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Featured Application: Our work shows the application of electrospinning and electrospray to
develop a tympanic membrane patch based on alginic acid, aimed at delivering probiotics and/or
postbiotics to the middle ear. The possibility of contrasting chronic infections using probiotics
is an emerging strategy, proposed as an alternative to antibiotics. Middle ear bacteriotherapy
mediated by a probiotic/alginate patch can open new therapeutic routes in otology for those
patients with chronic otitis media.

Abstract: Antimicrobial resistance poses a growing challenge in respiratory tract diseases like otitis
media, often necessitating surgical interventions due to pharmacological treatment limitations. Bac-
teriotherapy, involving probiotics and/or their bioproducts, emerges as a promising alternative in
such a scenario. This study aims to pave the way to middle ear bacteriotherapy by developing an
innovative sodium alginate (SA)-based probiotic delivery system using electrospinning and electro-
spray techniques. Electrospray enabled the precise production of probiotic-laden SA microparticles,
demonstrating potential for targeted bacterial delivery. By overcoming challenges due to the SA
molecular structure, we successfully electrospun SA-based fiber meshes with poly(ethylene oxide)
(PEO) as a support polymer. The rheologic behavior of the probiotic/SA solutions and the morphol-
ogy of the obtained microparticles and fibers was evaluated, along with the diameter variation over
time. The cytocompatibility of the produced microparticles and fibers was assessed using human
dermal keratinocytes and their antimicrobial activity was tested against E. coli. The incorporation of
probiotic-laden SA microparticles within electrospun SA/PEO fiber meshes finally offered a patch-
like structure to be applied on the tympanic membrane or on the outer auditory canal, which could
be a versatile and ideally safe treatment strategy in chronic otitis media. This innovative approach
holds promise for clinical applications dealing with inflammatory processes, infections and dysbiosis,
thus possibly addressing the complex healing process of chronic upper respiratory diseases while
mitigating antimicrobial resistance.

Keywords: additive manufacturing; bacteriotherapy; fiber meshes; encapsulation; eardrum

1. Introduction

Otitis media (OM) refers to inflammation and/or infection in the middle ear and
encompasses a continuum of acute and chronic diseases, clinically characterized by fluid
effusion in the middle ear [1]. OM is one of the most common infectious diseases in
childhood and the leading cause for medical consultations, as well as antibiotic prescription
in this population [2]. Complications, in time, include conductive hearing loss and severe
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sequels, such as mastoiditis, cholesteatoma, meningitis, brain abscess and lateral sinus
thrombosis [3,4]. OM treatment and prevention continues to provide a great challenge
for researchers and clinicians, due to the current alarming spread of multidrug-resistant
bacterial strains [5,6]. Thus, the identification of innovative antimicrobial strategies that can
replace or complement the use of antibiotics represents a widely recognized priority [7].

In this regard, an emerging field of research aims to treat and prevent OM using
bacteriotherapy, i.e., the use of beneficial bacteria or their related biological products
(e.g., probiotics, postbiotics) for competing with otopathogens to contrast their growth,
virulence factors and ability to induce chronic inflammation and tissue injury, e.g., eardrum
perforation [8]. However, supporting data for this type of intervention are still scarce and
demand for a rational and evidence-based selection of potential devices is low. In fact,
adequate systems for the delivery of probiotics to the target site are not yet established [9].

In recent years, electrospinning and electrospray have emerged as suitable biofabrica-
tion techniques to produce micro/nanometric fibers and particles, which can be loaded
with a wide range of molecules and live cells [10]. Microfiber and nanofiber-based tech-
nologies are of growing interest in many biomedical fields, including tympanic membrane
patches as drug delivery systems [11,12]. The high surface area-to-volume ratio and high
porosity of these fibrous meshes make them candidates for delivery and sustained release
at the target site of the active cargos, which can be encapsulated in the fibers and/or in
particles electrosprayed on the fibrous mesh [11–13].

Recently, supporting data describing bacteria encapsulation via electrospinning have
also become available [14]. Bacteria were electrospun into water soluble polymers for a
range of biomedical and agricultural applications. For example, Staphylococcus epidermidis
was loaded into carboxymethyl cellulose/polyethylene oxide (PEO) fibers to treat dia-
betic foot ulcers [15]. In a similar fashion, Lactobacillus acidophilus was incorporated into
poly(vinyl alcohol) (PVA)/poly(vinyl pyrrolidone) fibers to treat bacterial vaginosis [16].
The electrospinning apparatus can be used both to obtain continuous fibers and to have the
feeding solution broken into droplets, thus forming micro/nano particles [12]. Owing to its
mild operating conditions, electrospray has the potential to be used for the encapsulation
of live cells inside biopolymeric networks forming particulate systems. Therefore, it can be
considered as a method for bacteria delivery and release at a designated site in the body.
Zaeim et al. used electrospray to fabricate hydrogel microspheres for encapsulation of pro-
biotics (i.e., Lactobacillus plantarum) [17]. Thus, the electrospinning technology is a versatile
and straightforward platform to have fiber meshes combined with particle systems [12].

A different approach is represented by three-dimensional (3D) printing, in which
bacteria could be encapsulated in polymeric inks ejected via a miniaturized nozzle through
the application of a pressure. 3D printing is indeed a valuable approach to fabricate 3D
structures for different biomedical applications (e.g., patches for wound healing). On the
one hand, 3D printing might solve the problem related to the swelling of fibers observable in
electrospinning applications by a careful control of the process parameters (i.e., temperature,
deposition velocity, viscosity of the ink) [18]. However, the size of the printed filaments
and the weight of the produced structures would be higher than those obtainable via
electrospinning, which could limit eardrum hearing function.

Among water soluble polymers, necessary to support cell viability, natural polysac-
charides are outstanding figures, as they can retain very large amounts of water useful for
the embodied cells, and are entitled with low immunogenicity and high biocompatibility
towards different tissues of the body [19,20]. A key example is alginic acid, a natural anionic
polysaccharide derived from brown seaweeds (i.e., Phacophycae), which has gained a long-
term growing appreciation in drug delivery systems and other biomedical applications
due to its key properties, including its structural similarity to the amorphous extracellular
matrix in tissues [21]. Alginic acid sodium and potassium salts, known as alginates, are
block-copolymer polysaccharides of L-guluronic (G) and D-mannuronic (M) acid residues
connected by 1:4 glycoside linkages. Their crosslinking occurs via an exchange of monova-
lent cations (e.g., Na+) to bivalent cations (e.g., Ca2+), causing hydrogel formation, which is
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ideal to entrap live cells and biomolecules [22]. Some examples of alginate-based platforms
for bacterial encapsulation have been reported in the literature. Diep et al. developed
alginate-based nanofibers that could potentially serve as a biocompatible and edible system
for the safe delivery of live bacteria into the gut [23]. However, due to the strong entan-
glement of alginate chains, electrospun continuous fibers were obtained using a synthetic
hydrophilic polymer as a carrier, such as PEO or PVA, usually in a relevant amount with
respect to sodium alginate (SA) [15,16].

The present work is focused on fabricating SA probiotic electrosprayed/electrospun
fiber patch as a tool to possibly treat middle ear infections via bacteriotherapy. In particular,
the electrospinning technique was exploited to produce SA-based microparticles containing
probiotics embedded in SA-based fibrous meshes, as a supportive substrate for the topical
application in the tympanic membrane. To reach this goal, electrospray and electrospinning
processes needed the alginate-based formulations to be tuned. We thus investigated the
rheological properties of the SA-based solutions and the morphology of the fibers and
probiotic-loaded versus unloaded microparticles. Moreover, size variation upon crosslink-
ing, swelling and biodegradation in physiological-like medium, cytocompatibility towards
epithelial cells and antimicrobial activity towards a model pathogen, E. coli, were studied.

2. Materials and Methods
2.1. Materials

SA suitable for cell immobilization in powder form (code 71238), low viscosity SA
in powder form (code A1112) and medium viscosity SA in powder form (code A2033)
were purchased from Sigma-Aldrich (Milan, Italy). The SAs used are further indicated by
a “SA(Mw)MG(##)” string, in which Mw is the molecular weight (in kDa) and MG is the
M/G ratio; the MG value ## is given in numbers without decimal punctuation. Information
regarding the molecular weight and M/G ratio of SA427MG07 and SA495MG19 was
obtained through gel permeation chromatography (GPC) and 1H-NMR, respectively, as
reported by Gorroñogoitia, et al. [24]. Information regarding the molecular weight and
M/G ratio of the SA51MG03 was obtained with chromatographic techniques, as reported
by Jeoh et al. [25]. Poly(ethylene oxide) (PEO) in powder form with a molecular weight of
1000 kDa (code 372781), liquid Triton X-100 (Lot#110M0009V) and agar were also purchased
from Sigma-Aldrich. Absolute ethanol was bought from Bio-Optica (Milan, Italy)

Probiotics (Probioti, 60 capsules) were purchased from OTI—Officine Terapie Inno-
vative s.r.l. (Carsoli, AQ, Italy). In 4 capsules, they are reported to contain a mixture of
the following live probiotic strains in colony forming units (CFUs): Lactobacillus plantarum
BG112 > 10 bn CFUs, Streptococcus thermophilus SP4 > 5 bn CFUs, Lactobacillus casei BGP93
> 5 bn CFUs, Lactobacillus acidophilus LA3 > 2 bn CFUs, Bifidobacterium breve SP85 > 1 bn
CFUs, Bifidobacterium infantis SP37 > 1 bn CFUs, Bifidobacterium longum SP46 > 1 bn CFUs
and Lactobacillus bulgaricus SP5 > 0.25 bn CFUs.

Human Keratinocyte (HaCaT) cell line was obtained from CLS-Cells Line Service
(Eppelheim, Germany). Fetal Bovine Serum (FBS) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Dulbecco’s Phosphate Buffered Saline (DPBS), Dulbecco’s
Modified Essential Medium (D-MEM), L-Glutamine, penicillin and streptomycin were
purchased from Sigma Aldrich. AlamarBlue® was purchased from Thermo Fisher Scien-
tific. De Man-Rogose-Sharpe agar (MRSA) and Tryptic Soy Broth (TSB) were obtained
from Oxoid Ltd., Cheshire, UK. Escherichia coli ATCC 25922 was purchased from ATCC
(Manassas, VA, USA).

2.2. Preparation of SA Solutions for Electrospray

SA427MG07 was used to prepare 2 w/v% aqueous solutions in distilled water (dH2O)
for electrospray. SA427MG07 was weighed using an analytical balance and slowly poured
in stirring water. Gentle stirring was kept overnight at room temperature (RT) before use.
Solutions containing model commercial probiotics for preliminary investigations were
prepared using the powder content of Probioti capsules, which was dissolved in dH2O
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prior to the addition of SA. The contents of 2 capsules (0.41 ± 0.01 g of powdered probiotics
per capsule), corresponding to 5 × 109 live probiotics, were dissolved in 5 mL of water
under stirring. Afterwards, 0.10 g of SA was slowly added to the stirring solution to achieve
a final SA concentration of 2 w/v%. Gentle stirring was kept overnight at RT before use.

2.3. Preparation of SA/PEO Solutions for Electrospinning

SA(s)/PEO solutions investigated for electrospinning are detailed in Table 1.

Table 1. Water solution of sodium alginates (SAs) tested for electrospinning.

SA Type 1 SA Concentration
[w/w%]

PEO Concentration
[w/w%] SA/PEO [w/w] Triton X Concentration

[w/w%]

SA51MG03 12.0 3 80/20 1
SA51MG03 + SA495MG19 6.5 + 0.5 3 70/30 1

SA51MG03 7.0 3 70/30 1
1 Sodium alginate (SA) type is indicated by its molecular weight (Mw, in kDa) and mannuronic/guluronic ratio
(MG, in numbers without decimal punctuation), which results in a string “SA(Mw)MG(##)”.

To produce fibers by electrospinning, SA solutions containing PEO as a carrier were
prepared. First, SA(s) in powder form were slowly added to dH2O and stirred at 800 revo-
lutions per minute (rpm), 40 ◦C for 30 min to promote the polymer dissolution. Afterwards,
PEO powder was slowly added to the SA, and kept under stirring in the same conditions
for 2 h. At this point, liquid Triton X-100 was added to the solution using a pipette, and the
stirring was maintained overnight at RT to ensure a complete dissolution and mixing of
the components.

2.4. Rheological Analysis of Prepared Solutions

A rheological analysis was carried out to evaluate the viscosity of SA water solution
(i.e., 2 w/v% SA427MG07 in dH2O) with and without probiotics used for electrospray, as
well as SA/PEO solution (i.e., 7 w/w% SA51MG03 + 3 w/w% PEO + 1 w/w% Triton X-100)
used for electrospinning. Viscosity measurements were performed at 25 ◦C using the MC20
rheometer endowed with coaxial cylinders (Anton Paar, Rivoli, TO, Italy) and a solution
volume of 17 mL. The viscosity as a function of the shear rate was then evaluated in the
range 10−1–103 Hz. The shear rate (

.
γ) corresponding to our electrospinning setup was

evaluated by using the Hagen–Poiselle equation (Equation (1)) for capillaries and tubes:

.
γ =

4V
πR3t

=
4F

πR3 (1)

in which R is the needle inner radius, V is the fluid volume, t is the time; therefore, F is the
flow rate [26].

2.5. Electrospray Procedure to Obtain Probiotic-Laden Microparticles

A schematic of electrospray set-up is shown in Figure 1A. Specifically, 5 mL of 2 w/v%
SA427MG07 in dH2O solution, either with or without probiotics, was loaded into a dispos-
able syringe equipped with a blunt end bent stainless steel 22G needle (inner diameter:
0.413 mm). The syringe was assembled onto a syringe pump (Linari Engineering s.r.l., Pisa,
Italy) and the needle was connected to a high-voltage supply (Linari Engineering s.r.l.).
The collector was prepared by placing an aluminum foil disc inside a Petri dish filled with
30 mL of a CaCl2 solution.

A sheathed copper wire with exposed ends was placed in contact with the aluminum
foil on one end and connected to the ground terminal on the other end. The electrospray
was carried out for 10 min, and the microparticles were maintained in the collection bath for
10 min to achieve crosslinking. The collection bath was then transferred into a Falcon tube,
and the collector was washed 3 times with 5 mL of dH2O to recover residual microparticles.
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The samples were left in the CaCl2 solution overnight to complete the crosslinking process.
Then, the liquid was removed using a pipette and 20 mL of dH2O were added prior
to shaking. This procedure was repeated 3 times to obtain a complete removal of the
CaCl2 solution.

The distance between the tip of the needle and the surface of the liquid inside the Petri
dish was 9 cm. Flow rate, applied voltage and CaCl2 solution concentration parameters
were evaluated to identify the best electrospray conditions. First, 3 flow rates, i.e., 1 mL/h,
2 mL/h and 3 mL/h, were tested, and the microparticles were observed using an inverted
optical microscope (Nikon Eclipse Ti; Nikon, Tokyo, Japan) to identify the flow rate that
could yield the best microparticles in terms of shape and dimensional homogeneity. Af-
terwards, the same procedure was repeated by maintaining a fixed selected flow rate and
testing 3 voltages: 20 kV, 22 kV and 25 kV. Finally, microparticles were produced again
with the optimal flow rate and voltage parameters to compare two concentrations of the
crosslinking solution: 1 w/v% and 2 w/v%.
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Figure 1. Schematics showing (A) probiotic-laden microparticle production in SA solution via
electrospray; (B) submicrometric nanofiber production via electrospinning SA/PEO solution. Both
systems are collected in a CaCl2 water bath. (C) Assembled probiotic-laden microparticle/fiber patch.

2.6. Electrospinning Procedure to Obtain SA/PEO Fiber Meshes and the Assembled Patch

A schematic of the electrospinning set-up is displayed in Figure 1B. In detail, 5 mL of
solution was loaded into a disposable syringe equipped with a blunt end stainless steel 22G
needle (inner diameter: 0.413 mm). The syringe was assembled onto the same equipment
described above: a syringe pump and a high-voltage supply (all from Linari Engineering
s.r.l.) connected the needle using different settings. The SA/PEO solutions (reported in
Table 1) were electrospun in air and crosslinked afterwards. The fibers were collected by
setting the parameters as follows: a flow rate of 0.75 mL/h, a voltage of 12 kV and a needle-
collector distance of 7.5 cm. Both a low rotational speed (60 rpm) and a high rotational speed
(1500 rpm) were tested to achieve the formation of randomly oriented and aligned fibers,
respectively. Different crosslinking conditions were tested, consisting of 30 s immersion in:
(i) 2 w/v% CaCl2 dH2O solution; (ii) 2 w/v% CaCl2 30/70 v/v% ethanol/dH2O solution;
(iii) 30/70 v/v% ethanol/dH2O solution, followed by 30 s immersion in 2 w/v% CaCl2
dH2O solution.

The deposition of probiotic-laden microparticles onto the SA/PEO fibrous mesh was
approached as follows. After performing the electrospinning process at a collection speed
of 1500 rpm and the subsequent stabilization of the fiber mesh through crosslinking, the
wet fibrous sample was repositioned on the rotating drum. Therefore, the electrospray
technique was employed to deposit probiotic-laden SA microparticles onto the wet fiber
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mesh. The assembled patch underwent a controlled drying process before being subjected
to SEM analysis (Figure 1C).

2.7. Swelling and Biodegradation

The swelling and biodegradation behavior were observed for probiotic-free micropar-
ticles and fibers. For the microparticles, the supernatant water was removed from the
Falcon tube, 20 mL of DPBS was added to the microparticles and the samples were stored
at 37 ◦C. Therefore, 20 µL of particle suspension was withdrawn for particle observation at
specific time intervals, i.e., 30 min, 1 h, 2 h, 4 h, 24 h, 48 h, 72 h, 1 week, and 2 weeks. The
pH of the liquid medium was measured at the same time intervals.

For the fibers, samples for each rotational speed were prepared by cutting 10 rectangles
of ~2 cm2 from the aluminum foil coated in fibers. The samples were then crosslinked for
30 s in 2 w/v% CaCl2 in a water–ethanol mixture (30 v/v% ethanol in water), except for
1 sample for each rotational speed. A total of 8 crosslinked samples for each rotational speed
were then submerged individually in 4 mL DPBS and stored at 37 ◦C for the degradation
analysis. Each sample was removed from the degradation medium at specific time intervals,
i.e., 30 min, 1 h, 2 h, 4 h, 24 h, 48 h, 72 h, 1 week, and the pH of the corresponding medium
was measured.

2.8. Morphological Analysis of Microparticles and Fibers

Probiotic-free and probiotic-laden electrosprayed microparticles were observed using
an inverted optical microscope (Nikon Eclipse Ti, Nikon, Japan). The watery suspension
of microparticles was shaken, 20 µL was withdrawn with a Gilson pipette and deposited
on a Petri dish for observation. The fibers were dried in air at RT for 24 h; thereafter,
appropriately sized samples were mounted on stubs and gold sputtered using a sputter
coater Edwards S150B (Edwards Italy, Cinisello Balsamo, MI, Italy) for 3 min. The fiber
samples were observed using Coxem EM-30N Scanning Electron Microscope (SEM) (Dae-
jeon, Republic of Korea). All samples were observed at different magnifications using a
high voltage of 15 kV and the secondary electrons mode.

The diameters of probiotic-free and probiotic-laden microparticles (n = 50) obtained
via inverted microscopy and those of the fibers (n = 50) obtained by SEM were measured
using ImageJ-3 (ImageJ 1.53a Wayne Rasband National Institutes of Health, Bethesda, MD,
USA). The eccentricity of probiotic-free and probiotic-laden microparticles (n = 50) was
measured using Equation (2), in which a and b are the semi axes of an ellipsoidal particle:

e =

√
a2 − b2

a2 (2)

2.9. Cytocompatibility

Human dermal keratinocytes (i.e., HaCaT cells) were used as a model of eardrum
outer epithelium to conduct in vitro indirect cytotoxicity tests. The biomaterial samples
were prepared to have a uniform weight of 0.1 g each, and were placed in a 24-well plate
and sterilized with UV for 1 h. Thereafter, 2 mL of D-MEM was added to the wells. The
samples were incubated with D-MEM at 37 ◦C and 5% CO2/95% humidified air conditions
for 24 h. HaCaT cells, seeded in 24-well plates at a density of 15·104 cells/well until 80% of
confluence, were incubated for 48 h with the culture media put in touch with the biomaterial
samples (n = 3), in the incubator at 37 ◦C. At the end of this time, cell metabolic activity was
evaluated using the AlamarBlue® assay, according to the manufacturer’s instructions. We
used the protocol for cytotoxicity, i.e., calculated against positive controls, with the same
numericity as samples’, which are obtained by adding the dye solution to the mere cells.
Briefly, AlamarBlue® incorporates a redox indicator that changes its color according to cell
metabolic activity.

Samples and controls were incubated for 3 h at 37 ◦C with the AlamarBlue® dye
diluted in culture media according to the manufacturer’s instructions. At each time-point,
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100 µL of supernatant, obtained from the sample or control, was loaded in a well of a 96-well
plate; excess supernatant was removed from the cultures and replaced with fresh culture
media. The supernatants were analyzed with a spectrophotometer Victor 3 (PerkinElmer,
Waltham, MA, USA), using a double wavelength reading at 570 nm and 600 nm. Finally,
the reduced percentage of the dye (ABred%) was calculated by correlating the absorbance
values and the molar extinction coefficients of the dye at the selected wavelengths. The
calculation is performed using Equation (3), in which λ = absorbance, s = sample, and
c = control:

ABred% = 100 ×
117.216·λs(570 nm) − 80.586·λs(600 nm)

117.216·λc(570 nm) − 80.586·λc(600 nm)
(3)

2.10. Evaluation of Antimicrobial Activity

Empty or probiotic-loaded microparticles were resuspended in sterile water at 75 mg/mL
and 50 µL of the microparticle suspension was placed in triplicate on the center of 90 mm Petri
dishes containing 15 mL MRSA. Plates were incubated for 24 and 72 h at 37 ◦C. Soft agar
was prepared by adding 0.5% agar in TSB. An overnight culture of E. coli was diluted in TSB
until an optical density at 600 nm of 0.1 was obtained. E. coli suspension was inoculated
in TSB soft agar at 50 ◦C by diluting 50 times to reach a final bacterial concentration of
approximately 106 CFU/mL. Therefore, 10 mL of TSB-soft agar was carefully overlaid
on pre-incubated MRSA seeded with microparticles. After solidification of the overlaid
agar medium at RT, plates were further incubated for 18 h at 37 ◦C. The diameters of the
inhibition zones were measured and interpreted as proposed by Shokryazdan et al. [27]:
diameters > 20 mm, 10–20 mm and < 10 mm were considered as strong, intermediate and
weak inhibitions, respectively.

2.11. Statistical Analysis

Statistical analysis was carried out using the independent Student’s t-test and one-way
ANOVA test for morphological characterizations and biological assays. Data were analyzed
by Jamovi Software (v. 2.2.5.), taking account of the numerosity (n) of the samples and
setting a significance probability threshold (p) equal to 0.05. All data are represented as
mean standard ± deviation.

3. Results
3.1. Rheological Analysis of SA-Based Solutions

The rheological analysis of SA-based solutions is reported in Figure 2. At RT, the
SA solutions displayed a pseudoplastic behavior at low shear rates (≤28 s−1), which was
particularly evident in the SA solution containing probiotics used for electrospray and in the
SA/PEO solution used for electrospinning (Figure 2B,C). By using the Hagens–Poiseuille
equation (Equation (1)), a shear rate of 30 s−1 was obtained for the electrospinning solution.
This value exceeded the upper limit of the pseudoplastic range (Figure 2C), indicating
the solution adherence to Newtonian behavior, which is a fundamental requirement for
successful electrospinning. At higher shear rates (100–1000 s−1), the viscosity became
constant (6.52 × 10−3 Pa·s), thus the solution was behaving as a Newtonian fluid.
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3.2. Elelctrospray Procedure and Morphological Analysis of SA Microparticles

The optimized electrospray procedure, namely, with a flow rate of 3 mL/h, a voltage
of 22 kV and a needle-collector distance of 9 cm, led to the obtainment of homogeneous
size microparticles (Figure 3A,B). To confirm the presence of probiotics in the micropar-
ticles by inverted light microscopy, plain probiotics were also imaged (Figure 3D). As
produced, probiotic-free microparticles exhibited a spherical shape with 346 ± 10 µm
diameter, whereas probiotic-laden microparticles had a 395 ± 23 µm diameter with a slight
elliptical shape (eccentricity of 0.43 ± 0.17 µm), which resulted in a statistical difference in
size (p < 0.001) (Figure 3C).

After 2 h in simulated body fluid conditions, namely DPBS at 37 ◦C, a maximum
swelling occurred, leading to a particle size of 421.6 ± 15.5 µm; thereafter, an equilibrium
was reached at 392.8 ± 13.7 µm diameter, which was observed for up to 14 days (Figure 4).
This test demonstrated the good stability of the microparticles over time.
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3.3. Electrospinning Procedure and Morphological Analysis of SA/PEO Fiber Meshes

Out of the three SA/PEO solutions evaluated for electrospinning (Table 1), the formu-
lation based on 7 w/w% SA51MG03 (i.e., 7 w/w% SA51MG03 + 3 w/w% PEO + 1 w/w%
Triton X-100) proved optimal for fiber fabrication. This solution successfully produced
solid, cylindrical ultrafine fibers at both 60 rpm and 1500 rpm collector speeds, as confirmed
by SEM micrographs (Figure 5(A1,B1)).
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Figure 5. SEM micrographs of (A1) uncrosslinked and (A2,A3) crosslinked SA/PEO fibers elec-
trospun at 60 rpm, acquired at 5000× magnification (A2: crosslinking in 2 w/v% CaCl2 in H2O;
A3: crosslinking in 2 w/v% CaCl2 in 30 v/v% EtOH in H2O) and 15 kV. SEM micrographs of
(B1) uncrosslinked and (B2,B3) crosslinked SA/PEO fibers electrospun at 1500 rpm, acquired at
5000× magnification (B2: crosslinking in 2 w/v% CaCl2 in H2O; B3: crosslinking in 2 w/v% CaCl2 in
30 v/v% EtOH in H2O) and 15 kV.

Notably, the 1500 rpm collector speed resulted in superior fiber alignment and slightly
larger diameters (d = 281 ± 79 nm) compared to 60 rpm speed (d = 264 ± 95 nm). Upon
subjecting the SA/PEO solution to crosslinking, significant changes in fiber morphology
were observed, as illustrated in Figure 5. Methods (i) (2 w/v% CaCl2 dH2O solution) and
(ii) (2 w/v% CaCl2 30/70 v/v% ethanol/dH2O solution) allowed fibers to form welds
at intersection points, leading to an interlocked network, and increasing fiber diameter.
Method (i) induced a more pronounced diameter increase (60 rpm: d = 443 ± 15 nm;
1500 rpm: d = 450 ± 66 nm) compared to method (ii) (60 rpm: d = 404 ± 10 nm; 1500 rpm:
d = 434 ± 92 nm), regardless the collector speed, while crosslinking strategy (ii) led to an
increased density of welds at fiber intersection points. In contrast, method (iii) 30/70 v/v%
ethanol/dH2O solution) had a dramatic impact, resulting in the complete fusion of fiber
structures and the formation of films (not shown). The structural stability of the ionically
crosslinked SA/PEO fibers via method (ii) was examined by incubation in simulated
biological conditions (Figure 6). After 24 h, the fibers collected at 60 rpm exhibited a
diameter of 853 ± 22 nm, while those at 1500 rpm had a diameter of 666 ± 14 nm. These
results demonstrated a statistically significant increase in fiber diameter over the 24 h
period, indicating ongoing swelling (Figure 7).
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Figure 6. SEM micrographs of (A1) uncrosslinked and (A2) crosslinked SA/PEO fibers, and
(A3) SA/PEO fibers after 24 h in the biodegradation medium collected at 60 rpm and acquired
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(B3) SA/PEO fibers after 24 h in the biodegradation medium collected at 1500 rpm and acquired at
5000× and 15 kV.
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Figure 7. Bar graph showing the diameter of SA/PEO fibers collected at 60 rpm and 1500 rpm, at
different process steps (i.e., uncrosslinked at t0, crosslinked at t0 and after 24 h) of the biodegradation
test. Data are expressed as mean ± standard deviation. Statistical analysis was performed via
ANOVA; ** p-value ≤ 0.01. *** p-value ≤ 0.001.

3.4. Cytocompatibility

The results of the AlamarBlue® test for electrosprayed SA microparticles and electro-
spun SA/PEO fibers are shown in Figure 8. Both microparticles and fibers were demon-
strated to keep the normal metabolic activity in HaCaT cells after 48 h, with no statistically
significant difference between the two groups (p = n.s.). On average, the results indicated a
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neutral (102.46% for SA microparticles) to a slightly positive (112.24% for SA/PEO fibers)
effect of the biomaterial extracts on cell metabolic activity.
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3.5. Integration of Probiotic-Laden Microparticles into SA/PEO Fiber Meshes

After successfully fabricating SA microparticles and SA/PEO fiber meshes, these
items were combined in the attempt to develop SA-based probiotic-laden microparticles
embedded in SA-based fibrous meshes, to act as a locally applicable tool for treating
middle ear infections via bacteriotherapy. The assembling approach used to produce
the patch ensured an optimal adherence during the crosslinking of the microparticles,
which was facilitated by the diffusion of the crosslinking solution within the wet fiber
mesh. SEM micrographs (Figure 9(A1,A2)) confirmed the integration of SA probiotic-
laden microparticles at the surface of the fibers collected at 1500 rpm. Notably, at higher
magnification, i.e., 5000×, probiotics can be visualized on the surface of the microparticles,
providing further evidence of their presence (Figure 9(A2)).
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3.6. Inhibition of E. coli Growth by Probiotic-Laden Microparticles

The ability of probiotic-loaded microparticles to inhibit the growth of a laboratory
strain of E. coli was assessed by a standard soft agar overlay method. To this aim, the
microparticles were spot inoculated on the surface of a nutrient medium and incubated
for 24 h and 72 h at 37 ◦C, to let probiotics grow and release their array of antimicrobial
substances all around the inoculation zone. After overlaying the E. coli containing soft agar
medium, and further incubating the plates at 37 ◦C, an evident growth inhibition zone
was visible as a clear halo around the probiotic-loaded microparticles (Figure 10A,B). In
contrast, no inhibition zone was observed in the control plates inoculated with empty mi-
croparticles (Figure 10C). As shown in Figure 10D, the inhibitory effect was time dependent,
as demonstrated by the statistically significant increase in the diameter of the inhibition
zone between 24 h and 72 h (p < 0.001). At both 24 h and 72 h, the inhibitory effect was
classified as “strong”, i.e., >20 mm.
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Figure 10. Ability of probiotic-loaded microparticles, visible as a white spot in the center of the plate,
to inhibit E. coli growth. (A–C) Example photographs showing microparticles on plates covered
by E. coli: (A) inhibition zone (i.e., clear halo) following 24 h incubation of the probiotic-loaded
microparticles; (B) inhibition zone following 72 h of incubation of the probiotic-loaded microparticles;
(C) control plate “Ctrl”. In which probiotic-free microparticles were added. (D) Bar graph showing
mean values of the diameters of the inhibition zones ± standard error of the mean. The diameters
of the unloaded spots, barely visible, were approximately 10 mm (arrow in (C)). *** p < 0.001,
ANOVA test.

4. Discussion

The alarming phenomenon of antimicrobial resistance has strongly highlighted that
the use of antibiotics to treat upper respiratory tract-related diseases, such as OM, may not
be resolutive. Currently, the annual incidence of acquired cholesteatoma is in the range
of 9.0–12.6 cases per 100,000 adults and 3–15 cases per 100,000 children [3,4,28–30]. The
topical treatments are unable to provide a complete cure of OM; rather, they are used to
control preoperative infection or inflammation and to reduce the risk of postoperative
complications [31,32]. To avoid surgery, patients and otologists place great hope in new
biotechnological treatments. Bacteriotherapy, which relies on the administration of probi-
otics to compete with the infectious pathogens, has been recently emerging as an attractive
option in this scenario [33].

This study aimed to harness the potential of bacteriotherapy by developing an SA-
based probiotic-laden delivery system. The combination of electrosprayed SA microparti-
cles and electrospun SA/PEO ultrafine fibers served as a supportive substrate for topical
application to the tympanic membrane to address middle ear infections. In this research,
SA was chosen as a suitable material to obtain the desired formulations. SA, a linear
polysaccharide derived from algae, possesses advantageous properties, including high
water-retention capacity, biocompatibility in many body settings, non-immunogenicity and
tunable mechanical properties [34–36]. SA solutions can form physically crosslinked gels
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in the presence of divalent ions like Ca2+, thus enabling the creation of solid structures
that can be ideal for probiotic-laden solutions, by avoiding their exposure to potentially
harmful conditions, like toxic chemicals or UV radiation [36].

The use of the electrospray technique allowed the production of consistent batches of
SA microparticles, both probiotic free and probiotic laden. These microparticles exhibited
spherical or slightly elliptical shapes with narrow diameter distributions, measuring in
the hundreds of microns (i.e., 346.5 ± 10.0 µm and 395.5 ± 23.5 µm for probiotic-free
and probiotic-laden microparticles, respectively). Electrospray mild operating conditions
hold great potential for encapsulating live cells within biopolymeric networks, making
it a viable method for targeted bacterial delivery to specific body sites. Notably, this
approach aligns with recent studies that have successfully employed electrospray for the
encapsulation of live bacteria, as seen in the work of Zaeim et al., involving hydrogel
microspheres encapsulating Lactobacillus plantarum [17]. The produced microparticles
were demonstrated to be easily collected by filtration and to act as effective carriers for
the gradual and sustained release of encapsulated agents through various administration
routes. In our case, the produced microparticles exhibited outstanding stability and minimal
biodegradation under simulated biological condition. These characteristics make them
suitable for formulations that require the gradual and controlled release of encapsulated
agents, particularly in the context of chronic diseases with a challenging healing process.

Electrospinning is a simple technique widely used in the biomedical field [37]. How-
ever, electrospinning of pure SA presents inherent difficulties, due to the stiff molecular
structure of the SA, the high electrical conductivity of the SA aqueous solution resulting
from its polyelectrolytic nature, and the formation of SA intra- and inter-molecular hy-
drogen bonds. These aspects contribute to the high-surface tension of SA, making the
electrospinning process challenging [38]. Although the literature lacks reports of successful
electrospinning of aqueous solutions of pure SA, some studies have employed co-solvents
or carrier polymers to address this issue [38–40]. Nie et al. demonstrated the production of
uniform SA fibers in the submicron range using glycerol as a strong polar co-solvent [40].
Glycerol ability to enhance the entanglements of SA chains by forming new hydrogen
bonds, proved crucial in improving the electro-spinnability. However, this approach had
limitations, including the presence of spherical clusters on the fiber surface and wide
diameter distributions.

The other well-explored approach to facilitate SA electrospinning process involves the
incorporation of hydro-soluble polymers, such as PVA and PEO, as carrier materials [35].
Saquing et al. investigated SA/PEO blends and found that PEO played a pivotal role in
enhancing electrospinning by increasing viscosity and relaxation time, while lowering the
conductivity and surface tension of the solution [39]. To achieve uniform fiber formation,
a minimum PEO molecular weight of 600 kDa was required, while a higher molecular
weight PEO (i.e., 1000–2000 kDa) enabled the production of fibers with greater SA content
and larger diameters. The addition of 1% Triton X-100, a non-ionic surfactant, revealed to
be beneficial to improve SA content, reaching a maximum of 85%.

In this research, SA electrospinning challenges were addressed by utilizing high
molecular weight PEO (i.e., 1000 kDa) as a support polymer, ensuring high SA content in
the resulting fibers (i.e., 7 w% SA51MG03 + 3 w% PEO). To further enhance the electro-
spinnability and promote defect-free structure formation, Triton X-100 was also introduced.
The successful electrospinning of SA/PEO solution was corroborated by the results of the
rheological studies, which had a weak shear-thinning behavior, crucial for preventing the
disruption of entanglements and promoting fiber elongation during the electrospinning
process. The Hagen–Poiseuille equation calculated a shear rate within the Newtonian
region, further underscoring the suitability of this approach [26]. The SA/PEO solution
yielded continuous ultrafine fibers, with diameters of 264 ± 95 nm and 281 ± 79 nm,
when collected at rotation speeds of 60 rpm and 1500 rpm, respectively. Optimal fiber
morphology was best maintained when crosslinking was carried out by mixing 2 w/v%
CaCl2 in a 30/70 v/v% ethanol/dH2O reticulation bath. Since the crosslinking solution
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was water based, PEO could be dissolved, allowing the fabrication of SA fibers. However,
the fiber diameters increased (i.e., 404 ± 10 nm and 434 ± 92 nm for collection speeds of
60 rpm and 1500 rpm, respectively). This outcome is consistent with evidence reported in
the literature, where the simultaneous and competing influence of PEO removal and SA
crosslinking gave rise to an overall increase in fiber size [41]. Furthermore, the presence of
ethanol in the crosslinking bath expedited the crosslinking of SA fibers, by accelerating the
formation of solid fiber mashes while also enhancing the fibers’ swelling behavior [42–44].

After 24 h in DPBS, a remarkable increase in fiber diameters was observed
(i.e., 853 ± 22 nm and 666 ± 14 nm for collection speeds of 60 rpm and 1500 rpm, re-
spectively). This phenomenon can be attributed to the swelling behavior of the fibers
combined with the morphological changes that occurred after crosslinking. The fusion
of individual fibers resulted in a larger size, with an overall reduction in the surface
area of the final fibrous mashes, potentially leading to delayed biodegradation during
the soaking tests. Combining these probiotic-laden SA microparticles with an SA/PEO
fiber web led to the obtainment of an SA-based system, in the form of a patch, able to
entrap and position probiotics at a specific body site, such as the middle ear and/or the
eardrum. Additionally, the patch components were cytocompatible with human dermal
keratinocytes, found on the outer auditory canal and on the external layer of the eardrum,
which is promising for a future clinical translation. Lastly, we obtained the first evidence
of antimicrobial activity exerted by probiotic-laden microparticles towards E. coli using
the soft agar overlay method. E coli was chosen as a model pathogen, as is found in OM
isolates [45,46]. Although preliminary, the obtained findings highlighted a pronounced
antimicrobial activity in vitro. This evidence demonstrates that the probiotics were viable
after the electrospray encapsulation and were able to diffuse their products out of the
microparticles for 72 h, which supports the bioactivity of the patch. Further in vitro studies
will disclose the antimicrobial activity towards other pathogens relevant for middle ear
infections, also considering advanced in vitro models (e.g., infected cells and tissues) and
bioreactors. Future research directions could aim to evaluate in vivo if the local adminis-
tration (i.e., nasal-pharyngeal/intra-aural/intra-tympanic) of beneficial bacteria or their
products could have a positive impact on the eradication or control of infection and inflam-
mation caused by common otopathogens of the middle ear, thus envisioning possible safe
strategies for preventing or treating chronic OM.

By synergizing the entrapment capacity of the microparticles with the physico-mechanical
properties of the ultrafine fibers, this innovative approach paves the way to novel strategies
to restore and maintain the proper function of the middle ear microbiome [18]. Therefore,
probiotic-loaded microparticles could hold promise in delivering probiotics or postbiotics
to the upper respiratory tract, aiding in the restoration of site-specific microbiota and
facilitating the healing process for OM.

5. Conclusions

This study aimed to investigate SA in producing an electrospun patch to deliver probi-
otics or postbiotics locally to the middle ear. The developed system incorporated probiotics
into SA microspheres obtained via electrospray, which were subsequently inserted within
SA/PEO fiber meshes to create a patch. The rheological behavior of the solutions was stud-
ied, and the swelling behavior of the produced fibers was evaluated. The patch resulted in
being cytocompatible with HaCaT cells. In addition, the probiotics were viable and active
against E. coli after encapsulation, which demonstrates the safety and effectiveness of the
developed processing method. The developed strategy seems promising to produce 0D,
1D and 2D delivery systems for the treatment of chronic otitis media. However, further
studies are necessary to improve the electro-spinnability of alginate and assess the efficacy
of bacteriotherapy in in vivo models.
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