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Interfacing Perforated Eardrums with Graphene-Based
Membranes for Broadband Hearing Recovery

Chunyan Li, Zhiyuan Xiong, Lei Zhou, Weiluo Huang, Yushi He, Linpeng Li, Haibo Shi,
Jiayu Lu,* Jian Wang, Dan Li,* and Shankai Yin*

Eardrum perforation and associated hearing loss is a global health problem.
Grafting perforated eardrum with autologous tissues in clinic can restore
low-frequency hearing but often leaves poor recovery of high-frequency
hearing. In this study, the potential of incorporating a thin multilayered
graphene membrane (MGM) into the eardrum for broadband hearing
recovery in rats is examined. The MGM shows good biocompatibility and
biostability to promote the growth of eardrum cells in a regulated manner
with little sign of tissue rejection and inflammatory response. After three
weeks of implantation, the MGM is found to be encapsulated by a thin layer
of newly grown tissue on both sides without a significant folded overgrowth
that is often seen in natural healing. The perforation is well sealed, and
broadband hearing recovery (1–32 kHz) is enabled and maintained for at least
2 months. Mechanical simulations show that the high elastic modulus of
MGM and thin thickness of the reconstructed eardrum play a critical role in
the recovery of high-frequency hearing. This work demonstrates the promise
of the use of MGM as a functional graft for perforated eardrum to recover
hearing in the broadband frequency region and suggests a new
acoustics-related medical application for graphene-related 2D materials.
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1. Introduction

The eardrum of mammals transfers acous-
tic signals from sound in air to the vibration
of the middle ear ossicles. The eardrum is
also a protective barrier that keeps the mid-
dle ear free from dirt, debris, and bacteria.[1]

The vibration of the eardrum in response
to sound stimuli is highly frequency depen-
dent. At low frequencies, eardrum vibrates
as a whole and in phase with the sound
wave for efficient sound transmission.[2]

However, the vibration of eardrum at high
frequencies (e.g., ≥4 kHz) becomes frag-
mented with phase variation across differ-
ent areas.[3] The eardrum structure is com-
plicated in that it features a triple-layered
structure with varied density, thickness,
and composition across different regions.[4]

Such a structure is considered to allow
mistuned resonances to average out to an
overall strong vibration at ossicles for good
sound transmission at high frequencies.[5]
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In addition, the elaborate arrangement of circular and radial
fibers in the middle layer provides the eardrum with stiffness crit-
ical for high-frequency sound transmission.[6] The unique broad-
band hearing of mammals is crucial for them to adapt to different
environments. Sounds with frequencies below 6 kHz for humans
provide essential information for speech perception in quiet con-
ditions, while higher-frequency hearing contributes to sound lo-
calization and speech perception in noise conditions.[7]

Eardrum perforation caused by infection, trauma and tym-
panic catheterization can reduce both the efficiency and fre-
quency range of sound transmission. If the perforation cannot
be self-healed, surgical intervention, such as myringoplasty,[8]

is needed. In this surgery, the eardrum is grafted with autolo-
gous tissues such as temporalis fascia, cartilage, and fat to sup-
port the regeneration of the eardrum.[9] However, the use of au-
tologous tissue incurs additional incisions, donor site morbid-
ity and especially suboptimal acoustic recovery. The eardrum re-
paired using myringoplasty is often thickened and leads to a shal-
lowed conical shape and disordered structure of the fibrous layer,
which is the layer for the stiffness of the whole eardrum.[10] Full
restoration of hearing, particularly in the high-frequency region,
has yet to be achieved.[11] Nonsurgical tissue engineering ap-
proaches have also been developed involving the use of various
techniques, such as 3D printing or electrospinning of synthetic
materials, to make designed artificial scaffolds and to manipulate
eardrum regeneration.[12] Since most of these biomaterials for
sealing the perforation, such as gelatin sponges and silk fibroin,
are biodegradable and only temporarily held on the eardrum as a
scaffold, the growth of regenerated eardrum tissue is usually not
effectively controlled,[13] making it challenging to reconstruct the
microstructure of the eardrum for a perfect recovery of the me-
chanical features. In animal studies, a full recovery of hearing
could be achieved between 2–4 kHz, as examined by click audi-
tory brainstem response (ABR), but remains challenging in the
higher frequency region.[12c,14]

The acoustic conduction of the eardrum is determined by
its mechanical features in terms of mass and stiffness con-
trolled by the middle fibrous layer.[4] Recent experimental and
modeling studies show that increasing the stiffness and/or de-
creasing the mass of the eardrum favors high-frequency sound
transmission.[15] We thus surmise whether it is possible to graft
the perforation with a stiff and lightweight material to modu-
late the mechanical characteristics of the repaired eardrum for
a full recovery of acoustic function. Graphene-based membranes
are known to be highly stiff and lightweight.[16] Graphene mem-
branes have been successfully used as a vibration component or
diaphragm in various acoustic devices, such as microphones and
loudspeakers, for excellent acoustic response,[17] including the
high-fidelity tracking of sound vibration at high frequencies.[17,18]

The unique acoustic properties of graphene-based membranes
inspired us to explore their potential as an alternative func-
tional graft for eardrum repair. To this end, the interactions of
graphene-based membranes with the perforated eardrum (i.e.,
biocompatibility and stability) and the acoustic properties of the
resultant “hybrid” eardrum need to be examined.

We have previously prepared multilayer graphene membranes
(MGMs) composed of parallelly stacked chemically converted
graphene (CCG) nanosheets. They show ultrahigh tangential
Young’s modulus and can be made very thin.[19] In this work, we

Figure 1. Schematic illustration of the MGM incorporation strategy for the
acoustic functional recovery of a perforated eardrum. The MGM prepared
by parallel stacking of graphene nanosheets is tailored to the size match-
ing the perforation and is patched onto the eardrum. The eardrum tissue
grows on both sides to encapsulate the MGM.

explored the use of MGM as a new synthetic graft for eardrum
repair (Figure 1). We found that covering the perforated eardrum
with an MGM that was a few micrometers thick could immedi-
ately improve the broadband hearing function of rats. MGMs also
appeared to be highly biocompatible to eardrum cells with little
tissue rejection and inflammatory response. The MGM is encap-
sulated by a thin layer of newly grown tissue on both sides. The
reconstructed eardrum showed almost the same acoustic func-
tion as the natural eardrum.

2. Results and Discussion

2.1. Preparation and Characterization of MGM

The MGM was prepared by filtering the aqueous dispersion of
CCG nanosheets according to our previous method.[19,20] The
as-prepared membrane had a laminar structure with the CCG
nanosheets densely stacked roughly in parallel along the mem-
brane surface (Figure 2A,B). By adjusting the volume of the CCG
dispersion used in filtration, the thickness of the MGM can be
readily controlled in the range between ≈100 nm and ≈100 μm.
The Young’s modulus of the MGM with a thickness of 10 μm was
measured to be 1.47± 0.16 GPa and 19.8± 2.9 GPa in the normal
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Figure 2. Mechanical properties and acoustic function evaluation of the MGM. A) Gross and B) SEM images of the MGM. Scale bar in b: 1 μm. C)
Young’s modulus of the MGM with a thickness of 10 μm in the normal and tangential directions measured by tensile testing and atomic force microscope
(Section S1 in Supporting Information). D) The velocity magnitude measured in the center of the MGM placed on a pars tensa perforation and in the
same location of the normal eardrum before perforation. The dotted line represents five different tests, and the solid line represents the mean values of
the velocity magnitude for the MGM. E) FEM simulation for steady state vibration pattern of normal eardrum (upper row) and eardrum patched with
MGM (down row) under 90 dB SPL sound stimulation at frequencies ranging from 1 to 32 kHz. The color bar indicates the vibration amplitude. The black
circle indicates the area of MGM patching. F) The relative displacement of the umbo as a function of frequency calculated by FEM. The displacement
of the normal eardrum (baseline) served as the reference (0 dB). G) Images of the eardrum before and after MGM patching. H) ABR threshold shifts
recorded immediately after the perforation was patched by MGM of different thicknesses. Error bars represent the s.e.m.; * p < 0.05.
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and tangential directions, respectively (Figure 2C and Figure S1,
Supporting Information). Moreover, the MGM showed a tangen-
tial mechanical strength of ≈150 MPa (Figure 2C), which was
the highest value among the membrane-like eardrum patches
made of other biomaterials, such as silk,[21] chitosan,[22] and
cartilage.[23] As shown in Figure 2A, the MGM was freestand-
ing and flexible and could be readily tailored into small, rounded
pieces, which could then be manipulated by tweezers for subse-
quent patching operations. The MGM could readily adhere to the
eardrum along the edge of the perforation after the membrane
was simply placed on site (Video S1, Supporting Information).

We first characterized the vibrating behavior of the MGM by a
laser Doppler vibrometer (LDV). For the vibrating measurement,
MGM (5 μm) was placed on a pars tensa perforation with no
edge fixation to simulate the application in a physiological en-
vironment. The vibrating velocity at the center of the MGM in
response to sound stimulation with a 90 dB sound pressure level
(SPL) in the frequency range of 0.5–10 kHz is shown in Figure 2D
(n = 5) and compared with that at the same location of the nor-
mal eardrum before perforation (n = 5). It was found that both
groups showed similar frequency response curves, with the first
vibrating peak located at ≈0.75 kHz. Additionally, finite element
modeling (FEM) was used to simulate the vibrating patterns of
the normal eardrum and MGM-patched eardrum. The simula-
tion was performed by substituting ≈50% of the anterior half of
pars tensa with a 5 μm thick MGM (Figure 2E, black circle area).
The vibrating patterns of the MGM-patched eardrum were sim-
ilar to those of the normal eardrum. However, the vibrating am-
plitude within the region of the MGM was even larger than that
of the normal control at frequencies > 4 kHz (Figure 2E, Video
S2, Supporting Information). These studies clearly showed that
the MGM patch can serve as a vibrating diaphragm for sound
transmission.

2.2. Immediate Hearing Recovery after Interfacing the Perforated
Eardrum with MGM

We investigated how the freshly patched MGM changed the
sound transmission of the eardrum through both mechanical
modeling and the test of hearing in animal experiments. We
used FEM to simulate the displacement of an eardrum in which
a perforation taking ≈50% of the anterior half of pars tensa
(see the inset in Figure 2F) was covered by MGM with differ-
ent thicknesses.[15,24] As shown in Figure 2F, the umbo vibra-
tion of the patched eardrum relative to that with normal eardrum
gradually increased as the thickness of the MGM decreased from
100 μm (e.g., -0.35 dB at 16 kHz) to 5 μm (e.g., 2.43 dB at 16 kHz).
The modeling results indicated that a thinner MGM was more ef-
ficient for the recovery of hearing function.

We further evaluated the hearing function recovery of rats af-
ter the perforation was freshly patched (Figure 2G) with ultra-
thin MGM (5–30 μm) by measuring the threshold with tone burst
ABR. As shown in Figure 2H, patching with a thinner MGM re-
sulted in a smaller ABR threshold shift. In the two groups in
which the perforation was covered with 5- and 10 μm thick MGM,
the ABR threshold shifts were less than 5 dB compared to the val-
ues before perforation. A significant group (thickness) effect was
found (F(2, 19) = 9.564, p = 0.0013) in a two-way ANOVA against

the factors of group and frequency. However, the cross-group dif-
ference was only significant at 8 kHz, which was demonstrated
by a post hoc test (Tukey’s method, q = 4.830, p = 0.015) between
the 30 μm (n = 6) and 5 μm groups (n = 8). These results showed
that thinning the MGM to a few micrometers could greatly re-
cover the hearing functions of the perforated eardrum.

We used a graphene hydrogel membrane (MGHM) as a ref-
erence patch to study the role of the mechanical properties of
MGM in its ability to recover hearing. Similar to the fabrica-
tion of the MGM, the MGHM was prepared by filtering an aque-
ous CCG dispersion, while ≈90 wt% water remained inside the
MGHM.[25] Therefore, the MGHM shares a similar chemical
composition with the MGM but has a significantly lower Young’s
modulus (≈1.5 MPa in the normal direction and ≈70 MPa in
the tangential direction, Figure S2, Supporting Information) than
the MGM. When the perforation was patched with the MGHM
(10 μm thick), the ABR threshold shifts were found to be signif-
icantly greater than those of the stiffer MGM of the same thick-
ness at the high frequencies tested (16 kHz and 32 kHz, Figure
S2, Supporting Information). This result suggested that the high
elastic modulus of the MGM was crucial for its superior hearing
recovery performance.

2.3. Biocompatibility of MGM In Vitro

Critical criteria for synthetic grafts incorporated into eardrum
include interface compatibility and interface properties for cell
proliferation and adhesion, which are crucial factors for promot-
ing the healing process. The material interface should interact
and allow dynamic reciprocity in initiating and perpetuating tis-
sue development.[13b] To investigate the capability of MGM as an
implantable eardrum graft, the interaction between MGM and
eardrum was studied both in vitro and in vivo. For the in vitro
study, living eardrum cells (fibroblasts and epithelial cells, Fig-
ure S3, Supporting Information) were labeled by the polyanionic
dye calcein with green fluorescence and were contrasted with the
dead cells that were labeled by EthD-III with red fluorescence.[26]

A small number of dead fibroblasts (Figure 3A) and epithelial
cells (Figure S4, Supporting Information) were observed on both
the glass and MGM surfaces. These results indicated that the
MGM was nontoxic for eardrum cells. Subsequently, the cell pro-
liferation, morphology and adhesion on the MGM were investi-
gated. The percentage of Ki-67-positive fibroblasts was higher on
the MGM surface than on glass 24 h after seeding (86.3 ± 3.1% vs
70.8 ± 2.7%, t-test, t = -11.757, p < 0.0001, Figure 3B,C). Good
proliferation of epithelial cells was also observed in the culture on
both surfaces, but there was no significant difference between
the two (MGM: 86.3 ± 7.9% and glass: 84.4 ± 7.7%, t test, t =
-0.541, p > 0.05; Figure S4, Supporting Information). Scanning
electron microscope (SEM) imaging showed that fibroblasts (Fig-
ure 3D) and epithelial cells (Figure S5, Supporting Information)
were tightly attached to the MGM surface on Day 1 after seeding.
At Day 3, the cells were found to be well spread over the MGM as a
flat layer. Compared to the cells on glass, fibroblasts on the MGM
had more cellular microextensions, as shown by actin staining. A
higher-than-glass adhesion between the MGM and the cells was
demonstrated by a larger number of focal adhesion sites along
the edge of protrusions of fibroblasts (stained by vinculin foci)
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Figure 3. Evaluation of the interaction between MGM and eardrum cells. A) Live-dead staining 24 h after cell seeding on glass (upper row) and MGM
(bottom row). Scale bar, 200 μm. B) Immunofluorescence staining of Ki-67 (red) and counterstaining with DAPI (blue) were performed on fibroblasts
24 h after cell seeding on glass (upper row) and MGM (bottom row). Scale bar, 200 μm. C) The evaluation of Ki-67-positive cells was recorded as the
percentage of labeled cells. Values of % Ki-67 were obtained by randomly enumerating positive cells from 10 fields at a magnification of 200 times. D)
SEM micrographs of fibroblasts 1 and 3 d after seeding on the MGM. Scale bar: 50 μm. E) Fluorescence images of the actin cytoskeleton (green) and
vinculin (red) and merged pictures of fibroblasts obtained from confocal microscopy (20× objective) 12 h after cell seeding on glass (left) and MGM
(right). Scale bar, 50 μm. White arrows indicate the location of vinculin foci. Error bars represent the s.e.m.; ****: p < 0.0001.

(Figure 3E).[27] A similar result was found for the adhesion of ep-
ithelial cells (Figure S5, Supporting Information). These results
indicated that MGM had a biocompatible and bioactive interface
for eardrum cell growth, proliferation, and adhesion.

2.4. MGM-Incorporated Eardrum Construction and
Biocompatibility of MGM In Vivo

In the in vivo study, morphological observation was performed
three weeks after MGM implantation.[24b] We found that the
surface of the MGM was fully covered by newly grown eardrum
tissue composed of thin and ordered epithelial cell layer and
a smooth collagen fiber layer along both sides of the MGM
(Figure 4A). This is very different from the regenerated eardrum
by the scaffold tissue engineering technique in previous re-
ports, which often has only one layer of collagen fiber.[12a,24b]

Surprisingly, no obvious cellular indicators of rejecting response

and inflammatory response were observed around the MGM
in the reconstructed eardrum (Figure 4A). In striking contrast,
significant epithelial hyperplasia accompanied by edema, red
blood cell extravasation, and karyorrhexis was found in the
self-healed eardrum, suggesting a serious excessive repairing
response. The proliferative collagen fiber layer in the self-healed
eardrum was thickened, disorganized, or absent (the right
column in Figure 4A, Figure S6, Supporting Information). The
MGM patched area of the eardrum was thicker than the corre-
sponding area in normal eardrum but much thinner than that in
self-healed eardrum (56.8 ± 30.0 μm, 12.5 ± 1.5 μm, and 156.2
± 53.4 μm, respectively, for the MGM, normal and self-healing
groups). A significant overall difference across the groups was
demonstrated by a one-way ANOVA (n = 4 in each group, F (2,
9) = 17.36, p = 0.0008). Post hoc tests (Tukey’s method) showed
a significant difference between the MGM and self-healing
groups (q = 5.678, p = 0.0077). However, the difference between
the MGM and normal groups was not significant (q = 2.444,
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Figure 4. Histological and functional evaluation of the MGM-incorporated eardrum. A) H&E staining observation of MGM-incorporated eardrum (three
weeks postoperatively), self-healed eardrum (three weeks postoperatively), and normal eardrum. Scale bar, 200 μm. Enlarged photomicrographs of H&E
staining of the area indicated by the black frame are shown on the right. The collagen fibers are indicated by black arrows. The blue arrows indicate tissue
edema. Scale bar, 10 μm. Bottom: H&E staining of the MGM-incorporated eardrum 2 months postoperatively. Scale bar, 10 μm. B) Energy reflectance
measured preperforation (normal, black), postperforation (gray), immediately after MGM patching (5 μm) (red) and MGM patching for three weeks

Adv. Healthcare Mater. 2022, 11, 2201471 2201471 (6 of 11) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

p = 0.25). These results demonstrated that MGM guided the
growth of thin and organized eardrum tissues on its two sides
to seal the perforation. The superior performance of MGM may
be related to its bioactive interface properties for regulating
inflammation and immunity in regenerated tissue.[28]

We further evaluated the long-term biostability and biocom-
patibility of MGM patching. As shown in Figure 4A (bottom), af-
ter implantation for 2 months, the structure and thickness of the
MGM were retained without obvious changes. We did not ob-
serve signs of biodegradation of MGM, such as surface cracking,
during the observation period.[29] The eardrum cells grew well
around the MGM without obvious morphological differences
from the normal eardrum control. HE staining also showed no
complications, such as epithelial hyperplasia, granuloma, or sup-
puration, in the MGM-incorporated eardrum.

2.5. Acoustic Function of the MGM-Incorporated Eardrum

Furthermore, middle ear function was investigated in rats with
MGM-reconstructed eardrum. The eardrum needs to transfer
acoustic energy into motions of the malleus for effective sound
transmission. The energy transmission of the middle ear with
MGM-incorporated eardrum was measured by wideband acous-
tic immittance (WAI) (Figure S7, Supporting Information).[30]

The WAI test was performed before perforation (the control),
immediately after perforation, and three weeks after the patch-
ing of the perforation by the MGM (n = 4). In the normal
ears, the energy reflectance-frequency curve was sharply notched
at approximately 4 kHz (Figure 4B). The perforated eardrum
showed the strongest energy reflectance up to 90% at approxi-
mately 4 kHz. Immediately after MGM patching, the reflectance
curves recovered close to the control. The notched frequency in
the reflectance-frequency curve was slightly lower than that in
the normal eardrum. After MGM patching for three weeks, the
reflectance curves highly overlapped with those of the normal
controls (Figure 4B), with a small difference above 5 kHz. A
similar recovery was also observed in the impedance magnitude
curve (Figure S8, Supporting Information). These results demon-
strated that middle ear function was well repaired by incorporat-
ing MGM into the perforated eardrum.

The vibration behavior of the MGM-incorporated eardrum
was tested by LDV (Figure S7, Supporting Information). Simi-
lar to previous studies,[31] the umbo velocity amplitude exhibited
a prominent reduction within the range of 0.5–4 kHz but a slight
increase within the range of 4–10 kHz after eardrum perforation.
The curves of umbo velocity amplitude highly overlapped with
those of the normal controls (n = 13) three weeks after MGM
patching (n = 7) (Figure 4C). Although the frequency is limited
up to 10 kHz in the LDV test by the technology, these measure-
ments provided evidence of how the incorporation of the MGM
recovered the vibration response of the perforated eardrum.

We subsequently evaluated the recovery of hearing function
of rats with MGM-incorporated eardrum through the ABR test.
The ABR thresholds were found to be largely recovered between 1
and 8 kHz three weeks after perforation in both groups in which
the eardrum was self-healed or repaired by MGM with a 5 μm
thickness. The key advantage of the MGM incorporation was the
full recovery of the ABR threshold to the normal level at all kHz
frequencies (Figure 4D), whereby the threshold shift remained
obvious in the self-healing group at frequencies above 16 kHz
(Figure 4E) at three weeks postperforation. The hearing recovery
results of the MGM-incorporating group were persistent during
the observation period of 2 months postperforation (Figure 4D).
Similar to the self-healing group, we also found that patching
treatment using the biodegradable gelatin sponge could not re-
cover the hearing deficiency of perforated eardrum at frequen-
cies ≥16 kHz (Figure 4F). We verified the difference between the
groups in a two-way ANOVA against grouping and frequency
with a significant group effect in the ABR threshold shifts be-
tween the self-healing group (n = 10), gelatin sponge group (n
= 6) and the MGM-incorporating group (n = 10) (F(2, 23) = 18.62,
P < 0.0001). Post hoc analysis (Tukey method) showed that the
differences among the three groups were significant at 16 kHz
(MGM-incorporating group vs self-healing group: q = 10.50, p <

0.0001; MGM-incorporating group vs gelatin sponge group: q =
5.855, p < 0.01) and 32 kHz (MGM-incorporating group vs self-
healing group: q = 8.664, p < 0.0001; MGM-incorporating group
vs gelatin sponge group: q = 9.489, p < 0.0001) (Figure 4G), favor-
ing the MGM group with the smallest threshold shifts. These re-
sults demonstrated that incorporation of the MGM patch enabled
complete and long-term stable recovery of broadband frequency
auditory function of the rats with perforated eardrum, particu-
larly in high-frequency.

2.6. The Mechanism of the Acoustic Function Recovery of
MGM-Incorporated Eardrum

We further used FEM to shed light on the mechanism of broad-
band hearing sound transmission in the MGM-incorporated
eardrum. As shown in Figure 5A, this modeling simulated a
fully repaired eardrum, in which the MGM was set to be the
middle layer and covered by epithelial layers on its two sides
in the repaired area (Figure 5A). First, the natural frequency
of the eardrum was highly sensitive to the tangential modulus
change in the middle layer (Figure 5B): the natural frequency
of the MGM-repaired eardrum relative to the normal eardrum
(called the natural frequency shift) increased with increasing
Young’s modulus of the MGM. The natural frequency of the
MGM patched eardrum was higher than that of normal eardrum
at all selected modes when the MGM modulus was higher than
2 GPa. Second, we examined how the thickness of the epithelial
layer along the two sides of the MGM impacted the natural fre-
quency. The results showed that increasing the thickness of the

(blue, MGM-incorporating). Dashed lines represent the standard error (n = 4). C) The umbo velocity magnitude measured in normal (black) (n = 13),
perforated (gray) (n = 13) and MGM-incorporated eardrums (5 μm) (blue) (n = 7). Shading around the line represents the standard error. D-–F) ABR
threshold measured preperforation (normal, black), postperforation (gray), three weeks and two months after MGM patching (n = 10), self-healing
(n = 10) and gelatin sponge patching (n = 6). G) Comparison of the threshold shifts among the self-healing group, gelatin sponge group and the
MGM-incorporating group. Error bars represent the s.e.m.; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
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Figure 5. Analysis of the natural frequency of vibration of MGM-incorporated eardrum by FEM. A) The schematic diagram of the FEM design. B)
The effect of the middle layer (MGM) modulus on the natural frequency shift of the MGM-incorporated eardrum relative to the normal eardrum. The
thicknesses of the MGM and epithelial layers are set to 5 μm and 10 μm, respectively. C) The effect of epithelial layer thickness on the natural frequency
shift of the MGM-incorporated eardrum relative to the normal eardrum. The thickness of the MGM is set to 5 μm, and the modulus of the MGM is set
to 20 GPa.

epithelial layers (from 5 to 30 μm on each side of the MGM) de-
creased the natural frequency shift of the MGM reconstructed
eardrum (Figure 5C). The epithelial layer of the MGM-patched
eardrum was much thinner than that of the self-healed eardrum.
Therefore, the thinner epithelial layer in MGM patched eardrum
likely favors an increase in the natural frequency of the regen-
erated eardrum. In summary, our FEM results showed that the
high modulus of MGM and the low thickness of the tissue layer
benefited the recovery of high-frequency hearing of the regener-
ated eardrum by increasing the natural frequency.

This result is supported by the numerical calculation of the
biomechanical properties of the regenerated eardrum (see details
in Supporting Information). Due to the extremely high tangen-
tial modulus of the MGM (19.8 ± 2.9 GPa), the tangential modu-
lus of the MGM-incorporated eardrum is calculated to be ≈3.4 ±
1.8 GPa, which is much higher than that of the normal eardrum
or the self-healed eardrum whose tangential modulus is in the
range of approximately tens of MPa. This high tangential mod-
ulus is reported to benefit the high-frequency vibration of the
eardrum.[15] However, as also pointed out in previous studies,[15]

increasing the modulus of the eardrum will adversely attenuate
its vibration amplitude at low frequencies. In our case, due to the
thin thickness of the MGM and cell layers that cover it, the bend-
ing stiffness of the MGM-incorporated eardrum (2.3 × 10−7N m)
is much lower than the value of the self-healed eardrum (3.2 ×

10−6N m). Although this bending stiffness is higher than the
value of the normal eardrum (6.5× 10−9N m), it makes the MGM-
incorporated eardrum sufficiently flexible to vibrate under a low-
frequency sound stimulus. Therefore, the low-frequency sound
transmission of the MGM-incorporated eardrum is simultane-
ously recovered with the high-frequency sound transmission.

3. Conclusion

In conclusion, we have examined the potential of interfacing per-
forated eardrum with MGM to recover broadband sound trans-
mission function of eardrum. The MGM showed good biocom-
patibility for promoting eardrum cell proliferation and adhesion.
When used as an eardrum graft, the MGM guided thin and regu-
lar eardrum tissue regeneration on its two sides to seal the perfo-
ration without significant signs of tissue rejection and inflamma-
tory response. Due to its high elastic modulus and low thickness,
the natural frequency of the MGM reconstructed eardrum is in-
creased to benefit high-frequency sound transmission.

Our strategy is different from traditional myringoplasty and
previous scaffolding-based bioengineering for eardrum repair, in
which the grafts are adsorbed, degraded, or detached during the
closure of perforation. Instead, the MGM grafts are stably kept
inside the regenerated eardrum, enabling the use of the unique
sound transmission properties of graphene to bring unprece-
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dented hearing recovery performance at both low and high fre-
quencies. Many eardrum repair studies focus on reconstructing
the complex eardrum architecture for hearing recovery. Our work
suggests an alternative way to optimize the acoustic functional re-
covery of perforated eardrum by designing synthetic grafts with
specific mechanical properties. Further work is being planned to
examine the performance of MGM-incorporated eardrum repair
in different eardrum injury models for future clinical applica-
tions.

4. Experimental Section
Preparation of MGM: CCG nanosheets were prepared by chemical re-

duction of an aqueous graphene oxide dispersion acquired by chemical
oxidization and exfoliation of raw graphite using the previous method.[32]

MGM was fabricated by filtering a certain volume of CCG dispersion
(0.5 mg mL–1) through a porous polycarbonate membrane with a 100 nm
pore size (Isopore membrane from Millipore Co., USA). During this pro-
cess, the CCG nanosheets gradually deposited on the filter membrane to
form a continuous membrane. If the vacuum pump was stopped when
there was no water left on the deposited membrane, a wet MGHM with
90 wt% was obtained. If the vacuum pump was stopped until all the water
was pumped out, a dry MGM could be obtained. In this work, dry MGM
was mainly used as a model of stiff and flexible membranes and chose
MGHM as a reference. The as-prepared MGM was carefully peeled off
from the filter membrane and punched into circular pieces with the de-
sired area. They were further sterilized by autoclaving prior to use.

FEM Construction and Validation: The FEM used in this study was con-
structed based on the previous publications.[24a,33] The pars tensa of the
eardrum in the present model was divided into three layers: the outer ep-
ithelial layer, the middle layer and the inner epithelial layer. The outer and
inner epithelial layers were assumed to be isotropic, while the middle layer
was assumed to be orthotropic in radial and circumferential directions.[34]

The thicknesses of the outer layer, middle layer, and inner layer of the pars
tensa were set to 0.005, 0.05, and 0.005 mm, respectively. The Young’s
modulus of the outer and inner layers of the eardrum was 1.0 × 107 Pa.
The Young’s modulus of the middle layer was 2.0 × 107 Pa in the circum-
ferential direction and 3.2 × 107 Pa in the radial direction.[10b] The mate-
rials of both the inner and outer layers of the eardrum were assumed to
be viscoelastic with the same parameters as the published study.[33] The
Young’s modulus of the tympanic annular ligament of the model was mod-
ified based on cross calibration and was set to 3.0 × 106 Pa. The density of
the soft tissues was set to be 1.0 × 103 kg m–3, and the Poisson ratio was
set to be 0.3 for all middle ear components. The Rayleigh damping param-
eters were set as 𝛼 = 0 and 𝛽 = 7.5 × 10–5 s for all solid components. The
external ear canal and middle ear cavity were not included in the FEM.

The FEM model was validated by comparing the calculation results
with previous studies (see the validation process in Figure S9, Support-
ing Information). After validation, 90 dB SPL was loaded on the outside
of the eardrum, and steady-state dynamic analysis was conducted over a
frequency range from 1 to 32 kHz in Abaqus (v6.10-1, Simulia, Inc., Provi-
dence, USA). The perforation area was set to 7.2 mm2. The displacement
of the umbo was extracted and plotted. The Lanczos method was used to
calculate the natural frequency of the simulated models.

Animal Experiments: All study protocols complied with the guiding
principles for the care and use of animals and were approved by the An-
imal Welfare Ethics Committee of Shanghai Sixth People’s Hospital (Ap-
proval number 2020-0265). Newborn Sprague–Dawley (SD) rats (postna-
tal days 1–2) were used for harvesting eardrum cells for immunofluores-
cence staining and electron microscopy observation. Adult male SD rats
(8–10 weeks) were used for the animal model study. All animals were anes-
thetized with sodium pentobarbital (55 mg kg–1, intraperitoneal).

Eardrum Cell Culture: After animal anesthetization, the external ears
were removed, and the tympanic bullas were isolated. Eardrums were
peeled off the tympanic ring using forceps. The harvested eardrums were
rinsed in phosphate-buffered saline (PBS) (Gibco, USA). Small pieces of

eardrum tissue were placed in six-well culture plates (BD Biosciences,
Australia) and covered with coverslips. The derived cells were incubated
in a humidified cell culture incubator at 37 °C with 5% carbon dioxide
(CO2). For fibroblasts, eardrum tissue was cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Invitrogen, USA) containing 10% FBS.
Epithelial cells were cultured in keratinocyte serum-free medium (KSFM,
Thermo, USA). Penicillin G sodium (100 U mL–1) and streptomycin
sulfate (100 mg mL–1) were added to both media. The culture medium
was replaced every 2 d.

Immunofluorescence Staining of Eardrum Cells: The eardrum cells were
seeded on the MGM for 24 h. A Live/Dead Staining Kit (ScienCell, USA)
was used to evaluate the potential cytotoxicity of the MGM. Cells were
incubated in 1 mL of PBS in a culture dish, followed by the addition of 2 μL
of staining solution. Cells were observed immediately under a fluorescence
microscope (Ts2R; Nikon, Japan).

Conventional immunofluorescence was used to identify cell types, label
proliferating cells and evaluate adhesion characteristics. Briefly, cells were
cultured on coverslips or MGM in culture dishes. The cells were rinsed
with PBS and then fixed in 4% PFA for 20 min. The PFA was removed,
and the cells were rinsed at least three times with 0.3% PBS-X. Then, the
cells were treated with 0.1% Triton X-100 for 20 min to permeabilize the
cells. The process was blocked by rinsing three times with PBS and treat-
ment with 1% bovine serum albumin (BSA) (Sigma, USA) for 20 min at
37 °C. The primary antibody was diluted in PBS and then applied to the
slices overnight at 4 °C. The cells were washed five times with PBS and
incubated with secondary antibodies for 1 hour at room temperature in a
dark environment. The coverslips or MGM were then mounted onto glass
slides using DAPI-Fluoromount (Sigma, USA). The cells were visualized
with a fluorescence microscope (Ts2R; Nikon, Japan) or confocal micro-
scope (LSM 710, ZEISS, Germany). The primary antibodies used in this
study were anti-pan cytokeratin (Abcam, UK), anti-vimentin (Proteintech,
USA), anti-Ki-67 (Abcam, UK), anti-vinculin (Sigma, USA) and phalloidin-
iFluor (Abcam, UK).

Animal Models and Histological Evaluation: All animals were examined
to exclude middle ear pathology using otomicroscopy before the experi-
ments. The perforation was mechanically created using a micropick under
a surgical microscope on the anterior half of the pars tensa of the eardrum
(≈1.5 mm in diameter measured by a periodontal probe) on both sides of
the ears. MGM (trimmed into pieces ≈1.8 mm in diameter) was steam
sterilized and placed onto the perforated eardrum on the right side of the
ear using the transcanal overlay technique. The other side was left for spon-
taneous healing as a control. As shown in Video S1 (Supporting Informa-
tion), after the fresh perforation was made, MGM was delivered into the
ear canal with a periodontal probe and then pushed gently to cover the per-
foration. The modeling results showed that the small bending deformation
of the MGM had little influence on the vibrating response of the patched
eardrum (Figure S10, Supporting Information). The implantation opera-
tion needs to be carefully controlled to avoid damage to the thin MGM or
the eardrum. In another animal group, sterile gelatin sponges were placed
onto the fresh perforation using tweezers. The eardrums were observed ev-
ery week to determine the position of the MGM or gelatin sponges under
a surgical microscope (M320, Leica, Germany). If the materials were dis-
placed from the hole, the animals were excluded. All animals survived and
showed no postoperative complications after surgery. For morphological
evaluation, the eardrums with the bony annulus were extracted from the
tympanic bulla and fixed in 10% neutral buffered formalin for 24 h. The
samples were then decalcified in 10% hydrochloric acid formaldehyde de-
calcification solution for 3 d. After paraffin embedding, a total of 3 μm
sections were cut and stained with hematoxylin and eosin (H&E). The
stained sections were digitally scanned using a Pannoramic MIDI scan-
ner (3D HISTECH, Hungary). The thickness of the regenerated eardrum
was averaged from 3 representative points in the perforated area.

WAI Measurement: The HearID system (Mimosa Acousitcs, Inc.,
Champaign, Illinois) was used for the measurement of wideband energy
reflectance and impedance magnitude. This system consists of a laptop
with the installation of HearID 5.1 software, an ER-10C probe (Etymōtic
Research, Illinois) with a probe-adaptor cable, and a calibration cavity set
of four cavities. The probe was calibrated daily with HearID before the
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start of every experiment by using the Mimosa Acoustics Calibration Cav-
ity Set. Prior to starting the test, an in-the-ear calibration using a 1 kHz
tone was made to establish the overall level for outputting the chirp and
tonal stimuli. The wideband chirp stimulus was output repeatedly at 60 dB
SPL for 4 to 6.4 s and analyzed within a 0.2–6 kHz frequency range. After
finishing the sweeps, the software represented the wave curves of energy
reflectance and impedance magnitude. Data were collected using the pro-
gram in HearID.

LDV Measurement: A speaker was placed in front of the specimen,
driven by signals generated from a signal generator (NI USB 9263) and
amplified by a power amplifier (B&K Type 2718). A tiny sound pressure
probe (ER-7C, Etymotic, Grove Village, IL) was placed in the ear canal
within 2 mm from the eardrum to monitor the sound pressure. The vi-
brating velocities of the eardrum or MGM were measured by LDV (Ploytec
CLV 2534-4). When measuring the vibration of the MGM, the membrane
was placed on a pars tensa perforation. A laser beam was shot on and
reflected by the small tapes placed on the MGM center, and the reflected
light was collected by the LDV for velocity calculation. To measure the vi-
bration of the eardrum, the small tapes were placed on the umbo or pars
tense center. The pressure and velocity data were recorded using a four-
channel data acquisition device (NI USB-9234, sampling rate 52 kHz, Na-
tional Instruments, Austin, TX). An in-house MATLAB program was devel-
oped for controlling the devices and data analysis. Pure tones of varying
frequencies (from 500 to 16 000 Hz, 5 points per octave) were delivered
by the speaker in sequence. For each frequency, the recorded pressure and
velocity data were analyzed using a fast Fourier transform (FFT).

ABR Test: Auditory function was objectively evaluated by the
frequency-specific auditory brainstem response (ABR). The ABR test of the
rats was performed with hardware and software from Tucker-Davis Tech-
nologies (TDT System III; Alachua, FL, USA). Rats were anesthetized and
placed on a thermostatic heating pad to maintain body temperature at 37
°C during the recording. To identify the auditory function of each ear, the
acoustic signals were delivered in a closed field via an MF1 broadband
speaker (TDT). The signals were tone bursts of 1 to 32 kHz in octave step,
with a 10 ms duration and a 0.5 ms rise/fall time, presented at a rate of
21.1 s–1. At each frequency, the stimulation was presented in a downward
sequence from 90 to 0 dB SPL in 5 dB steps. The evoked responses were
collected via three subdermal electrodes, with the recording electrodes in-
serted at the vertex of the head and the reference and grounding electrodes
at each side of the neck behind the earlobe. The responses were ampli-
fied 20 times by a PA16 preamplifier (TDT) and filtered between 100 and
3000 Hz. The ABR threshold was defined as the lowest level at which a
repeatable wave III was observed.

Statistical Analysis: The number of replicates (n) and repeated exper-
iments are shown in the figure captions or with data. All quantitative re-
sults are presented as the mean ± standard error (s.e.m). Statistical anal-
yses were performed using the statistical package for the social sciences
(SPSS) software (ver. 23; SPSS, Inc., Chicago, IL). Statistical test methods
are indicated along with the data. A difference was considered statistically
significant if p < 0.05.
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Supporting Information is available from the Wiley Online Library or from
the author.
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