mundtii 

QAUEM2808 

PVA (10% w/v), PVP (15% w/v), and 

glycerol (18% v/v) were mixed at 3:3:2 

(v/v) 

Single nozzle, 

plate collector 

0.6 mL/h, 16 

kV, 15 cm 

318 nm [32] 

Lactobacillus 

plantarum ATCC 

8014 

4% PEO or that with sucrose or 

trehalose dihydrate (4% (w/v)) 

Single nozzle, 

plate collector 

0.4 mL/h, 15 

kV, 15 cm 

135 nm [23] 

Ten species of lactic 

acid bacteria 

4% (w/v) PEO aqueous solution Single nozzle 0.4 mL/h, 15 

kV, 15 cm 

93 - 136 

nm 

[26] 

Bifidobacterium 

animalis 

1 wt% CS in acetic acid (0.5 M) and 15 

wt% PVA aqueous solution were 

Single nozzle, 

drum collector 

0.1 mL/h, 18 

kV, 15 cm 

117 - 217 

nm 

[21] 
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subsp. lactis Bb12 

PTCC1736 

mixed at 10/90 (w/w) 

Lactobacillus 

paracasei KS-199 

20% (w/v) PVA aqueous solution: 3% 

(w/v) sodium alginate aqueous 

solution: strain solution (7:1:2, v/v/v) 

Single nozzle, 

plate collector 

1.2 mL/h, 22 

kV, 10 cm 

842 nm [22] 

Lactobacillus 

plantarum 

Shell: 8% w/w PVA:2% w/w SA, 8:2 

(v/v) 

Core: 6% w/w PVA and 20 μL of cell 

pellet suspension 

Core-shell 

nozzle 

Shell and 

core 0.4 

mL/h, 16 kV, 

14 cm 

270 nm [41] 

Lactobacillus 

acidophilus 016 

5% Bacterial cellulose dissolved in 

trifluoroacetic acid solution was 

amended with an equal volume of 5% 

PVA solution  

Single nozzle, 

plate collector 

0.5 mL/h, 18 

kV, 18 cm 

576 nm [42] 

**A strain isolated from the oral microbiota of healthy volunteers and identified as Bacillus sp., which is closely related to Bacillus methylotrophicus 

strains. 
 

Additionally, various modifications of the electrospinning 

setup can be used to regulate the fiber collection, geometry, 

and orientation, allowing the fabrication of nanofibers for 

widespread applications[16] (Fig. 2). The structure of 

nanofibers can be tailored to be core-shell. The coaxial setup 

is a preferred processing method for encapsulation of living 

organisms, as the biological solution goes through an 

independent circuit and only comes into contact with the 

encapsulating matrix upon contact with the needle tip. Ultra-

thin nanofibers can be fabricated by air-assisted 

electrospinning, and Janus nanofibers can be fabricated by 

using appropriate nozzles. Randomly orientated nanofibers 

can be collected on a grounded plate, while aligned nanofibers 

can be collected on parallel electrodes and high-speed drums. 

During electrospinning, the tip collector distance would affect 

the evaporation time of flying jets. The conventional 

electrospinning is typically conducted in the distance between 

5 - 25 cm with the application of a high voltage (10 - 20 kV). 

When the distance is reduced to 500 μm - 5 cm, near-field 

electrospinning is attained, by which the jet is impacted onto 

the collector within the straight segments. Electro-blowing 

spinning (EBS) is a combination of solution blowing and 

electrospinning, which is potential for large-scale production 

of nanofibers with tailored structures. The tip-collector 

distance of EBS can be as far as 80 - 100 cm.[17, 18] Even though 

the existence of numerous electrospinning systems, literatures 

regarding the encapsulation of probiotics have mainly focused 

on the conventional solution electrospinning with a normal 

single nozzle and a plate or drum collector (Table 1).  

 
Fig. 3 Classification of probiotics (a), probiotics were immobilized on polymer nanofibers after electrospinning, reproduced with the 

permission from [36] (b), SEM images of probiotic encapsulated nanofibers by blend electrospinning and core-shell electrospinning: 

c1 reproduced with the permission from [20] c2 reproduced with the permission from [37], c3 reproduced with the permission from 

[38], c4 reproduced with the permission from [21].  
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3. Probiotic encapsulated by nanofibers 

Probiotics have been encapsulated in a range of delivery 

systems to enhance the resistance to unfavorable conditions 

and to maintain the viability during processing, storage and 

digestion so as to colonize the colon. The development of 

delivery systems for biologically active compounds in food 

systems is an important issue in modern food technology. 

Recently, due to the advantages of large-scale production, 

efficient encapsulation and enhanced stability of cells 

achieved by the use of food grade polymers and biopolymers, 

several studies used the electrospinning technique to 

encapsulate probiotic bacteria. Table 1 lists the encapsulated 

microorganisms, electrospun materials and parameters, and 

average diameter of the nanofibers in the published literatures. 

Most of the probiotics are lactic bacteria belonging to 

Lactobacillus and Bifidobacterium, as well as other bacterial 

genera and yeasts. The probiotic encapsulated nanofibers were 

normally fabricated by blend electrospinning, coaxial 

spinning, and post immobilization (Fig. 3). Usually the 

unloaded nanofiber mats had a uniform, smooth and bead-free 

structure. As shown in the SEM images from literatures, the 

encapsulation of probiotics yielded in the ‘string and beads’ or 

spindle fiber structure, due to the size of probiotics that 

overwhelmed the fiber diameter.[19] 

To maintain the viability of probiotics, the electrospinning 

materials are limited to the ones that can be successfully 

electrospun in water or weak acid solution (e.g. acetic acid 

aqueous solution). As shown in Table 1, synthetic polymers or 

a mixture of synthetic polymers and biopolymers have been 

used for the encapsulation of probiotics. Several 

biodegradable/biocompatible synthetic polymers can be 

directly electrospun into ultrathin fibrous matrices. Among 

them, PVA, PEO, and PVP are commonly chosen for easy 

electrospinning in aqueous solutions. PVA is used as the most 

popular encapsulating material because it is generally 

recognized as safe (GRAS) and has a high oxygen barrier 

property, and it is also water soluble allowing easy recovery of 

the bacteria.[4] The encapsulation of the strain Bifidobacterium 

animalis subsp. lactis Bb12 was reported by using an 

electrospinning coaxial setup.[20] The core solution was 

skimmed milk suspended with the B. animalis subsp. lactis 

Bb12 cells, and PVA was used to prepare the shell solution. 

The viability was preserved within the PVA fibers for 40 days 

at room temperature and 130 days under refrigeration 

conditions, whereas a decrease in the cell viability was 

observed for unencapsulated bacteria under the same 

conditions. 

Biopolymer/synthetic polymer hybrid nanofibers have also 

been reported. Mojaveri, Hosseini and Gharsallaoui [21] 

fabricated B. animalis subsp. lactis Bb12 encapsulated 

chitosan/PVA nanofibers loaded with inulin as a prebiotic. 

Compared with pure PVA nanofibers, the hybrid chitosan/PVA 

nanofibers provided better protection for the encapsulated 

bacteria, which might be attributed to the intermolecular 

hydrogen bonds between chitosan and PVA. The addition of 

inulin as a prebiotic improved the viability (only 0.06 - 0.2 

log10 CFU/mL reduction) when exposed to the simulated 

gastric and intestinal fluids, in agreement with the 

observations by Yilmaz, Taylan, Karakas and Dertli [22] (Fig. 

4).  

 

 
Fig. 4 Flowchart showing the fabrication of alginate nanofibers to increase the viability of the encapsulated probiotics, reproduced 

with the permission from [22].
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Table 2. The viability of microorganisms after electrospinning and the main results of recent literatures. 

Viability after 

electrospinning 

Probiotic loading Main results Application References 

Escherichia 

coli, 19%; 

Staphylococcus 

albus, 100% 

- All the microorganisms maintained their viability in nanofibers for 

3 months at -20 and -55 ℃. 

- [25] 

Nearly 100% 1 × 1010 CFU/mL B. animalis Bb12 remained viable within the PVA fibers for 40 days 

at room temperature and 130 days under refrigeration conditions, 

respectively.  

- [20] 

83.7% 4.7 × 108 

CFU/mL 

Cells entrapped in the nanofibers were able to produce plantaricin 

423, which inhibited the growth of E. faecium HKLHS 

Antimicrobial 

film 

[27] 

78.6% - 90% 7.51 - 9.39 log10 

CFU/g 

Bacteria maintained the viability at refrigeration temperature during 

21 days of storage. 

Oral 

consumption 

[37] 

About 90% - The living cells of L. gasseri can be successfully encapsulated in 

PVA matrix via electrospinning and can be delivered to intestinal 

tract. 

Oral 

consumption 

[28] 

40 - 68% 8.65 - 9.28 log10 

CFU/g 

The nanofibers provided a long-term stability for huge amounts of 

living bacteria if kept at (or below) 7 ℃. 

Treatment of 

bacterial 

vaginosis 

[39] 

48% 5 × 108 CFU/g Bacteria were grafted on the fibers by covalent binding and affinity 

adsorption, and a high bacterial viability was achieved at over 92%.  

Drug delivery [40] 

93% 8.88 log10 CFU/g Fructooligosaccharides addition improved the viability of L. 

plantarum during electrospinning and the bacterial survivability 

under heat treatment.  

Oral 

consumption 

[24] 

90% 9 log10 CFU/g Bacteria were slow released from chitosan/poly(ethylene oxide) 

nanofibers with antimicrobial activity against aggregatibacter 

actinomycetemcomitans. 

Tissue 

engineering 

[38] 

- 11 log10 CFU/g L. plantarum cells loaded in nanofibers remained at 11 log10 CFU/g 

in fermented milk throughout the reusable batches, compared to the 

required value of 7 log10 CFU/g in commercial products. 

Milk 

fermentation 

[36] 

- 8.5 log10 CFU/g The probiotic encapsulated nanofiber scaffolds accelerated the burn 

wound healing process with a wound closure ratio of 80% at 18 d. 

while the untreated group only showed 40% wound closure at 18 d. 

Tissue 

engineering 

[32] 

76% 7.6 × 1011 CFU/g The presence of amorphous lyoprotectant (especially trehalose) in 

the nanofibers promoted the L. plantarum survival over 24 weeks 

at low temperatures.  

- [23] 

67.6% -98.9% 5.91 - 9.38 log10 

CFU/g 

All of the ten species of Lactobacilli were viable after incorporation 

into nanofibers, with 0 - 3 log10 CFU/mg loss in viability. 

Bacterial 

delivery 

[26] 

89.1% 8.37 - 8.44 log10 

CFU/mL 

In comparison to free cells, the survivability of cells enclosed in 

chitosan/PVA/inulin electrospun fibers were remarkably increased 

under simulated gastric and intestinal fluids. 

Oral 

consumption 

[21] 

85.87% 8.57 log10 CFU /g,  The nanoencapsulation of the probiotic strain enhanced its survival 

in simulated gastric fluids and improved its viability in kefir. 

Oral 

consumption 

[22] 

90.7% 9.45 log10 CFU/g The encapsulation of probiotic cells in the core-shell fibers 

enhanced the tolerance to simulated gastric conditions. 

Oral 

consumption 

[41] 

71.1% 10.72 log10 

CFU/25 cm2 

L. acidophilus 016 was successfully immobilized onto the bacterial 

cellulose nanofibers, and maintained its viability during the storage 

for 24 d at 37 ℃. 

Bacterial 

delivery 

[42] 

 

The encapsulation of probiotics within nanofibers aims at 

the protection of probiotics to enhance the viability during 

processing, storage, and consumption. Hence, the effects of 

electrospinning process on the viability of probiotics have 

been a research focus, which is summarized in Table 2. The 

decrease in the viability of probiotics after electrospinning can 

be attributed to a drastic change in the osmotic environment 

due to the rapid evaporation of water upon electrospinning. 

The high voltage applied in the electrospinning process is 

expected to be harmful to the probiotics, although it is 
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necessary for the nanofiber production. Škrlec, Zupančič, 

Prpar Mihevc, Kocbek, Kristl and Berlec [23] studied the effect 

of voltage on the viability of L. plantarum cells, and found that 

the cells showed greatest viability at 15 kV (0.81 log reduction 

in viable L. plantarum, compared to the theoretical loading). 

A decreased viability was observed when the voltage was 

increased to 20 kV (2.03 log reduction) or decreased to 10 kV 

(1.30 log reduction). Additionally, the electrospinning at 10 

kV was less efficient than at 15 kV or 20 kV, and resulted in a 

lower speed of fiber production. However, Feng, Zhai, Zhang, 

Linhardt, Zong, Li and Wu[24] demonstrated that as the applied 

voltage increased from 10 to 16 kV, there was no significant 

difference for the viability of the L. plantarum cells, and the 

loaded cells retained a high viability even after being subjected 

to a high voltage. However, the relative humidity of 55% 

during the electrospinning resulted in a higher cell viability 

(1.02 log10 reduction, in comparison to the theoretical loading), 

compared to 20% relative humidity (1.81 log10 reduction).[23] 

Some additives in the electrospinning solutions can 

provide effective protection on the encapsulated probiotics 

during electrospinning. Salalha, Kuhn, Dror and Zussman[25] 

found that glycerol entered E. coli by diffusion without 

chemical modification, but might protect the cells from rapid 

dehydration that was expected to occur. It has been also 

reported that the addition of prebiotics (fructooligosaccharides) 
[24] or lyoprotectants (sucrose or trehalose dihydrate)[23] in 

spinning solutions could improve the viability of the 

encapsulated probiotics. Zupani, Škrlec, Kocbek, Kristl and 

Berlec [26] encapsulated ten species of lactic acid bacteria in 

PEO nanofibers, and found that the loss of viability was 

correlated with the hydrophobicity of the bacterial cells. The 

hydrophilic bacteria showed a significantly higher decrease in 

the viability than the hydrophobic ones, suggesting that the 

hydrophobic molecules (e.g., exopolysaccharides) at bacteria 

surface offer better protection during their incorporation 

intonanofibers.  

It has been reported that smaller cells and Gram-positive 

bacteria are more resistant to the process of electrospinning.[27] 

In general, the width or length of the cells does not correlate 

with the bacteria viability. Due to the sink-like flow at the 

Taylor cone, the rod-like bacteria are gradually oriented, 

mainly along the stream lines, so that the aligned organisms 

are pulled into the jet in an almost oriented manner.[25] Zupani, 

Škrlec, Kocbek, Kristl and Berlec[26] compared the horizontal 

and vertical electrospinning setups, and found no significantly 

difference in the viability of the encapsulated probiotics after 

electrospinning. 

 

4. Applications of probiotic encapsulated nanofibers 

4.1 Controlled delivery 

To date, electrospinning represents a promising method for 

incorporation of probiotics into the prepared nanofibers as a 

solid delivery system in a single step. The electrospun 

nanofibers protect the probiotics from the harsh gastric fluid 

for intestinal colonization. Amna, Hassan, Pandeya, Khil and 

Hwang [28] found that the encapsulated Lactobacillus gasseri 

within PVA nanofibers were viable for months in vitro. The 

mice fed with the encapsulated L. gasseri showed a weight 

gain (29 g) characteristics, compared with the uninoculated 

control group (26.5 g). Mojaveri, Hosseini and Gharsallaoui 
[21] tested the survivability of B. animalis Bb12 under 

simulated gastric (SGF) and intestinal fluids (SIF) by 

fluorescent staining of bacterial and plate count. The 

fluorescent density decreased significantly after exposure to 

SGF, while decreased slightly after exposure to SIF (Fig. 5). 

The survived probiotics meet the proposed minimum number 

of live probiotic bacteria in food to provide health advantages 

to the host was 6-7 log10 CFU/mL or gams of the food. 

 

4.2 Active packaging 

The electrospun nanofibers with functional antioxidant or 

antimicrobial properties have been extensively studied. The 

probiotic strains, such as Lactic Acid Bacteria (LAB), may 

play an important role in food preservation. The acidic 

environment produced by probiotics can inhibit the growth of 

some harmful bacteria species. Ceylan, Meral, Cavidoglu, 

Yagmur Karakas and Tahsin Yilmaz [ 2 9 ]  fabricated 

Lactobacillus rhamnosus-loaded PVA/sodium alginate 

nanofibers, and found that the fibers provided higher 

atherogenic and thrombogenic indices compared to the 

unloaded ones. In addition, the monounsaturated and 

polyunsaturated fatty acids showed a higher stability in the 

fish fillets coated with the fibers, compared to the uncoated 

fillets. In a recent report, [30] the L. rhamnosus loaded 

PVA/sodium alginate nanofibers were found to delay the 

 
Fig. 5 Fluorescence microscopy images and viability of FDA-stained B. animalis Bb12 encapsulated within CS/PVA/INU nanofibers 

immediately after electrospinning (a) and after exposure to SGF (b), SIF (c) (Copyright 2020, Elsevier). 
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Fig. 6 Schematic illustration of the wound healing effect of probiotic (Enterococcus mundtii QAUEM2808) encapsulated nanofibers 

as a bioscaffold, reproduced with the permission from [32]  

 

growth of total mesophilic aerobic bacteria and psychrophilic 

bacteria counts up to 38%. These results suggested the use of 

L. rhamnosus-loaded nanofibers for delaying microbial 

growth in fish fillets as a novel technique. 

 

4.3 Tissue engineering 

Until recently, there have been a few reports on the potential 

use of probiotics for tissue engineering.[31] In the case of 

psoriasis, where dysbiosis is associated with skin 

inflammation, probiotics have been suggested to restore 

commonly occurring resident microbes that are diminished 

when the disorder is present. Other reported benefits from the 

ingestion of probiotics include the healing of burns and scars, 

the rejuvenated skin tissues, the protection against ultraviolet 

rays, and the improved innate immunity. Khan, Hussain, Ali, 

Qamar, Imran and Hafeez[32] fabricated the probiotic 

(Enterococcus mundtii QAUEM2808)-functionalized 

nanocomposite scaffolds of poly(vinyl 

alcohol)/poly(vinylpyrrolidone)/glycerol via electrospinning, 

and demonstrated that the probiotic active bioscaffold 

membrane could serve as a novel candidate to control 

infections and speed up the healing of burn wounds on the 

dorsum of male Balb/c mice (Fig. 6). 

 

5. Conclusions and challenges 

Research studies are increasing on the encapsulation of 

probiotics by electrospinning, but there are still some 

challenges that need to be addressed: 1) spinnability of the 

potential biopolymers; 2) improved productivity; and 3) 

investigation on the size-functionality of nanofibers. 

To expand the potential applications of electrospinning 

technology, researchers should consider the safety of the wall 

materials for the encapsulation of probiotics and optimize the 

electrospinning parameters so as to maintain the viability of 

probiotics. Numerous biopolymers have been successfully 

electrospun alone,[33] while the fabrication of the probiotic 

encapsulated nanofibers has to rely on synthetic polymers. It 

seems that the most promising biopolymers for encapsulating 

probiotics to maintain its viability are sodium alginate and 

gelatin, since sodium alginate can be successfully electrospun 

in water/glycerol (2/1, v/v) solution[34] and gelatin can be 

electrospun in pure water during electrospinning.[35]  

Until now, the traditional single needle solution 

electrospinning setups have been used to fabricate nanofibers 

with encapsulation of probiotics. However, by using various 

types of electrospinning setups, the nanofibers with controlled 

size and orientated structure can be fabricated. The effects of 

the fiber size and structure on the encapsulation, 

immobilization, and viability of probiotics should be fully 

explored in future. With the increasing concerns on the 

relationship of microbiota and human health, probiotics 

encapsulated by nanofibers can have the potentials to be a 

promising hotspot in the food industry.  
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