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Abstract: Encapsulation of bacteria into a polymer matrix can potentially enhance the delivery 4 

of probiotics. In this study, we present a multilayer electrospun construct to facilitate enhanced 5 

delivery of probiotics, where the internal layer is loaded with bacterial cells and the external layers 6 

sandwich the internal layer for increased protection and potential mucoadhesion properties. In this 7 

proof of concept study, Lactobacillus rhamnosus GG (LGG), which is a robust and well-studied 8 

probiotic strain, was encapsulated into pullulan nanofibers, with two electrospun PLGA (Poly-9 

lactic-co-glycolic acid) layers covering it. According to our in vitro study, there was a large 10 

decrease in the viability of LGG released from the monolayer sample (LGG:pullulan). However, 11 

the multilayer construct maintained excellent viability and an acceptable storage potential. Our in 12 

vivo competition study showed that LGG, delivered by multilayer construct, were able to survive 13 

intestinal transit and were recovered from all segments of the intestine. Not only did the multilayer 14 

construct perform as well as non-encapsulated spray-dried cells in terms of viability and 15 

establishment of LGG, but it also showed some cases of increased LGG colonization from fibers 16 

in jejunum and cecum compared to spray-dried LGG three days after dosage. We believe, the 17 

multilayer construct has the potential to enhance the delivery of the strains that require additional 18 

protection, and can benefit from mucus embedment with the help of the covering layers. 19 

Particularly, the use of electrospun fibers for the protection of next-generation probiotics sensitive 20 

to oxygen and/or gastric conditions could have major commercial interest.  21 

Keywords: Probiotics, Electrospinning, Multilayer nanofibers, Viability, Rat model, 22 

Colonization 23 

 24 
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Highlights: 1 

1. Multilayer electrospun construct for enhanced encapsulation/delivery of probiotics 2 

2. Higher viability of LGG from multilayer construct compared to monolayer construct 3 

3. Multilayer construct as good as spray-dried cells in establishment of LGG in vivo 4 

4. We recommend layered structure for encapsulation of next generation probiotics 5 

 6 

1. Introduction 7 

Probiotics are defined as live microorganisms, which when administered in adequate amounts, 8 

confer a health benefit to the host (FAO/WHO (Food and Agriculture Organization/World 9 

Health Organization), 2001). Strains of the genera Bifidobacterium, Lactobacillus, other lactic 10 

acid bacteria, such as Lactococcus spp. and Streptococcus spp., as well as strains of the fungi 11 

Saccharomyces (Ansari et al., 2019; Macfarlane & Cummings, 1999; Sanders et al., 2019)  are 12 

largely available in commercial products, foods and dietary adjuncts. In recent years, also 13 

anaerobic bacteria including Roseburia spp., Akkermansia spp., and Faecalibacterium 14 

prausnitzii have shown potential for future application as probiotics (Sanders et al., 2019).  15 

Probiotics can positively stimulate the immune system and change the cytokine expression by 16 

inducing distinct mucosal cytokine profile and helping to modulate the host immune response 17 

(Perdigón et al., 2002; Shokryazdan et al., 2017).  18 

Probiotics have been extensively studied as a treatment supplement for various diseases, such as 19 

diarrhea caused by pathogenic bacteria and viruses (Monachese et al., 2011; Szajewska et al., 20 

2001), obesity (Chen et al., 2014), diabetes (Lindsay et al., 2015), cancer (Serban, 2014), 21 

inflammatory diseases, and irritable bowel syndrome (Claes et al., 2010; Gupta et al., 2000). 22 

Since probiotic products are considered safe for human use, there have been several efforts to 23 

increase their efficacy for multiple health-related applications. In general, probiotics are 24 

expected to fulfil some general criteria including survival of formulation conditions, resistance 25 

to intestinal enzymes, and capacity for intestinal colonization.  26 

Probiotics need to be metabolically stable and survive the passage through the stomach to reach 27 

the intestines, and then confer health-enhancing proprieties. Studies suggest lower survival of 28 

probiotics in food products (Terpou et al., 2019).  Factors such as oxygen, pH, and storage 29 
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temperature affect the viability of the microorganism (Martín et al., 2015). In a recent study by 1 

Mojaveri et al., Bifidobacterium animalis showed to be successfully encapsulated into 2 

PVA/chitosan/inulin (Mojaveri et al., 2020). It has been shown that encapsulation of the 3 

bacteria in a polymer matrix may lead to enhanced delivery of probiotics since this reduces the 4 

exposure to the environment, in particular, during storage and passage through the acidic 5 

stomach. In fact, the polymeric carrier behaves as a physical barrier, and provides controlling 6 

release at the target tissue (Asgari et al., 2020; Cook et al., 2012; Mandal & Hati, 2017). Among 7 

different encapsulation methods, electrospinning has shown great potential for the encapsulation 8 

of bioactive agents and microorganisms (Asgari et al., 2020; Deng & Zhang, 2020; Feng et al., 9 

2017; Wen et al., 2017). Electrospinning applies an electric force to form charged threads of a 10 

polymer solution into micro/nanofibers. This technique is simple, cost-effective, and provides 11 

users with a wide range of available biopolymers to meet a case-specific requirement(Feng et 12 

al., 2018; Ma et al., 2021; Škrlec et al., 2019). These characteristics make the technique superior 13 

to conventional microencapsulation systems, which usually involve high temperatures or 14 

organic agents resulting in the killing of probiotic cells (Salar-Behzadi et al., 2013; Šipailienė & 15 

Petraitytė, 2018). Thus far, most of the attention in the use of electrospinning has been focused 16 

on the encapsulation of probiotics into a mono-layer electrospun layer made up of different 17 

biopolymers (with or without additives) (Diep & Schiffman, 2021; Ma et al., 2021), where 18 

comparable/enhanced survival and viability compared with other conventional techniques (Ma 19 

et al., 2021; Škrlec et al., 2019) are demonstrated. In this study, our aim was to design and apply 20 

a multi-layered electrospun construct, where spray-dried probiotic bacteria are encapsulated in 21 

the inner layer, and outer layers provide further protection. Our three-layer construct was 22 

designed to consist of an inner hydrophilic and water-soluble layer for safe encapsulation of 23 

probiotic cells, and two outer hydrophobic layers to improve the storage potential, to confer 24 

stability and protection against the immediate release of probiotics into the stomach, and to 25 

confer extracellular matrix (ECM)-like mucoadhesive properties to the construct. We used an 26 

edible water-based polysaccharide (pullulan) for safe encapsulation of the bacteria, and a 27 

hydrophobic polymer (PLGA) for protection of the inner layer during storage and for assistance 28 

with enhanced delivery of probiotics during GI tract transition. PLGA is extensively applied as a 29 

delivery vehicle for biologics thanks to its biocompatibility and biodegradability (Milosevic et 30 

al., 2020; Stojanov & Berlec, 2020). 31 
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We anticipate that new delivery methods will be required for the delivery of next-generation 1 

probiotics (Ropot et al., 2020; Sun et al., 2019) due to the obligate anaerobic nature of many of 2 

these bacteria. Furthermore, we believe that multi-layer nanofibrous constructs might be an 3 

applicable solution. In this proof of concept study, we worked with Lactobacillus rhamnosus GG 4 

(LGG), which is a robust and  well-studied probiotic strain (Gorbach et al., 1987). In vitro 5 

viability tests and in vivo competition studies were performed to compare the viability and 6 

establishment of LGG either in the form of non-encapsulated spray-dried cells or spray-dried 7 

cells encapsulated into multi-layer electrospun nanofibers. To the best of our knowledge, no 8 

previous studies have investigated delivery of probiotic strains using multilayer electrospun 9 

nanofiber in in vivo models. 10 

 11 

2. Experimental section 12 

 13 

2.1.  Materials 14 

Pullulan was kindly provided by HAYASHIBARA CO., LTD (Japan). PLGA (poly (D,L-15 

lactide-co-glycolide); with a lactide: gly-colide ratio 50: 50; molecular weight 54,000-69,000 16 

g/mol was purchased from Sigma-Aaldrich, Denmark. Chloroform (analytical grade), 17 

Dimethylformamide (DMF) (analytical grade), and Hexamethyldisilazane (HMDS) were 18 

obtained from Merck (Germany). Streptomycin, Rifampicin, Trehalose, and RSM (skim milk 19 

powder) were purchased from Sigma-Aaldrich, Denmark. All solvents were used as received 20 

without further purification. Sterile MilliQ water was used as the solvent for pullulan. 21 

Lactobacillus rhamnosus GG strain resistant either to streptomycin or rifampicin was used in the 22 

following experiments. 23 

 24 

2.2. Spray-drying of bacteria 25 

In order to perform an in vivo competition study and to distinguish between the original source of 26 

the dosed bacteria, spontaneous resistance to either streptomycin or rifampicin was induced in 27 

Lactobacillus rhamnosus GG strain (ATCC 53103) by plating 100 µL of serial dilutions onto De 28 

Man, Rogosa and Sharpe agar (MRS) plates supplemented with 100 µg/mL streptomycin or 50 29 
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µg/mL rifampicin, respectively. Antibiotic resistance was verified by re-inoculating isolated 1 

resistant cultures on MRS plates supplemented with 100 µg/mL streptomycin or 50 µg/mL 2 

rifampicin.  Growth rate of the spontaneous mutant strains was determined to verify that the 3 

introduction of spontaneous resistance did not lead to the loss of bacterial fitness (supplemental 4 

material Fig. 1S). Stock cultures were stored in 20% sterile glycerol at -80 ℃ until use. 5 

Overnight cultures of the mutant strains were centrifuged and re-suspended in 25 ml of 20% 6 

filtered sterile solutions of trehalose solution and 20% of RSM (skimmed milk powder), 7 

respectively and thereafter spray-dried (Büchi, mini Spray Dryer), (Tinlet = 220 °C, Toutlet = 8 

approximately 145 °C). Enumeration of colony-forming units (CFUs) was performed to 9 

determine the number of viable bacteria per gram of powder after the drying procedure. 10 

2.3. Micro-encapsulation of the spray-dried bacteria 11 

 12 

a) Preparation of Pullulan solution and bacteria-containing pullulan suspensions  13 

 14 

For preparing LGG suspension in pullulan (LGG:Pull) for electrospinning, a solution of pullulan 15 

in sterile MilliQ water (20% w/v) was prepared by adding the polymer powder into purified 16 

water on a magnetic stirrer at 400 RPM and room temperature (25°C) until complete dissolution 17 

was achieved (overnight dissolution). Then, the Pull solution was sterile-filtered and the spray-18 

dried LGG containing approximately 107 CFU/g was added to the pullulan solution under sterile 19 

condition within a laminar flow hood, vortexed (for uniform distribution), and mixed manually 20 

(to avoid bubble formation) with the pullulan solution to make different final concentrations of 21 

LGG:Pull of 33% and 50% (w/w), respectively. We applied spray-dried LGG to the 22 

electrospinning solution (pullulan) to make sure the same probiotic batches have been applied in 23 

both in vitro and in vivo competition studies, and outcomes are comparable. 24 

 25 

 26 

b) Electrospinning procedure 27 

 28 

Different concentrations of LGG suspensions in pullulan (LGG:Pull as 33% and 50% (w/w)) and 29 

a pure pullulan solution of 20% (w/v) were used for electrospinning(Rezaul Karim et al., 2009). 30 

A customized conventional electrospinning system including a high voltage source (Glassman, 31 
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FJ50P2.4-F22), a syringe pump (Aladdin, AL-1000) connected to a syringe with 21 G 1 

hypodermic needle, and a static collector was used for electrospinning. The surface of the 2 

grounded collector was covered with aluminum foil to facilitate the collection of spun fibers. 3 

The optimized spinning parameters were set to a feeding rate of 1 ml/h for pure pullulan and 4 

0.4 mL/h for LGG:Pull suspensions, voltage of 14-16 kV, needle tip to collector distance of 15 5 

cm, humidity of 35% and temperature of 25 °C. The electrospinning chamber including the 6 

pump and the collector was disinfected by EtOH 70% prior to starting each electrospinning 7 

procedure.  8 

2.4. Multi-layer construct of PLGA-Pull-PLGA 9 

 10 

A three-layer electrospun construct of PLGA-Pull-PLGA (Fig. 1A) was designed and 11 

developed using continuous electrospinning of PLGA, LGG:Pull and PLGA so that the 12 

thickness of each layer was 15, 60, and 15 µm (Fig. 2B),  respectively. The addition of the two 13 

PLGA electrospun sheets was performed to protect the pullulan layer from fast dissolution in 14 

the intestinal lumen. For PLGA electrospinning, a 20% solution of PLGA in Chloroform/DMF 15 

(90:10 v/v) was prepared as described earlier(Ajalloueian et al., 2014).  16 

 17 

 18 

 19 
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Fig. 1: Multilayered fibrous structure of PLGA-Pull-PLGA. Schematic representation of the layer-by-1 

layer electrospinning (PLGA, LGG:Pull) as shown in (A) is applied to fabricate a three-layer electrospun 2 

construct where the pullulan layer is sandwiched by two PLGA layers. 3 

 4 

2.5. Cell viability and storage test at room temperature 5 

 6 

To investigate the effect of electrospinning on the viability of the encapsulated LGG, the CFU 7 

per gram of the nanofibrous sheets (PLGA-LGG:Pull-PLGA and LGG:Pull) was compared to the 8 

CFU per gram recovered from the spray-dried probiotics. Samples were weighed, dissolved in 9 

sterile PBS, serially diluted, plated onto MRS agar plates, and incubated under anaerobic 10 

conditions at 37°C for 48 h.  11 

The electrospun sheets and spray-dried LGG powder were stored at room temperature (25°C) in 12 

a desiccator container (Vakumfest DN150, Germany), which contained cobalt chloride as a 13 

moisture-sensitive preserve. The CFU counts of the samples were determined at 30 and 70 days 14 

after the nanofiber preparation to assess the survival of encapsulated LGG into the nanofibers 15 

under these conditions. The calculations for "survival storage" is performed as ratio of CFU at 16 

day 30 and 70 over the CFU at day 1 for each embedment type. 17 

 18 

 19 

2.6.  In vivo competition study 20 
 21 

To investigate whether the nanofiber electrospun sheets (PLGA-LGG:Pull-PLGA) conferred a 22 

competitive advantage for delivery of LGG to the intestine, we performed a rat study testing co-23 

delivery of LGG in the form of powder (spray-dried) versus LGG loaded into electrospun 24 

nanofibers (Fig. 2). Twenty-four Sprague-Dawley rats (Charles River), 8-week-old, males, were 25 

divided into two groups of 12 and housed two by two in scantainers (Scanbur). After a two-week 26 

acclimatization period, each group received two hard-shelled gelatin capsules (Torpac Inc., 27 

USA) by oral gavage, and fasting was not needed. One capsule contained 3 mg of LGG powder 28 

(capsule 1), and the other one contained nanofiber loaded with 3 mg LGG (capsule 2), both 29 

corresponding to the dose of approximately 1 x 107 CFU.  To be able to distinguish between 30 

bacteria delivered from nanofibers or as powder form, the bacteria in the two co-delivered 31 
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capsules were tagged previously with antibiotic resistance towards two different antibiotics, 1 

streptomycin and rifampicin. To control for any effect related to these resistance phenotypes, a 2 

cross-over design, where both types of bacteria were delivered by both methods was applied 3 

(Fig. 2). Animals were fed and received water ad libitum throughout the whole experiment.  4 

Fecal samples (approximately 1 g) were collected before inoculation and at 24 h, 48 h, and 72 h 5 

after inoculation. After 24 h, twelve rats (six from each group) were euthanized, and after 72 h 6 

the twelve remaining animals were sacrificed. Animals were dissected and luminal contents were 7 

aseptically collected from the jejunum, distal ileum, cecum, and colon regions. The content from 8 

these sections was weighed and homogenized. Ten-fold dilutions were spread on MRS agar 9 

supplemented with streptomycin (100 µg/ml) or rifampicin (50 µg/ml) (Sigma-Aldrich, 10 

Denmark), as appropriate. CFU counts were assessed after 24-72 h of incubation at 37 °C under 11 

anaerobic conditions. Random colonies were analysed by mass spectrometry using Bruker 12 

Reflex™ III MALDI-TOF (Bruker‐Daltonik, Germany) to ensure that the isolates corresponded 13 

to Lactobacillus rhamnosus. 14 

 15 

Fig. 2: Schematic representation of the competition study dosing: A) each animal received two capsules, 16 

one capsule contained spray-dried LGG resistant to streptomycin (strepR), and another capsule was 17 

loaded with LGG Rifampicin-resistant (rifR) encapsulated into the nanofibers. The second group received 18 

one capsule loaded with spray-dried LGG rifampicin (rifR)  resistant and LGG streptomycin-resistant 19 

(strepR) loaded into a nanofiber in another capsule. B) represents the release of the two capsules content 20 

into the stomach.  21 
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 1 

2.7. Ex vivo mucus assay 2 

In order to assess the fitness of LGG in intestinal mucus, we performed an in vitro growth 3 

experiment using mucus as substrate. For this, six approximately 10-week old germ-free 4 

Swiss-webster mice (bred in-house) were sacrificed by cervical dislocation. The ileum was 5 

carefully removed and cut open. The intestinal content was taken out, and the sections were 6 

washed with 5 ml cold PBS. Mucus was scraped from the epithelial cells with a sterile spatula 7 

and kept on ice for no longer than 2 h before use. Spray-dried LGG (4 mg) was inoculated in 1 8 

ml of homogenized mucus in a 15 mL sterile Falcon tube (Sarstedt, Denmark). A non-9 

inoculated mucus sample was included as a negative control. The samples were incubated under 10 

anaerobic conditions at 37 °C. Bacterial quantification in mucus was done by serial dilution and 11 

plating at different time-points. At the given time-points (0, 2h, 4h, 6h, 8h, 24h), 50 µl of the 12 

intestinal extracts were taken out, diluted, and plated on MRS agar plates for CFU determination. 13 

The experiment was performed twice. 14 

2.8.         Animal ethical statement 15 
 16 

Animals were monitored daily during the experiment. All procedures were performed according 17 

to national and international animal welfare guidelines, and euthanization methods followed the 18 

humane endpoints stated in welfare norms. Danish Animal Experiments Inspectorate approved 19 

the animal trials under the license number 2015-15-0201-00553/8. 20 

 21 

2.9. Scanning electron microscopy (SEM) imaging  22 

Electrospun samples of Pullulan and monolayer nanofibers (LGG:Pull) were used for SEM 23 

imaging. Samples were attached to sample holders with carbon tape (Carbon Conductive 24 

Double-faced Adhesive Tape; Nisshin EM Co. Ltd., Tokyo, Japan) followed by platinum-25 

coating (6 nm) prior to SEM imaging. SEM was used to observe the morphology of nanofibers 26 

(acceleration voltage = 5 kV, emission current = 10 µA). The diameters of nanofibers were 27 
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measured using ImageJ 1.51 software at random locations within the SEM images. The fiber 1 

diameter is presented as mean (±SD) of 100 individual measurements from each sample group. 2 

2.10. Statistical analysis 3 

CFU counts in luminal and fecal material were calculated and Mann-Whitney U test was 4 

performed to identify differences between groups. A one-sample t-test was applied to compare 5 

the difference in mean scores of the ratio values. The analysis was performed using GraphPad 6 

prism version 8.1.1 (GraphPad Software). P-values < 0.05 were considered significant. 7 

3. Results and Discussion 8 

 9 

3.1. Bacterial viability and shelf life after electrospinning 10 

 11 

Electrospinning has shown great potential to encapsulate either vegetative or spray-dried bacteria 12 

into micro/nanofibers (Feng et al., 2018; Nagy et al., 2014; Škrlec et al., 2019). In this work, we 13 

used pullulan as a biopolymer with characteristics of being edible (Álvarez-Paino et al., 2017) 14 

and having high oxygen barrier properties under dry conditions (Farris et al., 2012) for 15 

encapsulation of probiotic LGG. To optimize the ratio of LGG to pullulan for electrospinning, 16 

we compared two LGG:Pull suspensions including bacteria to pullulan as 1:2 (w/w) and 1:1 17 

(w/w). The pure pullulan solution of 20% (w/v) was used as control. In order to get uniform, 18 

bead-free fibers, the optimal electrospinning conditions for pure pullulan were found to be: feed 19 

rate of 1 mL/h, distance of 15 cm and voltage of 12 kV(Román et al., 2019), leading to the 20 

formation of fibers with an average diameter of 248±31nm (Fig. 3 (a,b)). For electrospinning of 21 

LGG:Pull suspension, the feed rate was decreased to 0.3 mL/h to make uniform pullulan fibers 22 

encapsulating LGG (Fig. 3 (c-f)). The local slight thickenings (white arrows) in the nanofibers 23 

including LGG (Fig. 3 (c-f)) suggest incorporation of the spray-dried LGG (in the form of dorm 24 

powder and not the active bacteria) into pullulan nanofibers (average diameter of 287 ± 102nm). 25 

When we increased the share of LGG to 50% of the total mass of the sheets (i.e., equal mass for 26 

LGG and pullulan), it was not possible to encapsulate all added spray-dried LGG (Fig. 3 (e-f)), 27 

as it led to the formation of non-uniform sheets wherein the surface of nanofibers was 28 
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contaminated with an excess of spray-dried particles left around the fibers. Therefore, an 1 

LGG:Pull formula with mass ratio of 1:2 (LGG:Pull w/w) was selected as a suitable 2 

encapsulation ratio for electrospinning of LGG into pullulan nanofibers. Macro and micro 3 

structures of the three layers making the PLGA-Pull-PLGA multilayer are shown as Fig. 2S. 4 

 5 

 6 

 7 
Fig. 3: Electrospun pullulan nanofibers for encapsulation of probiotics. Pullulan nanofibers without 8 

encapsulated bacteria (a,b), and with different ratios of encapsulated bacteria as 33% LGG (c,d), and 50% 9 

LGG (e,f). b,d,f are magnified images of a,c,e respectively. Arrows represent the LGG bacteria, which is 10 

a dormant powder form and not the active live bacteria. 11 

 12 

We compared the survival of spray-dried LGG with pullulan encapsulated LGG (LGG:Pull 13 

mono-layer) after the electrospinning procedure. The number of viable cells of the mono-layer 14 

encapsulated LGG (LGG:Pull) was significantly lower (4 x 106 CFU/g) than the spray-dried 15 

LGG (5 x 108 CFU/g) directly after processing. Due to the low viability results of our mono-layer 16 

construct, we decided to cover the electrospun layer of LGG:Pull with layers of electrospun 17 

PLGA. PLGA is broadly used as a carrier to protect active molecules from harsh conditions, 18 

improving drug delivery, and uptake via oral or parenteral administration (Makadia & Siegel, 19 

2011). Hence, PLGA electrospun sheets were added to support the LGG:Pull sheet on both sides 20 

(Fig. 1B). Embedding LGG into this three-layer structure resulted in a viability of 2.4 x 109 21 
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CFU/g, which is slightly higher than the average viability of spray-dried LGG (5 x 108 CFU/g). 1 

Although there is a variability in CFU values these results were not significantly different (Fig. 2 

4A). It demonstrates that the addition of the support layers has maintained the full viability of 3 

LGG. 4 

 In line with our observations, previous studies have shown a decline in the viability of bacteria 5 

encapsulated into nanofibers (the common mono-layer electrospun samples) post-6 

electrospinning, depending on the type of applied polymer or added lyo-protectants (Škrlec et al., 7 

2019). Nagy et al, reported that Polyvinyl alcohol (PVA) encapsulation yields 68% survival of 8 

Lactobacillus acidophilus compared with Polyvinylpyrrolidone (PVP) encapsulation 9 

representing lower viability of around 40% (Nagy et al., 2014). Furthermore, Ceylan et al 10 

demonstrated high survival of nano-encapsulated L. rhamnosus in PVA-alginate substrate, in 11 

which 83% of the LGG bacteria remained alive after the electrospinning procedure (Ceylan et 12 

al., 2018). However, Liu et al, report that LGG encapsulated into pectin-pullulan electrospun 13 

nanofiber showed a huge decrease in surviving cells of LGG from log CFU of 10.63 (suspension 14 

medium) to log CFU of 7.41 (LGG incorporated in fibrous mats) (ShihChuan et al., 2016), which 15 

is equivalent to the observed less than 1% viability in our mono-layer electrospun construct. 16 

Interestingly, LGG embedded in the multi-layer construct  PLGA-LGG:Pull-PLGA retained very 17 

good survival (Fig. 4A). Thus, our encapsulation strategy looks promising as a future method for 18 

encapsulation of probiotics, thanks to the potential to maintain the full viability of the processed 19 

bacteria. 20 

We then tested the shelf life of the nanofibrous sheets (Fig. 4B). We stored the spray-dried 21 

LGG, the mono-layer sample (LGG:Pull), and the three-layer sample (PLGA-LGG:Pull-PLGA) 22 

for a period of 10 weeks inside a dissector at room temperature. In comparison, the multi-layer 23 

construct (PLGA-LGG:Pull-PLGA) showed  survival of about 5% during the 30 days storage 24 

time but declined to 0.04% after 70 days of storage. The mono-layer (LGG:Pull), showed a 25 

bacterial survival of 65% after 30 days, and 2% after 70 days (Fig. 4B). It is worth noting that 26 

the initial viability of the multi-layer construct was much higher than the mono-layer sample, and 27 

therefore the 5% survival of multi-layer represents higher viability compared to the 65% survival 28 

observed in the mono-layer. A similar trend has been reported in a study on encapsulation of 29 

Lactobacillus plantarum into alginate, where CFU values were reduced after storage at room 30 
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temperature conditions (Coghetto et al., 2016). Our results indicate that the nanofibers can be 1 

stored for 30 days (Fig. 4B) in a desiccator at room temperature. Our outcome, in general, shows 2 

a large reduction in the viability of the probiotics during storage at room temperature. It has been 3 

reported by other researchers that room temperature storage either leads to a total loss of 4 

biological activity of probiotics (Nagy et al., 2014) or causes a significant decrease in viability 5 

compared with refrigerated storage (Škrlec et al., 2019). Different approaches, such as addition 6 

of antioxidants(Bircher et al., 2018), pre-exposure of probiotic cultures to sub-lethal stresses 7 

(Desmond et al., 2002), incorporation of micronutrients such as peptides and amino acids (Shah, 8 

2000), or genetic modification (Bamunuarachchige et al., 2011) are examples of attempts made 9 

to preserve the viability of probiotic cultures. Our applied technique, i.e., the sandwiching of the 10 

probiotic-containing layer between two-extra electrospun layers (PLGA nanofibers) offers an 11 

alternative method to preserve the viability of probiotic cultures. These results in viability 12 

showed a similar or even better range as some of the alternative methods mentioned above.  13 

Additionally, our method has demonstrated to be easy to implement. 14 

 15 

Fig. 4: Comparing the viability (4A) (*P < 0.05), and storage   of the spray-dried LGG (LGG pwd), 16 

LGG:Pull monolayer, and PLGA-LGG:Pull-PLGA multilayer after the electrospinning procedure (4B); 17 

and during 10 weeks storage (4B). 18 

Another challenge to bacterial survival is the passage through the gastrointestinal tract, which 19 

leads to exposure to bile acids, enzymes, osmotic stress, and depletion of nutrients and minerals 20 

may kill the bacteria or inhibit their proliferation in the gut (Terpou et al., 2019). According to 21 

Doodo et al., a freeze-dried commercial probiotic product was reduced over 106 CFU within 5 22 



14 
 

min  of gastric acids (Dodoo et al., 2017). They further observed a better chance of colonization 1 

when the bacterial strain is protected from the stomach environment by encapsulation (Dodoo et 2 

al., 2017). We propose that probiotic encapsulation via electrospinning may shield the probiotics 3 

(in general) from the adverse effects of the upper gastrointestinal tract during transit. It was, 4 

however, not the case for our applied probiotic (LGG), as LGG strain are able to resist gastric 5 

acid. Aiming for higher viability and better storage potential, we applied the multilayer construct 6 

(PLGA-LGG:Pull-PLGA) for performing the in vivo experiments. 7 

3.2 In vivo competition ability 8 

To analyze whether the nanofibers could help LGG establish in the intestine, we performed a 9 

competition study in a rat model. Competition studies were previously applied to distinguish 10 

relative colonization ability among different bacterial strains(Licht et al., 1996; Nevola et al., 11 

1985). Prior to dosing the rats with LGG strains, we verified that no background resistance to 12 

streptomycin or rifampicin was found in the fecal samples from the rats. We assessed the 13 

relative colonization ability of nanofibers-embedded versus spray-dried LGG by co-inoculation 14 

of both types of preparations. To determine the levels of LGG present in the different intestinal 15 

sections (jejunum, ileum, cecum, and colon), CFU counts were assessed at 24 h and 72 h after 16 

inoculation.  17 

We observed the isolation of viable LGG cells in all sections of the intestine analyzed on Day 18 

1 and Day 3 (Fig. 5). There were no statistically significant differences between sectional 19 

colonization by fibers or spray-dried LGG on Day 1. Nonetheless, there was increased 20 

colonization of LGG RifR from nanofibers in the jejunum and LGG StrepR from nanofibers in 21 

cecum compared with spray-dried LGG in jejunum and cecum on Day 3 (Fig. 5). 22 

 23 
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 1 

Fig. 5: Results from the colonization of LGG-RifR and LGG-StrepR in different intestinal sections 2 

(jejunum, ileum, cecum, and colon) at 1 day and 3 days post inoculation from the in vivo competition 3 

study; nf: nanofiber, *P < 0.05; **P < 0.01. 4 

 5 

We further compared the ratio between nanofiber-embedded and directly delivered LGG in the 6 

intestinal sections of each individual animal on Day 1 and Day 3. Positive logged ratios 7 

indicate a higher abundance of LGG delivered by nanofibers compared with LGG delivered in 8 

powder form (Fig. 6). We observed a significant difference in the ratio value of jejunum at 9 

Day 3 when compared to jejunum at Day 1, which means that the LGG delivered by nanofibers 10 

had proliferated or survived better in the jejunum after 72 h compared to the LGG strain 11 

delivered without fiber (Fig. 6). Overall, we have observed similar results in other intestinal 12 

sections, suggesting that LGG was able to achieve, at least, equivalent levels of colonization 13 

when delivered either by nanofiber or in spray-dried form.  14 

 15 
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 1 

Fig. 6: Ratio of CFU values comparing the delivery of LGG from nanofiber to LGG spray-dried powder 2 

in different segments of intestine of rats at Day 1 and Day 3 post inoculation. *P < 0.05. 3 

 4 

3.3 Growth in mucus ex vivo 5 

Pullulan (Bulman et al., 2015) and PLGA (Abid et al., 2019) are known for their mucoadhesive 6 

properties. In the in vivo competition experiment described above, we hypothesized that bacterial 7 

delivery into the mucus layer would provide an enhancement of the LGG (from nanofiber) 8 

colonization. We have used LGG spray-dried powder to analyze the growth of this strain when 9 

it is released inside of mucus content.  Even though, the LGG strain lacks the ability to degrade 10 

mucins, which is the major component of intestinal mucus (Zúñiga et al., 2018); the mucus layer 11 

also contains other nutrients that may support bacterial proliferation (Sicard et al., 2017). 12 

Therefore, we tested whether LGG was able to grow in mucus ex vivo. An LGG growth assay 13 

was performed using small intestine mucus obtained from germ-free mice as the growth medium. 14 

We observed that LGG grows slowly in intestinal mucus (supplemental material Fig. 3S). This 15 

observation may explain the results of our in vivo experiment, since delivery in the context of 16 

mucoadhesive permeation enhancement does not necessarily provide any advantage for LGG. 17 

However, it might confer a benefit to bacteria such as E. coli, which are known to proliferate 18 
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more efficiently in intestinal mucus than in luminal contents from the gut (Licht et al., 1999; 1 

Wadolkowski et al., 1988). 2 

It should be noted that in addition to acting as a preserving delivery vehicle, pullulan may have 3 

a beneficial effect on the surrounding microbiota (Chlebowska-Smigiel et al., 2017; Chlebowska-4 

Śmigiel et al., 2019; Hong et al., 2019; Leathers, 2003; Sugawa-Katayama et al., 1994; Wolf et 5 

al., 2003). For instance, Wolf et al (Wolf et al., 2003) showed that pullulan is a slowly digested 6 

carbohydrate in humans and some have demonstrated that pullulan can function as a prebiotic 7 

(Hong et al., 2019), and promote the growth of beneficial bacteria such as bifidobacteria (Leathers, 8 

2003; Sugawa-Katayama et al., 1994). Sugawa-Katayama et al (Sugawa-Katayama et al., 1994) 9 

also fed some rats on diets containing 10% pullulan or 10% polydextrose or 10% pectin and took 10 

the fecal contents under anaerobic conditions to count the proportion of  Lactobacillus and 11 

Bifidobacterium in cecal microflora. They observed an increase in the proportion of Lactobacillus 12 

and Bifidobacterium, only in rats fed by the 10% pullulan. They concluded that pullulan is more 13 

fermentable than polydextrose and pectin in the rat cecum. These findings can be further explained 14 

by the chemical structure/reaction of pullulan. Pullulan, which is a linear chain of maltotriose units 15 

connected by α-1,6 bonds, is resistant to mammalian small intestinal enzymes. The indigestible 16 

portions of this carbohydrate are available for fermentation in the large bowel, and can potentially 17 

improve gut health by altering microbial population positively (Spears et al., 2005).  18 

Overall, we observed no advantage of multilayer construct over spray-dried LGG in this study. 19 

However, we speculate that fragile strains of next-generation probiotics, which probably 20 

cannot survive harsh processing conditions of conventional fabrication techniques, may benefit 21 

from multilayer electrospun constructs. Not only are such sensitive strains further protected 22 

inside the introduced multilayer delivery system, but the system may confer an advantage to 23 

novel strains that unlike LGG can grow in mucus. Electrospun nanofibers may be applicable for 24 

shielding the next generation of probiotics from oxygen and gastric conditions, which is a major 25 

interest to the pharmaceutical industry. 26 

 27 

 28 

 29 
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 Conclusion 1 

We conclude that LGG represents higher survival when the LGG:pullulan electrospun layer is 2 

sandwitched between two electrospun PLGA layers pre and post electrospinning of 3 

LGG:pullulan. The hydrophilic pullulan biopolymer is favorable for loading bacterial cells as 4 

water is used as the only solvent (no need for non-aqueous organic solvents), maintaining the 5 

food-grade status of the components. Furthermore, multilayer nanofibers confer an acceptable 6 

short-term storage potential without requiring refrigeration. However, refrigeration storage is 7 

recommended. LGG, delivered by nanofibers, were able to survive intestinal transit and were 8 

recovered from all segments of the gut. According to our in vivo assay using LGG, nanofibers 9 

provide similar seeding as spray-dried powder delivery. We suggest that a similar approach 10 

could be applied for other bacterial strains, which can benefit from mucus embedment. The 11 

layered electrospun fiber technology represents an interesting alternative for the protection and 12 

delivery of viable probiotics to the intestine, although additional studies are still required.  13 
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 11 

Supplementary figures: 12 

Fig. 1S: The growth rate of the generated spontaneous mutant strains confirming that the introduction of 13 
spontaneous resistance did not lead to significant loss of bacterial fitness. LGG WT: LGG wild-type; 14 

LGG Rif+: LGG Rifampicin-resistant; LGG Strep+: LGG Streptomycin-resistant. 15 

 16 

 17 
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 1 

Fig. 2S: Representing the macro (left side) and micro (right side) structure of the layers making 2 

the multilayer construct of PLGA-Pull-PLGA. The three layers have been separated manullay 3 

after wetting the material to assist with layer separation due to the dissolution of the internal 4 

layer. SEM images on the left side show the difference between average diameters of PLGA and 5 

Pull fibers.  6 
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 1 

Fig. 3S: assessment of potential growth of LGG in intestinal mucus. 2 

 3 

 4 



29 
 

Graphical abstract: Schematic representation of the procedure performed to load LGG into nanofibers 1 

and to fill the capsules either with Strep-resistant spray-dried LGG (StrepR) or Rif-resistant LGG (RifR) 2 

loaded into fiber (or the opposite composition) to perform a competition study between the two forms of 3 

LGG dosed into an individual rat. 4 
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