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The tympanic membrane plays an important role in the human hearing system, which is easily
perforated under unfavorable conditions, leading to loss of hearing and otitis media. Many autologous
materials and artificial materials have been used to repair a perforated tympanic membrane, but these
materials sometimes can cause severe hearing loss because of their adhesion to the ossicle during the
healing process and the postoperative process. Herein, we report Janus membranes with asymmetric
cellular adhesion behaviors for regenerating the eardrum. These Janus membranes are constructed by
co-depositing a tannic acid (TA)/3-aminopropyltriethoxysilane (APTES) coating on one surface of the
polypropylene microfiltration membrane. Cellular experiments indicate that the Janus membranes have
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good biocompatibility and asymmetric cellular adhesion properties. The repair of the tympanic
membrane perforation experiment and laser Doppler vibrometer (LDV) measurements prove that the
hydrophilic surface of Janus membranes repairs perforated eardrums, and meanwhile the hydrophobic
surface can avoid adhering to the inner ear tissue for reducing hearing loss. The Janus membranes have
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1 Introduction

The tympanic membrane (TM) is also called the eardrum.
TM perforation is a common disease caused by trauma or otitis
media in the clinic, which can lead to recurrent episodes of
otitis media, hearing loss, and serious headache.'™ The mild
TM perforation can heal automatically; however, the severe TM
perforation needs to be repaired with the help of surgery to
improve hearing and reduce the frequency of otitis media.®®
The traditional TM regeneration surgery has used autogenous
materials such as temporal muscle fascia serving as the scaffold
for the regeneration of TM tissue to repair the TM. However, this
treatment is usually complex, expensive, and time-consuming,
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and in particular, creates a wound in the body to obtain auto-
genous materials. It is an urgent challenge to exploit artificial
materials with the development of ear endoscopy technology
and the demand for minimally invasive surgery for doctors and
patients.”*°

Many artificial materials are emerging as substitutes for TM
regeneration due to their good biocompatibility, moderate
thickness, transparency, and low cost.'" For example, He et al.
used gel foam to repair TM perforation, the healing rate was higher
and the average healing time was shorter than for spontaneous
healing."” Catalani et al. also applied an electrospun scaffold to
repair the TM by mimicking the extracellular matrix. The repaired
TMs are smoother and more elastic than the self-healing ones."
However, cells on the side close to the inner ear tend to partially
adhere to the ossicle during the process of tympanic membrane
repair, which is not conducive to the growth of the tympanic
membrane and the normal recovery of the ear function. Therefore,
it is of great significance to construct new materials with single-
sided cell growth for tympanic membrane repair.*™°

Janus membranes have contrasting properties on two sides,
which have potential in many applications such as water/oil
separation,”® desalination," and emulsification.?” This Janus
property could also be used in tissue repair. Multifunctional
polymers with switchable adhesion and stable antiswelling properties
in a wet environment are good candidates for precisely and
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Scheme 1 Schematic illustration for the fabrication process and asymmetric cellular behavior of the Janus membrane.

conveniently monitoring human health.*** Liu et al. studied the
wet adhesion of Janus hydrogels with carboxyl and neutralized
carboxyl sides for internal tissue repair and preventing the post-
operative adhesion.”® Hwang et al. prepared Janus membranes
from chitin nanofibers for bone regeneration and suppressing the
migration of the soft tissue.”” Herein, we report Janus membranes
with opposite wettability for the regeneration of the TM. As
described in Scheme 1, in our case, the hydrophilic side of the
microfiltration membranes is used as a scaffold for regeneration
of the TM and the hydrophobic side as the anti-adhesive surface
to avoid postoperative adhesion. These Janus membranes
were fabricated from polypropylene microfiltration membranes
co-deposited with tannic acid (TA) and 3-aminopropyltri-
ethoxysilane (APTES). The as-prepared Janus membranes have
several characteristics, including (i) the membrane surface is highly
biocompatible and non-toxic, avoiding killing of cells;”®*° (ii) the
different wettability of two sides results in asymmetric cellular
behaviors, avoiding the adherence of the repair materials onto the
ossicle; and (iii) the hydrophilic side can heal TM perforation,
lowering the infection rate and recovering audibility.

2 Experimental
2.1 Experimental animal

Female guinea pigs (average body weight 250 + 10 g) were
purchased from the Zhejiang Chinese Medical University
Laboratory Animal Research Center. Animal experiments were
conducted as per the Guidelines of the Zhejiang University
Laboratory Animal Center for the care and use of laboratory animals
and were approved by the Animal Care and Use Committee of the
Medical School, Zhejiang University. The grafted mice were allowed
to survive for 4 weeks before the eardrum tissues were harvested.

2.2 Materials and chemicals

A polypropylene microfiltration membrane (PPMM) with an
average pore size of 0.2 pm and a diameter of 2.5 cm was
obtained from Membrana GmbH (Germany). The samples were
immersed in acetone to remove absorbed impurities and then
dried in a vacuum oven at room temperature. Tannic acid (TA)
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and 3-aminopropyltriethoxysilane (APTES) were provided by
Aladdin (China). Sodium phosphate dibasic and fluorescein
were obtained from Macklin Biochemical Co., Ltd. (China).
Sodium hydroxide, ethanol, D,O and acetone were purchased
from Sinopharm Chemical Reagent Co., Ltd. N-Propylamine
was purchased from Saan Chemical Technology (Shanghai) Co.,
Ltd. Hematoxylin and eosin were purchased from Thermo
Fisher Scientific Co., Ltd. (China). Isoflurane was obtained
from RWD Life Science Co., Ltd. (China). DMEM medium was
purchased from Cienry Biotech Co., Ltd. (China), and fetal bovine
serum (FBS) was purchased from Tianhang Biotechnology Co.,
Ltd. (China). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide (MTT) was bought from Beijing Solarbio Science
& Technology Co., Ltd. (China). Calcein AM was purchased from
Beyotime Biotechnology Co., Ltd. (China).

2.3 Preparation of Janus membranes with various thicknesses
of the hydrophilic layer

Both TA and APTES were dissolved in phosphate-buffered
saline (25 mM, pH = 12.5) with a concentration of 2 mg L™*
and 12 mg L™, respectively. PPMM samples were pre-wetted by
ethanol for 30 s. The residual ethanol on the membrane surface
was removed by filter paper. Then, the membrane was floated
on the solution surface of TA/APTES at room temperature
(Scheme S1, ESIt). After 15 min and 30 min, the deposited
membrane was washed with deionized water and dried in a
vacuum oven at room temperature.

2.4 Thickness characterization of the hydrophilic layer of the
membrane

The prepared membrane was dipped into a water solution
containing sodium fluorescein (0.1 mg mL™") for 1 min at
room temperature. After removing the excess water on the
surface of the membrane with filter paper, the membrane
was fixed in the test position of a laser scanning confocal
microscope (LSCM, ZeissLSM780, Germany). The thickness of
the luminous portion was measured under the excitation
of a laser (wavelength = 488 nm) to obtain three-dimensional
computerized tomography scan images of the membrane.
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2.5 Other characterization studies

The surface morphologies of the membrane were observed by
field emission scanning electron microscopy (FESEM, Hitachi,
$4800, Japan). The chemical structures of the membrane were
analyzed by Fourier transform infrared spectrometry (FT-IR/
ATR, Nicolet 6700, USA) equipped with an ATR accessory (ZnSe
crystal, 45°) and X-ray photoelectron spectrometry (XPS, PerkinElmer,
USA) with Al Ko excitation radiation (1486.6 eV), respectively.
3C NMR spectra were recorded on an Agilent (600 MHz DD2)
NMR instrument using D,O as the solvent at room tempera-
ture. The surface wettability was indicated by the water contact
angles using a drop Meter A-200 contact angle system (MAIST
Vision Inspection & Measurement Co. Ltd, China). The surface
charge of the membrane was measured using an electrokinetic
analyzer (SurPASS Anton Paar GmbH, Austria). UV-vis absorption
of the solutions was measured using an ultraviolet spectro-
photometer (UV 2450, Shimadzu, Japan).

2.6 Cell adhesion measurements of the membrane

The membrane with a diameter of 2.5 cm was fixed on a
homemade device. An ultraviolet lamp was used to irradiate
the front and back of the membrane for 30 min to kill the
remaining bacteria in the membrane, and the membrane was
placed in a six-well plate. Then the NIH-3T3 cell suspension
with a cell density of 50 000 mL " was added to a six-well plate
at a volume of 3 mL per well and placed in an incubator with
5% CO, at 37 °C for 24 h.

Calcein AM was diluted to a working concentration using a
DMEM medium. After that, the medium in the orifice plate was
sucked out and replaced with a DMEM medium containing
calcein AM. After incubation for 30 min, the medium was
sucked out, and the membrane was washed three times with
PBS. Then the membrane was replaced in a blank well plate,
and the cell adhesion was observed under a fluorescence
microscope (Olympus IX81, Japan).

2.7 Cytotoxicity measurements of material extracted liquid

Cytotoxicity of the membrane to the cell was assessed by extract-
ing the membrane with the culture medium and conducting the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) assay in the presence of the extract liquids. 4.9 cm” of
the membrane was immersed in the culture medium containing
2.5 mL of DMEM at 37 °C for two days, and then the main part of
the toxic components can be extracted out. The lixivium was then
diluted to one-half and one-quarter of the original concentration,
respectively.

An NIH-3T3 cell suspension was prepared and NIH-3T3 cells
too were incubated in 96-well plates with 5000 cells per well for
20 h to allow cells to attach to the wall. Then the cell culture
medium in the 96-well plate was replaced with membrane
leaching solution and cultured for 48 h. 5 mL DMEM medium
containing 10% FBS was added to 1 mL 5 mg mL~ ' MTT PBS
solution. The membrane leaching solution was removed from
the well plate, and 120 pL prepared medium containing MTT
was added to each well and reacted for 3 h. Purple crystals
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could be seen at the bottom of the well plate. After carefully
draining the liquid from the well plate, 150 pL. DMSO was
added to each well. The well plate was put into a microplate
reader, and the absorbance of each well was measured at
490 nm and 570 nm after shaking for 5 minutes using a
microplate reader (MODEL 550, Bio Rad, USA). Cell viability
was represented by a proportion of the absorbance value of the
blank group in the same culture medium.

2.8 Animal surgery

Animals were divided into 4 groups, the tympanostomy group,
and tympanoplasty groups with 3 species of grafts. The surgical
procedure for TM perforation was followed as previously reported.
Briefly, the guinea pigs were anesthetized with isoflurane (RWD
Life Science, San Diego, California). The area of tympanostomy
was about 40-50% of the area of the TM. The myringoplasty was
performed immediately after the tympanostomy. Tissues, including
the hydrophilic layer of the Janus membranes, the hydrophobic
layer of the Janus membranes, and the autologous fascia, with
appropriate size were taken as TM repair materials and completely
sealed at the borehole to complete tympanoplasty. Endoscopic
examination was performed to record the incidence of natural
healing, infection, and graft detachment. At 0, 2 and 4 weeks after
the surgery, the guinea pigs were sacrificed, and the tissues were
collected for histological analysis by H&E staining or a laser
Doppler vibrometer.

2.9 Laser Doppler vibrometer (LDV) measurements of TM
umbo vibration

TM vibration was measured by LDV. A plastic tape (area
0.25 mm?, consisting of 50 um diameter reflective polystyrene
microbeads, 3 M, USA) was carefully attached to the TM umbo.
The beads should not affect the TM vibration due to their small
size and mass. The specimen was placed on a flat plate, with
the ear canal facing upwards. A microphone probe (ER-7C,
Etymotic Research, USA; sensitivity: 20 Pa V') was inserted
into the ear canal, about 2 mm from the TM, to measure the
sound pressure. The TM umbo velocity was measured on a laser
Doppler vibrometer (LDV, CLV-2534, Polytec, Germany; sensitivity:
2mm s ' V'), equipped with a dissecting microscope. The laser
beam generated by the LDV was roughly perpendicular to the TM.
For acoustic stimulations, pure tone sounds were generated by
a loudspeaker, driven by signals generated by a signal generator
(NI 9263 analog output modules, National Instruments, USA)
and amplified by a power amplifier (B&K type 2718, Denmark).
Thirty-one frequencies ranging from 250 to 16 k Hz were
measured (5 points per octave). To get a better signal-to-noise
(SNR) ratio, the stimulus sound was controlled to be about
80~85 SPL (by adjusting the amplitude of the output signal).
During the measurements, the vibration and sound pressure
signals were simultaneously recorded on a data acquisition device
(NI 9234, sampling rate 51.2 kHz, National Instruments, USA).
An in-house MATLAB program was adopted to control the measure-
ment procedure. The fast Fourier transform (FFT) algorithm was
used to process the acquired time-series signals to obtain the
amplitude of the sound pressure and umbo velocity.
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2.10 Statistics

Qualitative data were presented through relative values. The chi-
square test was conducted to analyze relative values of different
groups, followed by a partition of chi-square. All data analyses were
performed using SPSS version 18 (PASW Statistics for Windows,
Chicago: SPSS Inc.). A two-tailed P value of <0.05 was considered
statistically significant.

3 Results and discussion

3.1 Surface chemistry, surface morphology, and wettability of

Janus membranes

The mussel-inspired catechol chemistry and the single-sided
deposition strategy offer great prospects for preparing Janus

View Article Online

Journal of Materials Chemistry B

membranes. In this work, we conducted a single-sided tannic
acid/3-aminopropyltriethoxysilane (TA/APTES) codeposition
to fabricate Janus membranes with asymmetric wettability.
TA was oxidized to quinone derivatives in basic solution and
APTES was hydrolyzed in aqueous solution. The oxidized and
hydrolyzed chemicals condensed to form cross-linked networks
via Michael addition and Schiff-base reactions (Scheme S2,
ESIT). The formed networks modified the polypropylene
membrane from hydrophobic to hydrophilic. It can be seen
that the membrane surface becomes more and more hydro-
philic with the prolongation of the deposition time. Therefore,
the hydrophilization depth of the prepared Janus membranes
increases with the extension of the single-sided deposition
time (Fig. S1, ESI{). The as-prepared Janus membranes with a
hydrophilization depth of 7 um and 22 pm are named JMs-7
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and JMs-22, respectively. Since the deposited networks are at
the nanometer level, the morphology of the modified
membrane surface has not changed significantly (Fig. S2, ESIT).
However, the asymmetric chemistries can be confirmed by
FT-IR/ATR and XPS for our Janus membranes. On the hydrophilic
side, a new characteristic absorption peak appeared at 1097 cm ™"
and 1608 cm ™, corresponding to the antisymmetric stretching
vibration of Si-O-Si and benzene ring vibration. A new character-
istic absorption peak also could be seen at 1730 cm ™", which was
related to the vibration of the carbon-oxygen double bond of
tannic acid (Fig. S3, ESIT). The binding energies of O1s, N1s, Si2s,
and Si2p were found on the deposited side of the Janus
membranes. However, the undeposited side only shows a Cis
peak and a small O1s peak (Fig. S4, ESIt). The reaction between
TA and APTES was proved by NMR and XPS. Fig. 1A and B shows
that the nitrogen peak can be resolved into N1 (401.5 eV) and N2
(398.5 eV), which are due to C=N and C-NH, respectively. Since
the solution becomes turbid immediately after mixing TA
and APTES aqueous solutions, we selected n-propylamine as a
simulant molecule for APTES to conduct ">*C NMR measurements
with results shown in Fig. S5 (ESIT). New peaks of about 150 and
60 ppm in the TA/n-propylamine spectrum are attributed to the
formation of C=N and C-NH, suggesting the reaction between
TA and n-propylamine.® These results prove that TA/APTES cross-
linked networks are successfully modified on the membrane
surface facing the deposition solution to form Janus wettability.
The binding energy peaks of 398.78 eV and 532.40 eV can be
assigned to -NH; and -OH groups in the deposited networks on
the membrane surfaces (Fig. 1A and B), respectively. In addition,
due to the combination of amino groups and the ionized of
phenolic hydroxyl groups, the deposited side of the Janus
membranes show a higher absolute values of surface charge than
the original membrane in pH, which is equal to 5 or 10 (Fig. S6,
ESIt). The surface chemical groups have a significant impact
on cell adhesion, proliferation, and differentiation. It is well
recognized that those -NH; and -OH groups play an important
role in tissue engineering. The scaffolds with these groups were
found to enhance the interactions between cells and biomaterial
surfaces and thus promote the expression of cell behavior.>* The
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deposited side of our Janus membranes becomes hydrophilic
(Fig. 1C). The time-dependent water contact angle also shows
this property (Fig. S7, ESIt). For JMs-22, the initial water contact
angle is about 45°, which is expected to be beneficial for cell
adhesion.*

3.2 Cellular attachment and cytotoxicity of the Janus
membranes

The main purpose of the implanted scaffolds is to provide a
suitable basis for cell proliferation and tissue growth and the
cellular attachment to scaffolds is an important prerequisite for
successful transplantation of biomaterials and recovery of body
function in tissue engineering.***> The wettability and chemistry of
the biomaterial surface play an important role in cell adhesion.***”
Fig. 2A exhibits the number and the ratio of cells attached to the
two membrane surfaces. For the nascent hydrophobic membrane,
the attached cell is low and there is no obvious difference in the cell
numbers on the two surfaces. For the Janus membranes, the
number of cells attached to the hydrophilic surface is higher than
those attached to the hydrophobic one. Furthermore, the cell
adhesion ratio of JMs-22 is higher than that of JMs-7. These results
may be because the hydrophilic groups of co-deposited TA/APTES
coatings are beneficial for adsorbing adhesive proteins, which
cause cells to attach to the membrane surface. The difference
between the number of adherent cells of JMs-22 and JMs-7 is
ascribed to the wettability and chemical properties of the Janus
membranes. The adsorption of cell adhesive serum proteins, such
as fibronectin and vitronectin, plays a critical role in cell adhesion
to the scaffold. Superhydrophilic surfaces with a tightly bound
water layer prevent interaction between surface and cell adhesive
serum proteins. On more hydrophobic surfaces, albumin adsorbed
more strongly and thus cell adhesive proteins could not displace it.
Neither could cells adhere on those hydrophobic surfaces. How-
ever, on the surfaces with moderate wettability, albumin is easily
replaced by cell adhesive proteins and cells adhere well on relatively
hydrophilic surfaces. Fig. 2B depicts the cytotoxicity effects of the
leaching liquids of the nascent membranes, JMs-7 and JMs-22 on
cells evaluated by MTT assay. Compared to the culture medium,
all lixivia of the membranes do not exhibit obvious cytotoxicity.
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Fig. 2 Cellular adhesion and cytotoxicity of the studied membranes. (A) Number and ratio of the cells attached to co-deposited and undeposited
surfaces of Janus membranes with different hydrophilization depths. Significance (p < 0.5) is suggested by the asterisk (*). (B) Cytotoxicity analysis of

NIH-3T3 that survived in those membrane extract liquids using MTT assay.
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The cell viabilities of original lixivia are in the range of
96.6-104.8%. The double diluted stock solution and the quadruple
diluted stock solution show a range of 110.3-115.2% and 104.6-
119.3% in cell viability, respectively. The Janus membranes with
different hydrophilization depths have no appreciable difference.
We therefore choose JMs-22 as the grafted material for
TM perforation repair due to the appropriate wettability of the
co-deposited surface and the higher cell adhesion ratio.

3.3 In vivo experiment and histological examination

We recorded the survival, the death, the infectious, the successfully
repaired, and the detached numbers of cells. We also counted the
valid success (healing rate), the infection, and the detachment rates
during the in vivo experiments (Fig. 3). It can be seen that on the
hydrophilic surface of JMs-22, the healing rate is up to 77%, with
30 healing cases and 9 cases showing material detachment from
the body among 48 initial ears. This result is like 78% of the
autologous fascia group. On the hydrophobic surface, there are
46 initial ears for repair, which ultimately show a healing rate of
only 8% with 3 healing cases and 35 cases detaching the
Janus membrane from the body. It suggests a favorable healing
performance of JMs-22, providing tissue cell growth-support by the
hydrophilic surface and anti-adhesion properties by the hydro-
phobic surface, which is expected in clinical practice. In the
spontaneous healing group, the total success rate is about 73%,
which is slightly lower than the hydrophilic surface of JMs-22 and
the autologous fascia group. Though the healing rate of the
spontaneous healing group is as high as 73%, the infection rate
is higher than the other groups. It assumes that largely infectious
or dead guinea pigs are excluded. At the same time, considering the
strong self-repair ability of guinea pigs, the healing rate is for
reference only, which needs to be comprehensively evaluated in
combination with mortality and infection rate.

There is no statistical significance (P > 0.05) in the healing
rate, infection rate and detachment rate between the autologous
fascia group and the hydrophilic surface of JMs-22. However,
there is statistical significance between the hydrophobic surface
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Fig. 3 Comparison of the healing rate, the infection rate, and the detach-
ment rate of guinea pigs with TM perforations after spontaneous healing with
the hydrophilic surface and the hydrophobic surface of JMs-22 and with the
autologous fascia. Significance (p < 0.5) is suggested by the asterisk (*).
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and the hydrophilic surface of JMs-22 in the detachment rate
(P < 0.05). The detachment rate of the hydrophobic surface is far
higher than that of the hydrophilic surface. It could be a good
proof of preventing adhesion for the hydrophobic surface of the
Janus membrane.

According to literatures, the time interval between tympanostomy
and myringoplasty varied differently.***' Some believed long
intervals as tympanoplasty was used for animal models of otitis
media, while some believed immediate tympanoplasty was
reasonable with sufficient controls. As the feasibility and
hydrophilicity of JMs-22 were the key points in this paper, we
preferred an immediate surgery.

A high detachment rate can testify to low adhesion rate.
There is statistical significance between the hydrophobic surface
and the hydrophilic surface of JMs-22 in the detachment rate,
which shows P < 0.05 (Fig. 3). There are only 3 cases in which
the Janus membrane does not fall off in the hydrophobic
surface. The detachment rate is far higher for the hydrophobic
surface than for the hydrophilic surface. Clinically, TM repair is
frequently accompanied by tympanic adhesion. In addition,
patients with otitis media or tympanic perforation often have
eustachian tube dysfunction, even after surgery of myringo-
plasty, which cannot be easily managed by autologous fascia
repairment and could lead to reperforation or adhesion.
Attempts have been made to prevent adhesion by using
perichondrium or some drugs, while the long-term effect tends
to be unsatisfactory. Tympanic adhesion, therefore, is a great
challenge for ear surgeons to some extent.'®" In this context,
the hydrophobic and the anti-adhesion properties to the tissue
of JMs-22 are becoming increasingly important. In this study, the
Janus membrane was devised for TM perforation repair using
the inner-transplant method. The hydrophilic surface obtains a
similar success rate in TM perforation healing to clinical auto-
graft muscle fascia, indicating the reliability of the Janus
membrane. With the hydrophobic surface attached to tissue,
experimental data reveal an exceedingly low success rate in TM
perforation healing with detachment occurring in large numbers.
It implies that the hydrophobic surface is not compatible to tissue
and indirectly demonstrates a good performance in adhesion
prevention. This may bring hope for the population frequently
suffering from adhesive otitis media.

The hydrophilic surface is proven to have favorable tissue
compatibility, which is manifested by the well repaired TM
perforation and fused TM epithelial cells after 4 weeks of
operation (Fig. 4). Fig. 4A and D show the perforated TM and
TM for 4 weeks after the autologous fascia repair, respectively.
Fig. 4B and E show the perforated TM and TM 4 weeks after the
hydrophilic surface for repair, respectively. Fig. 4C shows the
histology of TM after the autologous fascia repair (H&E staining,
100x magnification). It could be seen that the TM is well covered
with the epithelial cells on the fascia surface. Fig. 4F shows the
histology of TM after the hydrophilic surface of JMs-22 for
repair (H&E staining,100x magnification). One can see that
the hydrophilic surface is also covered with epithelial cells.

Stenfors et al. thought that the period of TM perforation healing
was about 7-14 days.*” Santa Maria et al. suggested that it might

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A and B) Perforated tympanic membrane. (D) TM after autologous fascia repair for 4 weeks (E) TM after repair for 4 weeks by the hydrophilic
surface of JMs-22. (C) Histology of TM after autologous fascia repair, 100 x magnification. (F) Histology of TM after repair for by the hydrophilic surface of

JMs-22, 100x magnification.

take a longer time.*> In clinical experience, the basic histological
healing period is considered to be about 3-4 weeks. Of course, it
shows certain differences between normal human individuals.
Meanwhile, 4 weeks is enough for the histological healing after
the myringoplasty with the autologous fascia material. Therefore,
the guinea pigs after 4 weeks of repair were selected for the final
experiment and monitored to have histological healing.

The normal TM shows a multilayer fiber structure consisting
of the epidermal, lamina propria, and mucosal epithelial layers,

and is thick in the umbo while is thin around (Fig. S8, ESIf).
The medial lamina propria is the thickest and one of the
important components in the TM scaffold."" In our experiment,
H&E staining was performed to observe the separated three-
layer structure in a normal TM. Despite the moderate appearance
and wide applications by many medical teams, autologous fascia
is not perfect in perforation healing histologically. It is a pity that
we could not find animal research on TM perforation repair using
autologous fascia. This might be due to the difficulty in fascial
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Fig. 5 Umbo velocities of TM of different states.
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tissue extraction, which generally requires experienced senior ear
surgeons. Moreover, from the TM tissue sections after repair, the
distinctly stratified structure is present, where the mucosal cells
on the inner layer and the epithelial cells on the outer layer grow
well along the material scaffold with many cells better fused.
Comparing our JMs-22 with the autologous fascia, the hydrophilic
surface is superior in fusing with the residual TM, showing good
reliability.

3.4 Laser Doppler vibrometer (LDV) measurements

The Laser Doppler vibrometer (LDV) measurements (Fig. 5)
proved the favorable effect of our JMs-22 in instant acute TM
healing. The persistent healing effect is also present 2 weeks
later, resulting in vibration recovered to near normal. In our
studies, tympanic perforation could be healed 10-14 days after
repairment, known as clinical healing. Therefore, LDV was
arranged 2 weeks after repair to obtain primary healing data,
and a comparative analysis was conducted with the instant data
after repair.

The human TM has a heterogeneous thickness with individual
differences, generally ranging between 34 um and 100 pm.'"**™** In
this setting, JMs-22 was devised to have a similar thickness to the
normal human TM. LDV, instead of auditory brainstem response
audiometry (ABR), was selected as the main measurement
means invalidating the healing performance and the mechanical
properties of the applied material.*® Reasons might also include
that, ABR can be affected by multiple operations in animal experi-
ments, leading to a higher incidence of data collection error, and it
also fails to reflect the real material performance directly.

4 Conclusions

In summary, we have fabricated Janus membranes as novel
synthetic implant materials for realizing the TM perforation
repair and avoiding the postoperative adhesion simultaneously.
These Janus membranes were prepared by the co-deposition of
two biocompatible chemicals, TA and APTES, on polypropylene
microfiltration substrates. The preparation process is fast, green,
and low-cost. The Janus membranes can heal tympanic
membrane perforation efficiently. The opposite wettability of
the two surfaces leads to asymmetric cellular behaviors, which
is proved by cell experiments and animal experiments. The Janus
membranes are a burgeoning material for the TM perforation
repair, which can not only heal the tympanic membrane perfora-
tion with their hydrophilic surface, but also possess the anti-
adhesion properties via their hydrophobic surface.
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