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ABSTRACT

The interest in probiotics has grown in recent years due to increased awareness of the importance of microbiota
for human health. We present the development of monolithic poly(ethylene oxide) and composite poly(ethylene
oxide)/lyoprotectant nanofibers loaded with the probiotic Lactobacillus plantarum ATCC 8014. High loading was
achieved for L. plantarum cells (up to 7.6 X 10® colony-forming unit/mg) that were either unmodified or ex-
pressing mCherry fluorescent protein. The initial concentration of L. plantarum in poly(ethylene oxide) solution
was reported, for the first time, as the most critical parameter for its high viability after electrospinning, whereas
the applied electric voltage and relative humidity during electrospinning did not vitally impact upon L. plan-
tarum viability. The presence of amorphous lyoprotectant (especially trehalose) in the nanofibers promoted L.
plantarum survival due to lyoprotectant interactions with L. plantarum cells. L. plantarum cells in nanofibers were
stable over 24 weeks at low temperature, thereby achieving stability comparable with that in lyophilizates. The
poly(ethylene oxide) nanofibers released almost all of the L. plantarum cells over 30 min, which will be adequate
for their local administration. Our integrated approach enabled development of a promising nanodelivery system
that provides high loading and long-term viability of L. plantarum in nanofibers, for local delivery to re-establish

the microbiota balance e.g. in vagina.

1. Introduction

The growing knowledge about human microbiota has increased
awareness of the importance of microbe-host interactions for human
health [1]. An imbalance in the composition of the human microbiota
can cause pathologies that are collectively known as ‘dysbioses’, and
include inflammatory bowel disease [2], irritable bowel syndrome [3],
bacterial vaginosis [4], periodontitis [5], and skin diseases [6]. In
dysbiosis, the relationship between the microbiota, their metabolic
products, and the host immune system is disrupted. The microbial
balance can be restored by addition of sufficient quantities of beneficial
bacteria; i.e., probiotics [7].

The currently used probiotics are mostly lactic acid bacteria, and are
most commonly from non-spore forming genus Lactobacillus [8].

Lactobacillus plantarum is a highly investigated species, with several
hundred strains that have had their genome sequenced. Among these, L.
plantarum 299v and L. plantarum WCEFS1 have been the most studied,
and are clinically effective for prevention and treatment of gastro-
intestinal disorders, including ulcerative colitis and irritable bowel
syndrome [9-12]. L. plantarum ATCC 10241 has shown potential as a
therapeutic agent to both prevent burn wound infection and alleviate
wound scarring [13]. Also, apart from this intrinsic probiotic effect, L.
plantarum can be genetically engineered for the production of a wide
range of therapeutic and prophylactic proteins [14].

To administer a sufficient dose of viable probiotics, an appropriate
delivery system is required. The delivery system needs to be patient-
friendly, to provide effective local delivery, to incorporate large quan-
tities of viable probiotic bacteria, and to guarantee long-term stability
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of the probiotics, preferably at room temperature. Long-term stability
can be achieved by transforming probiotics from aqueous dispersions to
dry forms using a suitable drying process, such as spray-drying, lyo-
philization, vacuum drying, and fluidized bed drying [15,16]. Lyopro-
tectants are also usually added to promote the viability of the probiotics
[17,18]. Drying also reduces the weight of any formulation and the
space required for its storage, which facilitates handling of probiotic
cells and allows controlled dosing [19]. Currently, lyophilization and
spray-drying have been the most studied [15]; however, the applic-
ability for local use of such powdered formulations that are obtained
after drying is limited, although it was recently improved by pressing
into tablets and film coating [20]. Instead, electrospinning is emerging
as an attractive alternative method that enables drying of probiotics
and preparation of a solid dosage form in a single step [21].

Electrospinning techniques enable the production of nanofibers
from electrostatically driven jets of polymer solutions. The diameters of
the fibers obtained range between tens of nanometers (i.e., nanofibers)
to a few micrometers. Nanofibers can be used in wound dressings, as
drug delivery systems, and as three-dimensional scaffolds for bone and
tissue regeneration [5,22-25]. They have mostly been investigated for
delivery of small drug molecules, which have included: antibacterials or
antifungal agents (e.g., for treating of bacterial vaginosis, candidiasis,
other genital infections [26,27], periodontal disease [28]), anticancer
agents (e.g. for local chemotherapies [29]), antioxidants, and anti-in-
flammatory agents [30], as well as proteins, such as enzymes [31].

Recently, electrospinning was introduced as a new method for in-
corporation of microbial cells into nanofibers [32]. Lactobacillus acid-
ophilus was incorporated into agrowaste-based nanofibers [33], and
Bifidobacterium animalis subsp. lactis Bb12 into poly(vinyl alcohol)
electrospun fibers [34]. Nonprobiotic bacteria (e.g., Escherichia coli,
Staphylococcus epidermidis) and bacterial viruses (e.g., T7, T4, A) have
been encapsulated into poly(vinyl alcohol) based nanofibers, although
they showed low viability following this incorporation process [35].
Although electrospinning has been shown to be a promising process for
probiotic incorporation [36], the effects of the process, solutions and
environment parameters on probiotic viability are still poorly under-
stood due to a lack of studies in this field.

Therefore, the present study was designed to investigate electro-
spinning further, as a method to incorporate L. plantarum ATCC 8014
into monolithic poly(ethylene oxide) (PEO) and composite PEO/ lyo-
protectant nanofibers. PEO was chosen as it is a biocompatible, mu-
coadhesive, and water-soluble polymer that appears not to interfere
with the bioactivity of delivered substances [37], along with lyopro-
tectants (i.e., sucrose, trehalose) as molecules that are known to help to
preserve the viability of probiotics during their drying [38]. To date,
the use of lyoprotectants has not been explored in any detail for elec-
trospinning. The particular focus here was thus to initially determine
the effects on bacterial viability of: (i) the electrospinning process (i.e.,
applied voltage); (ii) the environment (i.e., relative humidity); and (iii)
the solution parameters (i.e., L. plantarum cell concentration, lyopro-
tectant in the polymer solution). Furthermore, we aimed to determine
the optimal parameters here that would provide the production of na-
nofibers with high loads of viable L. plantarum that are associated with
their long-term stability during storage, as these represent the two
crucial properties in the design of promising formulations. In addition,
the effects of L. plantarum on the nanofiber morphology, the solid state
of the excipients, and the interactions between all of the components
were investigated, to better understand the probiotic viability in these
formulations.

2. Materials and methods
2.1. Materials

PEO (M,,, 900 kDa), sucrose and chloramphenicol were from Sigma
Aldrich (Germany). Trehalose dihydrate was from Calbiochem (Merck,
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Germany) and phosphate buffered saline (PBS; pH 7.4; osmolality:
280-315mOsm/kg) from Gibco (Life Technologies, USA). De Man,
Rogosa and Sharpe (MRS) medium for culturing of L. plantarum was
from Merck (Germany).

2.2. Culturing of L. plantarum

Lactobacillus plantarum ATCC 8014 was grown at 37 °C in MRS
medium without aeration, or on MRS medium solidified with 1.5%
agar. For long-term storage, the L. plantarum was kept frozen at —80 °C
in MRS with 20% glycerol. For each experiment, fresh bacterial cell
cultures were cultivated as follows: a frozen culture of L. plantarum was
transferred onto a MRS agar plate and incubated for 2 days at 37 °C. A
single colony of L. plantarum was picked from the plate, inoculated into
10 mL MRS medium, and incubated at 37 °C for 24 h. Overnight cul-
tures were diluted (1:100, v/v) in fresh MRS medium and grown for
16 h, which was the time that was experimentally determined as that at
which L. plantarum reached stationary growth phase. The cultures were
centrifuged at 5000g for 10 min (Sorvall Lynx 4000; ThermoFisher
Scientific, USA). The cells were then washed twice with PBS and re-
suspended in an appropriate volume of sterile water, to obtain con-
centrations of bacteria from 10° to 10'? colony-forming units (CFU)/
mL.

2.3. Engineering of L. plantarum to produce the fluorescent protein mCherry

Electroporation of L. plantarum was performed according to Berthier
et al. [39], using a Gene Pulser II apparatus (Bio-Rad, USA) and the
pCDLbu-1AEc_Ptuf34_mCherry plasmid [40] that encodes the gene for
fluorescent protein mCherry under the control of the strong P, pro-
moter. L. plantarum with the pCDLbu-1AEc_Ptuf34_mCherry plasmid
were grown as described above, with the exception that the MRS was
supplemented with 10 pg/mL chloramphenicol. This plasmid provided
continuous expression of mCherry, and thus fluorescence detection of
these cells.

2.4. Preparation and characterization of PEO solutions containing L.
plantarum

PEO powder (4% w/v) was added to an aqueous dispersion of L.
plantarum, and these were stirred for 4 h at 25 °C prior to the electro-
spinning. To prepare nanofibers with lyoprotectants, sucrose or treha-
lose dihydrate (4% (w/v)) were added into the L. plantarum dispersions
in PEO solution, which contained 10'2 CFU/mL L. plantarum.

The conductivities of the 4% (w/v) PEO solutions without and with
L. plantarum (10'2CFU/mL) were determined at 25°C (MC226 con-
ductivity meter and electrode; Inlab 741, Mettler Toledo, Switzerland).
The viscosity measurements of the 4% (w/v) PEO solutions without and
with L. plantarum (102 CFU/mL) were performed using a cone-plate
measuring system (CP50-2; cone radius, 24.981 mm; cone angle,
2.001°; sample volume, 1.15mL) with a rheometer (Physica MCR 301;
Anton Paar, Graz, Austria) at a constant temperature of 25.0 + 0.1 °C
in rotational mode, for shear rates between 1 s~ ! and 100 s~ . The data
for the viscosities at the shear rate of 25! are presented.

2.5. Preparation of electrospun nanofibers

To obtain nanofibers, 4% (w/v) PEO solutions without and with L.
plantarum (and without and with lyoprotectants) were loaded into 5 mL
syringes fitted with a metal needle (inner diameter, 1 mm), which was
mounted horizontally on a syringe pump (model R-99E; RazelTM,
Linari Engineering s.r.L., Italy). The electrode of a high-voltage power
supply (model HVG-P60-R-EU; Linari Engineering s.r.L., Italy) was
clamped to the metal needle, and the collector was grounded and
covered with aluminum foil. The process used a flow rate of 0.4 mL/h,
voltage of 15kV, and nozzle-to-collector distance of 15cm. The



K. Skrlec et al.

environmental temperature was 24 = 2 °C, with the relative humidity
controlled at 20%, 35%, or 55%. To evaluate the effects of the applied
voltage on the L. plantarum viability, 4% (w/v) PEO dispersions with
10'2 CFU/mL L. plantarum cells were also electrospun at 10 kV with a
flow rate of 0.2mL/h, and 20kV with a flow rate of 0.5mL/h, at
24 * 2°C and relative humidity 20% = 2%.

2.6. Lyophilization of L. plantarum dispersions

The dispersions of L. plantarum (10'2 CFU/mL) were prepared and
lyophilized (Chris Beta 1-8 K; Martin Chris, Germany), using sterile
water and using 4% (w/v) PEO without and with 4% (w/v) sucrose or
4% (w/v) trehalose dihydrate. These dispersions were frozen at —80 °C,
and then the primary drying was performed at shelf temperature, Tgxey;
of -5 °C and pressure of 0.63 mbar for 24 h, with the secondary drying
at Ty of 20 °C for 1 h.

2.7. Characterization of nanofiber morphology

The nanofibers were attached to metal stubs with double-sided
conductive tape (diameter, 12 mm; Oxford Instruments, Oxon, UK) and
3 uL of each dispersion with L. plantarum was pipetted onto the metal
stub and air dried. These samples were examined under scanning
electron microscope (SEM; Supra 35 VP; Carl Zeiss, Oberkochen,
Germany), that allowed a high-resolution imaging of the non-coated
samples at low accelerating voltage (1 kV) using a secondary detector
with negligible electrical surface charging. The diameters of 50 ran-
domly selected nanofibers were measured using the ImageJ 1.44p
software (National Institutes of Health, USA) to determine the mean
nanofiber diameter. The diameters of the L. plantarum-loaded nanofi-
bers were measured at places without cells. To evaluate the number of
L. plantarum cells on the upper layer of the nanofiber mats, the cells
were counted on the images acquired at five different positions on the
nanofiber mat, at 6.000 X magnification.

Nanofibers with L. plantarum that produced mCherry were electro-
spun onto glass slides, which were examined under confocal microscope
(LSM 710; Carl Zeiss, Oberkochen, Germany). The mCherry was excited
with an argon laser (at 587 nm) and the emission was filtered with a
narrow-band 610-nm filter. All of the images were taken under the
same settings and were analyzed using the ZEN lite 2012 software (Carl
Zeiss, Oberkochen, Germany).

2.8. Thermal analysis of nanofibers

Differential scanning calorimetry (DSC; Mettler Toledo,
Switzerland) was used to evaluate the crystallinity of the pure PEO,
sucrose, and trehalose dihydrate powders, the lyophilized L. plantarum,
and of the physical mixtures of PEO with sucrose or trehalose dihydrate
(1:1, w/w), the nanofibers of PEO without and with sucrose or trehalose
dihydrate (1:1, w/w), and L. plantarum-loaded nanofibers of PEO
without and with sucrose or trehalose dihydrate (1:1, w/w). These
measurements were performed using ~ 5mg samples, which were
weighed in aluminum pans with a pin hole. The heating rate was 10 °C/
min, and the nitrogen purge rate was 50 mL/min. All of the samples
were analyzed in the temperature range from 0 °C to 220 °C, and the
DSC curves obtained were normalized to the sample mass.

The moisture content of the pure substances and the physical mix-
tures of PEO and the lyoprotectants (1:1, w/w) were determined for all
of the nanofiber samples using thermogravimetric analysis (TGA;
Mettler Toledo, Switzerland). Measurements were carried out between
30°C and 220 °C, with a heating rate of 10 °C/min, under a constant
nitrogen flow rate of 50 mL/min. The initial sample mass was ~5mg.

2.9. Fourier transform infrared spectroscopy

The Fourier transform infrared (FTIR) spectra of the pure
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substances, the physical mixtures of PEO and the lyoprotectants (1:1,
w/w), and all of the nanofiber samples were recorded using a FTIR
spectrometer with an attenuated total reflectance accessory (Nexus,
Thermo Nicolet, Madison, USA). FTIR spectroscopy was carried out at a
resolution of 2 cm ™2, with 32 scans from 600 cm ™ to 4000 cm ™ 1.

2.10. Viability of L. plantarum in PEO solutions, nanofibers, and
Lyophilizates

The viabilities of the L. plantarum cells in PEO solutions, nanofibers
and lyophilizates were determined using the drop-plate method [41].
Briefly, serial ten-fold dilutions were prepared in PBS from L. plantarum-
containing polymer solutions, from dispersion of known amounts of L.
plantarum-loaded nanofibers, and from dispersion of L. plantarum lyo-
philizates. Five 10 pL drops of each dilution were pipetted onto an agar
plate and incubated at 37 °C for 2days. Only the dilutions that pro-
duced 3 to 30 colonies per drop were counted. These data are expressed
as CFU/mL for L. plantarum in the dispersions, and as CFU/mg for L.
plantarum in the nanofibers and lyophilizates.

The experimentally determined loading of L. plantarum was com-
pared to their theoretically determined loading. The theoretical loading
was calculated as the number of L. plantarum cells in the polymer so-
lution (CFU) per dry weight of polymer, L. plantarum cells, and lyo-
protectants in 1 mL dispersion. The mass of 10'° dry L. plantarum cells
was assumed to be 0.54 mg (based on weights of bacterial lyophilizates
obtained from bacterial dispersions in sterile water).

2.11. Long-term storage of L. plantarum in nanofibers and lyophilizates

Defined masses of nanofibers and lyophilizates were stored in de-
siccators at 4°C or 25°C at the constant relative humidity of 11%
(maintained using a saturated solution of LiCl). The viability of the L.
plantarum in nanofibers and lyophilizates was analyzed at predefined
times (nanofibers, after 1, 3, 8, 12, 24 weeks; lyophilizates, after 3,
24 weeks), as described in Section 2.10.

2.12. Release of L. plantarum from nanofibers

L. plantarum-loaded PEO nanofibers (100 mg) were added to 20 mL
vials that contained 10 mL PBS as the release medium. The samples
were stirred at 50 rpm. At predefined times (5, 10, 15, 20, 25, 30, 40,
50, 60, 70, 90 min), 100 puL. of each sample was withdrawn and re-
plenished with fresh PBS. These samples were diluted with 900 uL PBS,
and the release of L. plantarum was determined by two independent and
complementary methods: the drop-plate method (Section 2.10), where
the CFU were determined; and the measurement of fluorescence of L.
plantarum that expressed the fluorescent protein mCherry. For mCherry-
expressing L. plantarum, the samples were diluted 1:10 in PBS, and
200 pL of these dilutions was transferred into black flat-bottomed 96-
well plates (Corning, USA). The fluorescence was measured using a
microplate reader (Infinite M1000; Tecan, Switzerland) with excita-
tion/ emission at 587/610 nm. The data obtained by both of these
methods are presented as the cumulative release of L. plantarum with
time. The L. plantarum release from the nanofibers was measured in
triplicates.

2.13. Statistical analysis

The effects of the process parameters and solution compositions on
nanofiber diameters and L. plantarum viability were analyzed statisti-
cally by applying one-way analysis of variance (ANOVA) with Tukey’s
post-hoc tests (*, a < 0.05; **, a < 0.01; ***, a < 0.001) using the
OriginPro 2017 software (OriginLab Corporation, USA). All of the data
are presented as means + standard deviation (SD).
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Fig. 1. (a) Schematic representation of electrospinning of poly(ethylene oxide) (PEO) without and with lyoprotectants and with L. plantarum, for the preparation of L.
plantarum-loaded nanofibers. Arrows indicate individual and dividing cells in the nanofibers. Scanning electron microscopy images are shown for (b) pure PEO
nanofibers, (c) L. plantarum cells air dried from water dispersion and (d) L. plantarum-loaded PEO nanofibers. Confocal microscopy images are also shown for PEO
nanofibers with incorporated L. plantarum cells that harbor the pCDLbu-1AEc_Ptuf34_mCherry plasmid, as (e) fluorescence, (f) bright-field, and (g) merged images.

3. Results and discussion
3.1. Incorporation of L. plantarum cells into PEO nanofibers

Electrospinning is a promising process for formulation of nanofibers
and their incorporation of probiotics (Fig. 1a). The nanofibers from the
mucoadhesive PEO without L. plantarum were uniform and beadless,
with mean diameter of 135 + 25nm (Fig. 1b). Local thickenings in the
nanofibers indicated successful incorporation of the probiotic L. plan-
tarum (Fig. 1c) into the PEO nanofibers (Fig. 1d). Although the L.
plantarum cells had a greater diameter (492 * 35nm) than the nano-
fibers, they were entirely coated with polymer and thus enclosed within
the nanofibers. The L. plantarum cells were oriented along the nanofi-
bers, which is in line with the study of Salalha et al. (2006), who
showed that randomly oriented bacteria in a polymer solution start to
orient during the electrospinning in the Taylor cone mainly along the
stream lines, and that these further align in the jet, which at the end
solidifies into the nanofibers [42]. The L. plantarum in the nanofibers
were incorporated as individual or dividing cells, with even distribu-
tions in the nanofiber mats, as observed by both SEM (Fig. 1a, d) and
fluorescence microscopy (Fig. le-g). The L. plantarum cells that pro-
duced mCherry were seen as bright red fluorescent rods within thick-
enings of the PEO nanofibers. The L. plantarum incorporated into the
nanofibers showed a flattened morphology (Fig. 1d) in comparison to
those air dried from dispersions (Fig. 1c¢). The diameter of the L. plan-
tarum cells incorporated into the nanofibers was 815 *+ 115 nm, which
was thicker than the air-dried L. plantarum alone or with additional
theoretical PEO layer. The noticeably changed morphology of the L.
plantarum might have been the consequence of their drying and

dehydration and/ or the mechanical stress they had undergone [42,43].

3.2. The process parameters and solution compositions influence nanofiber
morphology

Nanofiber morphology can be influenced by several parameters
[44], among which those investigated here were: (i) the process para-
meter of applied voltage; (ii) the environmental parameter of relative
humidity; and (iii) the solution parameters of concentration of L.
plantarum cells and addition of lyoprotectants into the polymer solu-
tion.

The applied voltage was from 10kV to 20kV and did not sig-
nificantly affect the thickness of the nanofibers produced (Fig. 2a). This
is contrary to the study of Beachley and Wen [45], who reported sig-
nificant decreases in nanofiber diameters with increasing applied vol-
tage across the same range. In the present study, the uniformity of the
nanofiber diameters was probably due to the adjustment of two para-
meters at the same time, as the increase in applied voltage was ac-
companied by an increased flow rate; this was necessary, as otherwise
the solution would either drip at 10kV or be dried on the nozzle at
20 kV.

The higher relative humidity resulted in a significant decrease in the
nanofiber diameters (Fig. 2a), which is in line with our previous report
[46]. At 55% relative humidity, electrospun nanofibers were the thin-
nest (diameter, 81 *+ 18 nm), which resulted in a beaded morphology
that was not the consequence of incorporated L. plantarum. On the other
hand, the incorporation of the lyoprotectants (sucrose, trehalose) had
no significant effects on the fiber diameters (Fig. 2b).

Increased concentrations of L. plantarum cells in the PEO solution
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Fig. 2. Effects of the process and environmental parameters (i.e., the applied voltage and relative humidity) (a), and the properties of the polymer solution (i.e, L.
plantarum concentrations and addition of lyoprotectants) (b) on the diameters of the L. plantarum-loaded nanofibers. Scanning electron microscopy images are also
shown for L. plantarum-loaded poly(ethylene oxide) (PEO) nanofibers prepared from PEO solutions with different L. plantarum concentrations: 10° CFU/mL (c);
10'° CFU/mL (d); 10" CFU/mL (e); and 102 CFU/mL (f). **, a < 0.01; ***, a < 0.001; RH, relative humidity.

resulted in proportional increases in the numbers of incorporated cells,
as observed for the upper layer of the nanofiber mats (Fig. 2c-f). The
polymer solution with 102CFU/mL L. plantarum resulted in
184.9 + 4.0 cells per 1000 pm? nanofiber mat surface, with 10'* CFU/
mL resulting in 29 + 4.4 cells, 10'° CFU/mL in 4.0 + 0.8 cells, and
10° CFU/mL in 0.4 = 0.7 cells, all per 1000 um? and based on the
analysis of the SEM images. Increasing the concentrations of the L.
plantarum cells to above 10'' CFU/mL also resulted in significant de-
creases in the nanofiber diameters (Fig. 2b). The addition of the L.
plantarum to the PEO solutions changed the dispersion conductivity and
viscosity, due to the extracellular proteins and ions introduced with the
probiotics or with the culture medium that remained after centrifuga-
tion. For example, addition of ~10'2CFU/mL of L. plantarum into the
polymer solution increased the conductivity from 2.0 mS/cm to 4.8
mS/cm, and the viscosity of the dispersion from 1360 mPas to 1710
mPas. Increased conductivity and viscosity have been reported to
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influence nanofiber diameters in opposing ways, as decreased and in-
creased nanofiber diameters, respectively [44,47,48]. In the present
study, the decreased nanofiber diameters seen can be attributed to the
more prominent influence of conductivity over viscosity (Fig. 2b).

To increase the L. plantarum viability in the nanofibers, each of two
lyoprotectants (i.e., sucrose, trehalose) were added to the PEO solu-
tions, from which composite nanofibers were successfully prepared that
showed high lyoprotectant levels (PEO:lyoprotectant, 1:1 (w/w)). In
other studies, the proportion of polymer to lyoprotectant was 3:1 (w/w)
[49,50]. However, their mean nanofibers diameters were ~ 150 nm,
and these were not significantly larger than those of the PEO nanofibers
without the lyoprotectants in the present study (135nm). The SEM
images of the PEO/sucrose and PEO/trehalose nanofibers without or
with L. plantarum showed formation of multiple ‘necks’ (Fig. 3). These
necks were not evenly spaced along the nanofibers, and they had dia-
meters of ~45nm. Additionally, thin fibrillar structures with diameters



K. Skrlec et al.

PEO

Without bacteria

With bacteria

PEO/sucrose
N

European Journal of Pharmaceutics and Biopharmaceutics 136 (2019) 108-119

PEO/trehalose dihydrate

Fig. 3. Scanning electron microscopy images of poly(ethylene oxide) nanofibers without and with lyoprotectants (sucrose, trehalose dihydrate) and L. plantarum

cells. Inserts show magnified images of the ‘necks’ in the nanofibers.

of ~15nm were also seen in these neck regions, which were more
frequent for the PEO/trehalose nanofibers. Indeed, some of the dis-
continued nanofibers that can be seen in Fig. 3 were created during the
SEM examinations, where the 1KkV electronic beams broke these thin
fibrils. Similar structures (i.e., necks) have been reported previously
and were attributed to the strong stretching of the solidified PEO na-
nofibers that were collected on the tapered wheel at high rotation
speeds [51,52]. This effect was promoted by increased ductility of the
PEO/lyoprotectant nanofibers compared to those of pure PEO, which
may be attributed to the changed solid state of the polymer due to the
plasticiser effect of the lyoprotectant in the nanofibers.

3.3. Incorporation of L. plantarum into nanofibers reduces the crystallinity
of the polymers and lyoprotectants

DSC was carried out to investigate the physical states of the nano-
fiber components and the possible interactions between them (Fig. 4,
Table 1), and TGA was carried out to determine the moisture levels in
the samples (Table 1). The thermograms of the dried L. plantarum cells
(following lyophilization from water) showed two broad endothermic
peaks at 100 °C and 196 °C (Fig. 4a). For the same temperatures, the
decreases in the mass of the samples were determined by TGA. Con-
sequently, the first peak shown in Fig. 4a represents evaporation of the
water and the second probably represents degradation of some of the
components of the L. plantarum. The moisture content of the lyophilized
cells was 11% (Table 1). The pure PEO showed a sharp endothermic
peak at 70.4°C, which represents the melting temperature of the
polymer (Fig. 4a). The sucrose and trehalose dihydrate melted at
193.7 °C (Fig. 4b) and 209.2 °C (Fig. 4c), respectively. Trehalose dihy-
drate also showed two additional peaks, at 100.9 °C and 121.1 °C, which
were due to evaporation of the bound water. In the physical mixtures of
PEO and the lyoprotectants, there were characteristic endothermic
peaks for all of the components (Fig. 4b, c).

The electrospinning of the PEO solution decreased the crystallinity
of PEO in the nanofibers, which was seen as the smaller endothermic
peak and specific enthalpy of transition compared to pure PEO (Fig. 4a,
Table 1). Similarly, in composite nanofibers, the electrospinning re-
sulted in small to more pronounced reductions in the sucrose and tre-
halose crystallinities, respectively. Also, the presence of the L. plan-
tarum cells in the nanofibers reduced the crystallinity of PEO and
sucrose in the PEO and PEO/sucrose nanofibers (Fig. 4, Table 1).
Moreover, addition of the L. plantarum cells to the PEO/trehalose na-
nofibers resulted in complete amorphization of the trehalose (Fig. 4c,
Table 1). The shift in the PEO melting peak to lower temperatures in the

113

nanofibers that contained L. plantarum cells, along with the reduced
crystallinity of the sucrose and the amorphization of the trehalose,
suggested interactions between PEO, lyoprotectants and the L. plan-
tarum cells, as was similarly proposed previously for polymer blends
[53]. The moisture content of the nanofibers with the L. plantarum cells
was lower than that of the lyophilized L. plantarum cells (Table 1).

3.4. L. plantarum interacts with excipients in nanofibers

FTIR spectroscopy is a sensitive method to evaluate the interactions
of excipients with proteins and polar head groups of lipid membranes in
bacteria [54]. The L. plantarum cells lyophilized from water showed
three main amide bands from proteins: amide A (3291 cm ™ 1), amide I
(1651 cm™ 1), and amide IT (1529 cm ™ 1) (Fig. 5a). A peak at 1233 cm !
can be attributed to amide III and/or phosphate asymmetric stretching
vibrational mode, as both have been reported to be near to this wave-
number [54-56]. The symmetric and asymmetric CH, stretching vi-
brational modes of the lipid membranes were observed at 2862 cm ™!
and 2928 cm ™!, respectively (Fig. 5a) [54].

To predict the effects of drying on bacterial proteins, the region of
the amide I and amide II peaks at wavenumbers between 1500 cm ™!
and 1700cm ™! can be studied. Amide I represents C=0 stretching
vibration, and it can be used to assign the secondary structure of pro-
teins. Amide II is composed of NH bending [55,56]. There were no
peaks in this region in the spectra of the pure PEO, trehalose, and su-
crose; their spectra thus do not overlap with the conformationally
sensitive amide I and amide II peaks of L. plantarum. The amide I and
amide II peaks from L. plantarum-loaded nanofibers are in good
agreement with air-dried L. plantarum from the literature [56], at
1652 cm ™! and 1543 cm™?, respectively. The amide I peak has a dif-
ferent shape for the lyophilized L. plantarum compared to the L. plan-
tarum-loaded nanofibers (Fig. 5b). Similarly, the shape of the amide II
peak was changed, as it had shifted from 1529 cm ™' (lyophilized L.
plantarum) to 1543 em~! (L. plantarum-loaded nanofibers). Similar
shifts in the amide II peak have been reported previously for protein
lysozyme [57] and the bacteria E. coli and Bacillus thuringiensis com-
paring the hydrated cells (1543 cm™?) to the cells dried without lyo-
protectants (1533 cm ™) [38]. The electrospinning without and with
the added lyoprotectants might stabilize L. plantarum better than lyo-
philization in deionized water, as the decrease in vibrational frequency
observed in the lyophilized L. plantarum represents a change in protein
structure [38].

Hydrogen bonding between different excipients is often monitored
in FTIR spectra by the hydroxyl stretching region between 3650 cm ™!



K. Skrlec et al.

a f |

[PEO nf T

[PEO LP nf b

TGXO

50 100 150 200

T

PEO/suc pm

PEO/suc nf

Heat flow (mWi/g)

PEO/suc LP nf

0 Texo .
50

100 150

| treh

6} i
PEO/treh pm
a4}t

PEO/treh nf

PEO/treh LP n

0 Texo
50 100 150

Temperature (°C)

200

Fig. 4. Differential scanning calorimetry thermograms. (a) Lyophilized cells of
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plantarum (PEO/treh LP nf). The main changes in the spectra are marked with
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and 3100cm ™! [57], which overlaps with the amide A region (NH
stretching) at 3300 cm ! [55]. Amide A is very sensitive to the strength
of the hydrogen bonds and does not depend on the skeletal conforma-
tion [54]. In addition, the moisture in the samples affects the intensity
of the amide A peak [58]. The PEO nanofibers did not have any peaks in
this region, and so hydrogen bonds are not expected. For the L. plan-
tarum-loaded PEO nanofibers, the peak at 3295 cm ™! was shifted from
3290 cm ! in the lyophilized L. plantarum (Fig. 5¢). The sucrose and
trehalose dihydrate showed six sharp CH,-stretching peaks between
2850 cm ™! and 3000 cm ™}, which were decreased in the PEO/sucrose
and PEO/trehalose nanofibers and fused into one broad peak for the L.
plantarum-loaded PEO/sucrose and PEO/trehalose nanofibers (Fig. 5c).
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Similarly, the peaks of sucrose and trehalose dihydrate with their
characteristic shape at positions 3325cm ™! and 3268 cm™?, respec-
tively, merged with the characteristic peak of the L. plantarum at
3290 cm ™! to form one broad peak, which was shifted to 3296 cm™*
for the L. plantarum-loaded PEO/sucrose nanofibers, and to 3287 cm™
for the L. plantarum-loaded PEO/trehalose nanofibers (Fig. 5c). These
changes in the spectra might be the consequence of hydrogen interac-
tions between the lyoprotectants and the proteins of the L. plantarum
cells, which correlates with the DSC data (Fig. 4). Although the shifts
and changes in other regions of the FTIR spectra might provide addi-
tional information about interactions between the excipients and the L.
plantarum, these are difficult to evaluate due to the extensive and in-
tricate overlapping of the PEO, lyoprotectant, and L. plantarum peaks.

1

3.5. The process parameters and polymer solution compositions influence
the viability of L. plantarum in electrospun nanofibers

The next challenge was to determine how variations in the elec-
trospinning process and the environment and solution properties in-
fluenced the L. plantarum viability, and to define possible correlations of
the components with the crystallinity, and interactions between the
excipients and the L. plantarum cells. The high voltage applied in the
electrospinning process is expected to be harmful to the L. plantarum
cells, although it is necessary for the production of the nanofibers here
[59]. Among the voltages investigated (10, 15, 20 kV), the L. plantarum
cells showed their greatest viability at 15kV (0.81 log reduction in
viable L. plantarum, compared to theoretical L. plantarum loading)
(Fig. 6a). Decreases in L. plantarum cell viability were seen both when
the voltage was increased from 15kV to 20kV (2.03 log reduction in
viable L. plantarum) and when the voltage was decreased from 15kV to
10kV (1.30 log reduction in viable L. plantarum). Additionally, elec-
trospinning at 10 kV was less efficient than that at 15 kV and 20 kV, and
resulted in lower nanofiber production per unit time. The relative hu-
midity of 55% during the electrospinning resulted in higher cell via-
bility (1.02 log reduction in viable L. plantarum, in comparison to the-
oretical L. plantarum loading) compared to 20% relative humidity (1.81
log reduction in viable L. plantarum).

The L. plantarum concentrations in the PEO solution were the most
critical parameter for their viability when incorporated into the nano-
fibers (Fig. 6b). Contrary to the number of L. plantarum cells in-
corporated when observed by SEM, the number of viable L. plantarum
cells in the nanofibers did not correlate with the number of L. plantarum
cells in the polymer solutions. Here, a 10-fold decrease in the con-
centration of L. plantarum cells in the polymer solution did not result in
a 10-fold decrease in their viability, but rather, a 1000-fold decrease.
The use of the polymer solutions with 12 log CFU/mL L. plantarum cells
(i.e., the highest concentration used here) resulted in 1.18 log decrease
in viable L. plantarum cells (from the theoretical yield of 10.06 log to
8.88 log CFU/mg). A 10-fold decrease in the L. plantarum concentration
(11 log CFU/mL) resulted in a 3.73 log decrease in viability (from the
theoretical 9.39 to 5.66 log CFU/mg), and a 100-fold decrease in the L.
plantarum concentration (10 log CFU/mL) resulted in a 5.99 log de-
crease in viability (from the theoretical 8.47 to 2.48 log CFU/mg of
viable L. plantarum cells), while with a 1000-fold decrease in the L.
plantarum concentration (9 log CFU/mL) there were no viable L. plan-
tarum cells in the nanofibers. However, at the highest investigated
concentration of L. plantarum, the number of viable L. plantarum cells in
the nanofibers almost reached the theoretical number of L. plantarum
cells incorporated. This importance of the initial concentration of the L.
plantarum (i.e., prior to drying) for their survival has not been reported
previously for electrospinning, although it has been seen for lyophili-
zation [60,61]. This was attributed to the mutual shielding effects of the
bacteria and their decreased exposure to the detrimental conditions of
the medium, due to the smaller contact area when the bacteria are at
high concentrations [62]. For L. plantarum, highly concentrated bac-
terial dispersions should thus be used for electrospinning, to decrease
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Table 1
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PEO and lyoprotectant endothermic peaks and moisture content of the PEO nanofibers without and with the L. plantarum cells. The theoretical enthalpy for the PEO
and lyoprotectants represents the enthalpy of crystalline substances with respect to their percentages in the nanofibers.

Sample PEO melting Lyoprotectant melting Moisture content
(%)
Theoretical enthalpy (J/  Enthalpy (J/g) Peak (°C) Theoretical enthalpy (J/ Enthalpy (J/g) Peak (°C)
8) 8)
Lyophilized L. plantarum / / / / / / 10.8
PEO / -170.2 70.42 / / / <15
PEO nanofibers —-170.2 —141.4 71.51 / / / <15
L. plantarum-loaded PEO nanofibers -102.1 -89.3 58.83 / / / 5.3
Sucrose / / / / —133.4 190.9 <15
PEO/sucrose physical mixture (1:1, w/w) —85.1 —89.2 69.59 —-66.7 —-67.1 193.7 <1.5
PEO/sucrose nanofibers —-85.1 —69.6 68.38 —66.7 -63.8 190.8 <15
L. plantarum-loaded PEO/sucrose -67.0 —-42.6 61.10 -52.6 —-42.9 191.6 5.2
nanofibers
Trehalose / / / / —-121.6 196.5 9.6
PEO/trehalose physical mixture (1:1, w/ —78.3 —-79.9 69.44 —-61.4 —72.5 209.2 5.8
w)
PEO/trehalose nanofibers —80.1 —-69.2 64.92 -62.8 —40.0 213.1 5.8
L. plantarum-loaded PEO/trehalose —66.7 -35.9 58.92 -52.3 -0.9 209.9 6.6

nanofibers

PEO, poly(ethylene oxide).

the influence of this process on the L. plantarum viability. As well as the
concentration of bacteria, the growth phase of bacteria has also been
reported to influence bacterial survival [63]. Harvesting of the bacteria
in the early stationary phase has more frequently been reported as
optimal, compared to harvesting in the late exponential phase. The
early stationary phase has been shown to provide better bacterial sur-
vival during drying [16], and this was therefore adopted in the present
study (i.e., harvesting at 12h after inoculation).

The two lyoprotectants used in the present study provided similar
levels of L. plantarum cell protection during the electrospinning for the
composite nanofibers with PEO and lyoprotectant (1:1, w/w). In more
detail, the addition of sucrose or trehalose dihydrate to the PEO na-
nofibers resulted in lower decrease in L. plantarum cell viability com-
pared to the PEO nanofibers without these lyoprotectants in respect to
theoretical loading of L. plantarum in individual formulation. For the
PEO/sucrose and PEO/trehalose nanofibers, only 0.74 log and 0.80 log
reductions in L. plantarum cell viability was determined, respectively,
whereas in the absence of lyoprotectants, cell viability was reduced by
1.21 log unit. As reported, the loss of viability during electrospinning
can be caused by rapid evaporation of water and drastic change in the
osmotic environment during drying. The bacterial membrane is the
most common site of damage, because of the loss of water from both the
lipid bilayer and the membrane proteins [64]. According to the water
replacement hypothesis, lyoprotectants can substitute for the water
molecules during drying by forming hydrogen bonds around the polar
and charged groups in the phospholipid membranes and proteins, and
thereby stabilize the native structure in the absence of water [17,18].
The formation of interactions between the lyoprotectants and the L.
plantarum cells, and the amorphous state of trehalose in the nanofibers
shown in the present study (Figs. 4, 5), will have important contribu-
tions to the improved L. plantarum cell viability during the electro-
spinning.

3.6. Viability of L. plantarum in nanofibers and in lyophilizates during
storage

High viability of bacteria immediately after electrospinning is im-
portant; however, it is even more vital to maintain the viability during
long-term storage. In our preliminary studies, the storage of PEO na-
nofibers at 25 °C without control of the relative humidity resulted in
total loss of bacterial viability after 4 weeks. Given the large surface
area of the nanofibers, ambient conditions such as heat and humidity

might indeed be detrimental during storage of the bacteria incorporated
into the nanofibers. Thus, the effects of the lyoprotectants (i.e., sucrose,
trehalose) and temperature (4°C, 25°C) on the viability of the L.
plantarum cells in the nanofibers were investigated here for a storage
period of 24 weeks under controlled conditions at constant relative
humidity of 11% (Fig. 7).

The viability of the L. plantarum cells in the PEO nanofibers at 25 °C
was quickly reduced by more than 2 log units after 1 week, and by
almost 4 log units after 12 weeks, with complete loss of viability after
24 weeks. The survival of the L. plantarum cells was improved in the
PEOQ/sucrose nanofibers (3.8 log reduction after 24 weeks), while the
PEO/trehalose nanofibers provided the highest viability at 25°C (1.8
log reduction after 24 weeks). The stabilizing effects of these dis-
accharides for the L. plantarum cells are in line with previous studies of
freeze-drying of such bacterial probiotics [65]. The improved L. plan-
tarum viability for the PEO/trehalose nanofibers compared to that with
PEO/sucrose might be the consequence of the amorphous state of tre-
halose, which can interact with and stabilize the bacterial membrane,
compared to the partially crystalline state of sucrose. The moisture
content retained in these nanofibers after their preparation (6% to 8%;
Table 1) was also in line with previous reports [66,67], which suggests
that the determined moisture content is optimal for preservation of high
probiotic bacteria viability during storage.

The L. plantarum cells in the nanofibers stored at 4 °C for 24 weeks
showed greater viability compared to those stored at 25 °C, while the L.
plantarum cell viability in the nanofibers with added trehalose de-
creased by only 0.2 log units after 24 weeks of storage. The sucrose
again showed less protection of the L. plantarum cells (0.5 log reduc-
tion), although their stability in these sucrose nanofibers was still better
than for the PEO nanofibers without the lyoprotectants (0.8 log re-
duction). Beneficial effects of trehalose addition on the storage of na-
nofibers was demonstrated previously for bacteriophage T7, where the
inclusion of trehalose also had no detrimental effects on the electro-
spinning process [49]. Generally, it has been well established that
storage at lower temperatures can increase the survival of the bacteria
[15], which was also shown in present study. Better survival of bacteria
during long-term storage at lower temperatures is the consequence of
the slowed bacterial metabolism [68]. On the other hand, the difference
in the stability of such samples at 2-8 °C and at -20 °C is very small, and
thus freezing is not necessary [36].

In contrast to electrospinning, lyophilization is a well-established
method for preservation and storage of probiotics for industrial
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Fig. 5. Fourier transform infrared spectra. (a) Whole spectrum of lyophilized L.
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plantarum-loaded poly(ethylene oxide) nanofibers (PEO nf) without and with
addition of sucrose (suc) and trehalose (treh). (¢) Amide A stretching region of
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and all of the prepared nanofibers (without and with lyoprotectants, without
and with L. plantarum, as indicated). The main changes in the spectra are in-
dicated by the dashed lines and rectangles.

applications [69]. The survival rates of L. plantarum following electro-
spinning and lyophilization were thus also compared here (Fig. 7). At
25 °C, the viability of the L. plantarum cells in the lyophilized samples
prepared from L. plantarum cell dispersions in 4% (w/v) PEO solution
without added lyoprotectants decreased by 4.0 log units over 24 weeks.
For the nanofibers with a similar composition, no viable bacteria were
detected after this time. The addition of sucrose to the L. plantarum
dispersions increased their survival in lyophilized samples in compar-
ison to samples without sucrose over 24 weeks (1.70 log decrease in
viability, from 9.07 to 7.37 CFU/mg). However, the inclusion of sucrose
in the nanofibers was less efficient, as it resulted in a 3.8 log decrease in
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L. plantarum cell viability over 24 weeks (from 8.04 to 4.17 CFU/mg).
Instead, the addition of trehalose to the nanofibers was the most ef-
fective for the viability of the L. plantarum cells, regardless of the drying
technique used (i.e., lyophilization, electrospinning). Here, there were
no significant differences for the L. plantarum cell survival between
lyophilization and electrospinning, with 24 weeks of storage at 25 °C
resulting in 1.70 log units (from 8.97 to 7.27 CFU/mg) and 1.83 log
units (from 8.51 to 6.68 CFU/mg) decreases, respectively. Storage at
4°C resulted in significantly higher L. plantarum cell viability in com-
parison to storage at 25°C, regardless of whether lyophilization or
electrospinning were used for the drying. Also, at 4 °C, the differences in
the L. plantarum cell viabilities across lyophilization and electrospin-
ning were minimal. These data indicate that storage at low tempera-
tures and addition of lyoprotectants, and especially trehalose, represent
good strategies to extend the shelf-life of such probiotic products, which
is in agreement with the literature [70]. Under such conditions, the
survival of bacteria in such lyophilized and electrospun products with
similar compositions is comparable.

3.7. Release of L. plantarum from nanofibers

After storage, the viable probiotics need to be delivered to the local
site of the disease, to be available for recolonization of the niche.
Nanofibers made with mucoadhesive polymer PEO should offer a pro-
mising delivery system for their adherence to the mucosa. In the release
study performed here in PBS (Fig. 8), near total release of the L. plan-
tarum cells from the nanofibers was achieved within the first 30 min
(> 90%). This was seen by both methods used: CFU determination, and
fluorescence measurements of the mCherry protein constitutively ex-
pressed in the cytoplasm of the L. plantarum cells, whereby the fluor-
escence was representative of the L. plantarum cell concentration [40].
This release over 30 min might represent sufficient time for the pro-
biotic bacteria to attach to the surface of the mucosa, and thus prevent
their immediate flushing with body fluids. On the other hand, the dis-
solution of the PEO nanofiber mat over 30 min is also beneficial for the
rapid removal of the delivery system from the body. L. plantarum cells
that express fluorescent mCherry protein can be incorporated into na-
nofibers and used to monitor their release, and thus to track the fate of
these bacteria in vivo in experimental animals, as we have reported
previously [71].

4. Conclusions

In the present study, we successfully developed monolithic PEO and
composite PEO/lyoprotectant nanofibers that provided high loading of
L. plantarum cells (up to 7.6 x 10% CFU/mg). The most critical para-
meter for high L. plantarum cell viability after the electrospinning was
the concentration of these probiotic L. plantarum cells in the PEO so-
lution, whereas the applied voltage and the relative humidity during
the electrospinning did not have any vital impact on L. plantarum cell
viability. The addition of high contents of lyoprotectants, and especially
trehalose, to the composite nanofibers (PEO:lyoprotectant, 1:1 (w/w))
provided small improvements in the L. plantarum cell viabilities after
the electrospinning, but large survival benefits during storage. The
minimal loss of the L. plantarum cell viability over 24 weeks of storage
at low temperature can also be attributed to the amorphous state of the
trehalose interacting with the L. plantarum cells. The PEO nanofibers
released almost all of the L. plantarum cells over 30 min, which will be
appropriate for their local administration. The present study also in-
cluded the first incorporation into nanofibers of recombinant probiotic
bacteria that were expressing a fluorescent protein, which will facilitate
in vivo studies by providing a simple tracking method for these pro-
biotics, to thus promote deeper understanding of such treatments. In
summary, this approach demonstrates the development of a promising
local nanodelivery system based on the use of probiotic-loaded nano-
fibers that can provide high loading and long shelf life. Such delivery
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system could be particularly useful for the vaginal delivery of different
Lactobacillus species.
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