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a b s t r a c t 

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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. Introduction 

Chronic otitis media (COM) affects nearly 200 million people 

orldwide and is associated with infection of the mucosal lin- 

ng of the middle ear cleft [ 1 ]. The COM is typically attributed

o the chronic perforation of tympanic membrane (TM) [ 1-3 ]. Due 

o inflammation, lack of blood supply and lack of growth factors, 

he chronic TM perforations do not regenerate well [ 4 ], which is 

hy the regeneration of the chronic TM perforation is very impor- 

ant for the COM therapy [ 5 , 6 ]. Despite surgical methods such as

yringoplasty and tympanoplasty boasting success rates exceeding 

0 % [ 7 ], their efficacy is hindered by significant challenges includ- 

ng the inherent risks linked to anesthesia, considerable expenses, 

nd requirements for additional surgeries to address donor site 

ssues. These obstacles present major challenges for the manage- 

ent of COM [ 8 , 9 ]. Nonsurgical methods with simpler but highly

uccessful outcomes would be good alternatives to lower huddles 

or patient safety and cost-effectiveness [ 10 , 11 ]. To this end, growth

actors, e.g. , epidermal growth factor (EGF) [ 1 , 12-14 ], heparin- 

inding epidermal growth factor-like growth factor (HB-EGF) [ 15 ], 

nsulin-like growth factor (IGF) [ 16 ], platelet-derived growth factor 

PDGF) [ 8 ], and fibroblast growth factor (FGF) [ 5 , 9 ] have been used

o enhance proliferation and migration of adjacent TM tissues. Ap- 

lications of various biomaterials including silk, collagen, alginate, 

hitosan, and synthetic polymers in the TM perforation treatment 

as been under consideration [ 7 , 11 , 17-20 ]. A remarkable example

s bacterial cellulose (BC), which has appropriate properties such as 

ater retention, elasticity, mechanical strength, thermal stability, 

nd transparency for application in TM regeneration [ 21 ]. The com- 

ination of biomaterials and growth factors is also a good strategy 

 3 , 4 , 22 , 23 ]. Recently, nanostructures have been reported to regu-

ate cellular functions and tissue regeneration [ 24 ]. Nanotopogra- 

hy promotes the cellular migration, adhesion, and differentiation 

f hMSCs [ 25 ]. The nanostructures are also applicable in the regen- 

ration of TM. A nanofibrous patch based on BC and chitin nanofib- 

ils (CNs) exhibited successful growth, improved indirect antimi- 

robial activity, and upregulation of mRNA expression related to 

M perforation healing, as it was tested in vitro using human 

ermal keratinocytes and human umbilical vein endothelial cells, 

hich are model cells for TM [ 26 ]. Furthermore, radially aligned 

anofibrous patches demonstrate positive effects on cellular migra- 

ion and proliferation. Human dural fibroblasts cultured on radially 

ligned fibers exhibited an elongated shape with enhanced direc- 

ional migration toward the center of the scaffolds [ 27 ]. The ra- 

ially aligned nanofibrous patches releasing EGF (ERA-NFPs) have 

een reported to show excellent results in treating chronic TM 

erforation [ 12 ]. Owing to the synergic effects of their nanostruc- 

ure and capacity for EGF release, ERA-NFPs exhibited the highest 

ate of TM regeneration with enhanced similarity to native TMs. 
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cts approximately 200 million people worldwide due to inflammation, in-

 of growth factors. Current surgical treatments have limitations like high

t research explored the use of nanofibers with radially aligned nanostruc-

growth factors to treat chronic tympanic membrane (TM) perforations. In

actor binding protein 2 (IGFBP2)-incorporated radially aligned nanofibrous

ped and applied to regenerate chronic TM perforations. We assessed their

 in vitro and in vivo studies. IRA-NFPs showed promising healing capabil-

on models. This innovative approach has the potential to improve COM

sts, and enhance patient safety. 

4 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/ ) 

herefore, the use of nanostructures with various types of growth 

actors may be a straightforward method for the chronic TM 

egeneration. 

Stem cells have been used in many areas of regenerative 

edicine [ 6 , 22 , 28 , 29 ]. They have been widely used for scar heal-

ng including skin wounds, which have similar structures to the 

M [ 30 ]. The stem cells not only develop new tissues, but also 

ecrete several proteins related to trophic factor [ 31 ], extracellu- 

ar matrix formation [ 32 ], neovascularization [ 33 ], and immunity 

 34 ], resulting in the restoration of physiological balance. In aged 

issues such as chronic TM perforation, a lack of neovasculariza- 

ion [ 35-38 ], trophic and matrix-related factors, and an increase in 

nflammatory cells [ 39 ] hinder complete tissue healing. These el- 

ments are intricately related to the reduction in populations of 

tem cells, that is, the influence of stem cells was greatly reduced 

n chronic TM perforations [ 28 , 30 ]. The implementation of latent 

tem cells as a potential strategy holds promise, given the vulner- 

bility of transplanted stem cells to dehydration, which may sub- 

tantially compromise their viability [ 22 , 23 ]. Our group has shown 

hat latent stem cells are present in all three layers of the TM [ 17 ],

ut most latent epithelial progenitors located near the handle of 

alleus. However, damage to the structure severely reduced stem 

ell populations, resulting in irreversible chronic suppurative oti- 

is media [ 14 , 34 , 37 ]. In order to reestablish the guidance of dor-

ant stem cells in the process of regenerating chronic TM perfo- 

ations, the utilization of insulin-like growth factor binding pro- 

ein 2 (IGFBP2) has been suggested. IGFBP2 is recognized for its 

ole in binding to and regulating the effects of insulin-like growth 

actor (IGF) [ 40 ], thereby serving as a potential stimulant for dor- 

ant stem cells [ 41 ]. In our previous study, we developed and 

tilized chitosan patch scaffolds (IGFBP-CPSs) containing IGFBP2 

o facilitate the regeneration of chronic TM perforations through 

he activation of latent skin stem cells. The result showed that 

GFBP2-incorporated chitosan patch scaffolds successfully regener- 

ted TM with substantial histological similarity to the intact tissues 

nd exhibited a higher success rate compared to the spontaneous 

ealing (SH) group, exhibiting they were effective in regenerating 

hronic TM perforations compared to cytokine-free chitosan patch 

caffolds [ 22 ]. However, the simultaneous use of IGFBP2 and radi- 

lly aligned nanostructure for the regeneration of chronic TM per- 

oration has not been reported. We thus hypothesized that radi- 

lly aligned electrospun nanofibrous patches incorporating IGFBP2 

ould demonstrate significant enhancement in the chronic TM 

erforation regeneration. 

In this study, we developed IGFBP2-incorporated radially 

ligned nanofibrous patches (IRA-NFPs). This design represents 

 concurrent application of nanotopographical and stem cell- 

imulating biochemical cues, intending for the use in tissue- 

ngineering applications aimed at the non-surgical healing of 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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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. 
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hronic TM perforations ( Fig. 1 A). This study introduced the appli- 

ation of IGFBP2 as a stimulatory agent for stem cells and the im- 

lementation of nanostructures encompassing both radially aligned 

nd randomly oriented nanofibers with the aim of fostering the 

egeneration of chronic TM perforations. First, IRA-NFPs were pre- 

ared and their morphological properties were evaluated. Next, 

n vitro release and cell viability assays were conducted, and the 

ound healing capability of IRA-NFPs was investigated. Quanti- 

ative real-time PCR (qRT-PCR) analysis was performed to inves- 

igate mRNA expression levels related to migration and cell re- 

ponses. Finally, an in vivo study was performed using a chronic 

M perforation animal model to evaluate the healing efficacy of the 

RA-NFPs. 

. Materials and methods 

.1. Materials 

IGFBP2 (R&D Systems Inc., Minneapolis, MN, USA), polycapro- 

actone (Mn: 80,0 0 0, Sigma-Aldrich, St. Louis, MO, USA), trifluo- 

oethanol (Sigma-Aldrich, St. Louis, MO, USA), acetic acid (Duk- 

an Co., Ltd, Seoul, South Korea), collagenase type I (0.05 %, 

igma-Aldrich, St. Louis, MO, USA), fetal bovine serum (Welgene 

nc., Gyeongsan-si, South Korea), phosphate-buffered saline (Wel- 

ene Inc., Gyeongsan-si, South Korea), Dulbecco’s modified Eagle’s 

edium (Welgene Inc., Gyeongsan-si, South Korea), EZ-cytox Cell 

iability Assay Kit (Daeillab Service Co., Ltd, Suwon-si, South Ko- 

ea), OrisTM Cell Migration Assay Kit (AMSBIO, Abingdon, UK), 

oletil® 50 (Virvac Laboratories, Carros, France), Rompun® (2 %, 

ayer Korea, Ansan-si, South Korea), mitomycin C (0.5 mg/mL, Ky- 

wa, Tokyo, Japan), dexamethasone disodium phosphate (5 mg/mL, 

lsung, Seoul, South Korea), Tarivid® ophthalmic ointment (San- 

en Pharmaceutical Co., Ltd, Osaka, Japan), Calci-Clear Rapid HS- 

05 (National Diagnostics, Atlanta, GA, USA), hematoxylin (Young- 

ong Pharmaceutical Co., Seoul, South Korea) and eosin (Muto Pure 

hemical Co., Tokyo, Japan) were used. 
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.2. Fabrication of the IRA-NFPs 

To produce IRA-NFPs, an electrospinning process was employed 

sing an 8 wt% solution of polycaprolactone (PCL) in a mixture 

f trifluoroethanol and acetic acid at a volumetric ratio of 9:1 

 Fig. 1 B). The solution also contained a 0.2 μg/mL of IGFBP2, which 

as determined based on the optimal IGFBP2 concentration iden- 

ified in our previous study [ 22 ]. In the electrospinning process, 

n applied voltage of 18 kV was maintained between the needle 

nd the collector, while the solution’s flow rate was configured at 

.3 ml/h. Additionally, a distance of 10 cm was upheld between 

he needle and the collector. Extrusion was carried out using a 

2-gauge needle. Random nanofibers (RFs) were deposited onto 

 flat plate, while aligned nanofibers (AFs) were deposited onto 

 custom-made circular collector ( Fig. 1 C). The electrospinning 

rocess was conducted under static conditions, during which the 

ollectors remained stationary. The experimental groups were cate- 

orized based on fiber alignments and the presence of IGFBP2: ran- 

om fibers without IGFBP2 (RF-w/oIGFBP2), aligned fibers without 

GFBP2 (AF-w/oIGFBP2), random fibers with IGFBP2 (RF-w/IGFBP2), 

nd aligned fibers with IGFBP2 (AF-w/IGFBP2). 

.3. Characterizaiton of the IRA-NFPs 

The external morphologies of the patches were examined uti- 

izing a field emission scanning electron microscopy (FESEM) sys- 

em (JSM-5410LV; JEOL, Tokyo, Japan) operating at an acceleration 

oltage of 2 kV. Subsequently, the orientation and coherence of 

anofibers (NFs) were quantified utilizing the ImageJ software (Fig. 

1). Specifically, we employed the OrientationJ plugin to analyze 

he nanofibers from FESEM images. A 3 × 3 grid system was used 

o select eight Regions of Interest (ROIs) around a central empty 

rid, enabling systematic analysis of fiber architecture. Fiber ori- 

ntations were mapped in relation to circumferential and axial di- 

ections to quantify radial alignment patterns. An orientation map 

rovided a visual representation of fiber directional trends, while 

 coherency map assessed fiber alignment and structural organi- 

ation. The analysis concluded with a Hue-Saturation-Brightness 
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HSB) color-coded map, where hue denotes local fiber orienta- 

ion, saturation indicates coherency levels, and brightness repre- 

ents original FESEM image intensity. A histogram of local orien- 

ations was also constructed to quantify the distribution of fiber 

ngles. 

The Fourier Transform Infrared spectroscopy (FT-IR) was con- 

ucted to validate the existence of the N–H band associated 

ith the integrated IGFBP2. Infrared spectra in the transmission 

ode were acquired within the wavenumber interval of 40 0 0 to 

50 cm-1 , employing an FT-IR spectrometer (Nicolet 6700, Thermo 

cientific, USA) with a resolution of 8 cm-1 . The release of IGFBP2 

as analyzed by a soaking assay. The patches were positioned 

ithin the wells of a 96-well plate, accompanied by the addition of 

 mL of phosphate-buffered saline (PBS) in each well. The 96-well 

late was maintained at a temperature of 36.5 °C. Subsequently, 

t the designated time intervals, the samples were retrieved, and 

ach well was replenished with 1 mL of fresh PBS. The IGFBP2 

n each collected sample was accomplished through an enzyme- 

inked immunosorbent assay (ELISA). The static water contact an- 

les of both the radially aligned and random PCL patches were 

valuated using the sessile drop technique at ambient temperature. 

 contact angle meter (Easy-Drop, Kruss, Hamburg, Germany) was 

tilized for this analysis. The static water contact angle was as- 

essed on five distinct electrospun patch samples, and the mean 

alue of water droplets (9.7 μm) was determined. 

.4. Mechanical testing of IRA-NFPs 

To measure the mechanical properties of the TM patch, the 

uncture test was performed at a constant displacement rate of 

.2 mm/s ( Fig. 3 A) while recording load and displacement [adapted 

rom 42 ]. The maximum load, displacement of the probe from ini- 

ial contact to puncture of the patch, and area under the load- 

isplacement curve were determined using a custom-written Mat- 

ab code, and the puncture strength, elongation to puncture, and 

nergy to puncture were calculated. Puncture strength is calculated 

y: 

 unct ure st rength ( MP a ) = F 

Acs 
(1) 

ere F is the load required to puncture the patches and Acs is the 

ross-sectional area of the edge of patches located in the path of 

he cylindrical opening of the patch holder. Elongation to puncture 

s calculated by: 

longation to puncture ( %) =
√ 

R2 + D2 − R 

R 

× 100 (2) 

here R is the radius of the patches exposed in the cylindrical 

pening of the patch holder (3 mm), and D is the displacement 

f the probe from the point of contact to the point of patch punc- 

ure. Elongation to puncture represents the change in radius from 

he pre-deformed state of the patch to the point of puncture. The 

tored energy required to puncture is calculated from the area 

nder the load-displacement curve. It is normalized by a volume 

erm to account for differences in patch thickness. Hence, 

nergy to puncturep er unit v olume (mJ/mm3 ) = AUC 

Vc 
(3) 

here Vc is the volume of the patch located in the opening of the 

atch holder. 

.5. In vitro studies 

TM cells were extracted from 4-week-old female Sprague- 

awley rats. The TMs were aseptically excised from female 

prague-Dawley rats and finely minced using scissors. The TMs 
215
ere subjected to three washes using a mixture of phosphate- 

uffered saline (PBS) and 0.05 % collagenase type I at a temper- 

ture of 37 °C for a duration of 30 min. Following the washes, 

he solution was neutralized using Dulbecco’s modified Eagle’s 

edium (DMEM) with low glucose content supplemented with 

0 % fetal bovine serum (FBS). Subsequently, the neutralized so- 

ution was filtered through a 10- μm nylon mesh to obtain the de- 

ired outcome. After centrifugation at 300 g for 3 min, the fraction 

ith a high cell density was obtained. This pellet was then resus- 

ended in DMEM and cultured in basal media (DMEM, 10 % FBS, 

 % antibiotic/antimycotic) within a 37 °C incubator, supplemented 

ith 5 % CO2 . The culture media were changed every 2 days prior 

o use. Cell viability was evaluated through WST-1 assay. The quan- 

ification of water-soluble formazan was performed using a multi- 

ell spectrophotometer (Victor 3, Perkin Elmer, USA) by measur- 

ng its absorbance at 450 nm. The effect of the IRA-NFPs on the 

igration of TM cells was assessed with a OrisTM cell migration 

it. Briefly, the IRA-NFPs were placed in the 96-well plate, and in- 

erts were placed in the wells and aligned in a single direction. 

ne hundred microliters of cell suspension containing 1 × 106 

ells mL−1 was added to each well, and the plate was incubated 

t 37 °C overnight. The insert was then removed from each well. 

he wound sites were observed for one week or until the wounds 

ere entirely closed, and the recovered areas were then measured 

sing ImageJ software. 

The effect of the IRA-NFPs on gene expression was evaluated by 

RT-PCR analysis. The centrifuged cells were homogenized in TRI- 

ol reagent, after which the total RNA was isolated according to the 

anufacturer’s instructions. The RNA quality was checked using a 

anodrop 20 0 0 spectrophotometer. The total RNA (1 μg) was then 

everse-transcribed into complementary DNA (cDNA) using a Supe- 

iorScript III cDNA Synthesis Kit. The cDNA was amplified with the 

ollowing primers ( Table 1 ): Col1a1, Col3a1, MMP3, Rac1, cadherin, 

EGF, and MMP2. Relative gene expression was analyzed using the 

omparative threshold cycle method. The expression of the genes 

f interest was expressed as fold change relative to AF-wIGFBP2. 

.6. In vivo studies 

A total of one hundred and twenty female Sprague-Dawley 

ats (8 weeks old, weighing 200–250 g) were employed for the 

resent study. The surgical protocols were approved by the Insti- 

utional Animal Care and Use Committee (IACUC number, 2014- 

069) of Ajou University School of Medicine, in compliance with 

he established principles for the ethical treatment and utilization 

f animals in experimental investigations. Diligent measures were 

aken to reduce the count of animals employed and to alleviate 

heir discomfort. The approach for establishing the animal mod- 

ls with chronic TM perforation adhered to a precedent investiga- 

ion [ 36 ]. Concisely, Sprague-Dawley rats were anesthetized using 

n intraperitoneal administration of Zoletil®50 and 2 % Rompun. 

he front section of the TM was mechanically perforated using 

 heated micropick, resulting in an approximately 50 % perfora- 

ion size of the TM as observed under an operating microscope 

Carl Zeiss, Jena, Germany). To avoid injury to the malleus han- 

le and annulus, all perforations were made carefully during this 

rocedure. Gel foam infused with 0.5 mg/mL mitomycin C was ad- 

inistered at the perforation site for a duration of 10 min. Subse- 

uently, gel foam infused with 5 mg/mL dexamethasone disodium 

hosphate was applied to the perforation site for a period of 1 

eek. Following a week, a gel foam was extracted from the per- 

oration site and subjected to an 8-week observation period. A to- 

al of one hundred and eight ears were included in this study, as 

ars with unsuitable conditions such as spontaneously healed ears, 

xcessively large perforations, and ears from deceased rats were 

xcluded from the analysis. 
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Table 1 

Primer sequences for qRT-PCR. 

Gene Species Forward Reverse 

Col1a1 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 
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To confirm the healing status of the patches, AF-w/IGFBP2 was 

pplied to 37 ears, and RF-w/IGFBP2 was applied to 26 ears. Ears 

hat healed spontaneously healing served as the control group (33 

ars). Ofloxacin ointment was used to adhere the patches to the 

ntire edge of the perforations. Weekly assessments were con- 

ucted on each ear utilizing an endoscopic camera over an 8-week 

eriod. The extent of perforation for each ear, expressed as a per- 

entage (perforation area divided by pars tensa area, multiplied by 

00 %), was quantified through the utilization of Image J software 

National Institute of Health, USA). At the conclusion of the 8-week 

eriod, TM blebs were immobilized using 4 % paraformaldehyde 

nd subsequently stored at 4 °C overnight. Following a 2-day de- 

alcification process using Calci-Celar Rapid solution, certain spec- 

mens underwent staining utilizing hematoxylin and eosin. Bright 

eld microscopy images were obtained using Picture Frame soft- 

are (Olympus Optical, BX51, Tokyo, Japan). 

.7. Statistical analysis 

Statistical analyses were performed suing the Statistical Package 

or the Social Sciences (SPSS) for Windows Ver. 12.0.1. For the pur- 

ose of comparing the means of distinct attributes associated with 

he growth factor-releasing nanofibrous patches, statistical analy- 

is employed Duncan’s least significant difference (LSD) approach 

nd unpaired Student’s t -tests. A significance level of p < 0.05 

as established. To compare the healing rate means of TM perfo- 

ations regenerated through IRA-NFPs and the control group, Chi- 

quared and Mann-Whitney tests were employed. The significance 

evel was again set at p < 0.05. 

. Results 

.1. Characterization of the IRA-NFPs 

The IRA-NFPs were successfully fabricated by the custom-made 

ollectors [ 12 ]. A 30-gauge needle was chosen as the center of 

he collectors based on its effectiveness in gathering nanofibers 

ith radial alignment and generating well-defined central regions. 

EM images revealed that in the AFs, the nanofibers were well 

ligned toward the center, whereas the nanofibers of the RFs were 

andomly aligned without any tendency ( Fig. 2 A). Morphological 

nalysis using FESEM revealed that nanofibers incorporated with 

GFBP2 exhibited comparable fiber diameters to those composed of 

nly PCL, with no statistically significant differences observed. The 

iameters of the nanofibers across all experimental groups were 

onsistently < 200 nm ( Fig. 2 B). Quantitative analysis using the Im- 

geJ Orientation plugin revealed distinct differences in fiber align- 

ent between the groups. The nanofibers in the RFs displayed a 

road orientation distribution, whereas those in AFs exhibited a 

ore narrowly oriented distribution ( Fig. 2 C). Correspondingly, the 

oherence of nanofibers in AFs was significantly higher than that in 

he RFs ( Fig. 2 D), indicating a more organized fiber structure in the 

Fs. The incorporation of IGFBP2 did not affect the orientation or 

oherence of AFs. Water contact angle analysis demonstrated that 
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he AF-w/IGFBP2 group exhibited greater hydrophobicity compared 

o the RF-w/IGFBP2 group ( Fig. 2 E). FT-IR analysis of IGFBP2, as 

hown in Fig. 2 F, revealed characteristic spectral features includ- 

ng specific peaks corresponding to C–N, N–H, and O = C–N bonds, 

roviding confirmation of the structural integrity and presence of 

roteins in the sample. The release of IGFBP2 from the patches 

as measured by ELISA, showing continuous release over 20 days 

 Fig. 2 G). 

.2. Mechanical properties of the IRA-NFPs 

The mechanical properties of AFs and RFs were evaluated 

hrough uniaxial puncture tests. The results indicate that AFs have 

verall superior mechanical characteristics compared to RFs. Rep- 

esentative load-displacement curves of AFs and RFs, both approx- 

mately 350 μm in thickness, under quasi-static compressive load- 

ng are presented in Fig. 3 B. Puncture strength analysis revealed 

hat AFs were significantly stonger than RFs, with mean values of 

.86 ± 0.26 MPa and 0.18 ± 0.03 MPa, respectively ( Fig. 3 C). The 

longation to puncture at failure was 51.0 ± 12.9 % for AFs and 

0.3 ± 5.3 % for RFs ( Fig. 3 D). AFs demonstrated approximately 

0 % greater elongation to puncture than RFs, indicating enhanced 

uctility and flexibility. The energy absorption capacity, calculated 

s energy to puncture per unit volume, was 0.44 ± 0.08 mJ/mm ³
or AF and 0.09 ± 0.01 mJ/mm ³ for RFs ( Fig. 3 E). AFs displayed an

pproximately 5-fold greater energy absorption capacity compared 

o RFs, demonstrating improved puncture resistance under loading 

onditions. This difference in the stored energy during deforma- 

ion indicates distinct structural responses between two types of 

anofibrous patches. 

.3. In vitro studies 

Following the characterization of IRA-NFPs, their in vitro prop- 

rties were evaluated. Initially, a wound-healing assay was con- 

ucted to assess the effect of IRA-NFPs on cellular migration. The 

ssays demonstrated that wounds on AFs exhibited accelerated clo- 

ure rates compared to those on RFs. By day 4, the AF-w/IGFBP2 

roup displayed significantly enhanced wound closure relative to 

ther experimental groups ( Fig. 4 A and B). At day 7, no statistically 

ignificant differences were observed between the AF-w/IGFBP2 

nd RF-w/IGFBP2 groups. However, both IGFBP2-containing groups 

emonstrated significantly accelerated wound healing rates com- 

ared to other groups. Cell viability analysis revealed no signifi- 

ant differences among all samples on days 4 and 7 ( Fig. 4 C). How-

ver, on days 10 and 14, the cell viability of IRA-NFPs significantly 

ncreased compared to other groups. These results indicate that 

hile cell viability does not significantly differ between AF and RF 

n terms of structural morphology, it is substantially influenced by 

GFBP2. This suggests that IGFBP2 plays a more prominent role in 

etermining cell viability than the structural differences between 

F and RF. 

Fig. 4 D presents the qRT-PCR results for migration-related 

arkers 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 μm). (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-1 ). (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. 

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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Fig. 4. In vitro study. (A) Wound-healing assay of IRA-NFPs for 7 days. AF-w/IGFBP2 exhibited the fastest wound-healing capability compared with other groups. Radial 

alignments and IGFBP2 release would interactively enhance the wound-healing capability of IRA-NFPs. (B) Recovery rate of IRA-NFPs. IGFBP2 and radially aligned nanostruc- 

tures synergistically enhanced wound closure on day 4 and 7. (C) Cell viability result. The IRA-NFPs showed significantly higher cell metabolic activity than other groups. 

(D) The relative mRNA expressions related to migration and cell response. The IRA-NFPs showed decreased migration and cell response markers. Error bars in (B)-(D) rep- 

resent standard errors of the mean. Statistical analysis was performed using Duncan’s multiple range test for each group. Results with the same letter indicate no statistical 

difference. 
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rs associated with IGFBP2, obtained from cells cultured on IRA- 

FPs for 7 days. Regarding the migration-related factors examined 

 Col1a1, Col3a1, Mmp3, Rac1, Cadherin ), the RF-w/oIGFBP2 groups 

emonstrated decreased RNA expression levels in comparison to 

he AF-w/oIGFBP2 groups. This reduction is attributed to the ma- 

ority of migration processes having already completed in these 

amples. Additionally, diminished expression of IGFBP2-related cell 

esponse factors ( Vegf, Mmp2 ) was observed in the AF-w/IGFBP2 

roups compared to the RF-w/IGFBP2 groups. This finding indicates 

hat the AF-w/IGFBP2 groups may have reached a state of cell con- 

uency induced by IGFBP2, leading to a subsequent decrease in 

NA expression levels. 

.4. In vivo studies 

In order to validate the effectiveness of IRA-NFPs, chronic TM 

erforation models were established and subsequently assessed for 

heir regenerative potential. (Fig. S2). For this purpose, Choung’s 

OM1 model developed by our group was applied to regenerate 

hronic TM perforations [ 7 ]. Chronic TM perforations were gently 

reated by micropick along with mitomycin C and dexamethasone. 

fter 8 weeks of observation, chronic perforation models were con- 

rmed to be well maintained on rat TMs for at least 8 weeks 
218
Fig. S2B). Before patch application, the size of the perforations 

as compared, and there was no significant difference among all 

roups (Fig. S2C). Therefore, the animal model of chronic TM per- 

oration could be used to study without experimental bias. The ef- 

cacy of IGFBP2 was confirmed in a previous study, so IGFBP2- 

ncorporated nanofibrous patches, which were RF-w/IGFBP2 and 

F-w/IGFBP2, were used in this study and compared with the SH 

roup. The closure rate of chronic TM perforation was observed at 

 weeks ( Fig. 5 A). The regeneration success rates of RF-w/IGFBP2 

nd AF-w/IGFBP2 were higher than the SH group; 19.2 % of RF- 

/IGFBP2 group, 27.0 % of AF-w/IGFBP2 group, and 12.1 % of the 

H group ( Fig. 5 B). When comparing the individual healing cases, 

F-w/IGFBP2 was shown to heal larger perforations compared to 

F-w/IGFBP2 ( Fig. 5 C, D, and E). Histologically, the TMs healed by 

F-w/IGFBP2 showed similar thickness to normal TMs ( Fig. 6 A and 

). The closure rate of the AF-w/IGFBP2 group was higher than 

hat of the RF-w/IGFBP2 group, but there was no significant dif- 

erence between the RF-w/IGFBP2 and AF-w/IGFBP2 groups. The 

ealing time of IRA-NFPs was approximately 2.5 times faster than 

hat of SH group ( Fig. 6 C). The closure area of TM perforations

as reduced by approximately 20 % by both patches, but untreated 

M perforations were conversely increased compared to the ini- 

ial size of chronic TM perforations ( Fig. 6 D). Perforation size was 
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Fig. 5. In vivo study. (A) Serial images of chronic TM perforations: (a) unhealed chronic TM perforation, (b) healed chronic TM perforation with RF-w/IGFBP2, and (c) healed 

chronic TM perforation with AF-w/IGFBP2. (B) Healing rate of each group. All groups were not significant by Mann-Whitney U test. (C)-(E) Continuous changes in perforation 

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 

a faster healing response than other groups. 

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 

bars = 50 μm). (B) Mean thickness of TMs. The AF-w/IGFBP2 group had almost the same thickness as the normal TM group. (C) Healing time of each group. The heal- 

ing time for RF-w/IGFBP2 and AF-w/IGFBP2 was significantly reduced compared to that of SH. (D) Perforation size shift according to initial perforation size. The AF-w/IGFBP2 

group showed an almost significant difference. Error bars in (B)-(D) represent the standard error of the mean. Statistical analysis was performed using Mann-Whitney U tests 

for each group, with considered significance of p < 0.05. Results with the same letter indicate no statistical difference. 
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4.60 ± 8.87 %, 13.92 ± 18.02 %, and −22.41 ± 14.87 % compared 

o 1 week in the RF-w/IGFBP2, AF-w/IGFBP2, and SH groups, re- 

pectively (Figs. S3, S4, and S5). 

. Discussion 

The successful fabrication of IRA-NFPs using custom-made col- 

ectors demonstrates the efficacy of this approach in producing 

anofibers with radial alignment and well-defined central regions. 

he radially aligned nanostructure plays a crucial role in maintain- 

ng the desired properties of IRA-NFPs. In the water contact an- 

le analysis, the AF-w/IGFBP2 group exhibited a more hydropho- 

ic characteristics compared to the RF-w/IGFBP2 group. Previous 

tudies have reported increased hydrophobicity in aligned fibers 

 43 , 44 ]. This effect is likely due to the energy barriers introduced

y the aligned surfaces, which limit droplet elongation and re- 

ult in higher contact angles. The sustained release of IGFBP2 over 

0 days suggests the potential for prolonged therapeutic effects 

n vivo . However, the release characteristics of IRA-NFPs were re- 

uced compared to previous studies using EGF, possibly due to 

he molecular characteristics of IGFBP2 and its interactions with 

CL. The relatively larger molecular weight of IGFBP2 ( ∼35 kDa) 

ompared to EGF ( ∼6 kDa) may have caused it to become phys- 

cally trapped within the polymer network, delaying its release 

 45 , 46 ]. Additionally, the interaction between IGFBP2 and PCL leads 

o stronger adherence to the polymer network [ 47 , 48 ]. As the poly-

er chains gradually degrade, these entrapped molecules are sud- 

enly released in bursts. In addition, the radially aligned nanofi- 

rous structure of the developed IRA-NFPs offers superior me- 

hanical advantages compared to RFs. Th e enhanced mechanical 

trength of the AFs can be attributed to the directional alignment 

f the nanofibers within the patches, allowing for efficient load 

istribution across the entire patch. This may provide additional 

enefits in withstanding the physiological stresses experienced by 

he tympanic membrane. Furthermore, the increased capacity for 

nergy absorption of AFs also suggests improved puncture resis- 

ance. In contrast, the random fiber orientation in the RFs resulted 

n a non-uniform stress distribution, which may lead to the for- 

ation of localized weak points. It also contributes to their lower 

aximum strength and increased ductility. Notably, both AFs and 

Fs exhibited mechanical strength that surpassed the typical pres- 

ure experienced by the human tympanic membrane during daily 

ctivities, which ranged from approximately 10−5 to 10 ² mJ/mm3 

 49 ]. 

In vitro studies demonstrated a synergistic effect between the 

adially aligned nanostructure and IGFBP2 on TM cells, highlight- 

ng the potential for enhanced IGFBP2 efficacy when presented 

ithin an appropriate nanostructured environment. Notably, the 

ffect of radial alignments on migration appeared to be more pro- 

ounced than that of IGFBP2 alone, suggesting that topographi- 

al guidance may play a crucial role in directing cellular behavior 

 12 ]. This observation aligns with the principle that cellular orien- 

ations tend to follow the alignment of nanofibers in the scaffold. 

he synergistic effect of AFs and IGFBP2 on TM cells emphasizes 

he necessity of integrating both biochemical and structural cues 

n scaffold design for tissue engineering applications. Our analy- 

is of migration-related factors ( Col1a1, Col3a1, Mmp3, RaC1, Cad- 

erin ) revealed lower RNA expression levels in the RF-w/oIGFBP2 
Table 2 

Healing rate of chronic TM perforations by IGFBP2-releasing nanofibrous patches. 

week 0 1 2 3 4 

SH 0/33 (0 %) 0/33 (0 %) 0/33 (0 %) 0/33 (0 %) 0/33

RF-w/IGFBP2 0/26 (0 %) 3/26 (11.5 %) 5/26 (19.2 %) 5/26 (19.2 %) 5/26

AF-w/IGFBP2 0/37 (0 %) 7/37 (18.9 %) 7/37 (18.9 %) 8/37 (21.6 %) 8/37
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roups compared to the AF-w/oIGFBP2 groups. This pattern sug- 

ests that by day 7, cellular migration in the AFs had substantially 

rogressed, leading to a downregulation of these factors. In con- 

rast, migration appeared to be ongoing in the RFs. Additionally, 

e noted reduced expression of IGFBP2-related cell response fac- 

ors ( Vegf, Mmp2 ) in the AF-w/IGFBP2 groups relative to the RF- 

/IGFBP2 groups, indicating that the AF-w/IGFBP2 groups likely 

chieved IGFBP2-induced cell confluency earlier, resulting in a sub- 

equent decline in RNA expression levels. These gene expression 

atterns collectively support the hypothesis that aligned fibers pro- 

ote more rapid migration and cell confluency compared to ran- 

omly oriented fibers, an effect that is particularly pronounced in 

he presence of IGFBP2. This finding highlights a synergistic inter- 

ction between nanofiber alignment and biochemical factor, sug- 

esting a promising approach to guide and enhance cellular re- 

ponses. This approach could potentially improve treatments for 

ympanic membrane perforations. 

The results of surgical methods, tympanoplasty or myringo- 

lasty, 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

 chronic TM perforation model, with its stability already validated 

n several studies [ 7 , 12 , 22 , 23 , 51 ]. The results showed that almost

0 % of chronic TM perforations were regenerated by AF-w/IGFBP2 

 Table 2 ). Although the success rate did not reach statistical signifi- 

ance among the experimental groups, AF-w/IGFBP2 demonstrated 

 superior capability in treating larger perforations and resulted in 

istologically improved similarity to normal TM. Additionally, the 

F-w/IGFBP2 showed accelerated healing rates, even for larger per- 

orations. This acceleration in healing speed, regardless of initial 

erforation size, suggests that our platform does exhibit a degree 

f efficacy in the chronic TM perforation models. While the heal- 

ng success rates of IRA-NFPs are not as high as those achieved 

hrough surgical methods, this therapeutic approach presents a 

romising alternative for patients. In recent years, numerous stud- 

es have explored the use of growth factors for the treatment of 

hronic tympanic membrane perforation. However, a major limita- 

ion exists in the direct application of IGFBP2 to the wound site 

ithout a carrier system, as it is prone to rapid dissipation or 

egradation [ 52-54 ]. In contrast, IRA-NFPs are specifically designed 

o provide structural support while functioning as a controlled re- 

ease system for IGFBP2, enabling a sustained and prolonged heal- 

ng process rather than a single application. Furthermore, IRA-NFPs 

emonstrate potential to effectively promote regeneration even in 

atients with large tympanic membrane perforations. By integrat- 

ng structural guidance with IGFBP2 delivery, this approach may 

nhance the efficiency of healing in severe cases where conven- 

ional treatments often result in suboptimal outcomes. While sur- 

ical method required high cost, anesthesia risks, microsurgical 

kills of surgeon, this method has no risk of anesthesia, low cost, 

nd easy application for patients. In the context of human subjects, 

atch maintenance is comparatively more straightforward than in 

nimal models, as certain patches have the tendency to detach 

rom the TMs over the course of 8 weeks. In histological inves- 

igation, TMs regenerated using AF-w/IGFBP2 exhibited compara- 

le thickness to normal TMs, while TMs healed using RF-w/IGFBP2 

isplayed greater thickness than that of normal TMs. The effective 

evitalization of TMs could potentially be impacted by the radially 

ligned nanostructure of AF-w/IGFBP2. 
5 6 7 8 

 (0 %) 0/33 (0 %) 0/33 (0 %) 3/33 (9.1 %) 4/33 (12.1 %) 

 (19.2 %) 5/26 (19.2 %) 5/26 (19.2 %) 5/26 (19.2 %) 6/26 (23.1 %) 

 (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- 

cantly influence cell orientation and function, particularly in soft 

issues [ 55-58 ]. This property suggests that electrospun aligned 

anofibers have the potential to improve cell orientation in TM and 

erve as suitable scaffolds for TM reconstruction. However, while 

he structural benefits of aligned nanofibers are well-documented, 

he interaction between these scaffolds and latent stem cells in 

he context of TM regeneration remains to be fully elucidated. 

urther mechanism studies are needed to investigate how aligned 

anofibers influence the activation, proliferation, and differenti- 

tion of latent stem cells in vivo . Understanding these cellular 

echanisms is crucial for optimizing scaffold design and maxi- 

izing its regenerative potential. Such studies could reveal how 

he nanostructure influences the behavior of resident stem cells 

nd potentially enhances their contribution to TM regeneration. 

dditionally, our previous study has significantly identified latent 

tem cells, particularly present in proximity to the TM perfora- 

ions, which may serve as potential regulators of regeneration [ 41 ]. 

herefore, exploring the interplay between the nanofibers, latent 

tem cells, and IGFBP2 could provide valuable insights into the 

ynergistic effects observed in TM regeneration. Considering that 

he thickness of the TM intimately correlates with the transmission 

f sound vibrations, the radially aligned nanostructure could serve 

s a promising foundation for the restoration of chronic TM per- 

orations. Our preliminary results suggest that the combined use 

f IGFBP2 and radially aligned nanostructure may have a syner- 

istic effect for chronic TM perforation. This synergy likely stems 

rom the nanostructure’s ability to guide cell orientation and role 

f IGFBP2 in stem cell activation, though the exact mechanisms 

equire further investigation. By integrating these approaches, we 

ay be able to develop more effective strategies for TM regenera- 

ion, potentially improving outcomes for patients with chronic TM 

erforations. 

. Conclusion 

The objective of this study was to produce nanofibrous patches 

apable of releasing growth factors, aiming to address chronic per- 

orations of the TM. Their radial alignment and their potential for 

rowth factor release were verified via a characterization analy- 

is. In the initial experiment, functional regeneration of the TM 

as prompted by radially aligned patterns in conjunction with 

GFBP2, as opposed to randomly aligned patterns. This approach 

olds promise as an effective strategy for the restoration of chronic 

M perforations and, in the long run, for the healing of chronic oti- 

is media. 
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