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ARTICLE INFO ABSTRACT

Keywords: The tympanic membrane (TM), is a thin tissue lying at the intersection of the outer and the middle ear. TM
Chitin ) perforations caused by traumas and infections often result in a conductive hearing loss. Tissue engineering has
Polysaccharide emerged as a promising approach for reconstructing the damaged TM by replicating the native material char-

¥‘a nocomposite. acteristics. In this regard, chitin nanofibrils (CN), a polysaccharide-derived nanomaterial, is known to exhibit
1ssue engineerin, . oy e . . L . .. . . . ..
Eardrum & & excellent biocompatibility, immunomodulation and antimicrobial activity, thereby imparting essential qualities

for an optimal TM regeneration. This work investigates the application of CN as a nanofiller for poly(ethylene
oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) copolymer to manufacture clinically suitable TM
scaffolds using electrospinning and fused deposition modelling. The inclusion of CN within the PEOT/PBT matrix
showed a three-fold reduction in the corresponding electrospun fiber diameters and demonstrated a significant
improvement in the mechanical properties required for TM repair. Furthermore, in vitro biodegradation assay
highlighted a favorable influence of CN in accelerating the scaffold degradation over a period of one year.
Finally, the oto- and cytocompatibility response of the nanocomposite substrates corroborated their biological
relevance for the reconstruction of perforated eardrums.

Mechanical reinforcement

1. Introduction

The tympanic membrane (TM), also known as the eardrum or the
myringa, is a thin tissue lying at the intersection of the outer and the
middle ear. Its primary role within the auditory system is to convert
sound waves funneled by the outer ear into mechanical motion of
ossicular chain in the middle ear (Volandri et al., 2011). TM perforations
caused by traumas or microbial infections are the most common injury
of the human eardrum. Among them, perforations caused by chronic
suppurative otitis media (CSOM), a middle ear inflammatory disease,
have been reported to be widespread especially in young children.
Global estimates suggest around 31 million new episodes of CSOM every
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year, with 22 % of them occurring in children below 5 years of age,
primarily due to microbial, immunological, and genetically determined
factors (Schilder et al., 2016; Verhoeff et al.,, 2006). The CSOM is
accompanied by a persistent discharge through the perforated TM, often
resulting in a conductive hearing loss.

Conventional grafting approaches for repairing the damaged TM
involve the application of autologous tissues or bioabsorbable materials
(Dvorak et al., 1995). However, in the majority of these cases, the lack of
consistent material characteristics with respect to the native tissue leads
to a suboptimal hearing restoration (Blanshard et al., 1990). The suc-
cessful sound conduction by the eardrum has been accredited to its
unique geometrical and acousto-mechanical properties (Anand et al.,
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2021; Gan, 2018), whereas other material features such as porosity,
timely biodegradation, and immunomodulation are essential for the
cellular ingrowth and subsequent wound healing (Danti et al., 2021).
Therefore, in recent years, there has been a growing interest in
expanding the list of suitable materials for treating the TM perforations.
In this regard, tissue engineering has emerged as a promising strategy to
propose and develop clinically applicable TM scaffolds (Anand et al.,
2022). A wide range of biomaterials including gelatin (Kuo et al., 2018;
Lou & He, 2011), silk fibroin (Ghassemifar et al., 2010; Levin et al.,
2013), alginate (Weber et al., 2006), poly(e-caprolactone) (PCL) (Kozin
etal., 2016; Lee et al., 2014; Moscato et al., 2020; Seonwoo et al., 2019),
and poly(ethylene oxide terephthalate)/poly(butylene terephthalate)
(PEOT/PBT) (Anand et al., 2021; Danti et al., 2015; Mota et al., 2015)
have been investigated in conjunction with biofabrication techniques,
such as fused deposition modelling (FDM) (Anand et al., 2021; Kozin
et al., 2016; Mota et al., 2015), bioprinting (Kuo et al., 2018), melt
electrowriting (von Witzleben et al., 2021), and electrospinning (ES)
(Anand et al., 2021; Danti et al., 2015; Lee et al., 2014; Moscato et al.,
2020; Mota et al., 2015; Seonwoo et al., 2019).

Among these, the family of co-poly(ether esters), in particular the
PEOT/PBT copolymers has gained notable attention due to their tunable
physical and biodegradation properties (Deschamps et al., 2001; Lamme
et al., 2008). Several studies have demonstrated the mechanical,
acoustical, and biological relevance of PEOT/PBT for TM tissue engi-
neering (Anand et al., 2021; Danti et al., 2015; Grote et al., 1991; Mota
et al., 2015). Recently Anand et al. employed PEOT/PBT to examine the
role of biomimetic features in eardrum constructs and concluded that
the scaffold geometry has a strong impact on the resultant acousto-
mechanical response (Anand et al., 2021). The study implemented a
dual-scale fabrication approach, combining ES with FDM to manufac-
ture full TM constructs with varying radial and circumferential patterns.
In general, the addition of FDM filaments over the electrospun mem-
branes was observed to increase the scaffold stiffness towards that of the
native tissue. However, manipulating the scaffold geometry is not al-
ways a feasible solution, especially in case of partial TM reconstruction,
applied during the repair of medium-size central perforations. In these
situations, an adaptable control over the material properties would
rather be more advantageous than the highlighted architectural de-
pendency per se.

Various strategies have been investigated for modulating the
inherent polymer behavior within the manufactured scaffolds. In this
respect, CN have been used as a favorable nanofiller agent for rein-
forcing both natural and synthetic polymeric matrices (Chen et al.,
2019; Shankar et al., 2015). Derived from chitin, one of the most
abundant polysaccharide in nature (Elieh-Ali-Komi & Hamblin, 2016),
CN are known to exhibit excellent biocompatibility, biodegradation,
immunomodulation and antimicrobial activity (Danti et al., 2021),
while enhancing the resultant mechanical characteristics of the polymer
matrix. Moreover, they are extracted from food biowaste, such as chitin-
rich shells of shrimps, crabs, or krill, which makes them an affordable,
readily available, and renewable biomaterial. The application of CN for
tissue engineering has commonly been investigated in the form of
nanocomposites in combination with thermoplastics, such as PCL (Ji
et al., 2012), poly(lactic acid) (Coltelli et al., 2019), and poly(ethylene
oxide) (Kuo & Ku, 2008). In all these studies, the successful dispersion of
CN within the nanocomposites has been noted crucial for their effec-
tiveness as a reinforcement agent. Several approaches have been
explored in this regard. Among them, the use of poly(ethylene glycol)
(PEG) as a compatibilizing agent has specifically been advantageous in
reducing interfacial tension and promoting homogeneity within nano-
composite matrices (Brown & Laborie, 2007; Li et al., 2017). The
combination of CN with PEG has been reported to demonstrate signifi-
cant improvements in the mechanical, antimicrobial, and anti-
inflammatory properties of the produced composites, as compared to
their pristine counterparts (Coltelli et al., 2019; Kuo & Ku, 2008; Li et al.,
2017).
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The primary goal of this work was to study the relevance of CN in
creating mechanically suitable replacements for treating TM perfora-
tions. It is hypothesized that the introduction of CN within polymeric
scaffolds can favorably reinforce the material properties required for
reconstructing the damaged TM. Considering the current gap high-
lighted in modulating the mechanical behavior of a scaffold without
manipulating its polymer composition or geometry (Anand et al., 2021),
the application of such carbohydrate-based nanocomposites offers a
novel approach for TM regeneration. Distinct CN/PEG ratios were
chosen and evaluated to achieve an optimal dispersion of CN within the
polymeric matrix. The resultant PEOT/PBT/(CN/PEG) nanocomposites
were tested to create biomimetic replacements for both partial and total
reconstruction of the perforated eardrum. In this regard, the composite
processability was assessed for two key biofabrication technologies, ES
and FDM, with respect to previously reported efforts in this direction
(Anand et al., 2021; Mota et al., 2015). Subsequently, the influence of
CN was investigated on the surface morphology, mechanical properties,
in vitro biodegradation, and cytocompatibility of the fabricated scaf-
folds. Additionally, TM-specific indentation measurements were con-
ducted to corroborate their functional response for eardrum tissue
engineering. By highlighting the structural reinforcement offered by CN,
this work aims to demonstrate the potential of CN-based therapies for
reconstructing the impaired TM with the required material character-
istics for an effective sound transmission (Fig. 1).

2. Materials and methods
2.1. Materials

An aqueous suspension of 2 % (w/w) CN was supplied by Texol s.r.1.
(Italy). The CN, cosmetic grade, were produced by treating crustacean-
derived chitin with hydrochloric acid under boiling conditions (Muz-
zarelli & Morganti, 2013). After a series of successive centrifugation and
decantation, the obtained nanofibrillar chitin was resuspended in sterile
distilled water. The final colloidal suspension has a pH of 5, and a
deacetylation degree of around 10 % (Muzzarelli & Morganti, 2013).
The average length of the resultant CN was 20 pm, whereas the average
width was 90 nm (Coltelli et al., 2019).

PEOT/PBT was kindly provided by PolyVation B.V. (the
Netherlands). The 300PEOTS55PBT45 grade of the copolymer was
selected for this study based on previous literature (Anand et al., 2021;
Danti et al., 2015; Mota et al., 2015). The aPEOTbPBTc notation in-
dicates the polymer composition, where “a” represents the molecular
weight (M, = 300 g/mol) of starting PEG blocks, and “b/c” (55/45)
denotes the weight ratio of PEOT/PBT, respectively. For the current lot
of the copolymer (PA-01/17-01), the average M,, of 93 kDa was quan-
tified by gel permeation chromatography, and the glass transition tem-
perature (Tg) of —22 °C and the melting temperature of 154 °C was
measured using differential scanning calorimetry.

PEG with a number average molecular weight (M) of 4000 g/mol
(code: 81240) was supplied by Sigma Aldrich (Italy) in the form of
platelets, chloroform of 99.5 % purity by Merck KGaA (Germany), and
hexafluoro-2-propanol (HFIP) of analytical grade by Biosolve B.V. (the
Netherlands). Absolute ethanol (EtOH; 99.8 % purity), phosphate buff-
ered saline (PBS), Low-Glucose DMEM, i-glutamine, Fluconazole,
Penicillin and Streptomycin (pen-strep), gelatin (type B, from bovine
skin), 4,6-diamideino-2-phenylindole dihydrochloride (DAPI), and
propidium iodide were supplied by Sigma-Aldrich via Merck KGaA
(Germany), sterile saline solution by Fresenius Kabi (Germany),
formalin by Bio-Optica (Italy), Horse Serum (HS) by CARLO ERBA Re-
agents (Italy), and heat-inactivated fetal bovine serum (FBS) by Invi-
trogen via Thermo Fisher Scientific (USA). For the culture of Organ of
Corti cells, the mouse cell line OC-k3 was obtained from House Ear
Institute (USA). Dulbecco’s Modified Eagle Medium (DMEM), RPMI
medium were supplied by Gibco BRL (USA). Interferon y (IFN) was
obtained from Genzyme (USA), and CellTiter 96® AQueous MTS
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Fig. 1. Schematic diagram illustrating the overall flowchart of the study presented herein. The asterisk (*) highlights a medium-size central perforation of the

tympanic membrane (TM).

Reagent Powder from Promega Corporation (USA). Human mesen-
chymal stromal cells (hMSCs) were supplied by Merck Millipore S.A.S.
(USA). AlamarBlue®, Alexa Fluor™ 488 phalloidin, and a-minimal
essential medium with Glutamax («-MEM) was bought from Thermo
Fisher Scientific (USA).

2.2. Nanocomposite preparation

Melt blending was implemented for nanocomposite preparation to
minimize the use of organic solvents. PEG was employed as the com-
patibilizing agent to achieve a homogenous distribution of CN within the
PEOT/PBT/(CN/PEG) composites. Different CN/PEG weight ratios,
namely 50:50, 65:35, 70:30, and 75:25 (% w/w), were investigated. The
precursor dispersions were prepared by adding the corresponding
amounts of PEG to CN solution under constant stirring for 2 h at room
temperature (RT). The resultant solutions were then transferred to petri
dishes and dried under a ventilated fume hood until solidification.

The solidified CN/PEG pre-composites were pulverized into fine
powder using mortar and pestle until a homogeneous powder was ob-
tained. This powder along with PEOT/PBT pellets was fed into a Thermo
Haake Minilab II twin screw extruder (Germany) through the hopper
placed at the beginning of the twin screws. All the components were
mixed thoroughly in the recirculating channel of the extruder. Finally,
the extrusion was carried out at 165 °C and 100 revolutions per minute
(rpm) for 1 min to obtain the melt blended PEOT/PBT/(CN/PEG)
nanocomposites with varying CN/PEG ratios. A consistent concentration
of 2 % (w/w, with respect to PEOT/PBT) CN was maintained across all
the conditions.

2.3. Film preparation

Films were produced for a preliminary characterization of all the
nanocomposite formulations. Compression molding was used where
bulk PEOT/PBT/(CN/PEG) nanocomposites were subjected to a manual
press (Lab Press 10 T, Noselab ATS, Italy) at 170 °C for 2 min.

2.4. Material characterization

2.4.1. Cyto- and otocompatibility of pristine CN
Cytocompatibility of pristine CN were assessed using hMSCs cultured

in a-MEM supplemented with 10 % FBS, 1 % PS and with varying con-
centrations of CN: 0 pg/mL, 10 pg/mL, 100 pg/mL and 1000 pg/mL for
7 days under standard conditions (37 °C, 5 % CO3). PrestoBlue™ assay
was performed at day 1, 3 and 7 to quantify the cell metabolic activity.
At day 1 and 7, samples were fixed with 3.7 % paraformaldehyde and
stained with Alexa Fluor™ 488 phalloidin and DAPI to visualize the F-
actin filaments and the nuclei, respectively. Finally, fluorescence images
were acquired on an inverted microscope (Nikon Eclipse Ti-E, the
Netherlands).

Otocompatibility was assessed using inner ear representative cell
lines, such as OC-k3 (organ of Corti), HaCaT (epidermal keratinocytes)
and PC12 (neural-like cells). The PC12 cells were grown in 5 % CO, at
37 °C in RPMI medium supplemented with 10 % HS, 5 % FBS, 2 mM t-
Glutamine, 1 % pen-strep. HaCaT cells were grown in 5 % CO5 at 37 °C
in DMEM, supplemented with 10 % FBS, 2 mM t-Glutamine, 1 % pen-
strep. OC-k3 cells were grown in 10 % CO; at 33 °C in DMEM High
Glucose medium supplemented with 10 % FBS, 1 % pen-strep, 2 mM t-
glutamine, and 50 U/mL of IFN. The following day the 3 cell types were
treated with three different concentrations of CNs: 20 pg/mL, 10 pg/mL
and 5 pg/mL diluted in complete medium. The cell viability on the three
cell lines was analyzed by a cytofluorimeter (FACSCalibur, BD Bio-
sciences, USA). The percentage of cells dead, stained by propidium io-
dide (PL, 50 pg/mL, Sigma Aldrich, Milan, Italy) was measured using a
standard optical filter 585/42 nm (FL2). The experiments were per-
formed two times (n = 2) with 3 replicates for each treatment.

2.4.2. X-ray diffraction

The crystallinity of the materials was assessed through X-ray
diffraction (XRD; Bruker D2 Phaser, the Netherlands). X-ray diffracto-
grams were collected using Cu Ko radiation (A = 1.5406 108) between 5°
< 20 < 70° in increments of 0.02°.

2.4.3. Fourier-transform infrared spectroscopy

The chemical composition of the fabricated films was analyzed using
Fourier transform infrared spectrometer (FTIR; Nicolet 380, Thermo
Scientific, USA) equipped with a Smart™ iTX accessory comprising a
monolithic diamond attenuated total reflection (ATR) crystal. FTIR
spectra were recorded in the 4000-500 cm ™! range at 2 cm™! spectral
resolution and 128 scans per sample. Background spectra were collected
before each sample to eliminate signals of the spectrometer and its
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environment from the sample spectrum.

2.4.4. Dynamic light scattering

The conductivity and zeta potential of CN and CN/PEG colloidal
suspensions were measured with dynamic light scattering (DLS; Zeta-
sizer Nano, Malvern Panalytical, UK). Solidified crystals of CN and CN/
PEG were suspended in Milli-Q water by ultrasonication at 37 °C for 5
min. An initial colloidal concentration of 5000 pg/mL was prepared for
both the materials, which was serially diluted to obtain the subsequent
concentrations of 1000 pg/mL, 100 pg/mL, 10 pg/mL, and 1 pg/mL.

2.4.5. Thermogravimetric analysis

Thermal stability of the prepared nanocomposite was evaluated
using thermogravimetric analysis (TGA; Q500, TA Instruments, United
States). A linear increase in temperature from 25 °C to 500 °C at the rate
of 10 °C/min was applied in a nitrogen atmosphere.

2.4.6. Field emission scanning electron microscopy

Morphological characterization of the nanocomposite films and bulk
filaments was performed using field emission scanning electron micro-
scopy (FE-SEM; Quanta™ 450 FEG, Field Electron and Ion Company,
USA). The cross-sectional surface of the compounded filaments was
obtained by cryofracture for each CN/PEG ratio. Samples were sputtered
with platinum (EM ACE600, Leica Microsystems, Germany) and imaged
at an accelerating voltage of 10 kV and working distance of 10 mm. The
thickness of the films was measured using a portable thickness gauge
(model 2050F, Mitutoyo Europe GmbH, Germany).

2.5. Computational modelling

A previously reported Python toolkit was utilized to generate a
biomimetic geometry for the full reconstruction of the TM (Anand et al.,
2021). Specific parameters were chosen to obtain a computer-aided
design (CAD) with the optimal shape, dimension, and fiber density of
the radial and circumferential filaments. The exterior proportions were
set based on the anatomical dimensions of the human TM (Anand et al.,
2022): 8.5 mm for the horizontal diameter, 9.5 mm for the slightly
longer vertical diameter, and 100 pm for the thickness. Subsequently,
computational models (COMSOL Multiphysics 6.0, Comsol B.V., the
Netherlands) were designed to simulate the mechano-acoustical
response of the resultant geometry in comparison to the native tissue.
This was achieved by implementing the structural mechanics and acous-
tics modules of COMSOL as described in an earlier publication (Anand
et al., 2021). Moreover, the material properties of human eardrum, in
particular, the density, Young’s modulus (E), and Poisson’s ratio of pars
tensa, were obtained from the literature (Caminos et al., 2018).

All theoretical computations were performed within the linear elastic
regime. Finally, the selected geometry was validated with respect to the
E value (mechanical) and resonant frequencies (acoustical) computed
for the respective TM models — reconstructed (R) and native (N).

2.6. ES of nanocomposites

ES was applied to manufacture PEOT/PBT/(CN/PEG) TM scaffolds.
Two approaches were investigated for the preparation of the ES solu-
tions. The first approach, the melt blended nanocomposite was dissolved
in a 70:30 (v/v) solvent mixture of chloroform and HFIP, by stirring
overnight at ambient conditions. For the second approach, an equivalent
CN/PEG powder was added to a PEOT/PBT previously dissolved in a
70:30 (v/v) solvent mixture of chloroform and HFIP and stirred over-
night at ambient conditions. A concentration of 18 % (w/v) was used for
preparing these precursor ES solutions. The ES was performed on Flu-
idnatek LE-100 (Bioinicia S.L., Spain) in a controlled environment, set at
23 °C and 40 % of relative humidity.

Previously reported operating parameters were adapted to fabricate
homogeneous nanofibrous meshes containing CN (Anand et al., 2021;
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Danti et al., 2021). A voltage of 20 kV was applied to collect the elec-
trospun fibers on a cylindrical mandrel (stainless steel, diameter = 200
mm, length = 300 mm). The collector was wrapped with aluminum foil
assembled with circular bands (inner diameter = 12 mm, outer diam-
eter = 15 mm) of Finishmat 6691 LL (Lantor B.V., the Netherlands). The
supporting band allowed an easy handling of the thin membranes,
especially after removal of the aluminum foil substrate for the subse-
quent morphological, mechanical, and biological characterizations. The
PEOT/PBT/(CN/PEG) precursor solution was ejected through a 0.8 mm
spinneret at a flow rate of 0.9 mL-h™!. A consistent air gap of 10 cm was
maintained. The collector rotation was set at 150 rpm, and the ES was
conducted for 60 min to manufacture the final TM scaffolds. However, a
longer ES duration of 90 min was used for producing thicker meshes
employed for the degradation studies. Following the fabrication, all
electrospun meshes were left overnight inside a fume hood to evaporate
any residual traces of the organic solvents.

SEM (Jeol JSM-IT200, the Netherlands) was performed to examine
the nanofibrous morphology of the electrospun meshes. Samples were
coated with a thin layer of gold (Quorum Technologies SC7620, UK)
prior to the imaging. SEM micrographs were captured at an accelerating
voltage of 10 kV and working distance of 10 mm. The subsequent post-
processing and image analysis was carried out on Fiji software (https://
fiji.sc/), where the average fiber diameter was calculated for each con-
dition (n = 150).

2.7. FDM of nanocomposites

FDM was performed to evaluate the manufacturing of PEOT/PBT/
(CN/PEG) nanocomposites scaffolds for the full reconstruction of the
human eardrum. G-code for the computationally validated TM geometry
was generated using the Python toolkit (Anand et al., 2021), and loaded
on a FDM based additive manufacturing system (BioScaffolder, SYSENG,
Germany). The material deposition was initiated by melting the polymer
at 190 °C, following which it was extruded using a combination of
mechanical screw-driven and pneumatic pressure. The screw rotational
speed was set at 70 rpm and the pressure at 750 kPa. The translational
velocity was maintained constant at 157 mm-min~!. Four different
nozzles were tested for the fabrication process — (1) stainless steel with
ID of 260 pm (ID260, BL25E02A, DL technologies, USA), (2) stainless
steel with ID of 184 pm (ID184, BL28EO3A, DL technologies, USA), (3)
stainless steel with ceramic tip and ID of 100 pm (ID100, DL32005AC,
DL technologies, USA), and (4) stainless steel with ceramic tip and ID of
70 pm (ID70, DLO03005AC, DL technologies, USA).

Dual-scale PEOT/PBT/(CN/PEG) nanocomposite-based TM scaffolds
were manufactured as a proof-of-concept by depositing the FDM fila-
ments on prefabricated electrospun meshes.

2.8. Mechanical characterization

The mechanical response of the chosen compositions was evaluated
independently for the preliminary films and for the TM-specific scaf-
folds. Tensile measurements were performed to compare the different
nanocomposite formulations, followed by a functionally relevant char-
acterization for the TM (i.e., macroindentation) on select conditions.

Tensile properties of the films were characterized by INSTRON
5500R mechanical tester equipped with MERLIN software (USA). A 100
N load cell was used for this at a scan rate of 100 mm-min . The film
samples were prepared with a width of 4 mm and length of 27 mm.

Mechanical measurements on the electrospun scaffolds were carried
out on TA ElectroForce 3200 mechanical tester (USA). Samples were cut
in rectangular strips, and the tests were performed at RT until failure.
The length and width of each sample was measured with a digital
caliper, and the thickness was calculated from SEM cross-sections. A 45
N load cell was used with a scan rate of 0.003 mm-s! until failure. In
addition, macroindentation was conducted for the pristine PEOT/PBT
and PEOT/PBT/(CN/PEG) nanocomposite with 50:50 CN/PEG ratio. A
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previously reported a custom setup was implemented to indent circular
scaffolds at a scan rate of 0.003 mm-s~! (Anand et al., 2021).

2.9. Biodegradation characterization

The biodegradation behavior of the electrospun fibrous meshes was
investigated by monitoring the weight changes of 3 x 3 cm? samples, in
triplicates. Scaffolds with a higher thickness (400 + 5 pm), were
employed to obtain more precise weight measurements. The 50:50 ratio
of CN/PEG was chosen as the representative condition for the PEOT/
PBT/(CN/PEG) composites, which was compared to their pristine
PEOT/PBT counterpart. Samples were prepared by washing the elec-
trospun meshes in 10 mL distilled water for 20 min, followed by dehy-
dration in 5 mL absolute EtOH for 3 min, and finally, evaporation under
a ventilated hood for 3 h. The rate of degradation was studied by
immersing the samples in 10 mL sterile saline solution (0.9 % NaCl)
placed in a 37 °C oven. Weight changes were monitored over a period of
one year using an analytical balance (AS 220.R2, RADWAG, Poland).
The samples were weighed, and the saline solution was refreshed every
week during the first five months; after which the weights were recorded
once a month and the solution was changed every two weeks. To avoid
errors in terms of the liquid trapped within the electrospun meshes, all
measurements were normalized with respect to their corresponding
sample weights recorded at the start of the study.

At the end of 12 months, SEM analysis was conducted to inspect the
surface and cross-sectional morphology of the biodegraded samples.

2.10. Biological characterization of nanocomposite substrates

Direct and indirect in vitro cytocompatibility tests were performed to
evaluate the interaction of the nanocomposites with relevant cell types
for TM applications. All the samples were sterilized with absolute EtOH
overnight, followed by three rinses in fluconazole and pen-strep sup-
plemented PBS for 10 min. Subsequently, the materials were placed in a
24-well plate and treated with sterile filtered 2 % (w/v) gelatin aqueous
solution for 30 min.

2.10.1. Otocompatibility evaluation

An organ of Corti cell line, OC-k3, was used to determine any
ototoxic effects of the PEOT/PBT/(CN/PEG) nanocomposites. A total of
150,000 cells/well were seeded and maintained at 33 °C, 10 % CO5 in
DMEM supplemented with 10 % FBS, 50 U/mL of IFN and 1 % pen-strep.
For direct ototoxicity test, the OC-k3 cells were cultured on pre-treated
nanocomposite films. On the other hand, for indirect cytocompatibility
tests, the films were incubated in the culture medium for 24 h, following
which, the conditioned culture media was administrated to pre-cultured
OC-k3 cells on tissue culture plate. Two time-points, 24 h and 48 h, were
chosen to assess the subsequent cell viability in both the cases, as they
are predictive of oto-toxicity (Bertolaso et al., 2001). This was quantified
using CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay
based on the manufacturer’s protocol.

2.10.2. Cytocompatibility evaluation

HMSCs have been employed extensively for the TM regeneration
(Maharajan et al., 2020). Therefore, considering their growing relevance
in eardrum tissue engineering, the influence of PEOT/PBT/(CN/PEG)
composites was investigated on the attachment and viability of hMSCs.
Preliminary films were used for this, along with the 50:50 electrospun
scaffold. A cell density corresponding to 150,000 cells per well was
seeded onto the samples and maintained in culture for 8 days under
standard conditions (37 °C, 5 % CO3). The cell viability was monitored
with respect to their metabolic activities on day 1, 4, and 8. Ala-
marBlue® test was conducted in this regard, where the dye reduction
percentage (%ABy.q) was calculated following the absorbance double
reading method (Eq. (A.1): Appendix A).

At the end of 8 days, the cultured constructs were imaged under SEM
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to analyze the eventual cell distribution. Samples were prepared by
fixing them in 1 % (w/v) neutral buffered formalin for 10 min at 4 °C,
followed by dehydration in 70 % (v/v) EtOH for 30 min, and finally,
overnight drying in vacuum oven at 37 °C.

2.11. Statistical analysis

All samples were assigned randomly to the different experimental
groups. Wherever applicable, the data has been expressed as mean +
standard deviation. The number of replicates (n) is specified in the figure
captions along with the statistical test performed. The statistical tests
were performed with GraphPad Prism 8 (GraphPad Software, USA),
where the statistical significances were determined by applying a one-
way or two-way analysis of variance (ANOVA) followed by a Student’s
t-test or Tukey’s honestly significant difference (HSD) post-hoc test (*p
< 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 and not significant (n.
s.) for p > 0.05).

3. Results
3.1. Chitin and nanocomposite film characterization

Material characterization and biological characterizations were
performed to the chitin and the resultant nanocomposites films. HMSCs
exposure to different pristine CN concentrations showed no noticeable
change in cell morphology (Fig. 2A) and a qualitative assessment
revealed an identical increase of the metabolic activity over the culture
period of 7 days (Fig. 2B). Furthermore, the CN were tested using an
inner cell model, which includes three different cell lines: OC-k3 cells as
a model of sensory epithelium, HaCaT cells as a model of normal
epithelial, and PC12 cells as a model of neural cells. In all these cell lines
viability was not affected by the administration of CN up to 20 pg/mL
concentration in 48 h (Fig. S1).

DLS measurements were performed to investigate the protonation
ability of deacetylated amine groups in the current CN (Fig. 2C-D).
Homogeneous colloidal suspensions of CN and CN/PEG in Milli-Q water
(inset, Fig. 2C) showed a gradual increase in the conductivity with the
increase of chitin concentration (Fig. 2C). However, no such trend was
noted in case of the zeta potential (Fig. 2D). The suspensions demon-
strated a significant elevation with the addition of CN, but the subse-
quent increase in colloidal concentrations did not affect the zeta
potential values.

XRD analysis was conducted to validate the incorporation of CN in
the PEOT/PBT/(CN/PEG) nanocomposite (Fig. 2E). Characteristic peaks
of CN crystallinity at 9.4°, 19.4° and 23.6° were detected in its subse-
quent combinations with PEG and PEOT/PBT. TGA measurements were
conducted to verify the thermal stability of the resultant nano-
composites with respect to the pristine PEOT/PBT (Fig. 2F). An identical
curve was obtained for both the polymers, which confirmed that PEOT/
PBT/(CN/PEG) remained stable until 300 °C.

FTIR-ATR performed on the nanocomposite films and their pristine
counterparts validated the presence of CN (Figs. S2-3). Different ratios
of CN/PEG pre-composites were analyzed and compared with PEG
granule and CN powder (Fig. S2A). Characteristic bands for CN were
observed at 1010 cm ™! and 1070 cm ™%, typically denoting the presence
of C—O stretching, 1552 cm™! of secondary amide, 1619 cm™! and
1656 cm ™! of primary amide, 2874 cm ™! of C—H stretching, 3102 cm ™!
and 3256 cm ™! of N—H stretching in the amide and amine groups, and
finally, 3439 cm ! of O—H stretching (Brugnerotto et al., 2001). In the
spectrum of pristine PEG, the absorption band at 1633 cm™! can be
attributed to a C=C aliphatic double bond, and the peak at the wave-
length of 1724 cm ™! corresponds to the C=0 stretching (Askari et al.,
2019). All these bands were noted in case of the CN/PEG pre-composites
as well.

To assess the successful dispersion of CN within the polymeric ma-
trix, morphological characterization of the produced nanocomposites
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(blue) at days 1 and 7 for cells cultured with increasing CN concentration. Scale bar: 100 pm; (B) Cell metabolic activity at days 1, 3 and 7 quantified with Pres-
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referred to the web version of this article.)

was conducted. Cross-section of bulk filaments (Fig. S2B) and planar
surface of the films (Fig. S3B) analyzed by FE-SEM of the cryo-fractured
filaments revealed a homogeneous distribution of the pre-composite
inside the PEOT/PBT matrix compounded with a CN/PEG ratio of
50:50 (Fig. S2B (i)). On the contrary, nanocomposite formulations
containing a lower PEG content (35 %, 30 %, and 25 %) demonstrated
the presence of large pre-composite aggregates, marked by appearance
of cracks within their cross-sectional surfaces (Fig. S2B (ii)-(iv)).

The characterization of PEOT/PBT/(CN/PEG) nanocomposites, in
terms of their chemical composition and CN dispersion, was conducted
on films as they are simple, reproducible and frequently used to analyze
material compositions used in tissue engineering (Cima et al., 1991).

Fig. S3B shows FTIR spectra of pristine PEOT/PBT, pristine CN,
pristine PEG, and compression molded PEOT/PBT/(CN/PEG) films.

Careful inspection of the obtained results confirmed the presence of CN
within all the nanocomposite formulations. However, no noticeable
differences were detected between the chosen CN/PEG ratios.

In addition, morphological characterization of the films was per-
formed to evaluate the dispersion of CN on planar surfaces (Fig. S3B).
The corresponding FE-SEM results were in accordance with the
copolymer/pre-composite interactions observed in the bulk filaments. In
general, a higher PEG content led to a superior pre-composite dispersal
with only sub-micrometric scale irregularities spotted on the film sur-
face (Fig. S3B (i)). On the other hand, evident surface defects distin-
guished by increased roughness and porosity, were detected within
formulations containing a PEG concentration lower than 50 % (w/w),
thereby indicating formation of aggregates (Fig. S3B (ii)-(iv)). Finally,
the cross-sectional morphology of the films, exhibited a thickness
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measurement of 200 + 2 pm.
3.2. TM scaffold design and modelling

The effective sound conduction by a healthy eardrum is facilitated by
its unique 3D architecture comprising radially and circumferentially
distributed collagen fibers. Therefore, previously reported computa-
tional models were implemented to identify the requisite scaffold ge-
ometry for a full TM reconstruction. A biomimetic design consisting of
24 radial filaments and 1 circumferential filament was selected in this
regard (Fig. 3A). In silico simulations performed on this reconstructed
TM (R) confirmed a comparable mechano-acoustical response with
respect to the native tissue (V). The macroindentation-based COMSOL
model demonstrated an E value of 37 MPa for the chosen TM scaffold in
contrast to 32 MPa for the human eardrum (Fig. 3B). Furthermore, the
eigenfrequency analysis validated an identical acoustic-structure inter-
action by displaying similar modes of vibrations occurring at matching
resonant frequencies (Fig. 3C).

3.3. ES of nanocomposites

PEOT/PBT has been frequently explored to create electrospun scaf-
folds for tissue engineering applications (Gongalves de Pinho et al.,
2019; Giinday et al., 2020; Malheiro et al., 2021; Zonderland et al.,
2020). However, the current study aimed at investigating the influence
of the addition of CN to this copolymer matrix (Fig. S4A). SEM images of
the fabricated electrospun meshes indicated a significant decrease in the
fiber diameters upon the inclusion of CN (Fig. 4A). Almost a three-fold
reduction was noted for all the CN/PEG ratios with respect to an
average diameter of 1135 + 168 nm obtained for pristine PEOT/PBT
scaffolds (Fig. 4B). Moreover, the frequency distribution analysis
showed production of more uniform fibers with PEOT/PBT/(CN/PEG)
in comparison to the copolymer alone (Fig. 4C-G). No clear differences
were observed between the chosen CN/PEG compositions, and they
were all noted to be equally favorable for ES. In addition, the two ES
solution preparation approaches (melt and solution) investigated for
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producing the PEOT/PBT/(CN/PEG) electrospun meshes yielded com-
parable results (Fig. S5), thereby confirming their appropriateness for
the process.

3.4. FDM of nanocomposites

To further evaluate the biofabrication capabilities of PEOT/PBT/
(CN/PEG) nanocomposites for TM reconstruction, an FDM-based addi-
tive manufacturing technique was investigated. The pre-selected TM
pattern was applied and a parametric optimization for the four nozzles
with varying internal diameters was performed. Among the chosen
needles, ID260 and ID184 demonstrated excellent printability and
yielded an average filament diameter of 496 + 9 pm and 192 + 18 pm
for the nanocomposites tested (Fig. 5A). Moreover, the obtained di-
ameters were found to be comparable to that for the pristine PEOT/PBT
(Table 1). Smaller nozzle sizes, namely ID100 and ID70, failed to
maintain a consistent flow of the molten nanocomposites and unsuitable
for printing.

Within the successfully fabricated scaffolds, agglomerations of CN in
the form of brown spots were detected across all the nanocomposite
formulations. Fig. 5B presents a schematic depiction of this phenomenon
during the melt-extrusion of PEOT/PBT/(CN/PEG). Furthermore, the
presence of these spots was also confirmed using SEM (Fig. 5C). These
CN aggregates were hypothesized to be the major cause behind the
frequent clogging of ID100 and ID70 needles during printing (Fig. S4B).

Finally, dual-scale TM constructs were manufactured as a proof of
concept using 50:50 CN/PEG condition of PEOT/PBT/(CN/PEG) nano-
composites (Fig. 5D-E) with the ID184 needle. The hybrid fabrication
strategy was realized by depositing FDM filaments on top of electrospun
meshes also created with the 50:50 composite. Due to the limited
manufacturability of the dual-scale TM scaffolds with an overall thick-
ness below 100 pm, only ES meshes were used for the remaining studies.

3.5. Mechanical characterization

Preliminary mechanical response of the PEOT/PBT/(CN/PEG)

T1 T2

Pa x 10°
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Fig. 3. Scaffold design and modelling. (A) Biomimetic geometry chosen for the full reconstruction of human tympanic membrane (TM). (B, C) Theoretical models on
COMSOL Multiphysics predicting the mechano-acoustical response of the chosen scaffold geometry. (B) Indentation-based mechanical measurement simulated at a
scan-rate of 3 pm-s’lz (T1) 250 s and (T2) 1000 s. A comparable Young’s modulus was calculated for the reconstructed TM (R) with respect to the native tissue (N).
(C) Eigenfrequency-based analysis demonstrating the different modes of vibrations (S1-S4) generated at a constant sound pressure of 0.02 Pa. Analogous to the
mechanical response, similar resonant frequencies were noted for the reconstructed (R) and native (N) TM.
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Fig. 4. ES of PEOT/PBT/(CN/PEG) composites. (A) SEM micrographs highlighting the nanofiber morphology obtained with the chosen compositions. Scale bar: 10
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electrospun scaffolds with CN.

nanocomposites was evaluated by performing tensile tests on the pro-
duced films. Compression molded PEOT/PBT films displayed a
maximum elongation of over 850 % before break, while composites
65:35, 70:30 and 75:25 had elongations of 100 %, 178 % and 78 %
respectively (Fig. S6A). The rise in PEG content to a ratio of 50:50, which
resulted in a homogeneous distribution of the pre-composite in films,
demonstrated a relatively higher fracture strain of 230 %. In terms of the
mechanical behavior in the elastic region, no significant differences
were detected among the tested conditions (Fig. S6B). An average E
value ranging between 68 and 80 MPa was obtained for all the films,
without any noticeable trend dependent on the material composition.
Subsequently, the mechanical relevance of PEOT/PBT/(CN/PEG)
nanocomposites for creating functional TM replacements was investi-
gated using their biofabricated scaffolds. For this, tensile and indenta-
tion measurements were performed to evaluate the structural
reinforcement offered by CN to the electrospun meshes. Fig. 6A(i)
demonstrates the experimental setup applied for conducting the uniaxial
tensile tests on nanofibrous scaffolds fabricated with the chosen CN/PEG
compositions. In general, a stronger mechanical response was obtained
for the PEOT/PBT/(CN/PEG) nanocomposites; however, it was not
possible to precisely correlate the efficiency of the PEG-guided CN
dispersion with their resultant stress-strain curves (Fig. 6A(ii)).
Furthermore, the E computed within the linear elastic regime, demon-
strated a notable increase upon inclusion of CN in the electrospun
meshes (Fig. 6A(iii)). Although despite the increasing trend of E with the

reduction of PEG, no statistically significant differences were observed
between the selected CN/PEG ratios, analogous to their respective
stress-strain curves. Therefore, the subsequent indentation studies were
conducted only for the 50:50 condition.

The macroindentation approach has been regarded as a relevant
characterization technique for TM scaffolds. A previously reported ad-
hoc experimental setup was implemented (Fig. 6B(i)) (Anand et al.,
2021). Similar to the tensile measurements, an elevated mechanical
response was noted for the PEOT/PBT/(CN/PEG) nanocomposite, which
was also reflected in the corresponding E value (Fig. 6B(ii)). An E of
11.27 + 1.22 MPa was calculated for the composite membranes in
comparison to 7.01 + 0.69 MPa for the pristine ones (Fig. 6B(iii)).
Therefore, these results highlighted the ability of CN in reinforcing
electrospun scaffolds for TM repair.

3.6. Biodegradation characterization

The rate and extent of degradation was investigated to verify the
durability of the electrospun TM scaffolds. A previously reported
experimental setup was implemented for this, which has been illustrated
schematically in Fig. 7A. After 6 months, the nanocomposite samples
demonstrated a weight loss by 6.9 % =+ 0.6 %, which was slightly higher
than the 4.1 % + 1.3 % noted in case of pristine PEOT/PBT scaffolds
(Fig. 7B). A similar trend was observed at the end of one year, where a
final biodegradation of 8.4 % + 0.1 % was recorded for the electrospun
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Fig. 5. FDM of PEOT/PBT/(CN/PEG) composites. (A) Stereomicroscope images of the fabricated TM scaffolds at lower (scale bar: 2 mm) and higher (scale bar: 1
mm) magnifications: (i) 50:50; (ii) 65:35; (iii) 70:30; and (iv) 75:25. (B) Schematic representation of CN agglomeration during the printing process. (C) SEM mi-
crographs confirming the presence of CN aggregates (red dashed-lined circles) within the FDM filaments (scale bar: 200 pm). (D-E) Successful fabrication of dual-
scale TM scaffolds with 50:50 PEOT/PBT/(CN/PEG) nanocomposite — (D) as observed under SEM (scale bar: 200 pm); and (E) pictures of front view: top, and back
view: bottom (scale bar: 4 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Average filament diameters obtained for additive manufactured TM constructs
using different nozzles and nanocomposites.

Needle 0:0 50:50 65:35 70:30 75:25
ID260 521 pm 483 pm 493 pm 501 pm 507 pm
1D184 216 pm 177 pm 191 pm 180 pm 221 pm
ID100 113 pm - - - -

ID70 102 pm - - - -

meshes with CN and 4.9 % + 1.5 % for the ones without. In conclusion,
the presence of CN was found to accelerate the scaffold disintegration
process, resulting in statistically significant differences between the
cumulative weight losses computed for the two polymers at the end of

every month (M1-M12).

The obtained rate of degradation was slow in both the cases, which is
desirable to allow the necessary cell migration and infiltration for the
subsequent extracellular matrix (ECM) deposition. Moreover, the SEM
analysis performed on the degraded samples at the end of this study,
revealed an identical nanofibrous morphology with respect to the initial
electrospun scaffolds highlighted in Fig. 4A. This was confirmed using
high and low magnification micrographs of the sample surface and
cross-section (Fig. 7C). Finally, no sign of bulk degradation was detected
in the form of pores or cavities, which suggested the occurrence of
surface erosion, characterized by a gradual superficial degradation of
the electrospun fibers.
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Fig. 6. Mechanical characterization of TM scaffolds. (A) Tensile measurements (n = 5): (i) pictorial representation of the setup implemented; (ii) stress-strain curves
attained with the chosen compositions; (iii) average Young’s moduli computed within the linear elastic regime. (B) Indentation measurements (n = 4): (i) pictorial
representation of the setup implemented; (ii) stress-strain curves obtained for pristine PEOT/PBT (0:0) and PEOT/PBT/(CN/PEG) (50:50); (iii) average Young’s
moduli calculated for the two conditions. Statistical analyses were performed using one-way ANOVA followed by a Tukey’s HSD post-hoc test.

3.7. Biological characterization

In vitro assessment of PEOT/PBT/(CN/PEG) nanocomposites was
performed with respect to oto- and cytocompatibility of the fabricated
films and electrospun scaffolds. In this regard, OC-k3 cells, which are
inner ear epithelial cells, were applied for evaluating their direct and
indirect compatibility with the delicate inner ear environment. CellTiter
96® AQueous Non-Radioactive Cell Proliferation assay was conducted
to assess their viability when directly in contact, and when indirectly
exposed to the culture medium conditioned with different composite
films (Fig. 8A-B). The direct contact test, which was performed under
the cell adhesion modality, showed a slight reduction in the OC-k3
viability in contrast to the control (Fig. 8A). Whereas on the other
hand, the indirect test highlighted an excellent viability, comparable to
that of the non-treated condition (Fig. 8B). Thus, these results confirmed
that there are no ototoxicity constraints on the use of CN due to any
possible diffusion of leachable compounds to the inner ear cells.

Furthermore, in addition to the OC-k3 cells, hMSCs were employed
considering their growing prominence in TM tissue engineering. Ala-
marBlue® test was performed on the cultured cells to assess the cyto-
compatibility of the compression molded PEOT/PBT film and
compression molded PEOT/PBT/(CN/PEQG) films with different ratios of
CN/PEG (Fig. 8C). The results revealed that, on day 1, the metabolic
activity of hMSCs seeded on pristine PEOT/PBT films was higher than
that detected on the different nanocomposites, with the compression
molded PEOT/PBT being the highest one. However, after 3 days in
culture, all the samples demonstrated a comparable value, where no
statistically significant differences were noted among the chosen PEOT/
PBT/(CN/PEG) formulations.

Finally, the 50:50 composition was selected to investigate the cor-
responding cellular behavior on electrospun scaffolds. A remarkable
increase in the metabolic activity was detected for hMSCs cultured on
the electrospun scaffold in comparison to the initial film (Fig. 8D). The
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nanofibrous surface topography of electrospun meshes allowed a supe-
rior cell attachment and proliferation, resulting in an average metabolic
activity of 153 %, which was more than twice of that obtained for films
on day 8. To further corroborate the quantitative findings, qualitative
assessment was conducted in the form of SEM analysis. The micrographs
revealed that, in general, the hMSCs adhered on both films and elec-
trospun scaffolds, although they did that at a higher density in case of
the latter (Fig. 8E). The nanofibrous morphology of the 50:50 nano-
composite facilitated a homogeneous growth and proliferation of hMSCs
during 8 days of culture.

4. Discussion

Regenerative therapies for the eardrum have gained an increasing
attention in the recent years. With the ongoing advancements in bio-
materials and biofabrication techniques, several tissue engineering ap-
proaches have been proposed for treating the perforated TMs (Hussain &
Pei, 2021). In the past, biomimetic scaffolds with appropriate geometry
and material properties have been reported with a focus on recon-
structing the entire eardrum (Anand et al., 2021; Kozin et al., 2016;
Mota et al., 2015). Full TM constructs have been regarded crucial for
repairing total and subtotal perforations; however, the current clinical
needs indicate a comparatively higher prevalence of medium-size cen-
tral perforations, which instead demand a partial reconstruction strat-
egy (Olowookere et al., 2008). Therefore, the primary goal of this work
was to investigate the application of carbohydrate-based composite
materials for TM regeneration, with a special attention towards the
widespread medium-size perforations.

A polysaccharide-derived crystalline nanomaterial, CN, was chosen
for this, in combination with PEOT/PBT, a well explored copolymer for
biofabricating TM scaffolds. The CN have evolved as a promising
nanofiller for tissue engineering, owing to their excellent biocompati-
bility, immunomodulation and antimicrobial response (Ji et al., 2012).
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considering *p < 0.05.

A longitudinal and transverse modulus of 150 GPa and 15 GPa,
respectively, have been reported for the chitin nanocrystal, which ad-
vocates the utilization of nanosized chitins to introduce appreciable
mechanical reinforcements within polymeric scaffolds (Zeng et al.,
2012). In this regard, a preliminary characterization of the chosen grade
of CN was conducted before investigating it as novel material for TM
regeneration. The cyto- and otocompatibility assessment of the pristine
CN demonstrated a favorable influence on the cultured cells; thus,
validating its relevance for the application aimed herein.

One of the key objectives for an optimal nanocomposite production is
to limit the spontaneous aggregation of the CN. The high surface energy
of CN is known to promote these agglomerate formations, which sub-
sequently hinders the uniform distribution within the polymer matrix
(Malafeev et al., 2020). In this regard, PEG has been proposed as a
favorable dispersion agent, capable of reducing hydrogen bonding in-
teractions of the CN while further enhancing the wettability of the
consequent nanocomposites (Li et al., 2017). Moreover, the presence of
PEG blocks during the polymerization process of PEOT/PBT, is antici-
pated to stimulate a superior interfacial compatibility between the CN/
PEG pre-composite and the polymer matrix. Therefore, in this study, the
role of PEG was investigated for successful production of the PEOT/
PBT/(CN/PEG) composites possessing favorable characteristics for TM
reconstruction. Four compositions with different CN/PEG ratios (50:50,
65:35, 70:30, 75:25) were chosen to identify the most effective CN
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dispersion achieved with the minimal PEG concentration. In general, a
low PEG content is preferable to reduce its influence on the physico-
chemical and biological properties of PEOT/PBT.

The effect of the different CN/PEG ratios was investigated within the
formulated nanocomposites and their corresponding films. Being a
relatively simpler approach in comparison to the latest biofabrication
techniques, the polymeric films allowed a prompt and reproducible in-
spection of the selected compositions in terms of their physicochemical
and morphological behavior. The XRD and FTIR spectra of PEOT/PBT/
(CN/PEG), before and after compounding the pristine PEOT/PBT with
CN/PEG, confirmed the inclusion of CN within the final nano-
composites. Moreover, they demonstrated that using high temperatures
of 165 °C and 170 °C during the compounding and film production,
respectively, did not alter the chemical structure of their constituents.
Additionally, SEM analysis of the PEOT/PBT/(CN/PEG) films was per-
formed to gain an initial understanding of PEG’s impact over the process
of melt compounding. Qualitative micrographic assessment of the cor-
responding longitudinal and transverse surfaces indicated an increased
roughness with decreasing PEG content. This observation could be
attributed to the viscosity mismatch generated during the blending
procedure (Nerkar et al., 2014), where a higher PEG concentration al-
lows a greater consistency between the pre-composite and PEOT/PBT
with respect to their relative viscosities.

Following the preliminary characterization of

the bulk
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Fig. 8. In vitro assessment of PEOT/PBT/(CN/PEG) nanocomposites. The oto- and cyto-compatibility evaluation of the fabricated films and electrospun scaffolds (n
= 3). (A, B) CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay results, showing viability percent of OC-k3 cells, (A) in contact with the films (direct
test), (B) or exposed to film-conditioned culture medium (indirect test). Cell viability is expressed in percentage as mean value + standard deviation, where non-
treated OC-k3 cells at 24 h and 48 h are considered 100 %. (C, D) AlamarBlue® assay results showing metabolic activity of the hMSCs cultured for 8 days
(direct test) on: (C) all the investigated films, and (D) electrospun scaffold of the 50:50 composition, compared against its film counterpart. (E) SEM micrographs of
hMSCs cultured on the surface of the 50:50 nanocomposite: film and electrospun scaffold. Cells have been marked by * as an example to distinguish them from the

substrate surface. Scale bar: 200 pm.

nanocomposites, they were assessed in terms of their processability for
fabricating biomimetic replacements for the perforated eardrum. The
techniques of ES and FDM were tested considering their relevance for
constructing PEOT/PBT based TM scaffolds (Anand et al., 2021; Danti
et al., 2015; Mota et al., 2015). A hierarchical combination of the two
approaches was envisaged for the full TM reconstruction, where a pre-
viously reported in silico model was employed to design and validate a
suitable 3D architecture. The mechano-acoustical simulations per-
formed on the reconstructed TM demonstrated a comparable response to
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the native tissue. In case of partial reconstruction, ES alone was inves-
tigated as the appropriate biofabrication strategy. The electrospun
nanofibrous membranes have been considered an effective grafting
substitute for medium-size TM perforations (Danti et al., 2015; Lee et al.,
2014; Moscato et al., 2020; Seonwoo et al., 2019), although they often
lack the desirable acousto-mechanical properties (Anand et al., 2021).
Therefore, this study examines the introduction of carbohydrate-derived
reinforcement agents that could fill the existing gap in material prop-
erties and allow the creation of functional patches for the eardrum.
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Among the two biofabrication techniques, ES was applied first. A
three-fold reduction in the electrospun fiber diameters was observed
upon the addition of CN, resulting in a closer replication of the extra-
cellular collagen fibrils (Wess, 2005). The DLS measurements suggest
that the observed drop in fiber diameters could be credited to an in-
crease in electroactivity of the precursor ES solutions. Inherently, the CN
are known to carry a positive surface charge due to the protonation of its
amine groups (NH$) upon solubilization in acidic solvents such as hy-
drochloric acid, tetrafluoroethylene, and chloroform (Ji et al., 2012;
Mincea et al., 2012; Morganti et al., 2018). With the collector being
grounded, inclusion of electropositive charges induced additional
stretching of the ES jet in whipping region, thereby leading to smaller
nanofibers in nanocomposite meshes as compared to pristine PEOT/PBT
(Haider et al., 2018). Moreover, this was also accompanied with nar-
rowing of the Gaussian distribution curve, which indicated the role of
CN in enhancing the homogeneity of electrospun membranes. The pre-
sented results highlighted these clear distinctions in the fiber dimensions
obtained for PEOT/PBT/(CN/PEG) composites and pristine PEOT/PBT;
however, no statistically significant differences were noted between the
chosen CN/PEG ratios. Besides, the two blending approaches (melt and
solution), applied for incorporating the CN within the PEOT/PBT ma-
trix, were found to be comparable in terms of the respective electrospun
membranes obtained.

Along with ES, melt extrusion or FDM based additive manufacturing
has been widely explored to manipulate PEOT/PBT copolymer for
diverse tissue engineering applications (Camara-Torres, Duarte, et al.,
2021; Camara-Torres, Sinha, et al., 2021; Sinha et al., 2021). The current
study attempted to further expand the relevance of this biofabrication
technique with regard to the processability of polysaccharide-loaded
PEOT/PBT composites. In general, the CN was effectively incorporated
within the fabricated TM scaffolds, which was confirmed by the pres-
ence of brown spots throughout the deposited filament. The observed
spots were hypothesized to be aggregates of CN, clustered together at
high temperature. Considering the onset temperature of degradation for
CN has been reported to be around 260 °C (Riehle et al., 2019), an
accelerated agglomeration was seen at the printing temperature of
190 °C. Moreover, the extrusion of these CN aggregates was not an issue
for the large needles, such as ID260 and ID184, but they led to recurrent
clogging in the case of ID100 and ID70. This phenomenon restricted the
creation of full TM scaffolds within the anatomical dimensions (thick-
ness < 100 pm) of the native tissue. Nevertheless, hierarchical scaffolds
were manufactured as a proof-of-concept to demonstrate that an inte-
gration of FDM with ES is still possible for PEOT/PBT/(CN/PEG) com-
posites, although not for TM regeneration.

ES alone was selected as the primary biofabrication strategy with a
strong emphasis towards the treatment of medium-size TM perforations.
This work aimed to highlight the applicability of CN to produce me-
chanically reinforced electrospun patches for a partial reconstruction of
the damaged tissue. In the past, silk fibroin was shown to be successful in
reinforcing PCL based electrospun meshes for TM regeneration (Lee
et al., 2014). The ability to control the material properties is a critical
requirement for the creation of tissue engineered eardrum constructs.
Earlier efforts in this direction for PEOT/PBT have revealed the possi-
bility to enhance the acousto-mechanical response by manipulating the
scaffold geometry (Anand et al., 2021). However, in case of a partial
reconstruction, adapting the geometrical design is not trivial. Therefore,
this study focused on achieving it by incorporating a carbohydrate-
derived nanofiller that could simultaneously promote immunomodula-
tory and antimicrobial activity as well (Danti et al., 2021).

Considering the notable advantages of CN when compounded with
thermoplastics (Coltelli et al., 2019; Ji et al., 2012; Kuo & Ku, 2008),
they were chosen as the suitable reinforcing agent for PEOT/PBT. An E
value of 4.38 MPa has recently been reported for PEOT/PBT based
electrospun TM scaffolds, which was almost four-fold lower than the
average E calculated for the native tissue (16.09 MPa) (Aernouts et al.,
2012; Anand et al., 2021; Daphalapurkar et al., 2009; Huang et al.,
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2008; Von Bekésy & Wever, 1960). The current work showed that this
drawback could be significantly minimized by the introduction of CN
within the polymer matrix. Tensile and indentation measurements were
performed to confirm a similar trend in the observed mechanical
response. In addition, tensile tests were used to compare a range of PEG
formulations for their efficacy in dispersing CN within the electrospun
meshes, although definitive conclusions could not be drawn. Therefore,
the 50:50 CN/PEG ratio was chosen for the TM-specific indentation
measurements. An E value of 11.27 MPa was computed for the PEOT/
PBT/(CN/PEG) scaffolds in contrast to 7.01 MPa for the pristine ones.
Future work in this regard will focus on the use of higher CN concen-
trations to attain E values resembling that of the native eardrum.

A timely biodegradation of the employed materials has been one of
the fundamental challenges of tissue engineering. The rate and extent of
degradation often governs the long-term efficacy of biofabricated scaf-
folds in achieving the desired tissue regeneration (Lee et al., 2012). In
general, a predictable rate allows a simultaneous deposition of ECM by
the host cells as the implanted polymer gradually disintegrates. There-
fore, to further corroborate the clinical relevance of the electrospun
patches proposed in this study, an in vitro biodegradation test was per-
formed for 12 months. The obtained results demonstrated a controlled
weight loss, accompanied by an excellent retention of the nanofibrous
morphology, thereby suggesting a gradual surface degradation of both
PEOT/PBT and PEOT/PBT/(CN/PEG) scaffolds. The slower rate of
degradation is particularly desirable for treating pathological derived
TM perforations, such as CSOM, which are comparatively more difficult
to repair than the traumatic ones (Hussain & Pei, 2021). The ongoing
inflammation and infection in case of the microbial-induced injuries
usually leads to a reduced self-healing capability of the eardrum. In this
regard, a steady rate of degradation is crucial to provide the required
mechanical stabilization for a longer duration and facilitate a more
homogenous regeneration of the perforated TM (Uebersax et al., 2006).

As highlighted earlier, the TM is known to exhibit an inherent
regenerative ability, which allows the spontaneous healing of most acute
perforations (Reijnen & Kuijpers, 1971). However, in case of large
perforations, a tangible support in the form of bioactive patches is
essential to assist the epithelium migration by latent progenitor cells
(Kim et al., 2015). This cellular infiltration and subsequent regeneration
of the connective tissue layer is necessary to reach an optimal acoustic
performance after healing. Therefore, the biological response of the
fabricated TM scaffolds holds a significant role in repopulating the
damaged tissue and restoring its functionality. In the past, hMSCs have
been investigated as a suitable candidate to reconstruct the pars tensa,
which is a connective tissue layer comprising radially and circum-
ferentially aligned collagen fibers produced by TM fibroblasts (Anand
et al., 2021; Danti et al., 2015; Moscato et al., 2020; Mota et al., 2015).
For this reason, hMSCs were chosen as the relevant cell type to assess the
cytocompatibility of the PEOT/PBT/(CN/PEG) nanocomposites. Pre-
liminary assessment on the fabricated films demonstrated favorable
results for all the CN/PEG ratios unanimously. Moreover, when inves-
tigated on electrospun scaffolds, the 50:50 CN/PEG formulation of
PEOT/PBT/(CN/PEG) revealed a significantly higher metabolic activity
of hMSCs in comparison to its film counterpart. This finding is in line
with other studies reported on the influence of surface morphology in
steering cell-matrix interactions with respect to cell adhesion and pro-
liferation (Denchai et al., 2018).

Finally, the TM replacement even though placed in the middle ear
compartment, could potentially leach out molecules that might migrate
to the cochlea and affect the inner ear environment. The inner ear is an
intricate part of the human ear, where sensory cells transform the me-
chanical stimuli into electrical signals (Whitfield, 2015). Therefore, in
addition to hMSCs, OC-k3 cells, HaCaT and PC-12 were applied to
identify any potential ototoxicity due to putative nanocomposite
leachable compounds towards the delicate inner ear epithelium (Astolfi
et al., 2015). Both direct and indirect cytocompatibility tests performed
on the CN and nanocomposite films confirmed a high viability of the
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cultured OC-k3, HaCaT and PC-12 cells. In comparison, the direct
cytocompatibility test required an adequate adhesion of the cells on the
nanocomposite surface, which was not the case for indirect cyto-
compatibility test, where the cultured cells were exposed to nano-
composite films eluting in the culture media. This could explain the
slight reduction in cellular activity detected for the direct tests as
opposed to their indirect counterparts. Furthermore, in contrast to the
untreated controls, the 50:50 CN/PEG composition showed relatively
higher viability of OC-k3 cells during the indirect cytotoxic assessment,
thereby indicating than any small molecular weight molecule poten-
tially capable of crossing the middle ear compartment towards the co-
chlea, should not be harmful to the sensory cells. In summary, the
developed PEOT/PBT/(CN/PEG) nanocomposites are cytocompatible
with relevant cell types of the ear, and specifically the 50:50 CN/PEG
formulation in the form of electrospun scaffolds appear as a fitting
candidate for TM repair.

5. Conclusions

This work focused on the application of CN for improving the current
regenerative therapies to treat TM perforations. It highlighted that the
mechanical properties required for an optimal eardrum restoration can
be achieved by reinforcing the PEOT/PBT copolymeric matrix using
carbohydrate-derived nanofillers. Such modifications can be valuable
for the fabrication of biomimetic patches to repair medium-size perfo-
rations of the TM, that cannot heal spontaneously. These injuries
currently constitute the majority of the myringoplasty surgeries, and
therefore, present an unmet clinical need. The homogeneous distribu-
tion of CN within the PEOT/PBT matrix is essential for the creation of
consistent and reproducible nanocomposites. PEG was employed as an
appropriate dispersion agent, where different CN/PEG ratios were
investigated to ensure a uniform dispersion of CN. SEM micrographs of
the bulk nanocomposites revealed a superior surface morphology in case
of the highest PEG concentration chosen in this study. The ES and FDM
tests conducted with the PEOT/PBT/(CN/PEG) composites validated
their use for biofabrication driven tissue engineering, but the printing
resolution of FDM limited their integration for the total TM recon-
struction. A three-fold reduction in the diameter of electrospun nano-
fibers was noted with the inclusion of CN. Furthermore, as envisaged, an
enhancement in mechanical properties, demonstrated by both tensile
and macroindentation measurements, was accomplished with the pre-
pared nanocomposites. Finally, the biological studies confirmed the
cytocompatibility of the CN-based composites with excellent cell adhe-
sion and proliferation, especially in case of the electrospun meshes.
Future efforts in this direction will focus on the role of CN in promoting
desired cell migration and intracellular collagen production to corrob-
orate their relevance for an efficient TM regeneration.
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