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Tympanic membrane perforations are due to common otologic problems. The current treatments to heal tym-
panic membrane perforation, such as myringoplasty, have some disadvantages, including the need for autolo-
gous grafting, which is rapidly absorbed by the organism before perforation recovery is complete. To improve
the structural and functional tympanic membrane healing after surgery, we propose a new branch of artificial
grafts. In this study, we report the development of artificial grafts using electrospun bioabsorbable polymers.
Polymers such as poly (L-lactic acid) and poly (lactic-co-glycolic acid) acted as the scaffold for cell growth in a
co-culture of fibroblasts and keratinocytes. This co-culture promoted the growth of an epithelial-equivalent tis-
sue over the electrospun scaffold, which was used as an alternative graft in myringoplasty. The in vivo study was
performed in Sprague Dawley rats. Ear endoscopy was performed 30 days after surgery and showed that tym-
panic membrane perforations treated with artificial grafts healed naturally, completely and with the possibility
of maintaining their actual functionality. In conclusion, our study described a new artificial graft created specifi-
cally to fulfill the requirements of perforated tympanic membrane healing processes, which are compatibility,
proper durability and less intense side effects following myringoplasty.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Tympanic membrane (TM) perforation is a frequent pathology of
varied etiology; perforation can be traumatic, infectious or residual
from transtympanic drainage [1,2]. Audiological manifestations of a
tympanic perforation may include conductive hearing loss with, tinni-
tus, ear fullness and otorrhea may also occur [3,4]. The location and
size of the perforation and the frequency of hypoacusis (partial hearing
loss) generally depend on the infectious agent and the severity of the
condition; and hearing loss is a dependent variable of tympanic perfora-
tion chronicity [5].

Tympanic membrane treatment aims to heal perforations of the tym-
panic tissue to eradicate thedisease, restore the tympanic aeration, recon-
struct the sound-transformer mechanism and create a dry, self-cleaning
cavity [6].Many procedures andmaterials have been used to attempt clo-
sure of tympanic perforations. The literature has focused on twomajor re-
search themes. The first includes the healing of perforations through new
polymermatrices that promote support and serve as a guide for tissue re-
generation, usingmyringoplasty surgery [3,4]. The second aims to induce
cell proliferation and migration using mitogen (growth modulating
factors) or inducers of blood flow (hemorrheologic agents) [1,7,8]. Cur-
rently, myringoplasty or tympanoplasty is the most accepted method.
However, relapses are observed in up to 30% of cases [9].

In 1878, Berthold [10] introduced the termmyringoplasty to describe
the use of a free skin graft to close a perforation. The creators of the cur-
rent myringoplasty procedure are Zöllner and Wülstein [11], who pro-
posed a classification of surgical procedures based on the location of
the graft related to auditory ossicles or the windows of the cochlea. In
1960, Hermann described the use of autologous temporalis fascia grafts
to treat tympanic membrane perforation [12,13]. At this time, Goodhill
used tragus perichondrium to achieve similar results [14,15]. In 1964,
Salen [16] was the first to use nasal septum cartilage as graft material.
In 2009, Uçar and Kazkayasi [17] used perichondrium from the nasal
septum to repair tympanic membrane perforation. The characteristics
and the ease of handling of these grafts meant that the materials are
still the most frequently used to repair tympanic defects. However, nu-
merous techniques have been described; the search for the best results
continues, from both an anatomical and a functional perspective.

Classical myringoplasty using autologous grafts has certain disad-
vantages. Themost important disadvantages are as follows: the self-im-
planted tissue has a short lifespan, which may be insufficient to allow
complete tympanic regeneration, and serves exclusively as a support
to the new cells that may develop over the graft, since the fascia tissue
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does not growby itself; the need to extract tissues from thepatient; and,
in general, hearing is not sufficiently recovered in 40% of cases [18]. In-
sufficient auditory recovery is likely due to the abnormal process of
tympanic membrane healing and injury to the ossicles, which are locat-
ed just underneath where healing occurs.

In recent years, major advances in tissue engineering and regenera-
tive medicine have facilitated the search for new biocompatible and
bioabsorbable materials, the so called polymeric scaffolds for cell
growth [19–21]. This materials developed in laboratories can be used
in the reconstruction of bone defects, in the repair of organs
affected by disease, and can replace animal tissues used in in vivo testing
[22–25]. This new category of materials could find an important
application in classicmyringoplasty as a better alternative to autologous
grafting, once it is possible to recreate all layers that constitute the real
tympanic membrane, allowing appropriate functional and anatomical
results of the regenerated tympanic membrane.

In tissue engineering, polymeric grafts mimic the extracellular ma-
trix of the tissue on demand, promoting adhesion, cell growth and pro-
liferation. The advantages of these new polymeric grafts are as follows:
longevity, which allows for better tympanic regeneration; less inflam-
matory reactions; elimination of the need to extract patient's tissue to
serve as a graft; the facilitation of shorter and simpler interventions
that can be performed in a clinic or physician's office; and a structure
more similar to natural tympanicmembrane,which can improve the re-
covery of hearing loss.

Teh et al. [26] studied different scaffolds for tympanic membrane re-
generation in rats, such as silk fibroin scaffold (SFS) and porcine-derived
acellular collagen type I/III scaffold (ACS), comparedwith two common-
ly used graftmaterials, paper patch andGelfoam. This study showed that
both SFS and ACS significantly accelerated acute tympanic membrane
wound healing and achieved hearing recovery from an early stage. In
contrast, paper patch and Gelfoam lost their scaffold function in the
early stages and showed an inflammatory response, which may have
contributed to delay in healing. Lee [27] also studied silk fibroin as a bio-
material and the results showed this material displays excellent long-
term degradation behavior, which could be an issue when rapid degra-
dation is required, such as for tympanic membrane recovery purposes.
Levin et al. [7] also investigated the growth of human tympanic mem-
brane keratinocytes on a scaffold composed of silkfibroin. The results in-
dicated that the biomaterial supported the growth and proliferation of
these keratinocytes and silk fibroin scaffolds may enable otological sur-
geons to successfully close chronic tympanic membrane perforations.

A nonsurgical alternative to treat perforated tympanic membrane
was studied by Seonwoo et al. [28]. They used an EGF-releasing chitosan
patch for the regeneration of chronic tympanic membrane perforation.
Although EGF-CPSs enhanced cell viability and the healing rate of
chronic TM perforations compared to spontaneous healing, the healing
rate of the EGF-CPSmethod did not reach those of surgical methods. For
this reason, they concluded the treatment could beused for patients suf-
fering less severe chronic tympanic membrane perforations with sizes
up to 50% of tympanic membrane. Hence, there is a constant search
for better materials to achieve improved healing and hearing.

To fulfill the requirements for tissue regeneration, we developed a
tissue-engineered device known as biograft. This biograft was based
on electrospun polymeric scaffolds used for cell growth and tissue dif-
ferentiation. The aim is to repair perforated tympanic membrane
through implantation of the biograft after tympanic membrane injury.
The healing process with the developed artificial graft is expected to
promote improved healing with fewer side effects after myringoplasty.

2. Materials and methods

2.1. Materials and cell sources

Poly (L-lactic acid) (PLLA; IV 3.2 dl/g, Mw 216,000 g/mol) and poly (lac-
tic-co-glycolic acid) 50:50 (PLGA; IV 1.0 dl/g, Mw 110,000 g/mol) were
supplied by PURAC (Netherlands). Chloroform and dimethylformamide
were supplied by Synth (Brazil).

The cell types studied were fibroblasts and keratinocytes. Both cells
were supplied by the Clinical Cytopathology Laboratory at the School of
Pharmaceutical Sciences at the University of São Paulo, Brazil.
Keratinocytes and fibroblasts were isolated from the foreskin of infants
and children up to 10 years who underwent circumcision surgery at the
University Hospital of the University of São Paulo (Brazil). The rules of
the local ethics committee, under registration n° CEP-HU/USP 943/09,
SISNEP CAAE 0062.0.198.000–9, were followed.
2.2. Methods

2.2.1. Polymeric scaffold preparation
PLLA, PLGA, andmixtures of PLLA and PLGA (at ratios of 75:25, 50:50,

and 25:75) were solubilized in chloroform under constant magnetic ag-
itation for 24 h. After complete solubilization, 10%of dimethylformamide
was added to a final concentration of 100 g/l.

The scaffolds were produced from non-woven mats of PLLA/PLGA
blends, obtained using electrospinning technique under the following
conditions: solution flow rate of 2 ml/min; applied voltage of 25 kV;
and capillary/collector distance of 15 cm. After electrospinning, the scaf-
fold was suitably packaged in a vacuum desiccator for complete solvent
evaporation. The resulting scaffolds were modeled according to the di-
mensions of the human tympanic membrane, or 8–10 mm in diameter
and 30–90 μm thick [18].

Differential scanning calorimetry (DSC) analyses were performed in
a TA Instruments DSC Q-10 calorimeter. DSC curves were typically ob-
tained by heating 5–10 mg of material (10 °C/min) from −20 to
200 °C. This was followed by cooling (20 °C/min) and heating (10 °C/
min) in a N2 atmosphere with a flow rate of 50 ml/min. The second
heating curve was used for characterization.

The degradation testswere performed in vitro according to the inter-
national standard ISO 13781: “Poly(L-lactide) resins and fabricated
forms for surgical implants – In vitro degradation testing”. The mem-
branes were analyzed after incubation periods of 2, 4, 8, 10, and
12 weeks in phosphate buffered saline solution at 37 °C and pH 7.4.
Size exclusion chromatography (SEC) and scanning electron microsco-
py (SEM)were used to analyze the degradation ofmembranes. Samples
of dried membranes were used for the tests. Measurements ofMn, Mw,
and the polydispersity index (PDI) were performed using a Malvern/
Viscotek GPC system composed by GPCmax and TDA-305-040 modules
fitted with the three Viscotek T6000 M columns. The mobile phase was
chloroform with a flow rate of 0.5 ml/min.

The surface energy of the thin spin coated films was determined by
means of the contact angle measurements by applying the sessile drop
method. Milli-Q water and diiodomethane (Sigma) were used for the
liquid tests (drops of 10 μl). Hysteresis of contact angle (Δθ) was deter-
minedbymeasuring the advancing (θA) and receding (θR) contact angles
with water drops of 10 and 5 μl, respectively. Contact angle values were
evaluated using the public domain software program ImageJ 1.49 k.
Spin-coated films (Headway PWM32-OS-RT90 spin coater) prepared
from membranes solutions (10 mg/ml) in chloroform were deposited
on Si/SiO2wafers (1 cm2) at 3000 rpm. Film thicknessesweremonitored
by ellipsometry (Ratzeburg DRE-EL02) using a He\\Ne laser (632.8 nm)
at an incidence angle of 70°. The refractive index was considered to be
constant (η=1.465), and the deposited filmwas uniform and isotropic.

For in vitro and in vivo studies, themembraneswere sterilized by im-
mersion in 70% ethanol for 24 h. This was followed by UV-C irradiation
for 20 min on each side.

To verify mechanical properties of the polymeric blend, tensile tests
were carried out in a Stable Micro systems texture analyzer, Model: TA-
HD-Plus, test speed of 1 mm/s, with a cell load of 50 Kg. The specimen
dimensions used in the test were 5 cm in length, 3 cm in width and
300 μm in thickness. The test was repeated 10 times.
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2.2.2. In vitro studies
Fibroblasts and keratinocytes were grown in a cell culture incubator

at 37 °C in a 24-well plate containing normal growth medium specific
for each lineage. Cells were maintained in CO2 atmosphere, which was
suitable for maintaining a pH close to the physiological value.
Keratinocyte cultures were maintained in atmosphere of 7.5% CO2 in
KGM Gold BulletKit medium (KBM-Gold Keratinocyte Basal Medium -
Gold without Ca, Lonza) supplemented with KGM-Gold SingleQuot Kit
(Lonza) plus isoproterenol 10–6M (Sigma) [29]. Fibroblastsweremain-
tained in DMEM (Gibco) supplemented with 10% fetal bovine serum
(Gibco) and antibiotics (100 U/ml ampicillin and 100 g/ml of strepto-
mycin - LifeTechnologies). The fibroblast cell culture was maintained
in a humidified atmosphere containing 5% CO2. Cells were subcultivated
when approximately 80% of the saturation density was reached.
Subcultivation was carried out using 0.1% trypsin in PBS (phosphate
buffered saline containing 1 mM EDTA - ethylene diamine tetra-acetic
acid); the cell culturewas always prewashedwith the same buffer solu-
tion. Cell stocks were maintained in culture medium containing the
cryoprotectant DMSO (dimethyl sulfoxide) up to 8% at−196 °C in a res-
ervoir containing liquid nitrogen.

2.2.2.1. Epidermis production. The electrospun membranes were
modeled to be similar in shape to the tympanic membrane with
10 mm in diameter. The electrospun membranes were sterilized with
70% ethanol for 24 h and irradiated with UV-C light (according to item
2.2.1). After sterilization, the membranes were fixed in a transwell per-
meable support, which was placed in a 12-well plate and soaked with
DMEM for 48 h to complete hydration, to be used as a scaffold for cell
culture.

The cell culture was divided into the following two phases: (i) the
construction of a dermal-equivalent layer through fibroblast culture,
followed by (ii) the construction of an epidermal-equivalent layer on
top via keratinocyte seeding and culture. For the production of a der-
mal-equivalent layer, 105 fibroblasts were seeded on the surface of the
polymeric membrane in D-10 medium (DMEM with 10% fetal bovine
serum, FBS) and incubated at 37 °C in a 5% CO2 atmosphere. After
24 h, 2.5 × 105 keratinocytes were seeded on top of the dermal equiva-
lent for the production of the epidermis equivalent. Keratinocytes were
seeded in a 1:1mixture of keratinocyte cultivationmediumand raftme-
dium (a special medium to promote the stratification of the epidermis)
and incubated at 37 °C in 5% CO2 [29]. After 24 h of keratinocyte adhe-
sion, the transwell containing the cultivatedmembranewas transferred
to a deepwell plate and maintained at an air-liquid interface containing
Raft medium for 12 days. The raft medium and the air-liquid interface
stimulate stratification and tissue formation.

The RAFT medium used for maintaining the epidermal equivalent is
composed of DMEM andHam F12medium in a 3:1 ratio. The Raft medi-
um also contains 10% FBS supplemented with choleric toxin (10.1 nM),
insulin (5 μg/ml), apo-transferrin (5 μg/ml), hydrocortisone-21
hemisuccinate (0.4 μg/ml) and epidermal growth factor (0.5 ng/ml).

After 12 days of culture in Raft medium, the membranes were re-
moved and fixed in buffered formalin (10% formaldehyde in buffer) at
4 °C for 1 h. Membranes were then sent for histological processing.

For the histological analyses, the samples were dehydrated in etha-
nol (via increasing concentrations), cleared by xylene, and impregnated
and embedded in blocks of histological paraffin. The blockswere cut in a
microtome (American Optical Corporation, model 820) set to 5 mμ. The
sections were stained with hematoxylin-eosin (HE). An optical micro-
scope coupled to a camera was used to examine the sections.

2.2.2.2. Immunohistochemistry for CK10 and CK14. Immunohistochemical
assays were performed to verify that the differentiation of reconstruct-
ed epidermis on the polymermembranemimicked the human tympan-
ic membrane. Samples were analyzed with markers of cellular
differentiation. The antibody anti-keratin 10 (CK10 - clone VIK-10
Abcam code ab1421) is reactive to stratified and highly differentiated
epithelium, and the anti-keratin 14 antibody (CK14 - Abcam code
ab7800 clone LL002) is responsive to the proliferation and stratification
of the basal layer of the epithelium [29]. The antibodieswere used in the
final dilution v/v as follows: Anti-cytokeratin 10 in 1:150; and Anti-
cytokeratin 14 in 1:300.

2.2.2.3. Immunohistochemistry for Ki-67. Sections of 4 μm of the recon-
structed epidermis on the polymer membrane were collected on
silanized glass. Antigen retrieval was achieved using a decloaker for
20min. Afterwashing, the slideswere blockedwith 3% hydrogen perox-
ide inmethanol for 10min followed by 3% bovine serum albumin (BSA)
in PBS for 1 h at room temperature. Slides were then incubated with
rabbit polyclonal anti-Ki-67 antibody (#ab15580, ABCAM, CA, USA) at
a 1:100 dilution in 1% BSA in PBS and incubated overnight at 4 °C.
After washing with PBS, the slides were incubated for 1 h at room tem-
perature with goat anti-rabbit IgG-HRP antibody (Santa Cruz Biotech-
nology, CA, USA) diluted 1:200 in 1% BSA in PBS. Chromogen colour
development was carried out with 3.3′-diaminobenzidine tetrahydro-
chloride, slides were counterstained with Harris's hematoxylin. Nega-
tive control was performed by omitting the primary antibody
incubation step.

2.2.2.4. Cytotoxicity assay. To evaluate the cytotoxic effect of polymer
degradation products, the D-10 medium (D-MEM supplemented with
10% FBS) used in cell culture was previously aged, being kept in contact
with the electrospun polymeric membrane for 35 days at 37 °C and 5%
CO2. Then, fibroblasts were seeded in 24-well plates (3 × 105 cells per
well) and maintained in the aged D-10 medium. The objective of
using an aged D-10mediumwas to verify any harmful product possibly
released by the electrospunmembrane degradation. Cell viability assays
were performed 24 h after culturing. Fibroblasts were also seeded in
normal D-10 medium as control. Trypan Blue exclusion test for cell via-
bility determination was used and the experiment was performed in
triplicate.

2.2.3. In vivo studies
Every surgical procedure was performed according to the ethical

principles of animal experimentation adopted by the National Coun-
cil for the Control of Animal Experimentation (CONCEA) and was ap-
proved by the Ethics Committee on Animal Use (CEUA) at the
Institute of Chemistry at the University of São Paulo with certificate
number 12/2013. During all surgical procedures, including aseptic
ear and control inspections, the animals were sedated by intramus-
cular injection of acepromazine (1 ml/kg of the animal), ketamine
(0.6 ml/kg) and xylazine (0.5 ml/kg). Acepromazine is a pre-anes-
thetic that was administered 10 min before the administration of ke-
tamine and xylazine.

The fifteen adult male rats (n = 15) selected for the experiments
were of the same lineage (Sprague Dawley) and bred in the vivarium
of the Institute of Chemistry of the University of São Paulo. Rats were
randomly divided into three groups. For the control group (group 1),
only the plain polymer membrane without cell culture was implanted.
In the second group (group 2), the electrospun membrane construct
with epidermal-equivalent tissue was implanted. In the third group
(group 3), the electrospunmembrane construct with epithelial-equiva-
lent tissue was implanted. All rats were observed in separate cages with
free access to food and water throughout the experiment.

Otologic surgical techniques were performed in two consecutive
steps in the same surgical intervention. First, a traumatic and subtotal
iatrogenic myringotomy (a tympanic perforation caused intentionally
that is greater than 40% of the size of the intact tympanic membrane)
was performed in both ears. Perforation was performed using a cold
otologic surgical knife under an optical microscope. After the bilateral
myringotomy, a transcanal myringoplasty was performed on the right
ear according to the classification of Wülstein [11]. The artificial grafts
were implanted in the right ear to recover the perforated tympanic
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membrane. The left ear was left without myringoplasty treatment and
healed spontaneously as a comparative healing control. Inspection of
the perforated tympanic membrane of each animal was performed
30 days after the operation. The control was carried out in an otologic
otoscope coupled to a computer for image capture.

After the recovered, tympanic membrane were inspected, the ani-
mals were sacrificed in a CO2 atmosphere with a flow rate of 7 l/m.
After the deaths were verified, animals were decapitated. Both external
ears were separated on the osteocartilaginous junction, and the tym-
panic membrane was fixed in 10% buffered formalin for 12 h. After fix-
ation, the specimenswere dehydrated in an increasing ethanol gradient.
The removed tissue was embedded in histological paraffin and cut into
horizontal sections with thicknesses varying from 4 to 6 μm. Each sec-
tion was stained with hematoxylin-eosin and examined under a light
microscope coupled to a computer system for image analysis.

3. Results and discussion

The complete study was divided into the following three stages: the
production of the polymeric scaffold, the in vitro stage and the in vivo
stage. The scaffold was produced using an electrospinning technique. In
the in vitro stage, epithelial-equivalent tissue was produced on the poly-
meric scaffold to compose the artificial graft. The in vivo stage consisted
of the surgical procedure for the implantation of the artificial graft. The
artificial graft was implanted in the rats for tympanic regeneration, and
posterior histological studies of the regenerated tissue were performed.

3.1. Polymer scaffold preparation and characterization

The main purpose of the polymers used in this study was to provide
support and guidance for epithelial-equivalent tissue growth when im-
planted in humans to repair tympanic membrane perforations. There-
fore, the proper choice of material can determine the success of the
tympanic recovery. Materials with short degradation times may be
reabsorbed by the body before the closure of the perforation. Long-
lived materials can remain in the region after tympanic healing,
undermining the recovery of hearing.

The polymers were selected based on their durability against
degradation processes simulated in the laboratory. The polymers
chosen for testing were PLLA and PLGA, which are all approved by
the USFDA (Food and Drug Administration) due to their biodegrad-
ability and biocompatibility. These polymers were subjected to bio-
degradability tests according to the international standard ISO
13781; scaffolds were analyzed after incubation of 12 days (period
needed for epidermis production to be complete) in phosphate buff-
ered saline solution at 37 °C. The mass loss measured by chromatog-
raphy after 12 days of analysis were 7% for PLLA, 72% for PLGA. It is
known that PLLA has a durability that may extend from 6 months
to 2 years; this is due to its semi-crystalline structure, which explains
its lowmass loss. PLGA, being completely amorphous, had low dura-
bility and higher rate of mass loss [30].

According to these observations, the best electrospun membrane to
fulfill our requirements would be a membrane with an intermediate
degradation behavior between PLLA and PLGA. For this reason, poly-
mers blends were produced by solvent casting in the following propor-
tions: PLLA/PLGA in ratios of 25:75, 50:50, and 75:25. It was, therefore,
possible to find intermediate degradation behavior between the two
polymers to adjust the requirements of the biograft.

To verify the durability of different blends, the membranes were im-
mersed in buffer solution (PBS) at pH7.4 andmaintained at 37 °C for 2, 4,
8, 10, and 12 weeks, according to the international standard ISO 13781.
Before the degradation tests, the electrospun scaffold presentedmolecu-
lar weight and PDI values that were intermediate of the ones measured
for PLLA (Mw = 216.000 g/mol, PDI = 1.3) and PLGA (Mw =
110.000 g/mol, PDI= 2.3). The apparent molecular weight of the blends
were determined as Mw = 170.000 g/mol, PDI = 2.2 for 75:25, Mw =
150.000 g/mol, PDI = 3.2 for 50:50 and Mw = 110.000 g/mol, PDI =
3.4 for 25:75. By comparing the SEC traces of the scaffolds before the
degradation assays (Supporting Information, Fig. 1Sa, b, c) with those
of the corresponding solutions immediately before electrospinning
(Supporting Information, Figure 1Sd), it was possible to observe the oc-
currence of low molecular weight populations (~3000–5000 g/mol) in
the electrospun scaffold. These findings indicate that the electrospinning
process might induce some degradation during membrane preparation.
SEC measurements of the blended scaffolds submitted to degradation
clearly demonstrated an increase in the degradation profiles (Supporting
Information, Figure 1Sa, b, c), which was related to the PLGA content
added to the blend. An increase in low molecular weight populations
(~3000–5000 g/mol) was observed after longer degradation periods, re-
gardless of the ratio of the polymers in the membranes. The molecular
weight decrease obtained by SEC after 10 weeks for PLLA/PLGA scaffolds
at 75:25, 50:50, and 25:75 ratios was 33, 23 and 29%, respectively (final
apparentMw of 113,000 g/mol, 115,000 g/mol and 78,000 g/mol, respec-
tively). This polymer blend data showed intermediate degradation be-
havior compared to the original polymers, since the molecular weight
was reduced with the mixture of a less dense polymer (PLGA). These
findings indicate the major advantage of the proposed scaffold, which
is the ability tomanipulate de degradation time required for the implant-
able device through the correct blending of PLLA and PLGA. By the cor-
rect match, the degradation process of the polymeric scaffold can be
speeded up or slowed down from months to weeks, as it is required
for tympanic perforation treatments. As currently, the biomaterials
used for tympanic perforation treatments are reabsorbed by the
human body before perforation is restored, hindering the recovery pro-
cess; the possibility to manipulate the degradation time of implantable
biomaterials is a great step to successfully repair damaged tissues.

The evaluation of surface energy can supplement the characteriza-
tion of PLLA:PLGA blends, once the balance between hydrophilic and hy-
drophobic interactions drives cell adhesion. The surface tension of a solid
surface can be indirectly estimated from contact angle measurements
and allows the prediction of wettability and other properties related to
the surface of polymer mixtures [31]. The surface energy of spin-coated
films from electrospun membranes is presented in Table 1. By applying
the advancing contact angle measurements using water and
diiodomethane as liquid tests, it is possible to evaluate the polar (γs

p)
and dispersive (γs

d) components to the surface tension of a solid surface
(γs), according toWu's harmonicmeanmethod [32,33]. The spin-coated
films presented thicknesses in the range of 300–500 nmand surface ten-
sion values around 51mN/m;both results between the ones determined
for the spin-coated films of pure PLLA or PLGA at the same concentration
(Table 1). Previouswork reported the samemethodology to characterize
PLLA electrospunfibers and foundvalues of 76.3° forwater on PLLAfilms
obtained by casting. The contact angle values determined for pure PLLA
films were in the range of 80° and agree with literature [34]. The sessile
dropmethodwas chosen in the sense that itmay not give us the real sur-
face tension values for the electrospunfibers, however it help us to verify
the miscibility in the electrospun blends and compare their surface
properties in general. Additional information about PLLA and PLGA ther-
mal properties can be found in Supporting Information.

To finally decide which blend would be suitable for implantable de-
vices, all polymer blends were subjected to an incubation, in which the
samples, in their final form, were immersed in PBS solution and kept in
humidified atmosphere containing 5% CO2 at 37 °C for 12 days (time re-
quired for production of epithelial tissue). The durability of each blend
can be seen in Fig. 1.

As presented in Fig. 1a, the blend of PLLA/PLGA 75:25 remained un-
changed over the period due low wettability and degradability. On the
other end, the blend PLLA/PLGS 25:75 presented high degradation,
showing erosion after 12 days, precluding its use. The polymer blend
of PLLA/PLGA 50:50, showed in Fig. 1b, presented good durability,



Table 1
Advancing contact angle, surface energy measurements, and thermal properties of electrospun membranes.

Sample θA (°) Surface energy (mN/m) Thermal properties

H2O CH2I2 γs γs
p γs

d Tg (°C) Tc (°C) Tm (°C)

PLLA 80 ± 1 32 ± 2 51 ± 1 8 ± 1 44 ± 1 62.3 n.o.a 180.9
PLLA:PLGA (75:25) 79 ± 4 36 ± 2 50 ± 2 8 ± 2 41 ± 1 62.7 105.1 179.2
PLLA:PLGA (50:50) 79 ± 1 34 ± 2 51 ± 1 8 ± 1 43 ± 1 48.3 105.9 178.3
PLLA:PLGA (25:75) 82 ± 2 32 ± 1 50 ± 1 7 ± 1 44 ± 1 42.6 104.2 176.2
PLGA 80 ± 1 28 ± 2 53 ± 1 8 ± 1 45 ± 1 47.2 n.o.a n.o.a

a n.o. not observed.
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with the advantage of better hydration when compared to Fig. 1a, de-
noted by the translucence of the sample.

To complement the results, the mechanical properties of the
electrospun mat of polymer blend 50:50 were evaluated via tensile
test. The ultimate tensile strength was measured as 1.3 ± 0.3 N and
Young's modulus was 0.08 MPa, which means the biograft is a very
soft material that could be easily deformed according to the anatomical
needs of each patient. Surgically, there are two advances: first, a more
flexible graft will help surgeon to conduct adjustment to anatomic
anomalies that are quite frequent inside the external canal. And second,
when it is refereed to soundmechanism of conductance, more elasticity
represents better sound transmission through solid materials [6]. The
Young's modulus of a human TM strip specimen was reported as 10–
20 MPa. Some of these property values are often used as input to
model sound transmission and hearing sensitivity in middle ear [35].

After characterization, the 50:50 blend of PLGA/PLLA showed the
durability required for producing epithelial-equivalent tissue, which is
at least 12 days. Thismembrane showed goodwettability in cultureme-
dium and allowed the medium to pass through its pores for the trans-
port of nutrients necessary for cell growth. For this reason, the 50:50
blend of PLGA/PLLA was chosen for further experiments.

3.2. In vitro studies

3.2.1. Epidermis production
The aim of this study was to build a biocompatible and

bioabsorbable device that resembles a human tympanic membrane,
consisting of 3 layers (skin, fibrous tissue and mucosa), to be implanted
as an artificial graft for the recovery of tympanicmembrane perforation.

For this purpose, fibroblasts and keratinocytes were seeded on the
surface of electrospun polymeric membranes for the production of an
epithelial equivalent tissue similar to that found in human tympanic
membrane. After epithelial equivalent tissues were produced on
electrospun membranes, the products were histologically evaluated to
Fig. 1. Durability and wettability study of electrospun polymer blends of PLLA/PLGA. Electro
containing 5% CO2 at 37 °C.
verify the interaction between the cells and themembrane. Cell cultures
were also compared to samples of human tympanicmembrane. The im-
ages obtained after stainingwith hematoxylin-eosin are shown in Fig. 2.

The morphology analysis revealed good interaction between the
cells and the polymer scaffold, indicating good adhesion and cell prolif-
eration. Fig. 2a and b show isolated cultures of fibroblasts and
keratinocytes, respectively, on electrospun membranes. Fibroblasts
interacted well with the membrane; the migratory capacity of these
cells was demonstrated by the invasion of the porous structure, as ex-
pected for this cell type. Keratinocytes alone showed excellent adapta-
tion and proliferation capacity. Even in isolated culture, it was possible
to observe stratification up to two layers of cells; such stratification oc-
curs in native human epithelium.

When a co-culture of fibroblasts and keratinocyteswas performed, a
synergy between cells occurred, showing both cell types together can
develop and proliferate in a coordinated manner (Fig. 2c). Fibroblasts
provided growth factors that controlled keratinocyte proliferation and
differentiation and promoted stratification of the epithelium up to five
cell layers. Fibroblasts maintained their migratory capacity through
the membrane, providing a base for the anchoring and proliferation of
keratinocytes. Among the laminated layers of keratinocytes, we noted
a clear formation of the outer extract; the corneum layer is rich in kera-
tin, indicating a complete differentiation of the epithelial equivalent tis-
sue. The photomicrographs in Fig. 2b and c also show healthy cells with
abundant cytoplasm and no vacuolization. A native human tympanic
membrane (Fig. 2d) was used for comparison with the model devel-
oped in the laboratory (Fig. 2c). Both, mammals and artificial tympanic
membrane showed a very similar epithelial layering. On the top of the
human tympanic membrane there is a very large population of
keratinocytes, while the fibroblasts are spread right below, within the
tympanic fibrous layer [36]. The same cell distribution is found for the
electrospun biomaterial, in which the keratinocytes are verywell differ-
entiated on the top layer, while the fibroblasts migrated to the
electrospun scaffold mimicking the tympanic membrane fibrous layer.
spun mats were incubated for 12 days in PBS solution under a humidified atmosphere



Fig. 2. Photomicrographs of cell cultures stainedwith HE at 20×magnification, scale bar of 25 μm, as follows: (a) a culture of fibroblasts on the electrospunmembrane: cells are colored as
red spots inserted in the polymer fibermat, seen as faint gray lines; (b) a culture of keratinocytes on the electrospunmembrane: likewise, cells are red colored on top of the polymer fiber
mat; (c) a co-culture of fibroblasts and keratinocytes on the electrospun membrane: fibroblasts are dark spots inserted in the polymer mat (yellowish lower layer) and keratinocytes
remain on top layer; (d) human tympanic membrane; (e) a culture of keratinocytes on a transwell; (f) a culture of fibroblasts and keratinocytes on a transwell showing low efficiency
of stratification.

Fig. 3. Immunohistochemistry for Ki-67 of the artificial biograft, a co-culture of fibroblasts
and keratinocytes grown on the polymeric blend PLLA/PLGA 50:50.
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To evaluate the influence of the polymeric scaffold in the develop-
ment of the epithelial-equivalent tissue, a culturing was performed di-
rectly in a transwell support, without the polymeric scaffold, for later
comparison to cultures performed on scaffolds. The results are shown
in Fig. 2e and f, and they represent cell cultures of fibroblast and
keratinocytes, respectively, seeded directly on the transwell; cell adhe-
sionwith low stratification efficiencywas observed, indicating the pres-
ence of a scaffold is required for properly cell adhesion and growth. The
production of an epithelial-equivalent tissue on the polymeric scaffold
was enhanced when compared to the transwell culture. This finding in-
dicates that the electrospun membrane offered a better scaffold for the
anchoring of cells. In addition, this scaffold provided a porous three-di-
mensional structure; this facilitated cell migration, the flow of nutrients
from the culturemedium and the flow of growth factors released by the
fibroblasts to developing cells.

Analysis on cell proliferation were conducted through immunohis-
tochemistry for Ki-67. Fig. 3 is depicting the proliferative cells into the
polymer both keratinocytes and fibroblasts (positive brown cell to
KI67).Moreover, cells arewell attached to thepolymer, and it is possible
also to observe the bright polymer fibers based on the birefringence of
them. A fibroblast monolayer seeded on the polymer had offered a
proper supporting the adhesion and differentiation of the keratinocyte.
It is also possible to observe that keratinocytes are organized in strati-
fied layers and are generating at least 5 cell layers, including a corneum
strata (fibers on the top).

Unfortunately, the ECMproteins that are secreted by the cells are not
easily analyzed probably for the low concentration that cells are secret-
ing, however it is possible to see the polymer fibers.

TrypanBlue cell viability testswere performed to confirm thebenign
character of the membrane degradation products. The cell death rate
was calculated using the Trypan Blue exclusion test. The results are pre-
sented in Fig. 4. The cytotoxicity assay revealed a 20% reduction in the
total number of cells when the culture medium used was first aged,
being kept in contact with the electrospun scaffold for 35 days. This re-
duction is likely due to a local drop in pH caused by the high concentra-
tion of L-lactic acid and glycolic acid formed during the degradation of
themembrane; this change in pH likely results in a decrease in cell pro-
liferation. However, a death rate of 50% was not reached for this condi-
tion; therefore, it cannot be considered a toxic process. Considering that
human body is a dynamic physiological system that is constantly re-
stored, degradation products from the polymeric scaffold will be gradu-
ally resorbed without damage to cell proliferation and differentiation.
These results are in agreement with all studies of biocompatibility of
PLLA and PLGA, being these two degradable polyesters the predominant
medical product for bioabsorbable sutures [37].

To date, complete studies on the degradation and absorption of bio-
materials used in tissue engineering andmedicine regenerative are rare.
This study shows the polymeric scaffold presents no harmful products
while degrading,which it is amatter of safetywhen considering absorb-
able biomaterials. Such informationmakes the artificial graft proposed a
suitable candidate for implantable device, because the products from



Fig. 4. Cytotoxicity test for cells cultured 24 hs in a medium aged for 35 days with
polymeric electrospun membrane, using Trypan blue exclusion measurements. Normal
D-10 medium was used as control.
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the polymeric scaffold degradation, which are L-lactic acid and glycolic
acid, are well known by human body metabolism being adsorbed and
metabolized after tympanic membrane regeneration. This is an advan-
tage when comparing to other biomaterials used as scaffolds to support
the regeneration of tympanic membrane, including Gelfoam (device
prepared from purified porcine skin gelatin), paper patch, and
hyaluronic acid derivatives [26,38,39]. However, their biomechanical
properties are non-optimal to the normal tympanic membrane, which
may affect the long-term hearing function, being unsuitable for various
types of perforation [40]. In addition to an inconsistent healing process,
Gelfoam®presents no supportive effect at the regrowth of the tympanic
membrane [41]. Currently, the use of Gelfoam® in the middle ear is
avoided in view of a high probability for chronic inflammation, follow-
ing hearing impairment. Paper patch has no clear benefits in
tympanoplasty, with healing rates at about 50%, compared to 80%
when using normal temporal fascia [42]. Hyaluronic acid derivatives
present about 80% of healing, results similar of the normal temporal fas-
cia [43].
Table 2
Status of rat tympanic membrane (TM) after 30 days of surgery (otoscopic data).

Animal
Group

Number of
animals studied

Left TM Right TM

Total
recovery

Partial
recovery

Total
recovery

Partial
recovery

1 5 3 2 5 0
2 5 1 4 5 0
3 5 4 2 5 0
3.3. In vivo studies

The in vitro study demonstrated that polymeric scaffolds do not
cause adverse effects on the cell type studied. Therefore, they can be
used for implantable devices. The combination of fibroblasts and
keratinocytes performed well in the reconstruction of an epithelial-
equivalent tissue; these cells acted synergistically to promote differenti-
ation and the stratification of an epidermal equivalent. This construct
was studied in vivo through myringoplasty performed on the right ear
of adult male rats as a strategy for the recovery of perforated tympanic
membranes. The experiment was performed with 15 rats divided into
3 groups (5 each) as described in Section 2.2.3.

The time for post-operative recovery was set at 4 weeks. The period
of recovery for chronic tympanic perforation in rodents is undefined
among researchers. Some authors define the period to close tympanic
perforations in chinchillas as 6 weeks [22]. Studies by Maria et al. insist
that tympanic perforation persists for 8 weeks after chronic interven-
tion in rats [44]. Regardless, the aim of this study was to compare the
spontaneous regeneration of iatrogenic perforated tympanicmembrane
in rats to the regeneration of tympanic membranes with epithelial
equivalent implants. Therefore, the morphological examination of re-
generated tissue was carried out over 4 weeks. The rats were sacrificed,
and the new tympanic membranes were removed and processed for
histological analysis. Table 2 summarizes the status of each rat 30 days
after surgery.

According to Table 2, 46% of the tympanic membranes that received
no implant to assist recovery remained partially perforated. However,
the tympanic membranes treated with different implants had 100% re-
covery. This already indicates that electrospun scaffolds covered with
the epithelial-equivalent tissue have a positive influence on the regen-
eration of perforated tympanic membranes.

Fig. 5a,b show images from ear endoscopes performed before and
after tympanic perforation, respectively. Fig. 5c,d,e,f,g,f show the pic-
tures from ear endoscopies performed 4 weeks after surgery.

We observed initially that all of the perforated membranes used as
control, which received no implants (Fig. 5c,e,g), showed uneven and
partial healing. In the first example, observed in Fig. 5c, the membrane
was extremely brittle and macroscopically monomeric (apparently
with only one layer of the three existing layers within the tympanic
membrane - mucus, epithelial and fibrous); the tympanic membrane
also had a high chance of reperforation, which suggests a long-term
risk of failure. In the second group of rats, observed in Fig. 5e, an intense
granulationwas observed in the perforation area alongwith a thickened
and possibly dysfunctional tympanic membrane; such findings suggest
that the sound transmission system is hindered. In the third group, ob-
served in Fig. 5g, intense tympanosclerosis (intramembrane calcareous
scarring)was evident; such scarring suggests anarchic and uncontrolled
healing, with major damage to tympanic membrane functionality. In
general, large tympanosclerosis processes affect hearing and results in
diminished function.

In cases where a biograft implant was applied (with epithelial-
equivalent tissue), the macroscopic results were considerably better
(Fig. 5d,f,h). We noted no evident tympanosclerosis or granulation on
the site of the perforation, whichmeans healing was uniform and accu-
rate. In Fig. 5d, where the electrospun membrane was used as a graft;
we noted a more natural, filled and not monomeric membrane with a
high possibility that functionality was maintained. Fig. 5f, where the
epidermal-equivalent device was implanted, revealed an absence of in-
flammatory responses harmful to tympanic membrane functionality
and some vascularity. In Fig. 4h, where the epithelial-equivalent device
was implanted, the macroscopic structure of the recovered tympanic
membrane is completely normal and does not differ from a native tym-
panicmembrane. It is also evident that tympanicmembranes recovered
with artificial graft stimuli healed macroscopically better, without ap-
parent reaction processes, such as granulation, partial perforations or
tympanosclerosis.

Fig. 6 shows histologicalmicrographs taken from recovered tympan-
ic membranes removed after in vivo studies. Fig. 6a,c,e show spontane-
ously regenerated membranes after perforation, and Fig. 6b,d,f show
regeneration after of membranes after implantation of epithelial-equiv-
alent biografts. Comparatively, therewas an improvement in the quality
of tissues formed after biograft implantation. This improvement means
increased tissue volume, with an increased number of cells and strati-
fied layers; the regenerated tympanic membrane was also more uni-
form, and irregular cell agglomerates were reduced.

The perforations that healed spontaneouslywithout any biograft im-
plantation, as observed in Fig. 6a,c,e, presented an irregular and less
abundant tissue than the tissue formed by the biograft stimuli. This
was also observed during the final surgery; tissues that had healed



Fig. 5. Photos from ear endoscopies: a) Intact tympanic membrane (TM); b) Perforated TM; Photo from ear endoscopies of new TM after recovery: c) rat from group 1: spontaneous
regeneration of the left TM; d) rat from group 1: regeneration of the right TM with electrospun membrane implant; e) rat from group 2: spontaneous regeneration of the left TM; f)
rat from group 2: regeneration of the right TM after implantation with electrospun membrane construct with epidermal equivalent; g) rat from group 3: spontaneous regeneration of
the left TM; h) rat from group 3: regeneration of the right TM after implantation with electrospun membrane construct with epithelial equivalent tissue.
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spontaneously presented with inferior thickness and increased fragility
during handling. This is most likely due to the fact that 3 layers of tym-
panic tissue (mucous, fibrous and epithelial layers) were not regenerat-
ed properly. It is possible that only the epidermal layerwas regenerated.
Fig. 6f shows a new tympanic membrane formed after the implantation
of biografts containing epithelial-equivalent tissue. We observed more
abundant regenerated tissue with a more uniform cell distribution
without agglomerations. The formed tissue appeared to be noticeably
healthy, thereby demonstrating the effectiveness of the implanted
biograft.

To complement the histological analysis with hematoxylin-eosin
staining, the immunostaining of new tympanic membrane was
Fig. 6.Micrographs of tympanicmembrane (TM) removed after surgery, 20×magnification, sca
1: regeneration of the right TMwith an implanted electrospunmembrane; c) rat from group 2:
with an implanted electrospunmembrane constructwith epidermis equivalent; e) rat fromgrou
TM with an implanted electrospun membrane construct with epithelial equivalent tissue.
performed for the cytokeratin produced during keratinocyte differenti-
ation. Figs. 7 and 8 present immunostaining images for cytokeratin 10
and cytokeratin 14, respectively. The immunostaining assays show
that the new tympanic membranes healed spontaneously are more
keratinized than the membranes healed with the stimulus of the
biograft implant. Keratin is a protein that provides impermeability and
a protecting effect to the organism from the surrounding environment.
Keratin ismore highly expressed by epithelial cells under stress. This oc-
curs during pathogen infection or when epithelium reconstitution is re-
quired. Keratin was expressed with greater intensity in spontaneous
healing; this process was more aggressive due to the lack of a support,
such as an implanted graft, for guidance. Therefore, a great epithelial
le bar of 25 μm: a) rat from group 1: spontaneous regeneration of left TM; b) rat from group
spontaneous regeneration of the left TM; d) rat from group 2: regeneration of the right TM
p3: spontaneous regeneration of the left TM; f) rat from group 3: regeneration of the right



Fig. 7. Immunostaining for cytokeratin 10 performed for new TM removed after 1month of recovery, 20×magnification, scale bar of 25 μm: a) rat from group 1: spontaneous regeneration
of the left TM; b) rat from group 1: regeneration of the right TM after implantation of an electrospunmembrane; c) rat from group 2: spontaneous regeneration of the left TM; d) rat from
group 2: regeneration of the right TM after the implantation of an electrospun membrane construct with epidermal equivalent; e) rat from group 3: spontaneous regeneration of the left
TM; f) rat from group 3: regeneration of the right TM after implantation of an electrospun membrane construct with epithelial equivalent tissue.
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remodeling process occurred. As already demonstrated in pathogenesis
of the middle ear, greater keratinization of the tympanic membrane
suggests poorer healing processes. Patients with chronic otitis media
present with intense keratinization of the tympanic membrane are
more predisposed to secondary cholesteatoma or multiple granulomas,
which can cause new and serious diseases in the middle ear [45]. Tym-
panic membranes regenerated with the guidance of the biograft
Fig. 8. Immunostaining for cytokeratin 14 performed for new TM removed after 1month of reco
of the left TM; b) rat from group 1: regeneration of the right TM after implantation of an electro
group 2: regeneration of the right TM after implantation of an electrospunmembrane construct
rat from group 3: regeneration of the right TM after implantation of an electrospun membrane
showed lower cytokeratin expression, as the graft facilitated the healing
process. Lower keratinization indicates that neither the polymeric scaf-
fold nor the cultured tissue increased the immune response of the or-
ganism, when compared to animals that received no biograft after
perforation.

Grafts consisting of electrospun polymeric scaffolds and epithelial-
equivalent tissues promoted the recovery of tympanic membranes.
very, 20×magnification, scale bar of 25 μm: a) rat from group 1: spontaneous regeneration
spunmembrane; c) rat from group 2: spontaneous regeneration of the left TM; d) rat from
with epidermal equivalent; e) rat from group 3: spontaneous regeneration of the left TM; f)
construct with epithelial equivalent tissue.
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Uniform, healthy and abundant tissues with a regular distribution of
cells were formed, and healing was less aggressive; what followed
was a more natural and efficient healing process.

The artificial graft proposed in this study was particularly developed
in attempting to satisfy the requirements of the perforated tympanic
membrane healing processes. These requirements are compatibility,
proper durability and theminimization side effects after myringoplasty.
Side effects include cholesteatomas and granulomas, which appear due
to intense reactions during the healing process. Moreover, the mechan-
ical properties of the artificial graft helps the surgeon to better handle
the artificial tissue during surgery to place the implant in the right posi-
tion. The artificial tissue without the polymeric scaffold has nomechan-
ical strength to be manipulated and it could be easily damaged before
implantation.

4. Conclusion

In conclusion, our study described a new biograft created in
attempting to fulfill the requirements of perforated tympanic mem-
brane healing processes, which are compatibility, proper durability
and less intense side effects following myringoplasty. The study also
showed the polymer scaffold selected to support the graft presented
no harmful products while degrading, which it is a matter of safety
when considering absorbable biomaterials. The great advantaged of
the biomaterials selected for the graft, which are PLLA and PLGA, is
that the products of degradation, L-lactic acid and glicolic acid, are
well known by human body metabolism being adsorbed and metabo-
lized after tympanic regeneration, promoting no inflammatory re-
sponse due to the unknown components. The results revealed that the
biograft stimulated the formation of a regular neotympanum. Abundant
regenerated tissue was produced, with uniform cell distribution, sharp
stratification and without agglomerations. The formed tissue appeared
healthy, possibly due to the less aggressive healing process, with a real
possibility of maintaining its functionality.
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