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1. Introduction

Micropatterning of polymeric materials is a
powerful sustainable strategy for enhanc-
ing adhesion without the use of chemi-
cals.[1] Such self-adhesive structures allow
gentle and reversible adhesion in industrial
robotics applications[2] and have been pro-
posed for improved adhesive contact to
human skin.[3–5] The principle is derived
from the attachment organs of geckos,
which can reversibly attach to vertical walls
and ceilings.[6–9] Their adhesion is based on
van der Waals interaction strongly
enhanced by a compliant microfibrillar
(“hairy”) structure. The main advantage
of such dry adhesives lies in their
chemical-free adhesive function, which
would allow biomedical application without
the need for further attachment agents.

Our research has focused on developing
microstructured adhesives specifically for
contact with human skin. Depending on
many factors, e.g., location, age, and strain,
skin can exhibit different roughness fea-

tures. Trojahn and coauthors measured in four different skin
areas, Ra ranging from 13.9 to 16.2 μm and Rz from 61.5 to
71.9 μm (where Ra is the arithmetic mean deviation from the cen-
ter line and Rz is the mean roughness depth).[10,11] Roughness is
the main factor reducing adhesion due to insufficient molecular
contact between the surfaces.[12] To achieve good adhesion under
these circumstances, several materials strategies are available:
1) the dimensions of elastomeric micropillars can be chosen
to optimize adhesion to a specific roughness;[13]2) a compliant
polymer film, when thinner than a critical thickness, can suffi-
ciently conform to the surface irregularities to create reliable
adhesion;[14] and 3) composite micropillars with very soft termi-
nal layers can accommodate roughness of the countersurface.[8]

Strategies (2) and (3) can be combined by designing a
film-terminated structure in which arrays of micropillars are
bridged at their terminal ends by a continuous compliant top
layer. The mechanics of such film-terminated designs was dis-
cussed in detail by Glassmaker et al.[15] and Noderer et al.,[16]

who attributed their superior adhesion to a crack-trapping mech-
anism: the interfacial crack “feels” the spatial modulation of the
local compliance and is pinned in the space between the pillars,
where the energy release rate to drive crack propagation is
reduced. Such a microstructure can additionally adhere to
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Inspired by the gecko foot, polymeric microstructures have demonstrated reliable
dry adhesion to both stiff objects and sensitive surfaces such as skin.
Microstructured silicone patches are proposed, herein, for the treatment of
tympanic membrane perforations with the aim of serving as an alternative for
current surgical procedures that require anesthesia and ear canal packing.
Sylgard 184 PDMS micropillars of 20 μm in diameter and 60 μm in length are
topped by a Soft Skin Adhesive (SSA) MG7-1010 terminal layer, of about 25 μm
thickness. The adhesion is evaluated by specially designed tack tests against
explanted murine eardrums and, for comparison, against a rigid substrate.
Functional effects are evaluated using auditory brainstem responses (ABRs) and
distortion product otoacoustic emissions (DPOAE). The adhesion strength of the
microstructure and unstructured controls to explanted murine tympanic mem-
branes is comparable (typically 12 kPa), but the microstructured patches are
easier to handle by the surgeon. For the first time, partial recovery of hearing
performance is measured immediately after patch application. The novel patches
adhere without the need for further fixation, removing the need for ear canal
packing. The proposed material design holds great promise for improving clinical
treatments of tympanic membrane perforations.
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surfaces of different degrees of roughness[17] as the real contact
area is increased due to the adaptation of the soft top layer and
the compliant micropillars.[17–19]

The application proposed here for such microstructured films
is the treatment of perforated tympanic membranes (TMs).
Currently, tympanic membrane perforations (TMPs), especially
in persistent or chronic cases, are treated by costly surgical pro-
cedures under anesthesia, involving the packing of the outer ear
canal until the healing process is completed. This therapy
impairs the patient’s hearing and could implicate surgery com-
plications.[20] Due to these risks of TMP treatments, biomaterials
research started to look for promising therapeutic alternatives for
TM regeneration, especially for the treatment of large or persis-
tent perforations. Even when perforated membranes heal spon-
taneously, the repaired membranes can be malformed,
acoustically suboptimal, and susceptible to reperforations.[20]

The time of healing and the closure rate of TMPs strongly
depend on the type (acute or chronic) and size.[21,22]

Recurring and chronic perforations can cause, in addition to
hearing loss,[23–25] severe health issues due to the risk of infec-
tions and of cholesteatoma formation.[26] A fast and mechanically
reliable closure of the perforation is therefore indicated.

The TM has an important role in sound transmission to the
ossicles and in protecting the middle ear. By collecting vibrations
from the incoming sound waves and transforming into mechan-
ical waves as vibrations, the TM is an important factor of the
acoustic impedance system. Disturbances in this mechanical sys-
tem lead to hearing impairment. This can be quantified by
recording the auditory brainstem response (ABR) and bymeasur-
ing the distortion product otoacoustic emissions (DPOAEs). ABR
signals generated in the auditory cortex can be detected by
peripheral electrodes using a standard method for diagnostic
purposes in humans and research purposes in laboratory ani-
mals, often along with DPOAEs.[27,28] The latter is an important
frequency-specific method to detect the functional effects of mid-
dle ear disorders, such as otitis media, TMPs, and discontinuity
of the ossicular chain.[29–31] DPOAE measurements are a very
sensitive tool to analyze mechanical alterations in the middle
ear, among other things, and therefore can also be used to obtain
information about the healing process of the perforated tympanic
membrane.[32]

In the clinic, acute clean TMPs that are not very large and pres-
ent no other complications, e.g., large destruction of the edges or
involvement of the ossicular chain, are treated by unrolling, sub-
tle correction of their edges, and overlaying a film, which should
protect the middle ear and support the healing process. For larger
or persistent TMPs, a surgical procedure called myringoplasty, or
tympanoplasty, is needed as was first described by Zöllner[33] and
Wullstein.[34] An autologous film (perichondrium, cartilage, or
fascia) is positioned underneath the perforation with freshly
cleaned margins. For both medical treatments, the newly intro-
duced material needs to be kept in position by packing the outer
ear canal, e.g., with a layer of silicon stripes and finally with
antibiotic-impregnated gel foam. As an alternative procedure,
simple silicone foils can be used to sustain the healing process,
reducing the risk of ear infections and possibly improving hear-
ing abilities for small and medium TMPs.[35,36] In a clinical
study, polydimethylsiloxane (PDMS) films, in combination with
immobilized collagen, were used to treat small TMPs with a

success rate of 70%.[37] We previously proposed the soft skin
adhesive SSA MG7-9800 for this purpose due to its reliable
but gentle self-adhesion to tissues, enabling secure adherence
and atraumatic removal.[38,39] Patching perforated eardrums with
self-adhesive materials in humans could therefore improve the
treatment for the affected patients and has however, to our
knowledge, not been reported so far.

We designed a novel self-adhesive patch in the form of
film-terminated microstructured silicone film. For the micropil-
lars, PDMS Sylgard 184 was chosen, whereas the top layer con-
sisted of a soft skin adhesive (SSA MG7-1010). The patches were
evaluated, in comparison to nonstructured control samples,
regarding adhesion to rigid rough substrates and to explanted
murine eardrums. In addition, the functional properties for
restoring hearing after closing of TMPs by the adhesive patches
were evaluated by click ABR and DPOAE measurements. The
resulting properties of the novel patch were extremely encourag-
ing and suggest finalizing the preparations for clinical studies.

2. Results

2.1. Film-Terminated Microstructured and Control Samples

Film-terminated microstructures consist of a pillar array micro-
structure topped by a soft skin adhesive layer. Pillars were fabri-
cated by replica molding of Sylgard 184 and subsequently
integrated to the SSA layer. Figure 1a shows the film-terminated
microstructured architecture is schematically illustrated. The
scanning electron micrograph presented in Figure 1b shows that
the actual aspect ratio of the pillars supporting the top layer was
somewhat smaller than the designed value 3 because the dipping
process required for integration of the MG7-1010 top had created
some overlap. Among all sets fabricated, thickness values of the
film-terminated microstructures were 43.2� 1.9 μm for the
backing layer, 44.7� 3.0 μm for the micropillars, and
24.9� 3.3 μm for the top layer, in total, �112 μm (Figure 1c).
The unstructured controls consisted of a 58.9� 2.3 μm-thick
Sylgard 184 layer and a 24.1� 1.9 μm-thick MG7-1010 top layer,
with a total thickness of �85 μm. The mass per area was �0.08
mgmm�2 for the two specimen types.

2.2. Roughness

To define the roughness of the murine tympanic membrane, rep-
licas were produced by imprinting with a room-temperature
fast-curing silicone, applied through the outer ear canal on the
exposed tympanic membrane. Subsequently, the roughness was
determined from the silicone replicas using confocal scanning
microscopy. The arithmetic mean height (Ra) of the replicas of
explanted TMs was 0.14� 0.04 μm. In comparison, the arithmetic
mean height (Ra) of the epoxy substrate used in the adhesion meas-
urements carried out in laboratory was 0.41� 0.01 μm. Mean peak
to valley roughness (Rz) values were 1.18� 0.42 μm for the TM rep-
licas and 2.5� 0.08 μm for the epoxy substrate. Root mean square
(RMS) roughness values were 90� 31 and 12� 1 μm, respectively.

Exemplary surface scans of the TM replicas and the epoxy sub-
strate are shown in Figure 2. The two measurements of the TM
replicas (Figure 2b,c) show some differences, which illustrate the
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large deviation between different measurements and will reflect
on deviations in adhesion measurements, described later. The
scan of the epoxy substrate is shown in Figure 2d.

2.3. Pull–Off Stress Against Epoxy

First, the adhesion of the microstructured and control patches
was measured against the rigid epoxy substrate of roughness
Rz of 2.5 μm. Figure 3 shows that the microstructured adhesive
had a significantly higher adhesion to epoxy than the unstruc-
tured control sample: after applying a compressive prestress
of 11 kPa, the microstructures detached at 72.7� 9.4 kPa and
the control samples at 39.4� 16.5 kPa; the improvement factor
was 1.89 (p-value 0.001). For a prestress of 23 kPa, the micro-
structures exhibit similar adhesion values, but the improvement
factor went down to 1.27 (p-value 0.03). This was due to the
strong increase in the unstructured control samples by 56 %
at the higher prestress, presumably due to better conformation
to the substrate roughness.

2.4. Adhesive Strength Against Murine TMs Using Ex Vivo
Tests

To evaluate the adhesion of the patches closer to real conditions,
adhesion measurements were carried out on intact and perfo-
rated, explanted tympanic membranes of mice, Figure 4a shows
an explanted murine petrosal bone with the TM exposed. Three
different adhesive patches were tested: 1) film-terminated
microstructures, 2) control films with its adhesive side
(MG7-1010 layer) adhered to the TM, and 3) control films with
nonadhesive backside (Sylgard 184 layer). The custom-made
sample holder was used to align the explanted TM in a 90� angle
to the patch applicator, as shown in Figure 4b,c. As shown in

Figure 4a, the patches were positioned to fully cover the perfora-
tion. Care was taken that the patch had still enough overlap with
the remaining membrane to ensure its adhesion. The size of an
average perforation was about 700� 500 μm2; this amounted to
roughly 10% of the total area of the murine tympanic membrane
(with typical dimensions of 2� 2mm2) and �40% of the patch
area (1 mm diameter).

Exemplary stress versus time curves (Figure 4d) for measure-
ments on intact (blue) and perforated (green) TMs demonstrate
the gradual increase in the compressive prestress up to a set
value of �25 kPa. To conduct the experiments in the shortest
time possible and avoid therefore changing in the membrane’s
properties, we limited the compressive preload condition to one
value. The position was held for 10 s, which was accompanied by
some slight relaxation possibly due to the soft top layer. Upon
retraction, patches detached at various tensile loads. The detach-
ment is typical for tack measurements of soft materials.[40]

Our results on intact TMs (Figure 5a) demonstrated that
the adhesive strength of the film-terminated microstructure
patches was significantly higher compared with the nonadhesive,
unstructured control (p¼ 0.002) but not higher than the adhesive
side of the control sample. The mean pull-off stress of micro-
structured patches was 14.5� 8.8 kPa, with a maximum of
32.3 kPa and a minimum of 5.7 kPa. Mean value for the adhesive
control was 13.3� 7.2 and 5.7� 4.6 kPa for the nonadhesive con-
trol. The mean pull-off stress of the film-terminated microstruc-
tured patches was �9% higher, but not statistically significant,
compared with the adhesive control (p¼ 1). An explanation
for the large deviation probably relates to large variations of
the explanted TMs and the conditions of the ex situ adhesion
measurements.

On the perforated TM (Figure 5b), the pull-off stress values
were overall reduced compared with the intact condition. In

Figure 1. Film-terminated microstructure proposed for repair of tympanic membranes. a) 3D representation of the film-terminated design, Sylgard 184 in
blue and soft skin adhesive SSA MG7-1010 in pink. b) Scanning electron micrograph of an actual microstructure, side view. c) Schematic illustration
showing the approximate dimensions of the top layer, pillar portion, and backing layer for film-terminated samples in contrast to the top layer and backing
layer in the unstructured control sample.
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the adhesive and nonadhesive control sample, adhesion
decreased by 43% and 49%, which is comparable with the loss
of contact area due to the perforation; by contrast, microstruc-
tured patches suffered only a 17% reduction. The adhesion of
the film-terminated microstructure (p-value 0.002) and the adhe-
sive, unstructured control (p-value 0.006) was significantly higher
than the nonadhesive control. The difference between the micro-
structured adhesive patches and the adhesive control samples
were higher than before (14.5–13.3 vs 12.1–7.6 kPa), but again
not statistically significant (p¼ 0.14).

2.5. Physiological Effects on the Hearing Performance

To gain information about the overall hearing function, ABR
recordings were carried out as a standard method to determine
auditory function in vivo. Thereby, the hearing threshold under
three conditions was analyzed: 1) on intact TM; 2) perforated TM;
and 3) after applying a patch on the perforation.

The results of the click ABR recordings demonstrated that the
hearing threshold significantly increased after perforation from
12 dB SPL to 34 dB SPL in both groups, which translates into an

increase of 283% (p-value 0.003 and 0.01, respectively). Covering
the perforation with patches led to a statistically nonsignificant
decrease in the threshold in both groups with microstructured
patches as well as unstructured control patches (Figure 6a,b).

The click–ABR is testing, however, the cumulative hearing acti-
vation overlapping the induced activation of all frequencies included
in the click applied. The technique is therefore not sufficiently sen-
sitive for judging the hearing improvement at individual frequen-
cies through patch application. Therefore, to analyze the effects of
closing the perforation in a more sensitive and frequency-specific
manner, DPOAE recordings were carried out after ABR measure-
ments. The results of the in vivo DPOAE measurements in anes-
thetized mice with intact and perforated TM were compared
after the closure of the perforation with the two different patches,
i) the film-terminated microstructured patch and ii) the unstruc-
tured adhesive control (Figure 7a,b). Through this, a difference
between the lower frequencies (10–15 kHz) and the higher frequen-
cies (15–18 kHz) could be measured.

The averaged DPOAEs between 10 and 15 kHz demonstrated
an improvement after applying microstructured patches
(Figure 7c). Here, the DPOAE signals dropped from

Figure 2. Surface roughness of murine TMs and epoxy substrate. a) Measurement locations in the pars tensa (PT), which is separated by the malleus (M)
with its lowest part at the umbo (U). PF is pars flaccida. b,c) Inverse topography scans of tympanic membrane measured on silicone replicas. d):
Topography scan of the epoxy substrate. Roughness measurements were obtained from 14 replicas of 7 TMs measured in three different positions
of the PT, and for epoxy substrates in three independent positions.
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26.4� 2.3 dB in intact condition, by �34%, to 17.5� 3.8 dB after
perforation (p¼ 1.27� 10�6). The application of film-terminated
microstructure led to a highly significant increase to
21.8� 2.9 dB (Figure 7c) corresponding to þ 25 % (p¼ 0.006).
By contrast, in the group treated with control adhesives
(Figure 7d), the same proportional decrease was followed by
an increase by �21% to 21.2� 4 dB, which is statistically not sig-
nificant (p¼ 0.06). In the higher-frequency range, from 15.5 to
18 kHz (Figure 7e,f ), the DPOAE signals decreased after perfo-
ration by �24% from 30.1� 3.3 to 23� 2.8 dB for the micro-
structure and by �28% from 30.7� 2.4 to 22.1� 4.9 dB for
the control group. The application of the film-terminated micro-
structure led to a non-significant improvement from 23 to
23.2 dB being �þ0.7 % of the DPOAEs (p¼ 1), whereas the
application of control films led to a significant increase by about
10% from 22.1 to 24.5 dB (p¼ 0.02). In none of these measure-
ments, full recovery of the DPOAE levels to intact levels was
achieved by patching in the acute herein presented conditions.

As mass and damping are essential parameters to be considered
in analyzing the vibratory characteristics of a structure, we also
investigated the effects of applying microstructured and control
patches (in the thin and additionally coarser dimensions
�300 μm total thickness) on the intact membrane and gained more
information on the influence of patching on the sound conduction

Figure 3. Adhesion of film-terminated microstructures and unstructured
controls as determined by tack tests against epoxy substrates. The com-
pressive prestress was varied from 11 (left) to 23 kPa (right). The hold time
at prestress was 10 s. The data are presented as mean� SD. The mean
values are labeled above each graph. Number of experiments: sevenmeas-
urements for film-terminated microstructures and five measurements for
control samples, p-values are calculated using two-sided t test. * character-
izes p< 0.05 and ** indicates p< 0.01.

Figure 4. Ex vivo adhesion tests on intact and perforated murine TMs. a) Photograph of a film-terminated microstructured patch (indicated by the black
arrowþ dotted line) covering a perforation in the upper posterior quadrant of the murine TM. b) The measurement setup consisting of an adjustable
sample holder to fix the explanted tympanic membrane and the adhesive patch mounted on a motorized applicator equipped with a load cell.
c) Illustration of the test procedure indicated in b) as red dotted circle: TMs with petrosal bone mounted on a glass substrate was contacted by
the adhesive patch, ensuring parallel contact. d) Exemplary stress versus time curve: The compressive prestress of �25 kPa was held for 10 s and
the patch detached completely from the intact (blue line) or perforated (green line) TM at stresses of about 8 kPa. Positive values indicate compressive
stress, and negative indicate tensile stress.

www.advancedsciencenews.com www.advnanobiomedres.com

Adv. NanoBiomed Res. 2021, 1, 2100057 2100057 (5 of 12) © 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advnanobiomedres.com


of the TM (Figure S1, Supporting Information). In all cases, the
DPOAE signals were significantly reduced after patch application,
especially for the coarser, more massive patches. When applied on
the perforated membrane (Figure S2, Supporting Information), the
coarser patches had no significant effect on the hearing function in
comparison with the perforated condition.

From the surgeon’s perspective, handling and application of
the microstructured patches was more precise than for the con-
trols, possibly because the pressure was more easily distributed

through the more compliant structure onto the thin TM. In addi-
tion, the microstructure adhered less to the thin forceps allowing
easier adjustments of its position.

3. Discussion

In an attempt to improve current therapeutic strategies for sur-
gical interventions on ruptured tympanic membranes, we

Figure 5. Pull-off stress for a) intact and b) perforated explanted TMs. Samples were film-terminated microstructures (FT, dark blue boxes) and unstruc-
tured control films with their adhesive side (control, light blue boxes) and their nonadhesive (nonadh., green boxes) side in contact. In the box and whisker
plots, each box represents the range from the first quartile to the third quartile. The median is indicated by a line inside the box, the mean is indicated by a
dot. The whiskers represent the ranges from the minimum to the maximum value of each group. Mean, minimum, and maximum values are also labeled
with their values beside the boxes. Number n indicates independent measurements for a) n¼ 14, b) n¼ 12. p–Values are calculated using Kruskal–Wallis
test followed by Dunn’s test posthoc analysis for pairwise comparisons ** indicates p< 0.01.*** indicates p< 0.001; n.s.¼ nonsignificant.

Figure 6. Analysis of the effects of perforation and covering of the TMP with a) microstructured or b) control patches on the hearing threshold, recorded
by click–ABR in contrast to intact condition. The hearing threshold significantly increased after perforation from 12 to 34 dB SPL in both cases. a) After
applying microstructured patches, the threshold decreased non-significantly to 32 dB SPL. b) After applying control patches, the threshold decreased
nonsignificantly to 30 dB SPL. The data are presented as mean� SD. The mean values are labeled above each graph, n¼ 5, p-values are calculated using
one-way ANOVA with repeated measures followed by Bonferroni-test for pairwise comparison. * indicates p< 0.05 ** indicates p< 0.01; n.s.¼
nonsignificant.
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Figure 7. Hearing function in intact, perforated, and patched condition as measured by DPOAE. DPOAEs after treatment with microstructured patches (a,
green data) showed an increase in the lower-frequency range, whereas the control (b) enhanced all frequencies compared with the perforated condition. c,d)
Averaged SNRs point to a significant increase in DPOAE signals after patching compared with the untreated perforated TM between 10 and 15 kHz using the
microstructure patches (c). d) Averaged SNRs were not significantly enhanced after applying control patches. e,f ) Averaged SNRs in between 15.5 and 18 kHz.
e) Microstructure patches led to a nonsignificant increase in SNRs, whereas in this frequency range, f ) the application of control patches led to a significant
increase in SNRs. Data are represented in a,b) as mean� SD. In the box and whisker plots, in c–f ) each box represents the range from the first quartile to the
third quartile. The median is indicated by a line inside the box, the mean is indicated by a dot. The whiskers represent the ranges from the minimum to the
maximum value of each group. Mean, minimum, and maximum values are also labeled with their values beside the boxes. In c,f ), p-values are calculated using
ANOVAwith repeatedmeasures with Bonferroni test for pairwise comparisons and in e,d) with a Friedman–ANOVAwith Dunn’s test for pairwise comparisons.
* indicates p< 0.05, ** indicates p< 0.01, and *** indicates p< 0.001, n.s. ¼ nonsignificant. The number of replicates is indicated below the plots in e,f.
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investigated a novel silicone microstructured patch in experi-
ments with artificial surfaces and in a mouse model. Three main
aspects will be discussed in turn: roughness of the tympanic
membrane, adhesive properties of the patch, and its effect on
hearing performance.

3.1. Roughness Characterization of the Murine TM

Aiming the development of an adhesive patch for application at
the eardrum and considering the roughness as the first challeng-
ing factor against adhesion due to reduction of contact between
two surfaces, we first evaluated this parameter of the tympanic
membrane and the proposed model surface.

The height profiles in Figure 2b,c are, to our knowledge, the
first reported roughness data for tympanic membranes of mice.
The eardrum replicas are believed to closely match the conditions
of the real murine membrane although slight material shrinkage
could have affected the results.[14] The data showed relatively
smooth surfaces for the TM (Ra � 0.14 μm and Rz � 1.18 μm),
in comparison, for example, to the roughness of human skin
reported in literature (Ra � 13–16 μm and Rz � 61–71 μm).[10]

It should however be noted that singular values of Ra or Rz

are insufficient descriptors of complex rough surfaces; a full anal-
ysis of the surface roughness using a power spectrum, as was
carried out for skin, e.g., by Kovalev et al., was beyond the scope
of this article.[41]

As a model surface, we chose an epoxy replica of frosted glass,
whose roughness profile was comparable but did not fully match
that of the eardrum. The epoxy exhibited a more homogeneously
distributed roughness than the tympanic membrane, with higher
Rzroughness values.

3.2. Adhesion Properties of the Patches

Against the epoxy model surface, our film-terminated micro-
structures demonstrated, for all tested parameters, higher adhe-
sion in comparison with unstructured controls (Figure 3). This
very likely reflects the previously studied crack trapping mecha-
nism,[15,16] possibly in combination with the reduced effective
modulus which facilitates adaptation to surface roughness.
The advantage of the microstructure was especially pronounced
(almost by a factor 2) for the smaller prestress value (11 kPa). For
the larger prestress (23 kPa), on the other hand, the improvement
was only about 27%. A possible explanation is the very soft top
layer, which adapts to the surface topography leading to complete
contact and a maximum pull-off stress when the prestress is suf-
ficiently high.[17,42] The high adhesion for small prestress could
be beneficial for future application in humans, as smaller forces
exerted by the surgeon will lower the likelihood of damaging the
TM.

As a next step, we evaluated the adhesion of the films on
explanted tympanic membranes of mice as self-adhesion is an
essential aspect for our novel designed films for eardrum perfo-
ration treatment. This characteristic gives them the advantage
over the commercially available, nonadherent films, to not
require packing of the outer ear canal with the consequent addi-
tional hearing impairment during the healing time. This experi-
ment was carried out, to our best knowledge, for the first time in

the literature and required the design of a dedicated ex vivo mea-
surement set-up. First, it was found that the adhesion values
were generally lower for the perforated TM compared with the
intact TM, presumably due to the reduction in actual contact
area. An additional effect could be the reduced tension of the pars
tensa (PT) after perforation, which would lead to a less defined
contact and make the countersurface more compliant.[43]

Second, the adhesion performances of the microstructure and
the control were very similar, the difference was not statistically
significant for both the intact and the perforated condition.

A third observation is the generally lower adhesion to the ear-
drum than to the epoxy model surface. This is not surprising as
the two substrate materials differ greatly in elastic modulus and
geometric complexity (i.e., the concave curvature of the eardrum
versus a nominally flat epoxy surface). A related aspect was that
the two test setups used differed in stiffness. Still our approach
follows common practice in standardized testing of medical
adhesives, where adhesion is measured against steel substrates
and empirical correlations to skin adhesion are assumed.[44,45]

In more quantitative terms, the top layer thickness necessary
to accommodate the roughness characterized by Rz can be esti-
mated. Following Davis et al.[46] and Fischer et al.,[14] adhesion
will be insensitive to roughness above a critical film thickness
given approximately by

hcrit � R2
z ⋅

Eeff

Wad
(1)

where Eeff is the effective modulus and Wad the work of adhe-
sion, assumed to be 50mJm2. For a filmmade of MG7-1010 with
a Young’s modulus of 250 kPa[47] on the tympanic membrane
(Rz ¼ 1.18 μm), hcrit � 7 μm, which is well below the thickness
of the top layer (�25 μm). In contrast, for the rougher epoxy sub-
strate, hcrit � 32 μm, which is close to the top layer thickness.
These results indicate that the adhesion on the epoxy substrates
must benefit from the compliance of the underlying microstruc-
ture, whereas that on the explanted TM is solely associated with
accommodation by the soft top layer, as in the control sample.
Although the present results for microstructured patches did
not confirm improved adhesion to murine eardrums, micro-
structures are expected to benefit in clinical applications where
adhesion must be ensured to rougher human TMs. Work along
these lines is currently in progress. In addition to advantageous
adhesion on the rougher TM, the microstructure could even be
further optimized by varying the top layer and the pillars dimen-
sions,[17,47] allowing for a tunable and more personalized design
of the patches, according to the patient’s needs. Thereby, the
adhesion could be easily adapted to the specific pathological find-
ings. For example, larger or longer persistent perforations might
need stronger adhesion to stay attached longer, in comparison
with small acute perforations that heal faster. Another important
argument in favor of our microstructured patches is the experi-
ence gained in the animal experiments that indicated that these
patches proved to be easier to apply to the murine TM. The
microstructures allowed for better gripping, were easier to han-
dle and less prone to rolling-up. This can be explained by com-
paring the bending stiffness of both samples (calculations shown
in Supporting Information). The calculated value of bending
stiffness is almost 2.3 times higher for the microstructure than
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the control sample (see Figure S3 and Section 1, Supporting
Information). Also, the more even distribution of the compres-
sive prestress improves the integrity of the remaining TM and
ensures homogeneous adhesion without causing macroscopic
damage of the sensitive membrane during removal. The
film-terminated design offers the advantage, over bare micropil-
lars, of proper sealing of the perforation especially along the per-
foration margins. This restores, at least partially, the acoustic and
protective properties of the TM.

One further advantage of the film-terminated microstructures
could be the insertion of inflammation- and infection-suppressing
agents, e.g., cortisone or antibiotics between the pillar portions. The
porosity of the top layer would allow diffusion through the material
directly to the desired target location. This could result in an engi-
neered release system allowing drug application over a predeter-
mined time.[48,49]

3.3. Functional Effects on Hearing Ability

To our knowledge, we report here for the first time that appropri-
ately designed adhesive patches have a positive impact on the hear-
ing ability during the healing phase. DPOAE signals were
significantly improved immediately following application of
microstructured or control patches (Figure 7). The hearing thresh-
old using click–ABR remained largely unaffected (Figure 6) due to
the characteristics of click tones used in ABRs containing a wide
range of frequencies applied simultaneously.

The frequency-specific analysis of DPOAE demonstrated that
microstructured patches enhanced especially the lower frequen-
cies (up to 15 kHz), whereas control patches improved the higher
frequency range (between 15.5 and 18 kHz) (Figure 7). After
translation to the much thicker human eardrum (thickness
�120 μm compared with �5 μm for the mouse), these damping
effects are expected to be much reduced in the final clinical appli-
cation. Overall, the results will need to be newly evaluated in
humans due to different dimensions of the eardrum.

The patches cannot fully restore the function of the damaged
eardrum in the mouse model. This is very likely due to the added
mass, which influences the acoustic impedance and dampens
sound conduction. This effect was proven by the reduction in
DPOAE levels after applying patches to intact TMs (Figure S1,
Supporting Information). In evaluating these effects, the corre-
lation of DPOAE signals with the state of the TM requires further
discussion. In general, the signal level is strongly dependent on
the anterograde and retrograde middle-ear transmission and is
hence influenced by mechanical changes in the outer ear and
middle ear, such as increased mass or stiffness. As a result,
the middle ear constitution influences the DPOAE quality twice,
by affecting the incoming tones in the inward-direction and the
returning DPOAE signals in the outward direction.[32] DPOAEs
are therefore valuable in detecting not only sensorineural but also
conductive hearing loss[30] and are routinely used in clinical diag-
nosis.[50–52] In their study on gerbils, Dong et al.[32] analyzed the
effects of TM perforations and altered middle ear transmission
conditions on the generation of DPOAEs. DPOAEs were found
to be measurable up to perforation sizes covering about half the
tympanic membrane. DPOAE thresholds were not totally
restored to normal after 4 weeks of incubation, especially at

higher frequencies (>10 kHz). The fact that DPOAE signals
did not totally recover even after closure of the TM perforation
was ascribed to an incompletely restored middle ear
transmission.

The immediate improvement of the auditory function in mice,
as suggested by our study, would be advantageous for the treat-
ment of patients, who would also benefit from a free ear canal
during the healing phase. According to most studies of the heal-
ing time of TMs, we expect a retention time of more than 4 weeks
of the patch on the perforated membrane.[53–55] To the best of our
knowledge, most studies on TMP treatment use nonadhesive
materials that require the packing procedure of the outer ear
canal to keep the patch in position. In the study of Farhadi
et al.,[37] collagen-covered PDMS patches applied to longstand-
ing, small perforations in ten patients had an overall success rate
of 70% after 1 month. These patches had to be fixated by gel
foam, which led to an inevitable conductive hearing loss. Park
et al. reported about the use of Steri–Strip patching, an adhesive
material using for wound closure, in comparison with paper
patch and spontaneous closure and reported decreased need
for repeated patching procedures in the Steri–Strip group. On
the other hand, in the Steri–Strip group, significantly increased
rates of otorrhea occurred.[56] Further studies on adhesive patch-
ing, published by Aslan et al. 2011, reported on an immediate
hearing improvement after patching with Steri–Strips except
in the patients with chronic perforations.[57] Self-adhesive sili-
cone elastomers offer the advantage to be applied and fixed with-
out the need of chemical glues, as e.g., acrylic adhesives used in
Steri–Strips. Combined with the positive effects on the hearing
performance after patching, silicone elastomers offer a mini-
mally invasive, cost-effective, time saving, and easy to use tech-
nique for closing TMPs.

For future medical treatments of TMPs, cell growth on our
adhesives is an important factor. In previous studies, we success-
fully demonstrated that cells spread in functionalized
MG7-9800,[39,58] which is a similar soft skin adhesive as the
MG7-1010 used in our study. However, these studies have to
be repeated for the current material before considering clinical
trials. Although less quantifiable, the surgeon’s experience with
the microstructured patches will be an important factor in their
clinical success. The generally positive perception with regard to
ease of handling, coupled with the potential benefits to the
patient during and after the healing period, enhances the chan-
ces of a successful translation of these novel microstructured
patches into clinical practice.

4. Conclusions

We present, for the first time, the design and fabrication of
microstructured, film-terminated silicone patches for application
on tympanic membrane perforations. These structures were
tested first on relatively rough artificial rigid surfaces, where they
demonstrated higher pull-off stresses compared with the
unstructured controls. The adhesion of both types of patches,
tested on murine explanted tympanic membranes using a cus-
tomized setup, was similar for both samples. We foresee, how-
ever, a positive effect of microstructured patches on human
tympanic membranes, which exhibit greater roughness. In
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addition, through the continuous top layer, the patches allow
proper sealing of the perforation and may avoid the entrance
of pathogens into the middle ear. In a living animal model,
the hearing function, investigated by DPOAE signals, was par-
tially restored immediately after patch application. The micro-
structured patches allowed for better gripping by the surgeon
and were easier to handle. They offer great potential for future
treatment of patients suffering from a TMP. Further studies of
these novel silicone patches, regarding their effects on healing
and long-time behavior, are underway to ensure safe and effec-
tive clinical treatment of TMPs.

5. Experimental Section

Fabrication of Film–Terminated and Control Samples: A new film-
terminated microstructure was developed using pillars of �20 μm
diameter and 60 μm height (aspect ratio 3), with hexagonal configura-
tion and interpillar distance equal to their diameter. The pillar fabrica-
tion process consisted of two replication steps. First, a master structure
with a 0.5� 0.5 cm2 pillar array was printed on a 2.5� 2.5 cm2 silicon
wafer using a methacrylate-based resin (Nanoscribe IP─Q Resin) by
two-photon lithography (Photonic Professional GT2, Nanoscribe,
Eggenstein–Leopoldshafen, Germany). The master structure was
cleaned with isopropanol and gently dried using nitrogen flow. The sur-
face of the master structure was coated with (tridecafluoro-1,1,2,2-tet-
rahydrooctyl) trichlorosilane (AB111444, ABCR, 97%) upon activation
in an air plasma (Atto low pressure plasma system, Electronic
Diener, Ebhausen, Germany) for 5 min. Coating occurred via vapor
deposition in reduced pressure of about 3 mbar for 15 min. A mold
(negative) was thereafter replicated from the master by pouring
PDMS (Elastomer kit Sylgard 184, Dow Silicones, Midland, MI,
USA) onto the microstructure placed in a Petri dish. After curing for
1 h at 95 �C, the mold was gently peeled and silanized using the same
process as described earlier. Sylgard 184 was poured on the mold and
degassed for 5 min to properly fill the cavities. Then, the excessive poly-
mer was removed by spinning the mold at 1000 rpm for 120 s (Spin
coater Laurell WS 650 MZ–23NPPB, North Wales, Pennsylvania,
USA). This resulted in a homogeneous backing layer, the base for
the pillars. After curing at 95 �C for 1 h, the pillar array was gently
removed from the mold and placed on a polyethylenterephthalat
(PET) film to stabilize the microstructure and facilitate handling. For
film-termination, first a thin MG7-1010 (Dow Silicones, Midland,
Michigan, USA) film was prepared on a fluorosilicone release liner
(Siliconature, SILFLU S 75 M 1R88002 clear) at 7000 rpm for 120 s
and subsequently cured at 95 �C for 1 h. On top of this film, a second
layer of MG7-1010 was prepared, again using 7000 rpm. The micro-
structure was placed upside down onto the uncured film and subse-
quently cured. Upon peeling the entire structure from the release
liner, the film-terminated microstructures were used without further
treatments. It is to be noted that MG 7-1010 is a certified medical prod-
uct. In accordance with the safety data sheet, skin absorption of haz-
ardous substances is unlikely even after long-term exposure to skin.

The unstructured samples (to be referred to as “control sample”) were
prepared by first fabricating a Sylgard film on a PET film using a doctor
blade (AFA–IV, MTI Corporation, Richmond, CA, USA). The thickness
of the Sylgard layer was chosen according to the amount of Sylgard used
for the microstructured specimen to match the mass of the sample. The
soft skin adhesive layer was added with the same procedure as the
film-termination described earlier. All specimen dimensions were mea-
sured using an optical microscope (Eclipse LV100ND, Nikon, Tokyo,
Japan) and a scanning electron microscope (FEI Quanta 400 ESEM,
Thermo Fisher, USA). For the latter, specimens were sputter-coated with
gold and analyzed under high vacuum, below 3� 10�2Pa, 7 kV voltage and
a secondary electron detector.

Roughness of Model Surfaces and Tympanic Membranes: The roughness
of the substrate surfaces made from epoxy was measured using a confocal
microscope (MarSurf CM explorer, Mahr, Göttingen, Germany).
Measurements were carried out at three positions using a 50� objective.
The roughness of the murine TM was indirectly determined by measuring
silicone replicas prepared prior to the ex vivo adhesion measurements
(see Section 2.4). In total, 14 replicas of seven eardrums were measured,
each of them at three different positions of the PT, using a 50� objective.
The surface analysis was carried out using the software “Marsurf MFM
Extended” on a surface of dimensions 320� 320 μm2. The raw data were
fitted with a Gaussian filter having a cut-off length of 2.5 μm, a
seventh-order polynomial and a cut-off length of 250 μm.

Adhesion Measurements: Tack tests were carried out using a custom-built
adhesion testing device.[58,59] Normal forces were recorded using a 0.25N
load cell (ME–Meßsysteme GmbH, Hennigsdorf, Germany). The surface
used for adhesion measurements was the flat face of a cylinder made from
epoxy resin, replicating a frosted glass slide (Marienfeld, Lauda Königshofen,
Germany). For details see the study by Fischer et al.[14]

The measurements were carried out by approaching the sample to the
substrate surface at a rate of 30ms �1 until a compressive preload of 30 or
60mN was reached. The sample was held in contact with the surface for
10 s, and then retracted with a velocity of 10ms�1 until pull-off occurred.
Each sample was measured at three different independent positions (error
bars represent standard deviation [SD]). Displacements recorded were
corrected for the system compliance C ¼ 0.13μmmN�1.[14] The maximum
pull-off stress was calculated by dividing the force values by the nominal
contact area of 2.6mm2.[14]

Animal Experiments: All animal experiments were carried out under anes-
thesia (auditory measurement) or ex vivo on freshly explanted TM specimens.
All experiments were conducted according to the German Animal Welfare
Law following the EU directive 2016/63/EU for animal experiments by quali-
fied persons. The Animal Welfare Officer of the Saarland University was
informed in advance and the euthanasia methods were fully appropriate.
We ensured the minimizing of discomfort, stress, and pain during the experi-
ments using proper anesthesia and analgesics. Furthermore, the animals
were kept hydrated and the body temperature was maintained using an elec-
tric heating pad. For anesthesia, a mixture of ketamine-hydrochloride
(80mg kg�1 body weight [BW] Ursotamin, Serumwerk Bernburg,
Germany) and xylazine-hydrochloride (10mg kg�1BW; Xylazin, Serumwerk
Bernburg, Germany) was injected intraperitoneally with an injection volume
of 10mL kg�1 BW. The anesthesia was maintained by injecting one-third of
the initial dose intraperitoneally, typically in 30–40min intervals. For terminal
experiments, the animals were sacrificed in deep anesthesia.

Surface Roughness Determination and Tack Tests on Explanted Mouse TM:
To analyze the adhesion of film-terminated microstructures and the non-
structured control films on the murine TM, tack tests were carried out on
explanted TMs. These experiments were conducted in accordance with EU
directive 2016/63/EU for animal experiments as acute experiments. The
Animal Welfare Officer was informed about them and all experiments were
conducted by qualified persons. The preparation of mouse tympanic mem-
branes was carried out as described previously.[39] For the preparation of
the specimens, the outer ear canal was trimmed down to the bony part.
The bony portion of the ear canal that covered a major part of the eardrum
was carefully removed by clipping, keeping enough distance to the ear-
drum to ensure that the TM would not be affected by the preparation.
The petrosal bone, containing the tympanic capsule with the eardrum,
the middle ear ossicular chain, and the cochlea, was then carefully
detached from the skull bone and mounted onto a glass substrate. For
the assembly, a two-component methyl methacrylate (Technovit 4004,
Kulzer Technik, Hanau, Germany) was used, while ensuring free oscilla-
tion of the eardrum. After curing, the glass substrate was mounted to a
sample holder. Prior to the adhesion measurements, a negative replica of
the membrane was prepared using a two-component silicone (R&S
Turboflex.0 122 996, CFPM, Tremblay-en–France, France). The compo-
nents were mixed 1:1 and carefully applied onto the TM, ensuring that
the whole membrane was covered, especially including the area under
the residual bony parts of the outer ear canal. In addition, it was verified

www.advancedsciencenews.com www.advnanobiomedres.com

Adv. NanoBiomed Res. 2021, 1, 2100057 2100057 (10 of 12) © 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advnanobiomedres.com


that no residual air bubbles remained. The molding material was cured at
room temperature for � 5 min and then gently removed. This negative
mold was used to analyze the surface roughness of the TM.

The adhesion tests for real tissue were carried out with a custom-made
setup. Adhesive samples were cut under visual control into circular pieces
with a diameter of� 1mm using a biopsy punch and carefully fixed on the
customized applicator using double-sided tape. This applicator was con-
nected to the load cell (ME–Meßsysteme GmbH, Hennigsdorf, Germany)
of our setup (see Section 3.4, Figure 4a). It was aligned to the sample
holder under visual control to ensure positioning of the adhesive film par-
allel to the tympanic membrane surface (Figure 4b). The applicator con-
taining the film was moved toward the TM at a constant speed of
0.03mms �1, until a compressive stress of � 25 kPa was reached, held
for 10 s and then pulled off at 0.1 mms �1 until total detachment
(Figure 4c). The adhesive force was recorded and analyzed. In total, five
tympanic membranes were used for the adhesion measurements, in intact
and perforated conditions. Seven independently prepared sets of
film-terminated and control patches were tested. As further validation,
the control patches were tested on both the adhesive and nonadhesive
sides. The experiments were carried out in a random sequence.

Electrophysiological Measurement of Auditory Function by ABRs and
DPOAEs Recordings: The auditory recordings were carried out in a sound-
proofed room (camera silenta) on a preparation table isolated against
vibrations. ABR recordings are a standard method to assess auditory func-
tion in both clinical and research setups in humans and laboratory ani-
mals.[60,61] The click ABRs were carried out as described previously[62,63]

to detect the auditory threshold in intact and perforated conditions as well
as after applying a patch on the perforation. The auditory threshold was
characterized as the lowest intensity where the Jewett´s wave complex con-
sisting of five positive waves was identifiable.[61,64]

DPOAEs were measured with a DPOAE probe, which is used in clinical
setup (UGD, Otodynamics, Hatfield, UK) as described previously.[65]

DPOAE signals were elicited by two pure–tone stimuli (with frequency
f1 and f2) on two different speakers with a level of L1¼ 55 dB SPL,
L2¼ 45 dB SPL, and f2/f1¼ 1.22, as described by Engel et al.[66] Despite
a high number of emitted distortion products, current clinical DPOAE
devices only make use of the emitted signal at the frequency component
2f2–f1 as a diagnostic parameter. The DPOAE amplitudes were measured
between 10 and 18 kHz using 0.5 kHz steps followed by averaging and
displayed as signal-to-noise ratio (SNR).[65,67,68] DPOAE measurements
were carried out in three different conditions: 1) intact TM, 2) perforated
TM, and 3) perforated TM with a patch in the same animal.

PDMS patches processed as described earlier were cut manually to
�1mm diameter under microscope control. A perforation was induced
in the posterior quadrant of the TM using a suction tube of 1.3 mm outside
diameter (KARL STORZ SE & Co. KG, Tuttlingen, Germany). The DPOAEs
were recorded intact, with perforation and with a patch covering the per-
foration. Upon completion of the set of measurements, the animal was
sacrificed under deep anesthesia, the petrosal bones were explanted
and the size of the TM perforation was analyzed using a microscope
(MZ10F, Leica, Wetzlar, Germany) and the respective microscopy software
(LASX, Leica, Wetzlar, Germany).

Statistical Analysis: Continuous variables in bar graphs are represented
as mean� SD. In the box and whisker plots, each box represents the range
from the first quartile to the third quartile. The median is indicated by a line
inside the box, the mean is indicated by a dot. The whiskers represent the
ranges from the minimum to the maximum value of each group. The
Shapiro–Wilk test was applied to verify the normal distribution of the data.
Variance homogeneity was tested by a Levene’s test.

For the analysis of adhesive strength analyzed by tack tests on epoxy
substrates, the pull-off stresses were compared via a two-sided t-test. For
the analysis of the DPOAEs and the pull-off stresses ex vivo, we used a
one-way analysis of variance (ANOVA). For the analysis of the ex vivo
pull-off stress, the groups were independent, so ANOVA was carried
out for normally distributed data. If normal distribution was not given,
the Kruskal–Wallis test was used as a nonparametric test with a
Dunn’s test as posthoc analysis for pairwise comparison. The
Bonferroni test was used in case of variance equality for pairwise

comparisons. The results of the DPOAEs and Click–ABR thresholds were
analyzed as paired samples. For this purpose, we carried out ANOVA with
repeated measures for normally distributed data followed by Levene’s test
for variance homogeneity and Bonferroni test for pairwise comparison.
When normal distribution or variance equality was not given, the
DPOAE data were analyzed by Friedman–ANOVA followed by a posthoc
analysis with a Dunn’s test for pairwise comparisons. In all cases, signifi-
cance was defined as p≤ 0.05. For statistical analysis, OriginPro 2020 soft-
ware was used (OriginLab Corp., North Hampton, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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