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ABSTRACT

Chronic tympanic membrane (TM) perforation is a tubotympanic disease caused by either traumatic
injury or inflammation. A recent study demonstrated significant progress in promoting the regener-
ation of chronic TM perforations through the application of nanofibers with radially aligned nanos-
tructures and controlled release of growth factors. However, radially aligned nanostructures with stem
cell-stimulating factors have never been used. In this study, insulin-like growth factor binding factor 2
(IGFBP2)-incorporated radially aligned nanofibrous patches (IRA-NFPs) were developed and applied to
regenerate chronic TM perforations. The IRA-NFPs were prepared by electrospinning 8 wt% polycapro-
lactone in trifluoroethanol and acetic acid (9:1). Random nanofibers (RFs) and aligned nanofibers (AFs)
were successfully fabricated using a flat plate and a custom-designed circular collector, respectively. The
presence of IGFBP2 was confirmed via Fourier transform infrared spectroscopy and the release of IGFBP2
was sustained for up to 20 days. In vitro studies revealed enhanced cellular proliferation and migration
on AFs compared to RFs, and the incorporation of IGFBP2 further promoted these effects. Quantitative
real-time PCR revealed mRNA downregulation, correlating with accelerated migration and increased cell
confluency. In vivo studies showed IGFBP2-loaded RF and AF patches increased regeneration success rates
by 1.59-fold and 2.23-fold, respectively, while also reducing healing time by 2.5-fold compared to the
control. Furthermore, IGFBP2-incorporated AFs demonstrated superior efficacy in healing larger perfora-
tions with enhanced histological similarity to native TMs. This study, combining stem cell stimulating
factors and aligned nanostructures, proposes a novel approach potentially replacing conventional surgical
methods for chronic TM perforation regeneration.
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Chronic otitis media (COM) affects approximately 200 million people worldwide due to inflammation, in-
adequate blood supply, and lack of growth factors. Current surgical treatments have limitations like high
costs and anesthetic risks. Recent research explored the use of nanofibers with radially aligned nanostruc-
tures and controlled release of growth factors to treat chronic tympanic membrane (TM) perforations. In
this study, insulin-like growth factor binding protein 2 (IGFBP2)-incorporated radially aligned nanofibrous
patches (IRA-NFPs) were developed and applied to regenerate chronic TM perforations. We assessed their
properties and efficacy through in vitro and in vivo studies. IRA-NFPs showed promising healing capabil-
ities with chronic TM perforation models. This innovative approach has the potential to improve COM
management, reduce surgery costs, and enhance patient safety.

© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Chronic otitis media (COM) affects nearly 200 million people
worldwide and is associated with infection of the mucosal lin-
ing of the middle ear cleft [1]. The COM is typically attributed
to the chronic perforation of tympanic membrane (TM) [1-3]. Due
to inflammation, lack of blood supply and lack of growth factors,
the chronic TM perforations do not regenerate well [4], which is
why the regeneration of the chronic TM perforation is very impor-
tant for the COM therapy [5,6]. Despite surgical methods such as
myringoplasty and tympanoplasty boasting success rates exceeding
80 % [7], their efficacy is hindered by significant challenges includ-
ing the inherent risks linked to anesthesia, considerable expenses,
and requirements for additional surgeries to address donor site
issues. These obstacles present major challenges for the manage-
ment of COM [8,9]. Nonsurgical methods with simpler but highly
successful outcomes would be good alternatives to lower huddles
for patient safety and cost-effectiveness [10,11]. To this end, growth
factors, e.g., epidermal growth factor (EGF) [1,12-14], heparin-
binding epidermal growth factor-like growth factor (HB-EGF) [15],
insulin-like growth factor (IGF) [16], platelet-derived growth factor
(PDGF) [8], and fibroblast growth factor (FGF) [5,9] have been used
to enhance proliferation and migration of adjacent TM tissues. Ap-
plications of various biomaterials including silk, collagen, alginate,
chitosan, and synthetic polymers in the TM perforation treatment
has been under consideration [7,11,17-20]. A remarkable example
is bacterial cellulose (BC), which has appropriate properties such as
water retention, elasticity, mechanical strength, thermal stability,
and transparency for application in TM regeneration [21]. The com-
bination of biomaterials and growth factors is also a good strategy
[3,4,22,23]. Recently, nanostructures have been reported to regu-
late cellular functions and tissue regeneration [24]. Nanotopogra-
phy promotes the cellular migration, adhesion, and differentiation
of hMSCs [25]. The nanostructures are also applicable in the regen-
eration of TM. A nanofibrous patch based on BC and chitin nanofib-
rils (CNs) exhibited successful growth, improved indirect antimi-
crobial activity, and upregulation of mRNA expression related to
TM perforation healing, as it was tested in vitro using human
dermal keratinocytes and human umbilical vein endothelial cells,
which are model cells for TM [26]. Furthermore, radially aligned
nanofibrous patches demonstrate positive effects on cellular migra-
tion and proliferation. Human dural fibroblasts cultured on radially
aligned fibers exhibited an elongated shape with enhanced direc-
tional migration toward the center of the scaffolds [27]. The ra-
dially aligned nanofibrous patches releasing EGF (ERA-NFPs) have
been reported to show excellent results in treating chronic TM
perforation [12]. Owing to the synergic effects of their nanostruc-
ture and capacity for EGF release, ERA-NFPs exhibited the highest
rate of TM regeneration with enhanced similarity to native TMs.
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Therefore, the use of nanostructures with various types of growth
factors may be a straightforward method for the chronic T™M
regeneration.

Stem cells have been used in many areas of regenerative
medicine [6,22,28,29]. They have been widely used for scar heal-
ing including skin wounds, which have similar structures to the
TM [30]. The stem cells not only develop new tissues, but also
secrete several proteins related to trophic factor [31], extracellu-
lar matrix formation [32], neovascularization [33], and immunity
[34], resulting in the restoration of physiological balance. In aged
tissues such as chronic TM perforation, a lack of neovasculariza-
tion [35-38], trophic and matrix-related factors, and an increase in
inflammatory cells [39] hinder complete tissue healing. These el-
ements are intricately related to the reduction in populations of
stem cells, that is, the influence of stem cells was greatly reduced
in chronic TM perforations [28,30]. The implementation of latent
stem cells as a potential strategy holds promise, given the vulner-
ability of transplanted stem cells to dehydration, which may sub-
stantially compromise their viability [22,23]. Our group has shown
that latent stem cells are present in all three layers of the TM [17],
but most latent epithelial progenitors located near the handle of
malleus. However, damage to the structure severely reduced stem
cell populations, resulting in irreversible chronic suppurative oti-
tis media [14,34,37]. In order to reestablish the guidance of dor-
mant stem cells in the process of regenerating chronic TM perfo-
rations, the utilization of insulin-like growth factor binding pro-
tein 2 (IGFBP2) has been suggested. IGFBP2 is recognized for its
role in binding to and regulating the effects of insulin-like growth
factor (IGF) [40], thereby serving as a potential stimulant for dor-
mant stem cells [41]. In our previous study, we developed and
utilized chitosan patch scaffolds (IGFBP-CPSs) containing IGFBP2
to facilitate the regeneration of chronic TM perforations through
the activation of latent skin stem cells. The result showed that
IGFBP2-incorporated chitosan patch scaffolds successfully regener-
ated TM with substantial histological similarity to the intact tissues
and exhibited a higher success rate compared to the spontaneous
healing (SH) group, exhibiting they were effective in regenerating
chronic TM perforations compared to cytokine-free chitosan patch
scaffolds [22]. However, the simultaneous use of IGFBP2 and radi-
ally aligned nanostructure for the regeneration of chronic TM per-
foration has not been reported. We thus hypothesized that radi-
ally aligned electrospun nanofibrous patches incorporating IGFBP2
would demonstrate significant enhancement in the chronic TM
perforation regeneration.

In this study, we developed IGFBP2-incorporated radially
aligned nanofibrous patches (IRA-NFPs). This design represents
a concurrent application of nanotopographical and stem cell-
simulating biochemical cues, intending for the use in tissue-
engineering applications aimed at the non-surgical healing of
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Fig. 1. Strategy of the study. (A) Schematic illustration of the strategy for regenerating chronic tympanic membrane (TM) perforations. Insulin-like growth factor-binding
protein 2 (IGFBP2)-incorporated radially aligned nanofibrous patches (IRA-NFPs) were fabricated and used to regenerate chronic TM perforations. It was hypothesized that
the radially oriented nanopatterns would promote cell migration and that IGFBP2 would be released from the patches to stimulate progenitor cells in the TM. (B) Schematic
diagram of the electrospinning apparatus used to fabricate PCL patches containing IGFBP2 for TM regeneration. This apparatus generates electrically charged jets from a
polymer solution containing PCL and IGFBP2. As the solvent evaporates and accumulates on the collector, a PCL nanofibrous structure is formed. (C) Electrospinning collector
system for radially aligned fibers. The fibers form a radially aligned pattern extending outward from the central needle, guided by the unique electric field distribution within
the central needle and the collector, which promotes radial alignment from the center.

chronic TM perforations (Fig. 1A). This study introduced the appli-
cation of IGFBP2 as a stimulatory agent for stem cells and the im-
plementation of nanostructures encompassing both radially aligned
and randomly oriented nanofibers with the aim of fostering the
regeneration of chronic TM perforations. First, IRA-NFPs were pre-
pared and their morphological properties were evaluated. Next,
in vitro release and cell viability assays were conducted, and the
wound healing capability of IRA-NFPs was investigated. Quanti-
tative real-time PCR (qRT-PCR) analysis was performed to inves-
tigate mRNA expression levels related to migration and cell re-
sponses. Finally, an in vivo study was performed using a chronic
TM perforation animal model to evaluate the healing efficacy of the
IRA-NFPs.

2. Materials and methods
2.1. Materials

IGFBP2 (R&D Systems Inc., Minneapolis, MN, USA), polycapro-
lactone (Mn: 80,000, Sigma-Aldrich, St. Louis, MO, USA), trifluo-
roethanol (Sigma-Aldrich, St. Louis, MO, USA), acetic acid (Duk-
san Co., Ltd, Seoul, South Korea), collagenase type I (0.05 %,
Sigma-Aldrich, St. Louis, MO, USA), fetal bovine serum (Welgene
Inc., Gyeongsan-si, South Korea), phosphate-buffered saline (Wel-
gene Inc., Gyeongsan-si, South Korea), Dulbecco’s modified Eagle’s
medium (Welgene Inc., Gyeongsan-si, South Korea), EZ-cytox Cell
Viability Assay Kit (Daeillab Service Co., Ltd, Suwon-si, South Ko-
rea), Oris™ Cell Migration Assay Kit (AMSBIO, Abingdon, UK),
Zoletil® 50 (Virvac Laboratories, Carros, France), Rompun® (2 %,
Bayer Korea, Ansan-si, South Korea), mitomycin C (0.5 mg/mL, Ky-
owa, Tokyo, Japan), dexamethasone disodium phosphate (5 mg/mlL,
IIsung, Seoul, South Korea), Tarivid® ophthalmic ointment (San-
ten Pharmaceutical Co., Ltd, Osaka, Japan), Calci-Clear Rapid HS-
105 (National Diagnostics, Atlanta, GA, USA), hematoxylin (Young-
dong Pharmaceutical Co., Seoul, South Korea) and eosin (Muto Pure
Chemical Co., Tokyo, Japan) were used.
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2.2. Fabrication of the IRA-NFPs

To produce IRA-NFPs, an electrospinning process was employed
using an 8 wt% solution of polycaprolactone (PCL) in a mixture
of trifluoroethanol and acetic acid at a volumetric ratio of 9:1
(Fig. 1B). The solution also contained a 0.2 pg/mL of IGFBP2, which
was determined based on the optimal IGFBP2 concentration iden-
tified in our previous study [22]. In the electrospinning process,
an applied voltage of 18 kV was maintained between the needle
and the collector, while the solution’s flow rate was configured at
0.3 ml/h. Additionally, a distance of 10 cm was upheld between
the needle and the collector. Extrusion was carried out using a
22-gauge needle. Random nanofibers (RFs) were deposited onto
a flat plate, while aligned nanofibers (AFs) were deposited onto
a custom-made circular collector (Fig. 1C). The electrospinning
process was conducted under static conditions, during which the
collectors remained stationary. The experimental groups were cate-
gorized based on fiber alignments and the presence of IGFBP2: ran-
dom fibers without IGFBP2 (RF-w/oIGFBP2), aligned fibers without
IGFBP2 (AF-w/oIGFBP2), random fibers with IGFBP2 (RF-w/IGFBP2),
and aligned fibers with IGFBP2 (AF-w/IGFBP2).

2.3. Characterizaiton of the IRA-NFPs

The external morphologies of the patches were examined uti-
lizing a field emission scanning electron microscopy (FESEM) sys-
tem (JSM-5410LV; JEOL, Tokyo, Japan) operating at an acceleration
voltage of 2 kV. Subsequently, the orientation and coherence of
nanofibers (NFs) were quantified utilizing the Image] software (Fig.
S1). Specifically, we employed the Orientation] plugin to analyze
the nanofibers from FESEM images. A 3 x 3 grid system was used
to select eight Regions of Interest (ROIs) around a central empty
grid, enabling systematic analysis of fiber architecture. Fiber ori-
entations were mapped in relation to circumferential and axial di-
rections to quantify radial alignment patterns. An orientation map
provided a visual representation of fiber directional trends, while
a coherency map assessed fiber alignment and structural organi-
zation. The analysis concluded with a Hue-Saturation-Brightness
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(HSB) color-coded map, where hue denotes local fiber orienta-
tion, saturation indicates coherency levels, and brightness repre-
sents original FESEM image intensity. A histogram of local orien-
tations was also constructed to quantify the distribution of fiber
angles.

The Fourier Transform Infrared spectroscopy (FT-IR) was con-
ducted to validate the existence of the N-H band associated
with the integrated IGFBP2. Infrared spectra in the transmission
mode were acquired within the wavenumber interval of 4000 to
650 cm™!, employing an FT-IR spectrometer (Nicolet 6700, Thermo
Scientific, USA) with a resolution of 8 cm™!. The release of IGFBP2
was analyzed by a soaking assay. The patches were positioned
within the wells of a 96-well plate, accompanied by the addition of
1 mL of phosphate-buffered saline (PBS) in each well. The 96-well
plate was maintained at a temperature of 36.5 °C. Subsequently,
at the designated time intervals, the samples were retrieved, and
each well was replenished with 1 mL of fresh PBS. The IGFBP2
in each collected sample was accomplished through an enzyme-
linked immunosorbent assay (ELISA). The static water contact an-
gles of both the radially aligned and random PCL patches were
evaluated using the sessile drop technique at ambient temperature.
A contact angle meter (Easy-Drop, Kruss, Hamburg, Germany) was
utilized for this analysis. The static water contact angle was as-
sessed on five distinct electrospun patch samples, and the mean
value of water droplets (9.7 um) was determined.

2.4. Mechanical testing of IRA-NFPs

To measure the mechanical properties of the TM patch, the
puncture test was performed at a constant displacement rate of
0.2 mm/s (Fig. 3A) while recording load and displacement [adapted
from 42]. The maximum load, displacement of the probe from ini-
tial contact to puncture of the patch, and area under the load-
displacement curve were determined using a custom-written Mat-
lab code, and the puncture strength, elongation to puncture, and
energy to puncture were calculated. Puncture strength is calculated
by:

F

— 1
A (1)
here F is the load required to puncture the patches and A is the
cross-sectional area of the edge of patches located in the path of
the cylindrical opening of the patch holder. Elongation to puncture
is calculated by:

Puncture strength (MPa) =

VvR?+D? - R
—x 2)

where R is the radius of the patches exposed in the cylindrical
opening of the patch holder (3 mm), and D is the displacement
of the probe from the point of contact to the point of patch punc-
ture. Elongation to puncture represents the change in radius from
the pre-deformed state of the patch to the point of puncture. The
stored energy required to puncture is calculated from the area
under the load-displacement curve. It is normalized by a volume
term to account for differences in patch thickness. Hence,

AUC
v 3)

where V. is the volume of the patch located in the opening of the
patch holder.

Elongation to puncture (%) = x 100

Energy to puncturep er unit volume(mj/mm?) =

2.5. In vitro studies

TM cells were extracted from 4-week-old female Sprague-
Dawley rats. The TMs were aseptically excised from female
Sprague-Dawley rats and finely minced using scissors. The TMs
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were subjected to three washes using a mixture of phosphate-
buffered saline (PBS) and 0.05 % collagenase type I at a temper-
ature of 37 °C for a duration of 30 min. Following the washes,
the solution was neutralized using Dulbecco’s modified Eagle’s
medium (DMEM) with low glucose content supplemented with
10 % fetal bovine serum (FBS). Subsequently, the neutralized so-
lution was filtered through a 10-um nylon mesh to obtain the de-
sired outcome. After centrifugation at 300 g for 3 min, the fraction
with a high cell density was obtained. This pellet was then resus-
pended in DMEM and cultured in basal media (DMEM, 10 % FBS,
1 % antibiotic/antimycotic) within a 37 °C incubator, supplemented
with 5 % CO,. The culture media were changed every 2 days prior
to use. Cell viability was evaluated through WST-1 assay. The quan-
tification of water-soluble formazan was performed using a multi-
well spectrophotometer (Victor 3, Perkin Elmer, USA) by measur-
ing its absorbance at 450 nm. The effect of the IRA-NFPs on the
migration of TM cells was assessed with a Oris™ cell migration
kit. Briefly, the IRA-NFPs were placed in the 96-well plate, and in-
serts were placed in the wells and aligned in a single direction.
One hundred microliters of cell suspension containing 1 x 106
cells mL~! was added to each well, and the plate was incubated
at 37 °C overnight. The insert was then removed from each well.
The wound sites were observed for one week or until the wounds
were entirely closed, and the recovered areas were then measured
using Image] software.

The effect of the IRA-NFPs on gene expression was evaluated by
gRT-PCR analysis. The centrifuged cells were homogenized in TRI-
zol reagent, after which the total RNA was isolated according to the
manufacturer’s instructions. The RNA quality was checked using a
Nanodrop 2000 spectrophotometer. The total RNA (1 ug) was then
reverse-transcribed into complementary DNA (cDNA) using a Supe-
riorScript III cDNA Synthesis Kit. The cDNA was amplified with the
following primers (Table 1): Collal, Col3al, MMP3, Racl, cadherin,
VEGF, and MMP2. Relative gene expression was analyzed using the
comparative threshold cycle method. The expression of the genes
of interest was expressed as fold change relative to AF-wIGFBP2.

2.6. In vivo studies

A total of one hundred and twenty female Sprague-Dawley
rats (8 weeks old, weighing 200-250 g) were employed for the
present study. The surgical protocols were approved by the Insti-
tutional Animal Care and Use Committee (IACUC number, 2014-
0069) of Ajou University School of Medicine, in compliance with
the established principles for the ethical treatment and utilization
of animals in experimental investigations. Diligent measures were
taken to reduce the count of animals employed and to alleviate
their discomfort. The approach for establishing the animal mod-
els with chronic TM perforation adhered to a precedent investiga-
tion [36]. Concisely, Sprague-Dawley rats were anesthetized using
an intraperitoneal administration of Zoletil®50 and 2 % Rompun.
The front section of the TM was mechanically perforated using
a heated micropick, resulting in an approximately 50 % perfora-
tion size of the TM as observed under an operating microscope
(Carl Zeiss, Jena, Germany). To avoid injury to the malleus han-
dle and annulus, all perforations were made carefully during this
procedure. Gel foam infused with 0.5 mg/mL mitomycin C was ad-
ministered at the perforation site for a duration of 10 min. Subse-
quently, gel foam infused with 5 mg/mL dexamethasone disodium
phosphate was applied to the perforation site for a period of 1
week. Following a week, a gel foam was extracted from the per-
foration site and subjected to an 8-week observation period. A to-
tal of one hundred and eight ears were included in this study, as
ears with unsuitable conditions such as spontaneously healed ears,
excessively large perforations, and ears from deceased rats were
excluded from the analysis.
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Table 1

Primer sequences for qRT-PCR.
Gene Species Forward Reverse
Collal Rat GAGCGGAGAGTACTGGATCGA CTGACCTGTCTCCATGTTGCA
Col3a1 Rat TGCCATTGCTGGAGTTGGA GAAGACATGATCTCCTCAGTGTTGA
Mmp3 Rat CCACAGAATCCCCTGATGTC CTGACTGCATCGAAGGACAA
Rac1 Rat GCCGTTGGTAAAACCTGC GGGACGCAGTCTGTCATA
E-cad Rat CAAATCCAACAGGGACAAAGA GCGTCACTTTCAGCCAGCCTG
Vegf Rat GTACCTCCACCATGCCAAGT AATAGCTGCGCTGGTAGACG
Mmp2 Rat AAAGGAGGGCTGCATTGTGAA CTGGGGAAGGACGTGAAGAGG
18s Rat GGTGCATGGCCGTTCTTA TCGTTCGTTATCGGAATTAACC

To confirm the healing status of the patches, AF-w/IGFBP2 was
applied to 37 ears, and RF-w/IGFBP2 was applied to 26 ears. Ears
that healed spontaneously healing served as the control group (33
ears). Ofloxacin ointment was used to adhere the patches to the
entire edge of the perforations. Weekly assessments were con-
ducted on each ear utilizing an endoscopic camera over an 8-week
period. The extent of perforation for each ear, expressed as a per-
centage (perforation area divided by pars tensa area, multiplied by
100 %), was quantified through the utilization of Image ] software
(National Institute of Health, USA). At the conclusion of the 8-week
period, TM blebs were immobilized using 4 % paraformaldehyde
and subsequently stored at 4 °C overnight. Following a 2-day de-
calcification process using Calci-Celar Rapid solution, certain spec-
imens underwent staining utilizing hematoxylin and eosin. Bright
field microscopy images were obtained using Picture Frame soft-
ware (Olympus Optical, BX51, Tokyo, Japan).

2.7. Statistical analysis

Statistical analyses were performed suing the Statistical Package
for the Social Sciences (SPSS) for Windows Ver. 12.0.1. For the pur-
pose of comparing the means of distinct attributes associated with
the growth factor-releasing nanofibrous patches, statistical analy-
sis employed Duncan’s least significant difference (LSD) approach
and unpaired Student’s t-tests. A significance level of p < 0.05
was established. To compare the healing rate means of TM perfo-
rations regenerated through IRA-NFPs and the control group, Chi-
squared and Mann-Whitney tests were employed. The significance
level was again set at p < 0.05.

3. Results
3.1. Characterization of the IRA-NFPs

The IRA-NFPs were successfully fabricated by the custom-made
collectors [12]. A 30-gauge needle was chosen as the center of
the collectors based on its effectiveness in gathering nanofibers
with radial alignment and generating well-defined central regions.
SEM images revealed that in the AFs, the nanofibers were well
aligned toward the center, whereas the nanofibers of the RFs were
randomly aligned without any tendency (Fig. 2A). Morphological
analysis using FESEM revealed that nanofibers incorporated with
IGFBP2 exhibited comparable fiber diameters to those composed of
only PCL, with no statistically significant differences observed. The
diameters of the nanofibers across all experimental groups were
consistently <200 nm (Fig. 2B). Quantitative analysis using the Im-
age] Orientation plugin revealed distinct differences in fiber align-
ment between the groups. The nanofibers in the RFs displayed a
broad orientation distribution, whereas those in AFs exhibited a
more narrowly oriented distribution (Fig. 2C). Correspondingly, the
coherence of nanofibers in AFs was significantly higher than that in
the RFs (Fig. 2D), indicating a more organized fiber structure in the
AFs. The incorporation of IGFBP2 did not affect the orientation or
coherence of AFs. Water contact angle analysis demonstrated that
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the AF-w/IGFBP2 group exhibited greater hydrophobicity compared
to the RF-w/IGFBP2 group (Fig. 2E). FT-IR analysis of IGFBP2, as
shown in Fig. 2F, revealed characteristic spectral features includ-
ing specific peaks corresponding to C-N, N-H, and O=C-N bonds,
providing confirmation of the structural integrity and presence of
proteins in the sample. The release of IGFBP2 from the patches
was measured by ELISA, showing continuous release over 20 days
(Fig. 2G).

3.2. Mechanical properties of the IRA-NFPs

The mechanical properties of AFs and RFs were evaluated
through uniaxial puncture tests. The results indicate that AFs have
overall superior mechanical characteristics compared to RFs. Rep-
resentative load-displacement curves of AFs and RFs, both approx-
imately 350 um in thickness, under quasi-static compressive load-
ing are presented in Fig. 3B. Puncture strength analysis revealed
that AFs were significantly stonger than RFs, with mean values of
0.86 + 0.26 MPa and 0.18 + 0.03 MPa, respectively (Fig. 3C). The
elongation to puncture at failure was 51.0 + 12.9 % for AFs and
20.3 + 5.3 % for RFs (Fig. 3D). AFs demonstrated approximately
30 % greater elongation to puncture than RFs, indicating enhanced
ductility and flexibility. The energy absorption capacity, calculated
as energy to puncture per unit volume, was 0.44 + 0.08 mJ/mm?
for AF and 0.09 + 0.01 mJ/mm? for RFs (Fig. 3E). AFs displayed an
approximately 5-fold greater energy absorption capacity compared
to RFs, demonstrating improved puncture resistance under loading
conditions. This difference in the stored energy during deforma-
tion indicates distinct structural responses between two types of
nanofibrous patches.

3.3. In vitro studies

Following the characterization of IRA-NFPs, their in vitro prop-
erties were evaluated. Initially, a wound-healing assay was con-
ducted to assess the effect of IRA-NFPs on cellular migration. The
assays demonstrated that wounds on AFs exhibited accelerated clo-
sure rates compared to those on RFs. By day 4, the AF-w/IGFBP2
group displayed significantly enhanced wound closure relative to
other experimental groups (Fig. 4A and B). At day 7, no statistically
significant differences were observed between the AF-w/IGFBP2
and RF-w/IGFBP2 groups. However, both IGFBP2-containing groups
demonstrated significantly accelerated wound healing rates com-
pared to other groups. Cell viability analysis revealed no signifi-
cant differences among all samples on days 4 and 7 (Fig. 4C). How-
ever, on days 10 and 14, the cell viability of IRA-NFPs significantly
increased compared to other groups. These results indicate that
while cell viability does not significantly differ between AF and RF
in terms of structural morphology, it is substantially influenced by
IGFBP2. This suggests that IGFBP2 plays a more prominent role in
determining cell viability than the structural differences between
AF and RE.

Fig. 4D presents the qRT-PCR results for migration-related
markers influenced by RF and AF, as well as cell response mark-
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Fig. 2. Characteristics of IRA-NFPs. (A) Scanning electron microscopy (SEM) images of a random nanofiber (RF) patch and radially aligned nanofiber (AF) patches. The fibers
in the AF patches are well aligned toward the centroid (Scale bar: 100 pwm). (B) Quantitative analysis of nanofiber diameter among each group. There was no significant
difference in nanofiber diameter between the groups. (C) Distributions of fiber orientation. Fibers from AF patches showed a highly ordered orientation to the centroid,
whereas those from RF patches showed a wide range of orientation. (D) Coherence of nanofibers. Fibers from AF patches showed significantly higher coherence than
those from RF patches. (E) Water contact angle analysis results. When IGFBP2 was incorporated, RF and AF showed a significant difference. In comparison, there was no
significant difference between RF and AF when IGFBP2 is not incorporated. (F) Fourier transform infrared (FT-IR) spectra of nanofibers with and without IGFBP2. IGFBP2-
loaded nanofibrous patches exhibited characteristic peaks in the N-H band (1540 and 1580 cm™). (G) Cumulative release profile of IRA-NFPs. The burst release of IGFBP2
observed twice: on day 5 and 14. Error bars in (B)-(E) and G represent the standard error of the mean. Duncan’s multiple range test was used for D and E with p < 0.05.
Results with the same letter indicate no statistical difference.
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Fig. 3. Mechanical properties of IRA-NFPs. (A) Cross-sectional diagram of the puncture testing apparatus to measure the mechanical properties of nanofibrous patches.
The puncture test was performed using a hemispherical probe (2 mm radius) at a displacement rate of 0.2 mm/s. (B) Load-displacement curves of random and aligned
nanofibrous patches. Nanofibrous patches with AFs exhibited superior mechanical strength compared to those with RFs. (C) Puncture strength. Aligned nanofibrous patches
demonstrated significantly higher resistance to puncture compared to random nanofibrous patches. (D) Elongation to puncture. The aligned nanofiber structure allowed for
greater deformation before failure, indicating enhanced flexibility and durability. (E) Energy to puncture per unit volume of nanofibrous patches. AFs exhibited superior
energy absorption capacity, suggesting improved resistance under mechanical loading. Error bars in (C)-(E) represent the standard error of the mean. The Student’s t-test
was used for statistical analysis in (C)-(E), with considered significance of p < 0.05. Results with the same letter indicate no statistical difference.
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difference.

ers associated with IGFBP2, obtained from cells cultured on IRA-
NEPs for 7 days. Regarding the migration-related factors examined
(Collal, Col3al, Mmp3, Racl, Cadherin), the RF-w/olGFBP2 groups
demonstrated decreased RNA expression levels in comparison to
the AF-w/oIGFBP2 groups. This reduction is attributed to the ma-
jority of migration processes having already completed in these
samples. Additionally, diminished expression of IGFBP2-related cell
response factors (Vegf, Mmp2) was observed in the AF-w/IGFBP2
groups compared to the RF-w/IGFBP2 groups. This finding indicates
that the AF-w/IGFBP2 groups may have reached a state of cell con-
fluency induced by IGFBP2, leading to a subsequent decrease in
RNA expression levels.

3.4. In vivo studies

In order to validate the effectiveness of IRA-NFPs, chronic TM
perforation models were established and subsequently assessed for
their regenerative potential. (Fig. S2). For this purpose, Choung’s
COM1 model developed by our group was applied to regenerate
chronic TM perforations [7]. Chronic TM perforations were gently
created by micropick along with mitomycin C and dexamethasone.
After 8 weeks of observation, chronic perforation models were con-
firmed to be well maintained on rat TMs for at least 8 weeks
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(Fig. S2B). Before patch application, the size of the perforations
was compared, and there was no significant difference among all
groups (Fig. S2C). Therefore, the animal model of chronic TM per-
foration could be used to study without experimental bias. The ef-
ficacy of IGFBP2 was confirmed in a previous study, so IGFBP2-
incorporated nanofibrous patches, which were RF-w/IGFBP2 and
AF-w/IGFBP2, were used in this study and compared with the SH
group. The closure rate of chronic TM perforation was observed at
8 weeks (Fig. 5A). The regeneration success rates of RF-w/IGFBP2
and AF-w/IGFBP2 were higher than the SH group; 19.2 % of RF-
w/[IGFBP2 group, 27.0 % of AF-w/IGFBP2 group, and 12.1 % of the
SH group (Fig. 5B). When comparing the individual healing cases,
AF-w/IGFBP2 was shown to heal larger perforations compared to
RF-w/IGFBP2 (Fig. 5C, D, and E). Histologically, the TMs healed by
AF-w/IGFBP2 showed similar thickness to normal TMs (Fig. 6A and
B). The closure rate of the AF-w/IGFBP2 group was higher than
that of the RF-w/IGFBP2 group, but there was no significant dif-
ference between the RF-w/IGFBP2 and AF-w/IGFBP2 groups. The
healing time of IRA-NFPs was approximately 2.5 times faster than
that of SH group (Fig. 6C). The closure area of TM perforations
was reduced by approximately 20 % by both patches, but untreated
TM perforations were conversely increased compared to the ini-
tial size of chronic TM perforations (Fig. 6D). Perforation size was
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size for healing cases. (C) Spontaneous healing (SH) cases, (D) RF-w/IGFBP2 group cases, and (E) AF-w/IGFBP2 cases. Cases of AF-w/IGFBP2 showed a faster healing rate and
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Fig. 6. Regeneration of chronic TM perforation. (A) Histologic analysis. Normal TM, unhealed chronic TM perforation with SH, healed chronic TM perforation with
RF-w/IGFBP2, and healed chronic TM perforation with AF-w/IGFBP2 were shown. The AF-w/IGFBP2 group showed morphologic features similar to normal TM (scale
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14.60 + 8.87 %, 13.92 + 18.02 %, and —22.41 + 14.87 % compared
to 1 week in the RF-w/IGFBP2, AF-w/IGFBP2, and SH groups, re-
spectively (Figs. S3, S4, and S5).

4. Discussion

The successful fabrication of IRA-NFPs using custom-made col-
lectors demonstrates the efficacy of this approach in producing
nanofibers with radial alignment and well-defined central regions.
The radially aligned nanostructure plays a crucial role in maintain-
ing the desired properties of IRA-NFPs. In the water contact an-
gle analysis, the AF-w/IGFBP2 group exhibited a more hydropho-
bic characteristics compared to the RF-w/IGFBP2 group. Previous
studies have reported increased hydrophobicity in aligned fibers
[43,44]. This effect is likely due to the energy barriers introduced
by the aligned surfaces, which limit droplet elongation and re-
sult in higher contact angles. The sustained release of IGFBP2 over
20 days suggests the potential for prolonged therapeutic effects
in vivo. However, the release characteristics of IRA-NFPs were re-
duced compared to previous studies using EGF, possibly due to
the molecular characteristics of IGFBP2 and its interactions with
PCL. The relatively larger molecular weight of IGFBP2 (~35 kDa)
compared to EGF (~6 kDa) may have caused it to become phys-
ically trapped within the polymer network, delaying its release
[45,46]. Additionally, the interaction between IGFBP2 and PCL leads
to stronger adherence to the polymer network [47,48]. As the poly-
mer chains gradually degrade, these entrapped molecules are sud-
denly released in bursts. In addition, the radially aligned nanofi-
brous structure of the developed IRA-NFPs offers superior me-
chanical advantages compared to RFs. The enhanced mechanical
strength of the AFs can be attributed to the directional alignment
of the nanofibers within the patches, allowing for efficient load
distribution across the entire patch. This may provide additional
benefits in withstanding the physiological stresses experienced by
the tympanic membrane. Furthermore, the increased capacity for
energy absorption of AFs also suggests improved puncture resis-
tance. In contrast, the random fiber orientation in the RFs resulted
in a non-uniform stress distribution, which may lead to the for-
mation of localized weak points. It also contributes to their lower
maximum strength and increased ductility. Notably, both AFs and
RFs exhibited mechanical strength that surpassed the typical pres-
sure experienced by the human tympanic membrane during daily
activities, which ranged from approximately 10~> to 10> mJ/mm?3
[49].

In vitro studies demonstrated a synergistic effect between the
radially aligned nanostructure and IGFBP2 on TM cells, highlight-
ing the potential for enhanced IGFBP2 efficacy when presented
within an appropriate nanostructured environment. Notably, the
effect of radial alignments on migration appeared to be more pro-
nounced than that of IGFBP2 alone, suggesting that topographi-
cal guidance may play a crucial role in directing cellular behavior
[12]. This observation aligns with the principle that cellular orien-
tations tend to follow the alignment of nanofibers in the scaffold.
The synergistic effect of AFs and IGFBP2 on TM cells emphasizes
the necessity of integrating both biochemical and structural cues
in scaffold design for tissue engineering applications. Our analy-
sis of migration-related factors (Collal, Col3al, Mmp3, RaCl, Cad-
herin) revealed lower RNA expression levels in the RF-w/oIGFBP2
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groups compared to the AF-w/oIGFBP2 groups. This pattern sug-
gests that by day 7, cellular migration in the AFs had substantially
progressed, leading to a downregulation of these factors. In con-
trast, migration appeared to be ongoing in the RFs. Additionally,
we noted reduced expression of IGFBP2-related cell response fac-
tors (Vegf, Mmp2) in the AF-w/[IGFBP2 groups relative to the RF-
w/[IGFBP2 groups, indicating that the AF-w/[IGFBP2 groups likely
achieved IGFBP2-induced cell confluency earlier, resulting in a sub-
sequent decline in RNA expression levels. These gene expression
patterns collectively support the hypothesis that aligned fibers pro-
mote more rapid migration and cell confluency compared to ran-
domly oriented fibers, an effect that is particularly pronounced in
the presence of IGFBP2. This finding highlights a synergistic inter-
action between nanofiber alignment and biochemical factor, sug-
gesting a promising approach to guide and enhance cellular re-
sponses. This approach could potentially improve treatments for
tympanic membrane perforations.

The results of surgical methods, tympanoplasty or myringo-
plasty, were reported to have the highest success rates in the clinic
[2,50]. In the in vivo studies, Choung’s COM model 1 was used as
a chronic TM perforation model, with its stability already validated
in several studies [7,12,22,23,51]. The results showed that almost
30 % of chronic TM perforations were regenerated by AF-w/IGFBP2
(Table 2). Although the success rate did not reach statistical signifi-
cance among the experimental groups, AF-w/IGFBP2 demonstrated
a superior capability in treating larger perforations and resulted in
histologically improved similarity to normal TM. Additionally, the
AF-w/IGFBP2 showed accelerated healing rates, even for larger per-
forations. This acceleration in healing speed, regardless of initial
perforation size, suggests that our platform does exhibit a degree
of efficacy in the chronic TM perforation models. While the heal-
ing success rates of IRA-NFPs are not as high as those achieved
through surgical methods, this therapeutic approach presents a
promising alternative for patients. In recent years, numerous stud-
ies have explored the use of growth factors for the treatment of
chronic tympanic membrane perforation. However, a major limita-
tion exists in the direct application of IGFBP2 to the wound site
without a carrier system, as it is prone to rapid dissipation or
degradation [52-54]. In contrast, IRA-NFPs are specifically designed
to provide structural support while functioning as a controlled re-
lease system for IGFBP2, enabling a sustained and prolonged heal-
ing process rather than a single application. Furthermore, IRA-NFPs
demonstrate potential to effectively promote regeneration even in
patients with large tympanic membrane perforations. By integrat-
ing structural guidance with IGFBP2 delivery, this approach may
enhance the efficiency of healing in severe cases where conven-
tional treatments often result in suboptimal outcomes. While sur-
gical method required high cost, anesthesia risks, microsurgical
skills of surgeon, this method has no risk of anesthesia, low cost,
and easy application for patients. In the context of human subjects,
patch maintenance is comparatively more straightforward than in
animal models, as certain patches have the tendency to detach
from the TMs over the course of 8 weeks. In histological inves-
tigation, TMs regenerated using AF-w/IGFBP2 exhibited compara-
ble thickness to normal TMs, while TMs healed using RF-w/IGFBP2
displayed greater thickness than that of normal TMs. The effective
revitalization of TMs could potentially be impacted by the radially
aligned nanostructure of AF-w/IGFBP2.

Table 2

Healing rate of chronic TM perforations by IGFBP2-releasing nanofibrous patches.
week 0 1 2 3 4 5 6 7 8
SH 0/33 (0%) 0/33 (0 %) 0/33 (0 %) 0/33 (0 %) 0/33 (0 %) 0/33 (0 %) 0/33 (0 %) 3/33 (9.1 %) 4/33 (12.1 %)
RF-w/IGFBP2 ~ 0/26 (0 %)  3/26 (11.5 %)  5/26 (19.2 %)  5/26 (19.2 %) 5/26 (19.2 %) 5/26 (19.2 %) 5/26 (19.2 %)  5/26 (19.2 %)  6/26 (23.1 %)
AF-w/IGFBP2  0/37 (0 %) 7/37 (189 %)  7/37 (189 %) 8/37(21.6 %) 8/37(21.6 %) 8/37(21.6%) 8/37 (21.6 %)  8/37 (21.6 %)  10/37 (27.0 %)
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It has been demonstrated that electrospun aligned fibers signif-
icantly influence cell orientation and function, particularly in soft
tissues [55-58]. This property suggests that electrospun aligned
nanofibers have the potential to improve cell orientation in TM and
serve as suitable scaffolds for TM reconstruction. However, while
the structural benefits of aligned nanofibers are well-documented,
the interaction between these scaffolds and latent stem cells in
the context of TM regeneration remains to be fully elucidated.
Further mechanism studies are needed to investigate how aligned
nanofibers influence the activation, proliferation, and differenti-
ation of latent stem cells in vivo. Understanding these cellular
mechanisms is crucial for optimizing scaffold design and maxi-
mizing its regenerative potential. Such studies could reveal how
the nanostructure influences the behavior of resident stem cells
and potentially enhances their contribution to TM regeneration.
Additionally, our previous study has significantly identified latent
stem cells, particularly present in proximity to the TM perfora-
tions, which may serve as potential regulators of regeneration [41].
Therefore, exploring the interplay between the nanofibers, latent
stem cells, and IGFBP2 could provide valuable insights into the
synergistic effects observed in TM regeneration. Considering that
the thickness of the TM intimately correlates with the transmission
of sound vibrations, the radially aligned nanostructure could serve
as a promising foundation for the restoration of chronic TM per-
forations. Our preliminary results suggest that the combined use
of IGFBP2 and radially aligned nanostructure may have a syner-
gistic effect for chronic TM perforation. This synergy likely stems
from the nanostructure’s ability to guide cell orientation and role
of IGFBP2 in stem cell activation, though the exact mechanisms
require further investigation. By integrating these approaches, we
may be able to develop more effective strategies for TM regenera-
tion, potentially improving outcomes for patients with chronic TM
perforations.

5. Conclusion

The objective of this study was to produce nanofibrous patches
capable of releasing growth factors, aiming to address chronic per-
forations of the TM. Their radial alignment and their potential for
growth factor release were verified via a characterization analy-
sis. In the initial experiment, functional regeneration of the TM
was prompted by radially aligned patterns in conjunction with
IGFBP2, as opposed to randomly aligned patterns. This approach
holds promise as an effective strategy for the restoration of chronic
TM perforations and, in the long run, for the healing of chronic oti-
tis media.
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