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Abstract

Some species of Lactobacillus have demonstrated beneficial health effects being applied in the production of food
supplements. Thus, the incorporation of viable cells as encapsulated probiotics represents an essential condition to
be considered in new strategies for the controlled release of microorganisms. Herein, the massive encapsulation of
Lactobacillus paracasei is provided by the use of alternative electrospinning technique. Is spite of the high voltage
required for the production of fibers, a high density of viable cells is observed into the polymeric electrospun web,
allowing the controlled release at targeted pH (characteristic of Eudragit® L100 polymer support). The reported procedure
circumvents typical drawbacks of degradation of microorganisms under adverse conditions (storage, package and low
pH) and preserves its biologic action after complete release from polymer fibers.
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1. Introduction

Some probiotic bacteria have positive physiological
effects and have been considered as important components
for the production of foods supplements!!?.. In particular,
Lactobacillus spp. has been considered as a promising
probiotic that confers health benefits to the host. Recent
studies considered the use of Lactobacillus spp. in the
prevention and treatment of inflammatory bowel diseasel®*,
food hypersensitivity®, cardiometabolic disorders® and
anti-tumor activity!”.

However, it has also been reported that bioactive living
cells, such as the Lactobacillus spp. present low bioavailability/
biofunctionality as a consequence of transport through the
gastrointestinal tract, in the processing and/or prolonged
storaget®). The acidic medium can induce changes on
bacterial membrane components, modifying and disturbing
the peptidoglycan components, lipids, proteins and DNA
in Gram-positive bacteria'?.

As a consequence, the survivability and colonization in
the digestive tract are considered critical to ensure optimal
functionality of Lactobacillus species". The poor survival
rate of bioactive cells can be attributed to environmental
conditions such as acidic medium, the toxicity of oxygen
and UV light!'>'l, Healthy-promoting effects of probiotics
are extremely dependent on cell viability degree and the
concentration of living cells as high as 10° CFU/ day for
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administration!'”). To circumvent the drawbacks related to
low shelf-life of food products and adverse conditions at
the acidic environment (stomach/ bile salts) the creation of
an anaerobic environment for probiotics growth received
increased attention in the literature with promising strategies
to maintain the viability of cells until to reach the colon lumen.
These encapsulation strategies are based on the production
of fruit bubles!"*, nanoencapsulation by electrospinning!!7:!¥)
and by the production of microcapsules?*2!,

The electrospinning technique has been drawing attention
in the encapsulation of Lactobacillus spp.?>>¥. Despite the
adverse conditions from experimental setup (high voltage
and the nature of organic solvents) — that could be harmful
to remaining viable cells in culture, studies are reporting
that Lactobacillus-loaded electrospun fibers may preserve
metabolic activity, with increased stability and protection>2¥!,

The basic experimental setup for electrospinning production
requires the dispersion of additives (molecules of interest) in
apolymeric solution to be incorporated in a compartment (a
syringe) kept at a fixed pressure. The needle in the syringe
is connected to a high voltage source and depending on a
series of factors (such as the distance of dip of the syringe
and the grounded target, density of the solution, the intensity
of the electric field, local humidity and infusion rate) the
production of the fibers takes place!?**. Under an adequate
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combination of parameters, the atomization of a polymeric
solution results in fibers with the diameter ranging from
micrometer scale to nanometer scalel3!32,

The nature of the polymeric support is a critical
parameter applied in the determination of the density
and physical-chemical properties of the resulting fibers.
The family Eudragit® is a commercial group of pH-
dependent block polymer materials that presents important
properties for encapsulation and release of active molecules
at targeted pH, avoiding side effects for adsorption of
drugs at low pH conditions in the organism. In particular,
the Eudragit® L100 is an anionic methacrylic acid and
methyl methacrylate copolymer which presents dependent
solubility, with rapid dissolution in the upper intestine
(pH > 6), that protects the encapsulated species from
degradation in the stomach.

The fast dissolution of the polymeric matrix at high
pH can be explored as an alternative strategy to protect
probiotics against adverse conditions in the stomach. Despite
the conventional use of enteric polymers of this family in
the form of microparticles for encapsulation, it is observed
an important possibility of use of the matrix as support for
electrospinning —as a consequence, the massive production
of matrix encapsulating species can be reached.

Thus, the aim of this work was to developing electrospun
fibers of enteric polymers for the encapsulation of
L. paracasei. Several studies have already demonstrated
efficient encapsulation of Lactobacillus-loaded electrospun
fibers!2226:283435]  However, we have explored a simple
procedure for encapsulation of probiotics in electrospun
fibers from Eudragit® L100 polymer solution in alcohol.
The successful encapsulation of microorganisms into this
matrix represents a step forward in the direction of the
massive production of encapsulated probiotics with well-
defined targeted pH for release.

2. Materials and Methods
2.1 Materials

The Lactobacillus paracasei probiotic strain was
isolated from silage composed of elephant grass (Pennisetum
purpureum cv. Cameroon) plus grape residue and had its
identification confirmed by previous 16S rDNA sequencing.
The microorganisms were kept in culture medium plates
containing Rogosa and Sharpe Agar in anaerobic conditions
for 48 hours at 37 °C, The strain was phenotypically and
genotypically characterized®” by sequencing the 16S TRNA
genel®l. Eudragit® L100 was donated from Evonik, alcohol
and sodium alginate were purchased from Sigma-Aldrich and
MRS broth and agar from Neogen. Potassium monobasic
phosphate and sodium hydroxide were purchased from Vetec
Quimica Fina Ltda. Ultrapure water was obtained by the
Milli-Q® equipment.

2.2 Microorganisms growth conditions

The cultures of L. paracasei were prepared by transfer
into MRS broth cultures and then incubated anaerobically
at 37 °C for 48 h, as reported in the literature with some
modifications?”. Following the incubation step, the media-
containing cells were centrifuged at 5,000 rpm for 10 min
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at 10 °C, after that the supernatant was removed and the cells
were further washed twice in sterile simulated intestinal fluid
solution, with centrifugation after each step. The washed
cells were suspended in sterile simulated intestinal fluid
solution and stored for later use.

2.3 Preparation of electrospun fibers

Polymeric solutions were prepared from dispersion
of 0.4 g of Eudragit® L100 and 2% of sodium alginate
(w/v) in 2 mL of alcohol. After that, 500 pL of suspended
L. paracasei in sterile simulated intestinal solution was
added in the previous solution. Solutions without and with
L. paracasei were loaded into 5 mL syringes fitted with a
capillary (metal needle), which was mounted horizontally
on a syringe pump.

The electrode at high-voltage power supply was clamped
to the capillary and an aluminum plate was used as a collector
was grounded. The voltage of 15 kV was established with
the nozzle-to-collector distance of 20 cm and the flow rate
of 1.0 mL/h. The resulting samples were: electrospun fibers
of Eudragit® L100 (EDGT) and electrospun fibers with
L. paracasei (EDGT-L.paracasei).

2.4 Characterization of electrospun fibers morphology

Scanning Electron Microscopy (SEM) was performed
in an SEM Vega 3XM Tescan. The electrospun fibers of
EDGT and EDGT-L.paracasei were examined from SEM
and the mean diameter was measured using the Imagel
from 25 electrospun fibers randomly selected.

2.5 Fourier transform infrared spectroscopy

Fourier Transform Infra-Red (FTIR) analysis was
performed using an IR Prestige-21 FTIR Shimadzu by KBr
method in the range of 4000 cm™ - 500 cm™. The FTIR
spectra were used to identify the influence of L. paracasei
in the overall structure of electrospun fibers.

2.6 Viability of L. paracasei in Eudragit® L100
electrospun fibers

The viabilities of the L. paracasei cells in electrospun
fibers were determined from the dissolution of the fibers
into sterile simulated intestinal fluid and then plating in
MRS broth and agar. The sterile simulated intestinal fluid
solution was prepared with potassium monobasic phosphate,
sodium hydroxide and ultrapure water with pH adjustment
to 6.8. All assays were performed in duplicate.

2.7 Acridine Orange/DAPI staining and data analysis

The cells of L. paracasei encapsulated in electrospun
fibers were stained with Acridine Orange - AO (1 mg/mL)
for 20 min, which was mounted in a glass slide for posterior
analysis under a fluorescence microscope. The material
(cells and/or electrospun fibers) were analyzed using a
Leica DM2000 epifluorescence microscope with a set of
four filter cubes (A, L5, N3 and E4) and the images were
captured with a Leica FX-350 camera using Leica QFish
software.
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3. Results and Discussions

The morphology of L. paracasei, electrospun fibers
of Eudragit® L100 (EDGT) and electrospun fibers with
L. paracasei (EDGT-L.paracasei) were compared from
SEM images, as shown in Figure 1 — the diameter was
calculated from 25 different fibers per image. The EDGT
fibers prepared in the absence of L. paracasei were uniform
(with no imperfection) and presented a mean diameter
of (2.134 + 0.4127 um) (Figure 1b). The morphology of
pristine (non-encapsulated L. paracasei) is characterized
by cells with an average length of (1.536 + 0.370) um
and an average width of (0.526 + 0.068) um (Figure 1a).
The incorporation of L. paracasei into electrospun fibers
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is followed by the formation of imperfections localized
along with the structure. As can be seen in Figure Ic, it
is possible to identify aggregates of cells along with the
polymeric structure.

The EDGT-L.paracasei presented an average diameter
of 1.508 £ 0.477 um (Figure 1a). The EDGT-L. paracasei-
loaded presented a reduction in diameter size (Figure 1d)
and that the aggregates correspond to several L. paracasei
cells, which individually evaluated show the same average
diameter of L. paracasei (0.51 to 0.77 um) (Figure 1d).

The decrease in the average diameter of EDGT-L.
paracasei samples may be due to the viscosity modification
that results in reduced finer fiber size. Fung et al.”® reported
that PVA-based electrospun fibers with agrowaste containing
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Figure 1. Scanning electron microscopy images are shown for (a), L. paracasei (L) (b), EDGT (c¢) EDGT-L.paracasei and (d) average
diameter EDGT, EDGT-L.paracasei and L. paracasei — calculated from sets of 25 different fibers per SEM image.
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L. acidophilus have decreased in mean diameter size by
comparison with electrospun neat fibers due to the higher
viscosity of pristine solution.

An important aspect to be reported from these images is
that there are no L. paracasei cells on the surface of electrospun
fibers, in agreement with reported in the literaturel?’-2840],
According to Heunis et al.’®), the high voltage applied
during the electrospinning process inhibits bioactive cells
not included in the electrospun fibers (non-protected species)
that are prone to destruction in consequence of applied
high voltage. In Figure 1c it is possible to observe that the
L. paracasei cells were concentrated into the electrospun
fibers as also randomly oriented along the electrospun fibers,
such as reported in the literature?>2%],

In terms of the FTIR responses sample, it is possible to
observe the presence of the peaks at 3507 cm as a response of
free carboxylic acid form and 3000 cm™ and 2957 cm! assigned
to vibrations CH_, 1723 cm for esterified carboxylic groups
and 1162 cm™ given by carboxylic acid ester bonds stretching
vibrations!*'*), see Figure 2.

The spectrum of L. paracasei shows FTIR at positions
that are in agreement with reported in the literature
with the fingerprint of Lactobacillus spp. for peaks
between 1300 and 900 cm™ that indicate specific vibrational
features of nucleic acids and bacterial proteins!*®#443],

For samples EDGT-L. paracasei, the FTIR spectrum
is characterized by peaks of the Eudragit® L100 polymer
that stands out above the L. paracasei peaks. Ceylan et al.
(24 reported similar results in which the peak assignments of
each electrospun fiber component (pristine electrospun fibers
and Lactobacillus loaded electrospun fibers) were highly
similar to the individual components. Other studies have
also reported the hardness visualization of Lactobacillus spp.
peaks in electrospun fibers due to the complex overlap of
polymer peaks and/or additives, showing that the evidence
of encapsulation of Lactobacillus spp. was supported by the
SEM images and fluorescence microscopies!4.

The staining procedure for the detection of cells
(viable and killed organisms) is based on the interaction of
fluorochromes and cells for the following identification of
fluorescence levels in microscopy images*. AO and 4”
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Figure 2. FTIR of EDGT, EDGT-L.paracasei and pristine L.
paracasei.
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6-diamidino-2-phenylindole (DAPI) are two of the most
used fluorochromes in microbiology!*’.. Particularly, the
AO at low concentration binds with RNA and allows
that microorganisms at high growth rates present high
fluorescence at the red-orange region. On the contrary, for
death cells, abundant DNA binds with AO and shifts the
emission to the green region!*). Based on these properties,
it is possible to differentiate active cells” signature (RNA
fluorescence) from dead cells signature (prevailing DNA
fluorescence)*3%,

Assays of fluorescence microscopy were performed
using AO and are summarized in Figure 3. The presence
of free L. paracasei (viable cells) (from the fluorescence of
AO atred region) can be visualized in Figure 3a. As shown,
strong fluorescence reveals the viable character of cells before
incorporation into the polymer solution. After encapsulation
of microorganisms into electrospun fibers, it is possible to
identify the presence of viable cells in fibers from strong
red fluorescent dots (shown in Figures 3b, 3¢ and 3d)
characterizing by the interaction of prevailing RNA of the
viable cells and AOBY,

The fluorescence images are in agreement with previous
SEM images that shown organisms dispersed as aggregates
at specific sites of the fibers. The strong fluorescence reached
form interaction with fluorochrome confirms the presence
of viable cells encapsulated in electrospun fibers. It can
be attributed to a covering layer of polymer that protects
cells against the effects of high voltage and allows that a
reasonable number of cells remain active after encapsulation.

The confirmation of the presence of viable L. paracasei in
the Eudragit® L 100 electrospun fibers is already considered
anotable result because to the best of our knowledge, there
is no literature reporting the encapsulating of probiotics in
electrospun fibers derived from Eudragit® L100 polymer
solution in alcohol. Therefore, it is essential to test whether
encapsulated L. paracasei are viable after fiber production
and collection.

For this, the L. paracasei-loaded Eudragit® L100 electrospun
fibers were dissolved in the intestinal fluid solution for later
plating. In the Figure 4 it is possible to see the growth of
L. paracasei cells after electrospinning. Thereby, immediately
after electrospinning of electrospun fibers still contained a
high number of active L. paracasei as the survival rate of
the viable cells, which is a remarkable result compared to
the adverse effects of the electrospinning process and also
of the polymeric solution used and tested for the first time
for encapsulation of viable cells.

The initial amount of L. paracasei added
was 8.705 (log (CFU/mL)) and after electrospinning
was 5.837 (log (CFU/mL)). The remaining viable cells confirm
that technique and polymer template can be explored to
encapsulate Lactobacillus species. Heunis et al.** assert that
encapsulation in electrospun fibers has a high viability rate.

Thus, electrospinning has been demonstrating a very
useful and advantageous technique for the encapsulation
of viable cells®?>?’34. One of the factors may also have
compensated the loss in viability that is the low diameter
value of the fibers that favors the high surface to volume
ratio of resulting material®. Besides that, the process
of electrospinning may exclude environmental oxygen,
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(b)

Figure 3. Fluorescence images for samples: (a) L. paracasei treated with AO, (b, ¢ and d) EDGT-L.paracasei treated with AO.
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Figure 4. Growth of L. paracasei cells (a) after the release of encapsulated species loaded on electrospun fibers (b).

contributing to the stability of Lactobacillus species!.
Thus, although the decrease in water activity decreases
during the electrospinning, a reduced oxygen level can
improve storage stability>!l,

In general, the effects observed in the literature for
encapsulation of probiotics refer to the increase in the number
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of viable cells at prolonged contact with the simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF)?!.
Mojaveri et al.l'” reported that nanoencapsulation by
electrospinning affects the number of viable cells (in 1-log
reduction) as a result of extreme conditions (high electric
field for synthesis). Despite this effect, the strong protection
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provided by the fibers improves the viability rate of cells
under SIF and SGF conditions. While a 3-log reduction
is observed for free cells in an extreme environment, the
production of the electrospun fibers reduces the number of
viable cells from 8.37-8.44 log CFU/mL to 7.25-7.31 CFU/mL,
revealing the potential of electrospun fibers.

As shown from comparison with data reported in the
literature, superior performance in terms of survivability
degree of cells during the electrospun procedure and the
lower reduction in the viable cells at SGF/ SIF conditions
is reached for binary systems, such as introduced as
Yilmaz et al.'”) that associated conventional polymer matrix
and sodium alginate.

The improvement in the survivability for experimental
systems based on EDGT-based electrospun mats depends
on adequate interaction of probiotics and polymer support
with a third component that can be an alginate polymer, that
acts as an extra layer to protect cells against high electric
field and an barrier for controlled release under specific
pH. The incorporation of additives for electrospun mats
represents an important trend for this work, in a posterior
step that tends to improve not only the retention of viable
cells under electrospinning but also at adverse conditions
(low pH) for long time assays.

4. Conclusions

The electrospinning technique demonstrated to be
a successful strategy applied in the encapsulation of
L. paracasei by Eudragit® L100. Although some factors
interfere in cell viability, the results revealed that Eudragit®
L100 electrospun fibers offer a hydrophobic environment that
provides adequate protection of L. paracasei cells against
oxygen — preserving its viability. Viable cells were identified
by fluorescence microscopy before and after release from
controlled conditions, confirming that strategy of encapsulation
of probiotics in enteric polymer-based electrospun fibers has
been successfully established under acidic pH for following
the release of viable cells — that remain protected against
adverse conditions — and optimizing the characteristics of
probiotics for prolonged action. In summary, these findings
open new possibilities for use of a simple experimental
system (alcoholic solution of EDGT) for encapsulation of
probiotics in a promising template that can be enriched by
the incorporation of additives such as sodium alginate in
binary electrospun mats.
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