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Approximately 740 million symptomatic patients are affected by otitis media every year. Being an inflammatory
disease affecting the middle ear, it is one of the primary causes of tympanic membrane (TM) perforations, often
resulting in impaired hearing abilities. Antibiotic therapy using broad-spectrum fluoroquinolones, such as cip-

ilesgostp nning rofloxacin (CIP), is frequently employed and considered the optimal route to treat otitis media. However, pa-
ntibiotic . . . N .
Myringoplasty tients often get exposed to high dosages to compensate for the low drug concentration reaching the affected site.

Therefore, this study aims to integrate tissue engineering with drug delivery strategies to create biomimetic
scaffolds promoting TM regeneration while facilitating a localized release of CIP. Distinct electrospinning (ES)
modalities were designed in this regard either by blending CIP into the polymer ES solution or by incorporating
nanoparticles-based co-ES/electrospraying. The combination of these modalities was investigated as well. A
broad range of release kinetic profiles was achieved from the fabricated scaffolds, thereby offering a wide
spectrum of antibiotic concentrations that could serve patients with diverse therapeutic needs. Furthermore, the
incorporation of CIP into the TM patches demonstrated a favorable influence on their resultant mechanical
properties. Biological studies performed with human mesenchymal stromal cells confirmed the absence of any
cytotoxic or anti-proliferative effects from the released antibiotic. Finally, antibacterial assays validated the
efficacy of CIP-loaded scaffolds in suppressing bacterial infections, highlighting their promising relevance for TM
applications.

1. Introduction

Tympanic membrane (TM) is a thin, oval-shaped tissue of the pe-
ripheral auditory system, that separates the outer ear from the middle
ear cavity. More commonly referred to as the eardrum, the human TM is
accredited for the successful transformation of the incoming sound
waves into mechanical vibrations. Perforated TM is the most widespread
injury to the human ear, often resulting in impaired hearing ability
accompanied with tinnitus and vertigo [1]. The leading causes of TM
perforations include microbially induced otitis media, along with trau-
matic accidents such as foreign body instrumentation, explosions and
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barotrauma [2]. Otitis media is a middle ear inflammatory disease that
affects 740 million symptomatic patients every year, with almost 50 %
of them occurring in children under 5 years of age [3]. It is, in fact,
reported to be the most prevalent reason for medical consultation,
antibiotic prescription, and surgical treatment in high-income countries
[4-6].

Otitis media can be broadly classified into otitis media with effusion
(OME), acute otitis media (AOM), and chronic suppurative otitis media
(CSOM) [7]. All the three conditions are characterized by accumulation
of a purulent fluid behind the eardrum, which eventually is effused
through it by rupturing the tissue. The key difference between OME and
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AOM is marked by the apparent signs and symptoms of an acute infec-
tion, observed only in case of AOM [8]. On the other hand, CSOM is
defined as the chronic inflammation of the middle ear and mastoid
cavity, characterized by persistent ear discharge, known as otorrhea,
through the perforated TM [9]. Untreated CSOM often leads to
conductive hearing loss and poses a risk factor for permanent sensori-
neural hearing impairment due to inner ear damage, in addition to po-
tential intracranial complications. Overall, it is the leading cause of
hearing loss in developing countries [4].

A variety of microorganisms, including aerobic and anaerobic bac-
teria, have been linked to the onset of otitis media [10]. However, the
majority of these reports have indicated a higher occurrence of
mono-microbial etiology as opposed to a polymicrobial growth [10].
Furthermore, the bacteriological analysis of CSOM has identified
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa
(P. aeruginosa) as the most common pathogens associated with it [11].
The Gram-positive bacterium, S. aureus, has shown a higher prevalence
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in pediatric cases of CSOM, while the Gram-negative bacterium,
P. aeruginosa has been more frequently isolated in adults [12]. Antibiotic
therapy in the form of systemic or topical administration is frequently
employed and considered the optimal route for treating CSOM (Fig. 1A).
In this regard, broad-spectrum antibiotics such as second-generation
aminoglycosides and quinolones have been applied extensively in the
clinics [13,14]. Among them, ciprofloxacin (CIP), an FDA-approved
fluoroquinolone, has been found to be particularly effective in inhibit-
ing the microorganism growth, while showing no ototoxicity toward the
delicate inner ear [15,16].

In conjunction with the antibiotic treatment, the majority of CSOM-
induced TM perforations, especially in adult patients, require an addi-
tional medical intervention (known as myringoplasty) to seal the
ruptured tissue [17]. Microsurgical placement of autologous grafts
derived from temporalis fascia, muscle fascia, cartilage perichondrium,
and adipose tissue have been considered as the gold standard for con-
ventional myringoplasty procedures [18]. However, with the growing
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Fig. 1. (A) Conventional antibiotic therapies for chronic suppurative otitis media (CSOM). The figure highlights the high concentration of CIP to which the patient is
exposed during systemic (1000 mg per day) and topical (1 mg per day) treatments [61,62]. (B) Biofabricated patch with antibiotic releasing capabilities. (C)
Schematic illustration of the distinct electrospinning (ES) modalities investigated in this study. Mode I: basic ES with PEOT/PBT (control condition). Mode II: blend
ES with PEOT/PBT/CIP. Mode III: co-ES/electrospraying with PEOT/PBT and PLGA/CIP NPs. Mode IV: combination of mode II and III. The arrows represent

generation of subsequent modes by suitably adapting the previous one.
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prominence of tissue engineering, several biomaterial- and
biofabrication-based strategies are being investigated for reconstructing
the perforated TM with a superior biological and mechano-acoustical
response [19-23]. A wide range of natural and synthetic polymers,
spanning from silk fibroin [24,25], alginate [26], gelatin [27,28] to poly
(e-caprolactone) [29-32], and poly(ethylene oxide terephthalate)/poly
(butylene terephthalate) (PEOT/PBT) [19,33-36] have been studied for
this purpose in combination with biofabrication techniques, such as
electrospinning (ES) [19,30-40] and additive manufacturing [19-21,28,
29,33,41,42]. The ability to create nanofibrous electrospun patches with
dimensions similar to those of native collagen fibrils in the extracellular
matrix [43] supports ES as a promising approach for reconstructing
CSOM-induced TM injuries using tissue-engineered scaffolds.

Moreover, in the recent years, electrospun meshes have emerged as
versatile carriers for numerous bioactive compounds, serving various
drug delivery applications [44]. The flexibility offered by ES in terms of
material selection, drug loading methodologies, and drug release
mechanisms enables precise control over the resulting release kinetics of
the loaded drug [45]. Multiple ES modalities have been investigated for
incorporating a vast spectrum of drugs, extending from antibiotics [46]
and anticancer medications [47] to proteins [48], DNA [49], and RNA
[50]. Among them, some of the key approaches including blend ES [51],
co-ES/electrospraying [52], side-by-side ES [53], co-axial ES [54], and
emulsion ES [55], have also been applied for the inclusion of CIP. The
diverse loading methodologies allow the creation of electrospun scaf-
folds with the specific antibiotic content and release profile required for
the intended application.

In this regard, blend ES has been noted to be particularly successful
in achieving a sustained CIP release over an extended period of time
[56-58]. The approach involves blending the drug directly into the
precursor polymeric solution, thereby entrapping CIP within the resul-
tant electrospun fibers. Such a physical entrapment of the drug usually
facilitates its long-term release, governed by the swelling, diffusion, and
degradation rates of the surrounding polymer [59]. However, in many
cases, a direct dependence on the polymer properties is not desirable,
especially if it demands composition changes affecting the mechanical
or biological response of the corresponding scaffolds. A promising
alternative to circumvent this issue has been the surface functionaliza-
tion of electrospun fibers using drug-loaded nanoparticles (NP) [60].
The recent work of Giinday et al. demonstrated an innovative approach
in this direction, where a co-ES/electrospraying technique was
employed for the simultaneous deposition of PEOT/PBT nanofibers
along with CIP-encapsulated poly(p,L-lactide-co-glycolide) (PLGA) NP
[52]. Considering the growing relevance of PEOT/PBT scaffolds for TM
regeneration [19,33-36], the proof-of-concept highlighted by Giinday
et al. presented a favorable strategy for the CSOM treatment. Yet, the
current literature lacks tissue engineering therapies precisely designed
for the potential restoration of microbially induced TM perforations
through targeted antibiotic delivery.

Therefore, this work aims to fill the existing gap in the creation of TM
patches with tunable drug releasing capabilities (Fig. 1B). Distinct ES
modalities were applied to fabricate CIP-loaded PEOT/PBT patches and
provide a versatile platform for diverse therapeutic needs (Fig. 1C). In
the first modality, referred to as mode I, a conventional single-jet setup
was established to produce blank electrospun patches for TM injuries
that do not require antibiotic treatment. Modes II, IIl, and IV were
subsequently developed specifically for complex CSOM cases, necessi-
tating varying degrees of antibiotic treatment. This was obtained via
blend ES in mode II, co-ES/electrospraying in mode III, and a combi-
nation of the two in mode IV. A parametric investigation in terms of
surface morphology, physicochemical properties, drug release kinetics,
and mechanical response was performed for each ES modality to
determine their respective CIP loading capacity. In this regard, the blend
ES was optimized with respect to the CIP concentration and the co-ES/
electrospraying with the NP flow rate. The following in vitro assessments
were conducted on the optimal TM scaffolds identified for each of the
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four ES modes. Ultimately, antibacterial assays were conducted to
validate the tunable CIP release achieved through the distinct fabrica-
tion strategies.

2. Materials and methods
2.1. Materials

The 300PEOT55PBT45 grade of PEOT/PBT copolymer (kindly pro-
vided by PolyVation B.V., the Netherlands) was used as the suitable
biomaterial for fabricating the TM scaffolds. Following an aPEOTbPBTc
nomenclature, the 300 (a) denotes molecular weight (Mw, g/mol) of the
initial polyethylene glycol blocks during copolymerization, whereas 55/
45 (b/c) represents the weight ratio of PEOT and PBT, respectively. The
commercial polymer was purified by repeated dissolution in trichloro-
methane (anhydrous, Sigma-Aldrich, the Netherlands) and precipitation
in absolute ethanol (VWR International B.V., the Netherlands)
(Figure S1A). The purification of PEOT/PBT was confirmed by
immersing the polymer in Dulbecco’s phosphate-buffered saline (DPBS,
Sigma-Aldrich, the Netherlands) and recording the ultraviolet-visible
spectra (UV-vis; Agilent Cary 60, USA) of the eluent over a period of 10
days (Figure S1B). Thereafter the purified PEOT/PBT was employed for
the fabrication and all subsequent characterizations. The ES precursor
solution was prepared based on prior studies in literature [19,52], where
the copolymer was dissolved in a 70:30 (v/v) solvent mixture of tri-
chloromethane and hexafluoro-2-propanol (HFIP, analytical reagent
grade, Biosolve B.V., the Netherlands) through overnight stirring at
ambient temperature (Figure S2A).

CIP (Sigma-Aldrich, the Netherlands) was employed as the clinically
relevant antibiotic for the creation of TM patches. For blend ES (modes I
and IV), the CIP was pre-dissolved in the trichloromethane/HFIP solvent
mixture by ultrasonication (US) at 37 °C for 30 min (Branson 5800-E, the
Netherlands). Following the overnight stirring with PEOT/PBT, two
distinct approaches were tested to prepare a homogeneous precursor
solution for mode II. The first one (US+) included an additional ultra-
sonication step at 37 °C for 30 min right before ES, whereas the second
approach (US-) did not comprise any further ultrasonication. On the
other hand, for co-ES/electrospraying (modes III and IV),
nanoprecipitation-based PLGA NP were prepared using continuous
microreactor technology [52].

2.2. Preparation of PLGA NP

Blank PLGA and CIP-loaded PLGA NP (PLGA/CIP NP) were prepared
by employing the nanoprecipitation methodology, as previously
described by Giinday et al. [52]. In brief, the solvent system (consisting
of 0.4 % (w/v) PLGA and 0.15 % (w/v) Span 80® solution in acetone,
mixed with 4.85 % CIP solution in oleic acid) and the non-solvent system
(0.15 % (w/v) aqueous Tween 80 solution) were nanoprecipitated
continuously at a 1:2 ratio and an angle of 180° under ambient condi-
tions. In case of the labelled NP preparation, 1.12 x 10~* % (w/v)
Lumogen F Red 305® (BASF, Germany) was introduced into the solvent
system. The purification process, involving the removal of free formu-
lation components and organic solvent, as well as the concentration of
the formulation to achieve the desired CIP concentration, was achieved
through continuous flow filtration using modified polyethersulfone
MidiKros® hollow fiber filters (MWCO: 10 kDa, surface area: 235 cm?;
Spectrum, Repligen Europe B.V., Netherlands).

2.3. Fabrication of electrospun TM patches

Different ES modalities were applied for the fabrication of bio-
mimetic patches for CSOM-induced TM perforations. Initially, a con-
ventional single-jet setup (mode I) was established on the Fluidnatek
LE-100 (Bioinicia S.L., Spain), and thereafter, necessary adjustments
were made to obtain the subsequent modes. The same single-jet
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configuration was employed for mode II as well, where PEOT/PBT/CIP
blend was electrospun instead of the standard PEOT/PBT precursor so-
lution. In case of modes III and IV, a dual-jet setup was implemented to
simultaneously electrospray CIP-loaded PLGA NP during ES. The two
spinnerets were placed perpendicular to each other to avoid electrostatic
interaction between the jets.

The operating parameters for ES were selected based on the previ-
ously conducted optimization for fabricating functional TM scaffolds
[19]. Identical values were used with respect to the PEOT/PBT con-
centration (17 % w/v), polymer flow rate (0.9 mL h’l), air gap (10 cm),
collector rotation (200 revolutions per minute), spinneret diameter (0.8
mm), and environmental conditions (23 °C temperature and 40 %
relative humidity). However, the applied voltage was adjusted to 14 kV
(spinneret = 11 kV; collected = —3 kV) to ensure a stable Taylor’s cone
for the PEOT/PBT/CIP blend solutions. Four different CIP concentra-
tions were investigated within the mode II: 2.5 %, 5.0 %, 10.0 %, and
20.0 % (w/w with respect to PEOT/PBT).

Additional parameters in terms of flow rate and air gap were
included for the simultaneous electrospraying of the NP suspension. In
this regard, the PLGA/CIP NP were kept consistent with respect to the
previously optimized size (Figure S2B) and concentration, while their
loading volume was varied. Three distinct flow rates were evaluated:
1.5 mL h™!, 3.0 mL h™%, and 6.0 mL h™'; whereas the air gap was
maintained consistent at 5 cm. Finally, the mode IV scaffolds were
fabricated using a polymeric solution containing 2.5 % CIP, combined
with a flow rate of 3.0 mL h™! for the PLGA/CIP NP suspension. All the
electrospun meshes were collected on a cylindrical mandrel (stainless
steel, diameter 200 mm, length = 300 mm) wrapped with an
aluminum substrate comprising circular bands (inner diameter = 12
mm, outer diameter = 15 mm) of Finishmat 6691 LL (Lantor B.V., the
Netherlands). These supporting bands were used to allow an easy
handling of the TM scaffolds for the subsequent characterizations. An ES
duration of 35 min was executed for all the modalities.

After punching out the electrospun meshes, a pre-washing step was
performed for disinfecting the samples and to facilitate the removal of
the aluminum substrate. Depending on the ES modality, two different
approaches were implemented for this purpose. In the first approach,
which was applied for mode I and II, samples were immersed in 70 %
ethanol (VWR International B.V., the Netherlands) for 5 min. Whereas
the mode III and IV scaffolds were disinfected by immersing them in
DPBS and exposing to UV radiation at 40 mJ cm? for 5 min.

2.4. Wet ES

The wet electrospinning experiments were carried out by substitut-
ing the rotating collector with a glass Petri dish wrapped in aluminum
foil. Three distinct solvents: water, ethanol, and isopropanol, were
successively used as a collecting substrate within the conductive Petri
dish. An identical set of parameters, including polymer concentration,
flow rate, applied voltage, air gap, and environmental conditions, was
applied during the collection of the PEOT/PBT solution.

2.5. Morphological characterization

Scanning electron microscopy (SEM) was performed to examine the
nanofiber morphology (top view) and thickness (cross-sectional view) of
the electrospun meshes. A thin layer of gold coating was applied
(Quorum Technologies SC7620, UK) over the samples before imaging on
the microscope (Jeol JSM-IT200, the Netherlands). The images were
captured at 3000 x magnification, with an accelerating voltage of 10 kV
and working distance of 10 mm. The subsequent image processing and
analysis was performed on Fiji software (version 2.9.0, https://fiji.sc/)
to determine fiber diameter (n = 3 samples x 25 measurements each) and
thickness (n = 3 samples x 4 measurements each) of the scaffolds.
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2.6. Physicochemical characterization

The physicochemical characterization of the mode II electrospun
meshes was conducted by carrying out Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction analysis (XRD), and water contact
angle measurement (WCA). The chemical composition of the samples
was analyzed using attenuated total reflection FTIR (Nicolet™ iS50,
Thermo Fisher Scientific, the Netherlands) in the range of 400-4000
em ™! with a resolution of 0.5 cm™!. The crystallinity of the fabricated
scaffolds was assessed with XRD (Bruker D2 Phaser, the Netherlands). X-
ray diffractograms were collected using Cu Ke radiation (A = 1.5406 A)
between 5° < 26 < 70° in increments of 0.02°. The sample wettability
was assessed by WCA. A drop shape analyzer (Kriiss DSA25S, Germany)
was used to deposit sessile water droplets with a volume of 4 pL. The
resultant contact angles (right and left) formed by the droplets on the
surface were calculated by applying Laplace-Young computational
method. Finally, to evaluate the wettability speed, measurements were
performed until the water droplet was fully dispersed within the elec-
trospun meshes.

The NP suspensions employed for creating mode III and IV electro-
spun meshes was characterized using dynamic lighting scattering (DLS).
Particle size and polydispersity index of the CIP-loaded and blank NP
suspensions were measured on a DLS zetasizer (Malvern Instruments
Nano ZSP, UK) in disposable cuvettes (BRAND® macro, Sigma-Aldrich,
the Netherlands) containing 1000 pL of the sample. The successful
adhesion of the electrosprayed NP on electrospun nanofibers was
confirmed by synthesizing Lumogen Red F305 labelled PLGA/CIP NP.
The Lumogen dye was specifically chelated to PLGA through its ester
bonds; therefore, any fluorescent signal detected upon placing the
electrospun scaffold in DPBS indicated a poor attachment of the NP. The
release of non-adhering NP was quantified over a period of 7 days using
a multi-mode plate reader (CLARIOstar, BMG LABTECH, Germany). This
was investigated for mode III samples in comparison to the previously
reported immersion approach (negative control) [52].

2.7. Drug release kinetics

The release kinetics of CIP was evaluated for all the ES modes at
37 °C. Samples were placed in a 24-well plate (non-treated, 734-0949,
VWR International B.V., the Netherlands) held by O-rings (FKM 75
51414, 11.89 x 1.98 mm, ERIKS N.V., the Netherlands). Pre-warmed
DPBS was used as the suitable eluent solution, where a volume of
1000 pL was pipetted onto each electrospun scaffold. The antibiotic
release was investigated by withdrawing 100 pL of the eluent at each
timepoint, which was then replaced with fresh, pre-warmed DPBS of an
equal volume. The study was carried out for a total duration of 7 days,
with measurements obtained at the following timepoints: 1 h, 6 h, 12 h,
24 h, 48 h, 72 h, 120 h, and 168 h. The drug concentration in the
collected sample was determined based on absorbance values of CIP
recorded by the UV-vis spectrophotometer. All UV-vis measurements
were performed in a 50 pL quartz cuvette (Hellma 105-202-85-40,
Belgium) at ambient temperature. A wavelength range of 500
nm-200 nm with a step size of 0.5 nm was chosen to register all the
characteristic peaks of CIP (Figure S4A). A standard curve for CIP was
generated in the respective solvents, which was thereafter used for all
the concentration calculations (Figure S4B-C).

An anti-evaporation lid was developed to prevent any eluent loss
while storing the samples for a span of 7 days at 37 °C (Figure S4D). For
this, a bicomponent silicone rubber (Zhermack HT 45 Transparent,
Italy) was molded into a negative replica of the standard 24-well plates
and used as a sealant to prevent evaporation.

2.8. Mechanical characterization

Tensile and macroindentation measurements were performed on the
fabricated electrospun patches to evaluate their mechanical response
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(Figure S5). The test benches for both measurements were configured
using previously reported protocols and operating parameters [19]. In
brief, the analysis was conducted on a uniaxial mechanical tester (TA
ElectroForce 3200, USA) at ambient temperature. All samples were
evaluated under dry conditions until the point of rupture.

Tensile tests were performed to characterize the different scaffold
compositions of mode II (PEOT/PBT/CIP 2.5 %, 5.0 %, 10.0 %, and 20.0
%) and mode III (flow rate of 1.5 mL-h’l, 3.0 mL-h’l, and 6.0 mL-h™ ).
The sample preparation was maintained consistent throughout all the
tested conditions; however, small variations in the geometrical di-
mensions (length, width, and thickness) were duly registered before
each test. The length and width were measured with a digital caliper,
whereas the thickness was quantified from SEM micrographs of the
cross-sectional view. A 45 N load cell was used with a scan rate of v
mm-s~ !, where v represents the speed at which a displacement equiva-
lent to 0.5 % of the sample length (in mm) is covered in 1 s. Finally,
individual stress-strain curves were computed for each sample with
respect to their exact dimensional properties.

Subsequently, the macroindentation measurement, which is a rele-
vant technique for characterizing the TM functionality, was performed
for the best composition chosen per ES modality. Based on the nano-
fibrous morphology and drug release kinetics, CIP 10.0 % and flow rate
of 1.5 mL-h~! were identified as the most optimal conditions for mode IT
and III, respectively. An identical scan rate as the tensile tests were
applied in combination with a 10 N load cell. The stress-strain curves
were computed by approximating a pure stretching behavior between
the applied load and the outer sample boundary [19].

2.9. Biological characterization

Human mesenchymal stromal cells (hMSCs) were used to assess the
biological response of the fabricated electrospun patches. Following
ethical approval from the local and national authorities, the cells were
isolated from the iliac crest (Donor 064, male, age 17, Maastricht Uni-
versity Medical Center, Maastricht, the Netherlands). All procedures
were carried out in accordance with the World Medical Association
Declaration of Helsinki in its latest amendment. The isolated hMSCs
were cultured in a-minimal essential medium with Glutamax (a-MEM,;
no nucleosides, Fisher Scientific, the Netherlands) supplemented with
10 % heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, the
Netherlands) and 1 % penicillin/streptomycin (PS; 100 U-mL ™}, Thermo
Fisher Scientific, the Netherlands).

The scaffolds were disinfected as described previously, after which
they were placed in 24-well plates and held by sterile O-rings. A seeding
density corresponding to 100,000 cells per scaffold was deposited
dropwise on the sample surface. Treated tissue culture plate (TCP) was
employed as control. The seeded hMSCs were cultured for a duration of
7 days, with three specific time-points (day 1, 3, and 7) chosen for the
subsequent characterizations. During the process, the culture media was
refreshed every 3 days using conditioned medium, prepared by incu-
bating unseeded acellular replicates of the respective samples under
identical conditions (37 °C, 5 % COy). Finally, the following assays were
performed at each time-point to evaluate the influence of ES modality on
hMSC viability, attachment, and proliferation:

Live cell staining and imaging: Cultured scaffolds were washed
with DPBS and incubated with 0.025 % (v/v) of Calcein AM (Thermo
Fisher Scientific, the Netherlands) for 30 min at 37 °C. Microscopy im-
aging of the live cells was performed on an inverted microscope (Nikon
Eclipse Ti-E, the Netherlands), equipped with an incubator (Okolab,
Italy).

Cell metabolic activity: The enzymatic reduction of MTS tetrazo-
lium compound (Abcam, UK) to colored formazan product was utilized
for quantifying the metabolically active cells. As per the manufacturer’s
protocol, the MTS reagent was added directly to the culture media in a
1:11 (v/v) ratio, and incubated for 4 h at 37 °C. After the incubation
period, samples were collected in a 96-well plate (standard, VWR
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International B.V., the Netherlands) and absorbance measured at an
optical density (0.D.) of 490 nm in the plate reader.

dsDNA quantification: Cultured scaffolds were washed with DPBS
and incubated in 1 mL of ultrapure water for 1 h at 37 °C. Thereafter, the
samples were subjected to a freeze/thaw cycle at —80 °C/ambient
temperature to induce cell lysis. The DNA quantification was performed
using Quant-iT™ PicoGreen™ dsDNA assay (Invitrogen™, Thermo
Fisher Scientific, the Netherlands) following the manufacturer’s
instructions.

Immunostaining and imaging: All incubation steps during staining
were carried out at ambient temperature, unless specified otherwise.
Cultured scaffolds were washed with DPBS and fixed with 3.7 % (v/v)
formaldehyde solution (ACS reagent, Sigma-Aldrich, the Netherlands)
for 30 min. Fixed samples were treated with 0.1 % (w/v) Sudan Black B
dye (in 70 % ethanol; Sigma-Aldrich, the Netherlands) for 45 min.
Thereafter, they were incubated with 0.1 % Triton™ X-100 (in DPBS;
Sigma-Aldrich, the Netherlands) for 10 min, followed by 1 % bovine
serum albumin (in DPBS; VWR Chemicals, the Netherlands) for 1 h.
Finally, the permeabilized and blocked cells were stained with Alexa
Fluor® 647 Mouse anti-Ki-67 (1:25 in DPBS (v/v); BD Bioscience, the
Netherlands) overnight at 4 °C, Alexa Fluor 488 phalloidin (1:100 in
DPBS (v/v); Thermo Fisher Scientific, the Netherlands) for 45 min, and
4,6-diamideino-2-phenylindole dihydrochloride (DAPI; 1:1000 in DPBS
(v/v); Sigma-Aldrich, the Netherlands) for 20 min. Fluorescence images
were acquired using the inverted microscope as described previously.

2.10. Antibacterial characterization

S. aureus (ATCC® 6538™, USA) and P. aeruginosa (ATCC® 9027™,
USA) were cultured in Bacto Tryptic Soy Broth (TSB; Difco Laboratories,
USA) at 37 °C for 18 h. Subsequently, the cultures were diluted at a
concentration of 0.5 0.D., and 100 pL of each was plated on agar me-
dium (Sigma-Aldrich, the Netherlands) with the help of a swab.
Following sowing, the sterilized mode I, II, III, and IV samples were
applied on the surface of the agar plates and the bacteria were incubated
overnight at 37 °C. The antibacterial activity was revealed by the
presence of a transparent zone around the samples, due to the inhibition
of microbial growth. The assays were carried out in triplicate for each
species and each sample.

For the biofilm assessment, overnight cultures of S. aureus and
P. aeruginosa were diluted with Oxoid™ Gamma-Irradiated TSB
(Thermo Fisher Scientific, the Netherlands), as positive control to obtain
a concentration of 107 CFUs per mL. Sterilized mode I, II, III, and IV
meshes were placed into 96-well flat-bottomed sterile polystyrene
microplates (Costar, Corning Inc., USA). Thereafter, 200 pL aliquots of
the diluted bacterial suspension were dispensed into the wells contain-
ing the samples and incubated overnight at 37 °C in aerobic conditions.
The biofilm formation was then evaluated by SEM analysis.

For the quantification of biofilm formation, sterilized mode I, II, III,
and IV meshes were placed into 96-well flat-bottom polystyrene
microplates (Costar, Corning Inc. USA). Thereafter, 200 pL aliquots of
the diluted overnight bacterial suspension of S. aureus and P. aeruginosa
were dispensed into the wells containing the samples and incubated
overnight at 37 °C in aerobic conditions. As positive control, bacteria
adhered on the bottom of the well was used. The biofilm formed was
quantified by a modified crystal violet assay [63]. Briefly, after 2, 4, 6
and 24 h, the attached bacteria were washed twice with 200 pL of PBS
and air-dried for 45 min. The meshes on the bottom of the wells were
then stained with 200 pL of 0.5 % (w/v) aqueous crystal violet solution
for 45 min, rinsed with 200 pL of sterile distilled water to remove excess
dye and air-dried. The dye associated with attached biofilm was dis-
solved in a solution of 200 pL of absolute ethanol, and the ODsy¢ /655
absorbance was measured with a microplate reader.
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2.11. Statistical analysis specified in the figure captions. Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software, USA), where the statistical

The samples were assigned randomly to different experimental significance was determined by applying a one-way or two-way analysis
groups, and the number of replicates (n) for each experiment have been of variance (ANOVA) followed by a Tukey’s honestly significant
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Fig. 2. Morphological and physicochemical characterization of the electrospun patches. (A) Mode II: (i) Scanning electron micrographs of blend electrospun
scaffolds fabricated with different CIP content. (ii) Cross-sectional view of the meshes. (iii) Quantification of the nanofiber diameter (n = 75). (iv) Thickness
quantification of the meshes (n = 12). (v) Fourier-transform infrared spectra of the meshes with respect to CIP (red), and (vi) X-ray diffraction spectra of the
fabricated scaffolds along with CIP in inset. (vii) Water contact angle measurements. (B) Mode III: (i) Scanning electron micrographs of co-electrospun/
electrosprayed scaffolds. (ii) Quantification of the nanofiber diameter (n = 75). (iii) Thickness quantification of the meshes (n = 12). (iv) Adhesion of the nano-
particles confirmed by the low release of Lumogen Red F305 dye.
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difference (HSD) post-hoc test. Data are given as mean + standard de-
viation, with probability (p) levels: with *p < 0.05, **p < 0.01, ***p <
0.005, ****p < 0.0001, and p > 0.05 not significant (ns).

3. Results
3.1. Morphological and physicochemical characterization

The successful incorporation of CIP within the fabricated electrospun
meshes was demonstrated through various morphological and physi-
cochemical characterizations. Considering the differences in the loading
mechanism and their resultant drug content, distinct analytic techniques
were applied to characterize the chosen ES modalities. These results
have been summarized for blend ES in Fig. 2A and for co-ES/
electrospraying in Fig. 2B.

A significant reduction in the electrospun fiber diameter and cross-
sectional thickness was obtained with the inclusion of CIP in the poly-
meric blend (Fig. 2A (i)-(ii)). Moreover, as the CIP concentration was
increased, a gradual decrement in both these morphological properties
was observed (Fig. 2A (iii)—(iv)). In case of fiber diameter, this trend was
achieved up to CIP 10.0 %, beyond which the ES jet turned unstable and
resulted in erratic bead formation. The substantially high standard de-
viation for CIP 20.0 % validated its inconsistent fiber distribution
(Fig. 2A (iii)). A similar outcome was also detected for the thickness
measurements, with CIP concentrations of 2.5 %, 5.0 %, and 10.0 %
showing comparable results, in contrast to the drastic reduction ob-
tained with CIP 20.0 % (Fig. 2A (iv)).

Physicochemical characterizations, including FTIR, XRD, and WCA,
were conducted to confirm that the morphological differences identified
between the investigated compositions was due to the presence of CIP.
FTIR spectra of the mode II scaffolds revealed appearance of new ab-
sorption peaks that were not present in the pristine PEOT/PBT fibers of
mode I (Fig. 2A (v)). Upon comparison with commercial CIP powder, the
observed bands were assigned to the characteristic N-H bending (1627
em™!) and N-H wagging (683 cm™!) of the amine groups in CIP
(Figure S2B). Moreover, a blue shift towards higher wavenumbers was
recorded across all the electrospun samples, which could be attributed to
a stronger molecular interaction within the polymeric network in
contrast to the CIP powder. The XRD spectra of all PEOT/PBT/CIP
scaffolds demonstrated an identical semi-crystalline structure as that of
the pristine PEOT/PBT (Fig. 2A (vi)). On the contrary, a highly crys-
talline structure was noted for the pristine CIP (inset, Fig. 2A (vi)). These
results confirmed the molecular integration of CIP within the polymeric
nanofibers, where its characteristic peak (7.15°) was detected only at
higher drug concentrations (10.0 % and 20.0 %). The WCA measure-
ments of all the PEOT/PBT/CIP meshes revealed a significantly faster
dispersion of water in comparison to the pristine PEOT/PBT nanofibers
(Fig. 2A (vii)). As a result, the addition of CIP to the electrospun meshes
presented a favorable influence on their hydrophilicity, irrespective of
the encapsulation amount.

A morphological characterization of the co-electrospun/
electrosprayed meshes was performed to evaluate the influence of NP
flow rate on the fiber collection (Fig. 2B (i)—(iii)). Qualitative assessment
of the resultant nanofibers revealed a curlier morphology in the scaffolds
electrosprayed with NP (at 1.5 mL-h’l, 3.0 mL-h’l, and 6.0 mL-h 1) as
compared to their non-electrosprayed counterparts (0 mL-h™Y) (Fig. 2B
(1)). This was further investigated by implementing the technique of wet
ES as a positive control, where three distinct collecting solvents: water,
ethanol, and isopropanol, were used to understand the relationship be-
tween the collector’s surface tension and the corresponding fiber
morphology (Figure S3B). SEM micrographs of the subsequent PEOT/
PBT nanofibers revealed an increment in the curling effect as the surface
tension of the collector was lowered from 71.1 mN-m ™! to 20.5 mN-m ™!
[64]. The quantitative assessment in terms of the scaffold thickness also
displayed a significant impact of simultaneous electrospraying on the
collection efficiency (Fig. 2B (iii)). However, the fiber diameter
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remained consistent across all conditions (Fig. 2B (ii)). Finally, the
adhesion of the electrosprayed NP was confirmed in comparison to the
negative control samples prepared by immersion technique (Fig. 2B

(iv)).
3.2. Drug release kinetics

The drug release kinetics of CIP-loaded electrospun patches were
evaluated envisioning their potential application on CSOM-induced TM
perforations. In this view, a sustained delivery of the antibiotic is
essential for limiting the proliferation of the responsible pathogens, as
well as for preventing chances of reinfection. The exact duration of the
antibiotic therapy is largely dependent on patient’s medical history and
the administered dose [65,66]. Therefore, fabrication of TM patches
with tunable drug releasing capabilities was investigated.

Fig. 3A illustrates a schematic representation of the implemented
release kinetic study. The cumulative release of CIP from the fabricated
scaffolds was examined over a period of 7 days. The resultant curves
have been summarized in Fig. 3B-C for mode II, Fig. 3D for mode III, and
Fig. 3E for mode IV. To understand the influence of drug solubility and
dispersion, the mode II samples were prepared both with (US+) and
without (US-) an additional ultrasonication step. Visually, the subse-
quent ultrasonication allowed the creation of a distinctly clearer pre-
cursor solution as compared to the blends that were not ultrasonicated
prior to ES. This behavior was specifically observed for CIP concentra-
tions >10.0 %, where the absence of the final ultrasonication step led to
a murky and less translucent solution. However, the transparency ob-
tained in case of US + samples presented an adverse effect on the desired
release profile of CIP. In this regard, all the compositions except for CIP
20.0 % showed a burst release, with a substantial amount of the loaded
drug being let out within the first 6 h (Fig. 3B). On the contrary, when
tested without the additional ultrasonication step (US-), the CIP 10.0 %
exhibited a sustained response as well (Fig. 3C). Furthermore, to regu-
late the cumulative concentration achieved by the US- scaffolds, an
additional washing step of 1 h, 6 h, or 12 h was introduced prior to the
release study. This step was essential to reduce the drug concentration in
accordance with the reported half maximal inhibitory concentration
(ICsp = 50 pg-mL™!) and the ninety percent inhibitory concentration
(ICgg = 253 pg'mL 1) for the anti-proliferative activity of CIP on hMSCs
[67]. Based on these results, PEOT/PBT/CIP 10.0 % fabricated without
ultrasonication followed by a 12 h washing step, was chosen as the
optimal condition among all the mode II formulations.

In the case of mode III, an increase in CIP concentration was observed
with the rising flow rates, which could be attributed to the higher
number of drug-loaded NP deposited with faster flow rates (Fig. 3D).
Overall, a burst release was noted for all the conditions across a 7-day
timescale. Among them, the flow rate of 3.0 mL-h~! demonstrated the
most controlled release, displaying gradual increments over a period of
48 h. Thus, it was chosen as the optimal parameter for mode III and
subsequently applied to mode IV. In addition, a CIP concentration of 2.5
% was used for the blend ES component of the mode IV. Analogous to
their constituent counterparts in modes II and III, the resulting scaffolds
exhibited an initial burst of drug release (Fig. 3E). Moreover, a signifi-
cantly higher cumulative concentration was achieved with mode IV,
despite employing the same CIP content. This enhancement can be
attributed to reduced drug losses during the disinfection step in DPBS
using UV radiation compared to that in ethanol (Figure S4A).

3.3. Mechanical characterization

The successful conversion of acoustical waves into mechanical mo-
tion of the TM is accredited to the unique properties of its extracellular
matrix. Therefore, replicating this precise mechanical response in a
therapeutic TM patch is essential to potentially restore the patient’s full
hearing capacity [68]. On that account, a thorough mechanical char-
acterization was performed for all the ES modalities investigated in this



S. Anand et al.

A

Bioactive Materials 38 (2024) 109-123

~
Steps for CIP quantification N\ Withdraw and replenish
. at each timepoint
P
DODD -
Scaffold Prewashing step Gradual elution at 37 °C for 168 h UV spectroscopy
J
B C — US-/W1
— CIP25% — CIP10.0% Us+ — US-/We
- — CIP50% CIP20.0 % — — Us- US—/ W12
= 200 =
E ; E
£ 1604 . - ) 2
3 — 3
g 120 . g
[ e
o 804 ° o
= 2
] r— 8
ERS E
£ £
= >
o 0 T T T T T T r O 0 T T T T T T T
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time (h) Time (h)
D E — PEOT/PBT/CIP + PLGA/CIP
— 30mUh — PEOT/PBT + PLGA/CIP
. — 60mbh  — 1.5mlh _ — PEOT/PBT/CIP
_El 3.0 TEJ 25
- - Mode IV
g 259 111 II { % % g 20 /1-»—-——«——’—"‘}—_(
3 2.0 o
g - ® 153
o P
e 157 2 10 . . Modell
- T be
S 1.0 g R 2 (i’ﬁ = ' '
& 1 i I 8 5
S 0.5 1 1 T 1 S ]
£ £ Mode Il
=
3 0.0dr ey B
0 24 48 72 96 120 144 16 0 24 48 72 96 120 144 168
Time (h) Time (h)

Fig. 3. Release kinetics of CIP from the electrospun patches. (A) Schematic representation of the drug release experiments. (B) PEOT/PBT/CIP blend electrospun
scaffolds (mode II) fabricated with the ultrasonication step (US+); n = 3. (C) PEOT/PBT/CIP 10 % (mode II) repeated with no ultrasonication (US-) and washing step
(W); n = 4. (D) PEOT/PBT + PLGA/CIP co-electrospun/electrosprayed scaffolds (mode III); n = 3. (E) Scaffolds fabricated by combining blend electrospinning with
co-electrospinning/electrospraying (mode IV); n = 6. A CIP concentration of 2.5 % was applied in combination with a NP flow rate of 3.0 mL-h™'.

study. Tensile tests were conducted for the different compositions of
mode II and III (Fig. 4A), which was followed by macroindentation
measurements of the most optimal condition chosen for each modality
(Fig. 4B).

In general, the addition of CIP enhanced the mechanical properties of
the resultant scaffolds. A gradual increment in the stress-strain profiles
was noticed with rising CIP content in the mode II blends (Fig. 4A (i)).
This was verified within the linear elastic regime as well, where a pro-
gressive rise in the Young’s modulus (E) was obtained across the tested
samples (left to right bars, Fig. 4A (ii)). Among them, CIP 20.0 %
demonstrated a significantly higher E value, while on the contrary, no
statistical differences were revealed between the remaining mode II
compositions. A similar trend was also observed in case of mode III,
where the simultaneous electrospraying of CIP-loaded NP resulted in
mechanically stiffer scaffolds as compared to the pristine PEOT/PBT
meshes of Mode I (Fig. 4A (iii)). Furthermore, as the NP flow rate rose, a
subsequent increase in the corresponding E values was recorded (Fig. 4A
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(iv)). To conclude, the tensile measurements indicated mode I to have
the lowest mechanical properties with an E = 2.72 MPa, which was
followed by mode I with average E values in the range of 3.24-4.99 MPa
depending on the CIP concentration and ultimately mode III with
average E values lying between 8.01 and 9.84 MPa.

Subsequently, the obtained results were corroborated by imple-
menting a previously reported macroindentation approach [19,36]. The
study was carried out by identifying the most relevant composition for
each mode, determined based on the characterizations performed so far.
In this regard, CIP 10.0 % was selected for mode II, and 3.0 mLh™! for
mode III. Overall, an identical behavior as the tensile tests was observed,
where modifications made in the basic ES setup of mode I led to the
production of stiffer scaffolds. A greater enhancement in the mechanical
properties was achieved with the simultaneous electrospraying of
PLGA/CIP NP as compared to the inclusion of CIP directly into the
PEOT/PBT blend (Fig. 4B (i)). This was also confirmed by the signifi-
cantly higher E values demonstrated by modes III (7.85 MPa) and IV
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(9.99 MPa), in contrast to modes I (2.80 MPa) and II (3.22 MPa) (Fig. 4B
(ii)). Moreover, considering that mode IV incorporated both blend ES
and co-ES/electrospraying, it ultimately displayed the highest stiffness
among all the modalities.

3.4. Biological characterization

A preliminary biocompatibility assessment of CIP was conducted on
TCP using supplemented culture media (Figure S6A). No cytotoxic ef-
fects of the drug were detected on hMSCs up to a concentration of 33
pgmL~! (Figure S6B-C). Subsequently, the biological relevance of the
implemented ES modalities was investigated with respect to the most
optimal composition identified for each mode. Overall, all the TM
scaffolds revealed an excellent viability and proliferation of the cultured
hMSCs, yet several differences were noted across them in guiding the
respective cellular responses.

Fig. 5A presents a qualitative demonstration of the cell distribution
obtained on distinct substrates at the chosen timepoints. The cases with
electrosprayed NP, in particular mode III, showed a lower cell attach-
ment in comparison to the rest. This was further confirmed by the
measurement of cell metabolic activity, with mode III exhibiting the
lowest values at day 7 (Fig. 5B). However, no significant differences
were detected between the samples at the earlier timepoints. Image
quantification was performed to assess the influence of ES modality on
cell coverage (Fig. 5C). Interestingly, scaffolds with the highest CIP
concentration, that is mode II, displayed the maximum cell coverage
(60.7 %), followed by modes I (43.7 %), IV (43.3 %), and III (41.9 %),
respectively.

Following the successful evaluation of cell viability and coverage on
the electrospun patches, the proliferative potential of the cultured
hMSCs was investigated (Fig. 6A-C). Samples were stained for Ki-67,
which is a nuclear protein expressed during all active phases of the

117

cell cycle (Fig. 6A and Figure S7). Qualitative analysis of the micro-
graphs demonstrated a more pronounced presence of Ki-67-labelled
nuclei on TCP as compared to the selected ES modalities. This was
further verified through quantitative analysis of the captured images
(Fig. 6C). Moreover, a comparable trend to the cell coverage was
observed for the average dsDNA content, whereby scaffolds loaded with
electrosprayed NP exhibited the lowest values (Fig. 6B).

3.5. Antibacterial validation

The antimicrobial validation of the electrospun patches was con-
ducted using disk diffusion test and biofilm formation assay. Fig. 7A
schematically illustrates the expected halo creation during the effective
inhibition of bacterial growth. Under the tested conditions, the overall
CIP concentration was identified as the most critical factor in inhibiting
the growth of both S. aureus and P. aeruginosa. In this regard, mode II,
with a cumulative release of 58 pg-mL*I, and mode IV, with 21 pg-mLfl,
proved to be the only modalities with an evident inhibition halo
(Figure S8). In contrast, mode I, which had no drug content, and mode
111, with a cumulative concentration of 1 pg-mL™}, exhibited no detect-
able antibacterial activity in this test. Fig. 7B presents a summary of the
quantified halo diameters for each case.

The SEM analysis showed that the formation of the S. aureus biofilm
was inhibited in all the samples, regardless of the presence of CIP
(Fig. 7C). Conversely, for P. aeruginosa, sparse small clusters were
observed in modes I, II, and IV, whereas a more extensive biofilm for-
mation was evident solely in mode III.

The test carried with the crystal violet staining method showed a
significant reduction in the ability to form biofilm for S. aureus in the
presence of all meshes compared to the TCP control, which presented an
optical density at 570/655 nm of approximately 3.0 (Figure S9).
Furthermore, a reduction in biofilm formation was also obtained for P.
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Fig. 5. Cell attachment and viability on the electrospun patches. (A) Live hMSCs (Calcein AM) imaged in green at days 1, 3, and 7, of culture on electrospun
meshes and tissue culture plate (TCP). All images of this panel share the same scale bar, as indicated in the bottom right corner of the last image. The scale bar
represents: 1000 pm. (B) Metabolic activity quantified with MTS assay at days 1, 3, and 7 (n = 12). All values have been normalized with respect to TCP on day 1. (C)
Image quantification to determine the extent of cell coverage on electrospun scaffolds on day 1 (n = 3).

aeruginosa with respect to the TCP; however, with a lower efficiency,
particularly in the case of mode III.

4. Discussion

CSOM ranks among the most widespread childhood infectious dis-
eases across the globe [9]. Its exact etiology is yet to be completely
understood, although it is believed to be a consequence of persistent
middle ear inflammation resulting in a non-healing perforation of the
TM [69]. Majority of the patients sustaining a long-standing episode of
CSOM often end with a combined conductive and sensorineural hearing
loss [70]. Therefore, multiple treatment strategies have been clinically
tested for inhibiting the polymicrobial growth responsible for this
chronic infection. These include systemic or topical use of antibiotics,
topical antiseptics, and ear cleaning, which are routinely applied alone
or in combination with each other [13,14,71,72]. In this regard,
broad-spectrum otic fluoroquinolones, such as CIP, which have been
approved by the EMA and FDA, have emerged as the primary first-line
therapy for managing CSOM-induced otorrhea. Moreover, the topical
application of the drug has been reported to be more effective in tar-
geting the infected area as compared to the systemic approach [73]. In
general, an antibiotic treatment for 7 days is sufficient to resolve most
CSOM infections [14]; however, a personalized drug dosage and dura-
tion might be essential for avoiding any therapeutic complications [66].

Antibiotic therapy is increasingly becoming personalized, where a
broad range of patient-specific factors need to be considered for deciding
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an optimal dose [65]. These factors encompass patient characteristics,
the site and severity of infection, pathogen susceptibility, as well as
pharmacokinetic considerations. As a result, a patient-specific combi-
nation of ideal drug concentration, dosing frequency, and treatment
duration is necessary to achieve the desired antimicrobial effect without
the risks of overdosing. A minimum inhibitory concentration (MICgg) of
3.0 pg'mL ! has been identified adequate for CIP to suppress the growth
of the most common pathogens isolated from chronic discharging ears,
namely the Gram-negative bacterium, P. aeruginosa, and the
Gram-positive bacterium, S. aureus [11,74]. However, CSOM patients
are typically exposed to significantly higher dosages, with 1 mg per day
in topical therapies and 1000 mg per day in systemic therapies [61,62],
to compensate for the low drug penetration efficiency [75]. This is
particularly true for cases with small TM perforations or copious ear
discharge [14]. The use of elevated drug concentrations does ensure a
robust treatment of the infected tissue but at the same time, is also
accompanied by various antibiotic-associated risks. Several adverse ef-
fects of CIP overdose or prolonged administration have been reported in
the literature, some of these include gastrointestinal distress, central
nervous system disorders, tendinopathy, and in some rare cases, hepa-
totoxicity, nephrotoxicity, and cardiotoxicity [76]. Moreover, certain
aminoglycoside antibiotics such as gentamicin, neomycin, and strepto-
mycin are known to exhibit ototoxic effects, often resulting in
drug-induced sensorineural hearing loss [77]. CIP, in this regard, is
considered a comparatively safer drug, although studies have still
indicated mild-to-moderate hair cell loss, predominantly within the
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apical half of the cochlea [78].

Therefore, a targeted delivery of the antibiotic could prove beneficial
in mitigating the complications associated with excessive exposure,
without compromising its antimicrobial functionality. In addition, if this
could be combined with the therapeutic approaches for patching the
perforated TM, it could serve multiple purposes at once, thereby
potentially reducing the clinical interventions required in the treatment
of CSOM. With the recent advancement in biofabrication technologies,
numerous drug loading strategies have been proposed and tested for the
localized delivery of CIP. Among them, electrohydrodynamic techniques
such as ES and electrospraying have emerged as promising approaches
for achieving a controlled release of CIP from nanofibrous meshes over
time [52,56-58]. However, no such procedure has yet been reported for
the restoration of CSOM-induced TM perforations. Therefore, the cur-
rent work aims at addressing this clinical gap by introducing structurally
and mechanically relevant patches with tunable CIP loading and
releasing characteristics to repair the infected eardrum.

Multiple ES modalities were investigated in this regard, to offer a
broad range of release profiles and concentrations to cater to patient-
specific antibiotic requirements. Each selected mode was individually
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characterized to determine the optimal composition within it. This was
performed with respect to an increasing CIP concentration in mode II
and an increasing PLGA/CIP NP flow rate in mode III. Considering that
the CIP concentration within the PLGA NP was kept consistent with the
previously reported protocol [52], the NP flow rate was employed as the
appropriate parameter to control the drug loading capacity in mode III.
Overall, the morphological and physicochemical characterizations of
the fabricated scaffolds confirmed successful incorporation of the anti-
biotic within all nanofibrous meshes. The FTIR and XRD spectra in mode
II demonstrated an effective encapsulation of the drug inside the poly-
meric fibers. Moreover, a favorable influence of CIP was observed in
reducing the fiber diameter and thickness for the blend electrospun
compositions. This phenomenon could be attributed to the formation of
positively charged CIP molecules, resulting in an enhanced stretching of
the ES jet [79]. A similar protonation of amine groups was recently
observed during the inclusion of chitin nanofibrils in the PEOT/PBT
polymer solution, which yielded a three-fold reduction in the corre-
sponding fiber diameters [36]. In the end, taking all these morphological
and physicochemical characterizations into account, CIP 10.0 % was the
most promising composition in mode II.
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On the other hand, in mode III, the electrosprayed PLGA/CIP NP did
not seem to have a significant impact on the PEOT/PBT fiber diameters.
However, they did on the fiber orientation and scaffold thickness. The
increased curling of electrospun fibers at higher flow rates could be
explained with respect to the decreasing surface tension of the collecting
substrate. Considering the remarkably larger surface tension of
aluminum as compared to water [80], the rise in the NP flow rate from 0
mLh ! to 6.0 mL-h ! is associated to a gradual decline in their subse-
quent surface tension. Literature suggests a dominant role of the col-
lector’s surface tension in guiding the morphology of the deposited
fibers [81]. The current study provided the first validation of this phe-
nomenon for PEOT/PBT, using wet ES as a positive control. In this re-
gard, a lower surface tension was noted to disperse the fibers more
readily, thereby inducing a higher curling effect [81]. Furthermore, this
increase in fiber dispersion also justifies the decrease in scaffold thick-
ness. To conclude, the morphological differences between the
CIP-loaded scaffolds of mode III were not as drastic as in mode II;
however, amidst the minor variations, the flow rate of 3.0 mL-h™! was
the most optimal condition.

Following the successful fabrication of the CIP-loaded electrospun
scaffolds, the release of their corresponding drug cargo was quantified.
In general, the mode II meshes could be applicable for CSOM cases
demanding a higher and longer antibiotic treatment, whereas the mode
I1I ones could be suitable for smaller and shorter dosages. Three distinct
stages of drug release have been reported in the literature for blend
electrospun fibers [59]. Stage I is governed by Fick’s second law, where
the swelling of fibers controls the diffusion through them. Stage 1II is
dominated by diffusion too, although through a fused membrane
structure. Finally, in stage III, the polymer degradation takes over and
releases the remaining drug. A similar mechanism involving a combi-
nation of diffusion, swelling, and degradation has also been observed
during the drug release from PLGA NP [82]. However, considering the
underlying difference in the chemical breakdown of PEOT/PBT and
PLGA in aqueous solutions [36,83], the CIP release kinetics obtained due
to them is quite contrasting. Moreover, in case of mode II, even the
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methodology of preparing the PEOT/PBT/CIP blends was noticed to
influence the release mechanism, and subsequently the overall kinetics.
Scaffolds fabricated after an US step revealed a burst release in com-
parison to those produced without it. This was attributed to the
entrapment of the drug within the polymer network when the precursor
solution was not ultrasonicated (US-). Overall, the Weibull model of
drug release kinetics was chosen as the fitting mathematical model for
the investigated TM patches. The flexibility of the Weibull model allows
it to cover a wide range of release profiles, thereby explaining the
diverse kinetics obtained with the different fabrication modalities in this
study [84].

Previous studies have highlighted the role of mechanical properties
in the creation of biomimetic TM replacements [19,36]. In this regard,
tensile and indentation measurements were carried out to validate the
mechanical performance of the CIP loaded scaffolds. The macro-
indentation approach is a useful tool for evaluating the scaffold func-
tionality, taking the anisotropic behavior of the native TM into account
[85]. Overall, the incorporation of CIP either through blend ES or
co-ES/electrospraying was noted to enhance the mechanical properties
of PEOT/PBT-based TM patches. This enhancement aligns with multiple
studies in the past, where nanofillers or geometrical features were uti-
lized to achieve similar reinforcement of electrospun meshes [19,36].
Among the investigated compositions, CIP concentration of 20.0 % in
mode 1I and NP flow rate of 6.0 mL-h™! in mode III demonstrated
significantly higher E values as compared to their counterparts. This
observation can be attributed to the appearance of beads with increasing
drug concentration and greater fiber curling with a rising flow rate.

Given the increasing importance of hMSCs in TM regeneration [86],
they were chosen as the appropriate cell type for this study. The in vitro
experiments conducted on the electrospun patches revealed a consistent
cell attachment, viability, and proliferation across all the tested samples.
Ultimately, the antibacterial studies confirmed the efficacy of the pre-
sented CIP release model in inhibiting bacterial growth. The bacterial
strains of S. aureus and P. aeruginosa, being the most commonly isolated
pathogens during CSOM [11], were applied in this regard. In general,
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the ES modalities involving the blend component, namely modes II and
IV, were found to be more effective. This suggests that the CIP concen-
tration achieved with mode III may not be sufficient to counteract an
active, severe infection. To further strengthen the outcomes of the disk
diffusion test, the fabricated meshes underwent a biofilm formation
assay. All TM scaffolds exhibited the ability to inhibit the formation of
biofilm in the case of S. aureus. However, for P. aeruginosa, while the
biofilm formation was significantly inhibited in modes II and IV, a
substantial presence was detected in mode III, thus corroborating the
previous results of the inhibition halo.

5. Conclusion

This work addresses the current clinical gap in the availability of
functional TM patches possessing tunable antibiotic releasing capabil-
ities. It presents an innovative therapeutic solution that synergistically
combines tissue engineering with drug delivery, with the aim of mini-
mizing clinical intervention in the treatment of CSOM-induced TM
perforations. In this regard, four distinct ES modalities were imple-
mented and investigated in terms of their morphological, physico-
chemical, mechanical, biological, drug releasing, and antibacterial
responses. The modified ES setups (modes II, III, and IV) allowed a
successful incorporation of CIP while introducing distinct morphological
features within the resultant electrospun fibers, as compared to the
control (mode I). A positive impact of these variations was observed
with respect to their corresponding mechanical properties, where the
CIP-loaded scaffolds exhibited a reinforced response. Furthermore, the
chosen modalities highlighted the possibility to fabricate TM patches
with patient-specific antibiotic requirements. Among them, the blend ES
approach (mode II) was carefully optimized to yield a sustained release
of CIP for 7 days. On the other hand, a faster delivery rate was
demonstrated with the simultaneous electrospraying of PLGA/CIP NP. In
vitro antibacterial validations performed with gram-positive and gram-
negative bacteria assessed the efficacy of different drug-loading mo-
dalities in suppressing the bacterial infection. Considering the high
loading concentration used for blend ES, a greater inhibition of bacterial
growth was reported for modes II and IV. Finally, the biological rele-
vance of this study was verified by showing that the amount of CIP
released from each mode did not show any cytotoxic and anti-
proliferative effects on the cultured hMSCs. Future work will be
focused on applying these antibiotic-laden TM patches in an animal
model to evaluate their overall effectiveness in vivo.
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