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Zusammenfassung

Zusammenfassung

Die vorliegende Arbeit beschéftigte sich mit der Anwendbarkeit und dem Nutzen neuartiger Strategien
zur Behandlung zweier Ohrpathologien: zum einen der optoakustischen Stimulation des HOrsystems,
die zur Behandlung von Horverlusten eingesetzt werden soll. Zum anderen wurde die Applikation von
selbstklebenden  Silikonpflastern ~zum  unkomplizierten und direkten  Verschluss  von
Trommelfellperforationen untersucht. Zentraler Applikationsort beider Methoden war dabei das
Trommelfell. Das Trommelfell ist ein essenzieller Bestandteil des Horsystems und spielt eine wichtige
Rolle fiir das Horvermogen, da es die Schallwellen, die gesammelt durch den &ufReren Gehodrgang auf
die diinne, elastische Membran treffen, aufnimmt und durch diese zum Schwingen gebracht wird, dem
ersten Schritt im Hérvorgang. Andererseits fungiert es als Grenzflache zwischen aufierem Ohr und
Mittelohr auch als physiologische Barriere und schitzt das Mittelohr vor dem Eindringen von Keimen.
Ist das Horvermodgen eines Menschen eingeschrankt, z.B. durch altersbedingte Schwerhorigkeit,
kommen Horsysteme zum Einsatz. Diese dienen der symptomatischen Behandlung des Horverlustes
und sollen somit den Patienten wieder die Teilnahme am Leben ermdglichen. Nachteile der
konventionellen Therapie sind allerdings eine geringe frequenzspezifische Auflosung des
Eingangssignals mit folgender Differenzierungsstérung trotz ausreichender Verstarkung, geminderter
Tragekomfort durch einen Verschluss- und damit verbundenen wiederkehrenden Entziindungen des
aulleren Gehdrganges usw.

Die optoakustische Stimulation bietet eine alternative Stimulationsmethode des HOrsystems mit einer
zu erwarteten erhohten Frequenzaufldsung und gleichzeitiger Verbesserung des Tragekomforts, da der
Verschluss des Gehorganges bei Nutzen dieser Methode entfallen wirde. Dabei werden kurze
Laserpulse eingesetzt, um Vibrationen im bestrahlten Gewebe, z.B. dem Trommelfell oder weiteren
vibrationsfédhigen Komponenten des peripheren Horsystems, zu erzeugen. Als grundsatzlicher Baustein
dieser neuen Stimulationsmethode war ein Ziel dieser Arbeit die Analyse ihrer Biokompatibilitat,
welche im Tiermodell und in Zellkulturen untersucht wurde. Hierbei konnte am Trommelfell der Maus
gezeigt werden, dass flr einen gepulsten Laser, mit 532 nm Wellenlénge, ab einer Schwelle von 89 mwW
mittlerer Laserleistung, Zonen mit apoptotischen und nekrotischen Zellen entstanden, die mit steigender
Laserleistung in ihrer GroRe zunahmen. Es konnte kein negativer Einfluss auf das Hérvermogen der
Tiere durch die Stimulation nachgewiesen werden. In Zellkulturversuchen mit drei humanen Zelllinien
konnte gezeigt werden, dass die erhaltenen Schédigungsschwellen je nach Zelllinie deutlich hdher
waren. Auflerdem konnte hier eine reduzierte Zellviabilitdt nachgewiesen werden, die wiederum
abhéngig von der Strahlungsintensitdt war und sich in der Ausprdgung zwischen den Zelllinien
unterschied. Uberdies wurden durch die Bestrahlung regulatorische Prozesse in den Zellen induziert,

die sich ber Genexpressionsanalysen nachweisen lie3en.
VI



Zusammenfassung

Das Horvermogen kann, neben der Altersschwerhérigkeit, auch durch Trommelfellperforationen
mafgeblich beeintrachtigt sein. Durch die Perforationen wird die Schallweiterleitung erheblich
geschwacht und es entsteht eine Schallleitungsschwerhérigkeit. Des Weiteren kdnnen durch die
Perforation Keime in das Mittelohr eindringen und dort akute Entziindungen ausldsen, die weitreichende
Folgen, etwa die Entstehung von chronischen Prozessen und die Bildung von Cholesteatomen, mit sich
bringen kénnen. Um eine direkt wirksame Behandlung von Trommelfellperforationen zu ermdéglichen,
hat die AG um Prof. Dr. Arzt vom Leibniz Institut fiir Neue Materialien (INM) in Kollaboration mit uns
selbsthaftende Silikon-Pflaster zur Abdeckung der Perforationen entwickelt. Diese wurden in zwei
verschiedenen Ausfiihrungen, unstrukturiert und mikrostrukturiert, produziert und dienen, neben dem
Verschluss, spater auch der verbesserten Heilung der verletzten Trommelfelle. Beide Pflaster zeigten
sich ex vivo als gut haftend auf dem Trommelfell der Maus. In vivo, im lebenden, narkotisierten Tier,
fanden wir signifikant erhohte Horschwellen und signifikant reduzierte Distorsionsprodukte
otoakustischer Emissionen (DPOAE) nach Induzieren einer Perforation. Das Abdecken der Perforation
mit den neuartigen Pflastern erhéhte die DPOAE-Signale signifikant, die Horschwellen in der Click-
ABR (engl. auditory brainstem responses)-Messung wurden hingegen nicht signifikant verbessert. In
weiteren Versuchen konnten wir zeigen, dass die Applikation von dickeren Pflastern keine signifikante
Verbesserung der DPOAE-Signale mit sich brachte. Das Aufbringen der Pflaster auf das gesunde
Trommelfell fihrte bei der dicken und der diinnen Ausfuihrung zu einer signifikanten Reduzierung der
DPOAE-Signale.

Zusammenfassend erbrachten beide therapeutische Ansétze vielversprechende Ergebnisse, die
zusammen mit weiteren translationalen Untersuchungen, auf einen zukinftigen Einsatz im klinischen

Alltag hoffen lassen.
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Summary

Summary

The presented thesis investigated the applicability and benefit of two innovative therapeutic strategies
for the treatment of ear pathologies: on one side, the optoacoustic stimulation as an alternative
stimulation method for the hearing system affected by hearing loss. On the other hand, the application
of self-adhesive silicone patches for the simple and direct coverage of tympanic membrane perforations.
The central site of application of both methods thereby was the tympanic membrane. The tympanic
membrane, or eardrum, plays an essential role for the hearing function, as it collects incoming sound
waves, traveling from the outer ear canal and is thereby set into vibrations, the first step of the hearing
process. Furthermore, the eardrum forms the interface between the outer ear and the middle ear and
functions as a physiological barrier to protect the middle ear from the entering of pathogenic germs.
If the hearing function of people is impaired e.g., by presbycusis, age-related hearing loss, hearing aids
are needed. Conventionally, patients get supplied with hearing aids that are meant to compensate the
hearing loss symptomatically aiming to enable the patients to participate in everyday life. The main
drawbacks of conventional hearing aids are the insufficient frequency resolution of the input signal
leading to insufficient auditive discrimination of sounds despite sufficient amplification, discomfort
wearing them in the occluded ear canal and because of occlusion, recurrent infections.

The optoacoustic stimulation offers an alternative stimulation method with an estimated high frequency
resolution and a non-occlusive way of application. Thereby, short laser pulses are used to induce
vibrations in irradiated tissues e.g., the tympanic membrane or further vibratory components of the
peripheral hearing system. As one basic element of this innovative stimulation method, one major goal
of the presented work was the investigation of its biocompatibility that was performed in an animal
model and in cell culture experiments. The optoacoustic stimulation at the murine tympanic membrane,
with our currently used laser parameters, was demonstrated to be safe up to 89 mW. Areas with apoptotic
and necrotic cells could be detected starting at 89 mW and increased in their dimensions with rising
laser power. We could not identify any negative effect of the stimulation on the hearing function of these
animals. In cell culture assays of three human cell lines, our group noticed significantly higher damage
thresholds, depending on the irradiated and analyzed cell line. Furthermore, the cell viability was
reduced through irradiation with an intensity that was depending on the irradiation power and the
respective cell line. Also, regulatory processes were induced by irradiation in the cells, which were
investigated by gene expression analysis.

Besides age-related hearing loss, eardrum defects play a crucial role in the loss of hearing function as
well. Tympanic membrane perforations significantly affect sound transmission, and a conductive
hearing loss occurs. Furthermore, pathogenic germs may enter the middle ear through the perforated

membrane, predictably leading to acute inflammations that may cause multiple complications up to
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Summary

chronic inflammatory processes and cholesteatoma formation. To allow a very direct and quick
therapeutic method for tympanic membrane perforations, in collaboration with the group led by Prof.
Dr. Eduard Arzt from the Leibniz Institute for New Materials (INM), self-adhesive silicone patches have
been designed. Two different conformations of these patches have been analyzed and presented in this
work. The unstructured and the microstructured patches aimed to cover the perforation and to support
the healing process in the future. The patches demonstrated ex vivo good adhesive characteristics on the
murine tympanic membrane. In vivo, acute eardrum perforations in anesthetized mice induced
significantly increased hearing thresholds and significantly reduced distortion product otoacoustic
emissions (DPOAE) signals. Covering the perforation with our patches, significantly increased the
DPOAE signals, however, the click-ABR thresholds were not significantly affected. In further
experiments, we demonstrated that applying patches with higher thicknesses could not improve the
DPOAE signals anymore. Additionally, the application of thin and thick patches on the intact tympanic
membrane reduced the DPOAE signals significantly.

To sum up, both innovative therapeutic strategies at the eardrum level demonstrated significant positive
results warranting further translational work that could introduce them into the daily medical practice.
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Introduction

1 Introduction

1.1 Background and aims of this thesis

The hearing sense, as one of many senses humans have, is the most differentiated. It is essential for
people to take part in their daily life including the connection with the environment and other people as
basic human needs. Therefore, pathologies affecting the hearing function have far-reaching
consequences like affected language development, reduced psychosocial well-being, social isolation,
diminished quality of life, educational deficits, etc.[86,89,109]. Hearing-impairing ear pathologies can
occur at the outer-, middle- or inner ear level and can be congenital or acquired during a lifetime.
According to World Health Organization (WHO), “globally more than 1.5 billion people experience
some decline in their hearing capacity during their life course, of whom at least 430 million will require
care”. Additionally, the number of people with disabling hearing loss rises each year [36]. Hearing loss
is thought to be the fourth leading cause of disability globally [20,134]. In parallel, unaddressed hearing
loss is a big issue worldwide causing annual costs of over $ 980 billion [36]. Out of these, a high
percentage of affected people is not sufficiently supplied with hearing aids or further treatments. The
high number of patients with unaddressed hearing loss demonstrates the need for effective and available
interventions to prevent or compensate the hearing loss including pathologies leading to it.

The goal of this thesis was to contribute to the huge work that needs to be implemented for the potential
treatment of hearing impairment within two innovative approaches: first, the optoacoustic stimulation
as a novel approach to activate the hearing system and second, the treatment of eardrum perforations, a
common cause for hearing impairment, using novel silicone patches.

The optoacoustic stimulation is based on the optoacoustic effect, a physical phenomenon that transforms
short laser light pulses into mechanical vibrations and has the potential to activate the hearing system.
To be used to stimulate the hearing system, the optoacoustic stimulation’s biocompatibility margins
must be defined, and the safe applicability of the method must be ensured. One goal of this thesis was
therefore, to define the biocompatibility thresholds of the optoacoustic stimulation for given laser
parameters and to search for methods of using it to stimulate the hearing system in a safe and efficient
manner.

The further method investigated in this thesis was the treatment of tympanic membrane perforations
with innovative self-adhesive polymer patches that allow a quick and direct closure of the perforation
without packing the outer ear canal, the current state of the art procedure for this pathology. The adhesion
properties, as well as the possible effects of this novel therapeutic strategy on the hearing function, have

been assessed as an essential step before considering their application in humans.
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Both branches of this thesis contribute to the final preparations for the translation to clinical application.
To make both techniques available for patients in the future and, create a chance for them to be applied
as individualized therapeutic strategies meeting the patients’ specific needs has been the driving force

behind the herein presented work.

1.2 The hearing system

The hearing system in mammals is a complex system with astonishing potential. The hearing capabilities
in humans are so well-developed that we can recognize a familiar voice when hearing one single word.
The human hearing system senses a bright range of different intensities, from a pin dropping to an
explosion. Thereby, the hearing system performs a large degree of transformation, by converting the
mechanical energy of the sound waves into electrical energy represented by neural signals. This
mechano-electrical transduction which is the basis of the hearing process occurs on the way of sound
from the outer ear to the inner ear. It can be broadly divided into the sound transport, the sound
transduction in the cochlea, the stimulus transmission via the nerve up to the stimulus processing in the

central auditory system.

1.2.1 The peripheral hearing system

The hearing system (Fig. 1) consists of three major parts: the outer ear, middle ear, and inner ear. The
outer ear contains the ear canal (meatus acusticus externus) and the pinna. It is responsible for the
collection and transfer of sound waves from the surrounding environment to the tympanic membrane
(TM). The ear canal in humans is around 3 cm long having an s-shape. It consists of the outer
cartilaginous and the inner bony part. Sound waves travel through the outer ear canal to the tympanic
membrane, the first part of the middle ear. The middle ear is an air-filled cavity, consisting of the
tympanic membrane, the Eustachian tube, tympanic cavity, the ossicular chain, and pneumatized

cavities.
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Fig. 1: The hearing system consists of the outer ear, middle ear, and inner ear. The outer ear is containing
the pinna and the outer ear canal. The middle ear consists of the eardrum (tympanic membrane), the
tympanic cavity and the ossicles malleus, incus, and stapes. The stapes is connected to the cochlea, the
inner ear, which transfers the sound energy into nerve impulses that are transferred over the auditory
nerve to the brain. ©istock.com/iLexx

The tympanic membrane(TM) (Fig. 2), also called the eardrum, is a thin elastic membrane that separates
the outer ear canal from the tympanic cavity. It is embedded with its fibrocartilaginous ring (annulus
fibrosus) inside the bony sulcus tympanicus into the tympanic cavity. The tympanic membrane is an
oval membrane with around one cm diameter in humans and around 100 um thickness. It has the form
of an inner-shaped funnel, with the deepest point represented by the umbo, the lower end of the first
ossicle, the malleus. The membrane is divided in two major parts, the bigger lower and tense part is
called pars tensa, and the upper smaller part without tension is the pars flaccida. The handle of the
malleus is directly bounded and grown together with the tympanic membrane in the pars tensa. The
membrane can be divided by two lines, one following the malleus and one perpendicular to it, into four
different parts: The upper anterior (anterior superior), lower anterior (anterior inferior), upper posterior

(posterior superior), and lower posterior (posterior inferior) part, also called quadrants.
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Fig. 2: The human tympanic membrane is a thin membrane consisting of the pars flaccida and the pars
tensa embedded in the annular ring (annulus fibrosus). The membrane can be divided into four different
parts by two lines: the upper anterior and superior parts and the lower posterior and anterior parts. The
image was modified from: Robert K. Jackler.; Ear Surgery lllustrated: A Comprehensive Atlas of
Otologic Microsurgical Techniques, 2019 [54].

The eardrum is an epithelial structure (Fig 3). The pars tensa consists of three different layers: the
stratum cutaneum on the outside, the stratum mucosum on the middle ear side, and a stratum fibrosum
(lamina propria) in between. The outside is an epithelial layer, consisting of a multilayer squamous
epithelium as a continuation of the epithelium of the outer ear canal. The stratum mucosum is a single-
layered epithelium with microvilli. The lamina propria consists of two different types of collagen fiber
bundles: radial fibers directed towards the outer ear canal and a circular fiber layer that is directed
towards the middle-ear side. The lamina propria furthermore contains blood vessels (Fig. 3).
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Fig. 3: Histological structure of the tympanic membrane in the pars tensa. The stratum cutaneum,
oriented towards the outer ear canal, consists of a multilayer squameous epithelium, the lamina propria
contains circular and radial oriented collagen fibers and blood vessels, and the stratum mucosum,
directed towards the middle ear, consists of a mucosal epithelium. The image was modified from Teh et
al. 2013 [116].

The pars flaccida only consists of two different layers: the epithelial layer and the mucosal layer without
connective tissue. The pars tensa is mainly responsible for the vibrational characteristics of the tympanic
membrane, whereas the pars flaccida does not play a significant role for the sound transfer. The
tympanic membrane is set in vibrations by the incoming sound waves and the sound energy is
transmitted further through the ossicular chain into the inner ear. The ossicular chain is located inside
the tympanic cavity and consists of three different ossicles: malleus, incus, and stapes. The malleus is
the first ossicle that is moved directly by the incoming vibrations because of its adhesion of its handle
to the membrane. The malleus is connected to the incus by a saddle joint. The incus is attached with its
long handle to the stapes, which consists of head, posterior and anterior handle, and the stapes footplate.

The footplate is attached on the oval window of the cochlea, one part of the inner ear.
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1.2.2  The inner ear (labyrinth)

The inner ear is the part of the hearing system where the sound waves are transduced into electrical
signals that are then transmitted to the brain. The labyrinth is embedded inside the petrosal bone. It is
divided into the bony and the membranous labyrinth. The bony labyrinth surrounds the membranous
labyrinth as a capsule being divided into the hearing organ, the cochlea, and the vestibular organ

responsible for balance.

Scala tympani

\ ~_ gy Ganglion spirale

N. cochlearis

Fig. 4: Cross section of the cochlea along the modiolus axis. The perilymph movements are displayed
as red and green arrows along the coils. The frequency spectrum is displayed as 10000 Hz at the basal
turn and 500 Hz at the helicotrema of the cochlea. The picture was modified from the book “Hals-,
Nasen-, Ohrenheilkunde” of T. Lenarz and H. Boenninghaus, 2012 [72].

The bony cochlea is constructed like a snail and coils helical 2.5 times around its bony longitudinal axis,
the modiolus, containing nerve fibers and blood vessels (Fig. 4). The coils are separated by the lamina
spiralis ossea and the ductus cochlearis into three parts that are filled with perilymph: the scala vestibuli
that is connected with the vestibule and scala tympani that is in connection with the round window and
in-between both the scala media. Scala tympani and scala vestibuli are connected in the top of cochlea,
the helicotrema. The base of the scala media is built by the basilar membrane. The membranous cochlea
is built by the ductus cochlearis that is filled with endolymph. The upper wall of the ductus cochlearis
is the Reissner’s membrane that separates the ductus against the scala vestibuli. The lower wall of the
ductus cochlearis is formed by the basilar membrane, which separates it from the scala tympani. On top
of the basilar membrane, the organ of Corti is located. The organ of Corti contains the sensory epithelium
for acoustic signals. It is formed by highly prismatic epithelial cells consisting of sensory and supporting
cells, covered by the tectorial membrane, a gelatinous-like structure. The sensory cells are embedded in

between the supporting cells and consist of one row of inner hair cells and three rows of outer hair cells.
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The tectorial membrane is in contact with the sensory villi of the outer hair cells. The inner hair cells
have 50-60 stereovilli whereas the outer hair cells have 60-120 stereocilia that are connected with the
tectorial membrane. Scala vestibuli and scala tympani are forming the perilymphatic space that is filled
with a sodium-rich fluid, the perilymph. Scala media is filled with a potassium-rich fluid, the

endolymph.

1.2.3 The auditory system

The sound waves, meaning oscillations of sound pressure, are travelling through the outer ear canal and
finally reach the tympanic membrane that is set in vibrations. The movements of the tympanic membrane
are transmitted to the ossicles that function as vibrating masses and finally are transmitted into the
perilymph by the stapes footplate. During the hearing process, the whole auditory system amplifies the
incoming sound pressure on the way from the outer to the inner ear. The tympano-ossicular system plays
a key role by intensifying the sound pressure first through the surface ratio between the tympanic
membrane and stapes footplate within the oval window, the first being 16 times bigger than the second
one. The second factor influencing the sound amplification is represented by the special anatomic
structure of the ossicles generating a lever action. The construction of the handle of the malleus leads to
1.3 times higher leverage effect compared to the process of the ambos. Thereby, the force generated by
the incoming sound waves, called sound pressure, is enhanced by the factor 22 from the tympanic
membrane to the cochlea. Through this, the impedance mismatch of the ear is diminished, meaning that
the sound waves are further transmitted into the perilymph rather than being reflected by hitting the
liquid surface inside the cochlea that has a high impedance compared to the air. This effect is called
impedance conversion transformation [72,104].

The incoming movements of the stapes lead to pressure waves inside the perilymph. The elastic round
window membrane allows pressure compensation inside the cochlea. Because the walls of the scala
media are not stiff, the scala media gets moved by these mechanical processes together with the
Reissner’s membrane and the basilar membrane. These vibrations within the basilar membrane spread
in the form of a travelling wave in direction of the helicotrema. The increasing diameter of the basilar
membrane, its elasticity properties, and the decreasing diameter of the cochlear duct leads to the special
characteristics of the travelling wave: its amplitude is increasing to a maximum and then decreases very
suddenly. Notably, the full characteristics of a travelling wave require active processes i.e.,
electromotility of the outer hair cells (see below). The place of the maximal amplitude of vibration is
the region where the sensory cells are stimulated the most. Thereby, the oscillations are spatially spread
inside the cochlea depending on their frequencies. The maximum of a travelling wave of a high
frequency is placed near the stapes, the maximum of a travelling wave with a low frequency is placed
near the helicotrema. The sound pressure wave induces a shear movement of the basilar membrane
relative to the tectorial membrane and the sensory cilia get moved. This movement induces the
conversion of mechanical energy into electrical signals, the so called mechano-electrical transduction.

One of the key players in this mechanism is the difference in ion potentials between the endolymph that
7
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is outside of the hair cells and the perilymph where the hair cells are embedded in. By the movement of
the cilia, ion channels on the apical side of the hair cell membrane are opened leading to an influx of
potassium ions. By this membrane depolarization, an influx of calcium ions is initiated, and in turn
neurotransmitters are released into the synaptic cleft. This generates a series of action potentials that are
further transmitted through nerve fibers. Tightly packed piezo-electric membrane proteins of the outer
hair cells called prestin [139], enable them to respond mechanically as they contract and elongate in
response to acoustic stimulation. These active processes lead to a reinforcement of the amplitude of the
travelling waves and simultaneously damping of neighbored basilar membrane sections. This cochlear
amplifier mechanism allows the inner hair cells to react to very low acoustic stimuli. Furthermore, these
active processes build the fundamental basis for the generation of otoacoustic emissions. By the induced
movements of the perilymph, the sound conduction can be reversed and travels back through the
ossicular chain and the tympanic membrane. This sound can be detected as acoustic signals, the

otoacoustic emissions, inside the outer ear canal.

1.3 Pathologies of the ear

Pathologies of the ear may originate from different causes. Depending on their concrete forms,
pathologies of the ear can influence the hearing function in a critical manner. In the following,
pathologies of the outer, middle, and inner ear are described and how their characteristics could

influence the hearing function.

1.3.1 Pathologies of the outer ear

Pathologies of the outer ear involve anomalies and malformations, non-infectious processes like injuries
or hematomas, inflammations, and tumors. Besides the cosmetic consequences, these processes may
also influence the hearing of the patient, in special in the case of pathologies of the ear canal or when
the middle or inner ear are affected as well. Aural-atresia for example, is the absence of a patent ear
canal that may be acquired or congenital. To treat this pathology, an operative treatment to rebuild the
outer ear canal is performed. In parallel, the conductive hearing loss should be treated through a middle

ear implant or a bone-anchored hearing aid to enhance the life quality of the patient.

1.3.2 Pathologies of the middle ear

Pathologies of the middle ear can be divided into injuries, dysfunctions of the auditory tube,
inflammatory processes, facial nerve paresis, tumors of the petrosal bone and otosclerosis. The most
important part of middle ear pathologies that will be discussed in this thesis are injuries of the middle
ear, especially injuries of the tympanic membrane (TM).

TM injuries are distinguished into directly and indirectly caused injuries. Directly caused TM injuries
include impalement lesions, caused by e.g., matchsticks or Q-tips, inclusions of hot metal drops during

welding, the breakdown of scars during rinsing of the ear or scuba diving, and combustions or acid
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burns. Indirectly caused TM injuries are caused by rapid changes in the air pressure e.g., during
explosions, a hit on the ear, or hitting a water surface with the head. Worldwide, TM perforations (TMPs)
have different leading causes. In China and Nigeria, they are mostly caused by a hit on the ear [4,21,75].
In the US, they are also mostly caused by ear slaps, followed by accidents during water sports and
injuries caused by cotton swabs [41]. In Germany, hits on the ear seem to be the most prominent cause
of TM perforations as well, followed by injuries caused by cotton swabs and again, accidents during
water sports [65]. Regarding the position and size of perforations, it must be distinguished into central,
mesotympanal and epitympanal TM defects. Central TM perforations are located in the pars tensa are
round- or kidney-shaped and have different dimensions. They don’t affect the annulus fibrosus (Fig. 5a).

The pars flaccida is only rarely affected by TM perforations.

a) b) c)

Fig. 5: Perforations of the tympanic membrane in different extents. a) Posterior central tympanic
membrane perforation without affecting the annulus fibrosus. b) Typical “kidney bean shaped” central
tympanic membrane perforation often occurring during chronic otitis media. ¢) Near-total tympanic
membrane perforation with a small remaining rim at the annulus. The image was modified from: Robert
K. Jackler.; Ear Surgery lllustrated: A Comprehensive Atlas of Otologic Microsurgical Techniques,
2019 [54].

TM injuries are a severe health problem because of the complications that may come along with them.
Thereby, infections of the middle ear, injuries, or dislocations of the ossicular chain, hearing loss, and
tinnitus may occur [81]. If the oval window or the medial wall of the tympanic cavity is affected by the
injury, the cochlea is opened and affected. If pathogenic germs enter the middle ear during a TM
perforation (TMP), an infection, the acute otitis media, may occur. This infection leads to a protrusion
of the TM and to an outflow of secretion from the middle ear into the outer ear canal. If infections are
recurrent, they may lead to chronic otitis media. One typical clinical characteristic of the chronic otitis
media is the persistent perforation of the TM that is centrally located in the pars tensa and has a round,
oval, or kidney-shaped form, which does not affect the annulus fibrosus, also (Fig. 5 b). A more severe
form of chronic otitis media is chronic suppurative osteitis, whereas the inflammation affects the
neighbored bone leading to severe complications if it is not treated adequately. Another severe

complication of TM perforation is the formation of cholesteatoma, a tumorous formation that consists
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of desquamated, devital epithelial cell masses that are layered in an onion-shell form, surrounded by a
layer of squamous epithelium and an inflammatory perimatrix. The ongoing inflammatory stimulus in
cholesteatoma leads to the degradation of the surrounded bone. The cholesteatoma rises from a TM
perforation in the pars tensa when squamous epithelia cells protrude from the outer ear canal into the
epitympanum. There are also other forms of cholesteatoma that have different causes, but all together
form a severe possibly life-endangering health issue that must be treated surgically.

Besides the infectious risks of TMPs, an injury of the eardrum also causes direct impairment of the
auditory function. Due to the perforation of the TM, the amplification factor of the sound pressure
reaching the stapes is reduced causing a conductive hearing loss. The amount of hearing loss is thereby
strictly dependent on the size of the perforation and not reported to be greater than 50 dB [79,94,97,123—
125]. Some studies reported trends of differences in the amount of hearing loss depending on the site of
the perforation that was mostly not statistically significant. Thereby, some authors stated that the
conductive hearing loss would be increased, if the perforation was located in the posterior half of the
TM when compared to the anterior half of the TM [34,79,94,97]. In the late 80°s, Griffin made a proposal
dividing TM perforations into four different grades in regard to their size: grade | affecting 25 % or less
of the pars tensa, grade Il with 25 to 50 % perforated proportions or multiple perforations in two
guadrants, grade 111 from 50 to 75 % or three quadrants affected by multiple perforations and grade IV
with 75 to 100 % perforation [41]. Already at that time, the observation was made, that bigger
perforations were less likely to heal spontaneously, a fact that is still actual today. Nevertheless, the
therapy of TM perforations is not standardized yet. For small perforations, most authors propose to
follow observant therapeutic management, as small perforations show a good spontaneous healing rate
of around 80 % [3,47,90,103,131]. On the other hand, treatment of larger perforations is performed quite
differently and is also dependent on the patient’s level of suffering. If for example, a conductive hearing
loss is induced by the perforation, covering of the perforation may lead directly to an improvement in
hearing function [6,91]. In acutely induced perforations, sterile covering with a silicone foil is used in
the clinical daily routine. The silicone foil thereby functions as a seeming material to cover the
perforation and to protect the middle ear. The silicone foil is positioned over the TM perforation under
local anesthesia and kept in position by packing the outer ear canal with cotton. If TM perforations do
not heal properly spontaneously or are recurrent, they are called chronic. Such chronic TM perforations
have a prevalence of 0 to 2.3 %, dependent on the geographic distribution [15,57,101,115] and must be
further treated surgically. This is mostly recommended if perforations don’t heal within 3-6 months and
if the perforation is associated with a significant conductive hearing loss, recurrent drainage, desire to
participate in water activities, and wearing hearing aids [22,91].

The surgical treatment, called tympanoplasty, must be considered also if the ossicular chain is affected
by the perforation. This operation at the sound conduction apparatus has the goal to restore the hearing
of the patient. The easiest way to perform a tympanoplasty is a type | operation, also named

myringoplasty. Type | tympanoplasties aim to restore the function of the tympanic membrane and are
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indicated if the membrane has a defect not affecting the ossicular chain. During this surgery, the injury
in the TM is relined with autologous material e.g., fascia, perichondrium, or cartilage. Type Il
tympanoplasty is the reconstruction of a new tympanic membrane and of an interruption in the ossicular
chain in cases of a perforation of tympanic membrane with an erosion of the malleus or part of the incus.
Another possibility is to perform a type 1l tympanoplasty that is indicated when the ossicular chain is
defect up to the stapes (I11A) and including the stapes (111B). Thereby, the sound pressure is directly
transferred from the TM to the inner ear by including an autogenous part of the incus or a prosthesis
(titanium or other materials) between the TM and the maintained stapes. In type IV and V
tympanoplasties, no sound pressure transfer over the ossicular chain is possible anymore. To sum up,
type I-111 aim to restore the sound-transfer component of the hearing impairment while tympanoplasties
type IV and V do not allow sound pressure transformation anymore. In these last cases the patient has a
hearing impairment after surgery of at least 25 dB. Other middle ear pathologies will not be addressed
in this thesis.

1.3.2.1 Graft materials for the treatment of eardrum perforations

Materials used for eardrum perforation treatment involve a wide range of grafts that could be broadly
divided into autologous and non-autologous materials. Dependent on the type and size of the perforation,
different materials are used. After acute perforations, the covering of the perforation using paper or
silicone patches is an approved direct treatment. If larger perforations or persistent perforations are
presented, surgery treatments are needed using autologous materials, like fat, fascia, cartilage, or
perichondrium. The use of temporal fascia or perichondrium remains the gold standard in clinical usage.
However, autologous materials have some disadvantages such as requiring an incisional harvest from
the patient, structural properties that are not optimal for the membrane reconstruction, and eventually
structural defects that can subsequently lead to weakness, retraction, and re-perforation [37]. Patching
with paper is thought to be the most established method historically as it is inexpensive, easy to obtain
and simply applied [17,39,110]. Paper patch, like other implant materials, functions as a scaffold
material for the wound closure of the TM but also brings some drawbacks as easy detachment, non-
resistance to infections, stiffness, or non-transparency [37,52]. Also, surgical techniques and known
graft materials have some drawbacks, like i) the high cost of the operation, ii) the need for general
anesthesia with all its general risks, and iii) the eventual need for a further incision for harvesting of the
autologous graft material [69]. Therefore, the scientific community is aiming to find new materials and
technologies for the treatment of TM perforations.

One evolving technology is tissue engineering that uses patient-specific scaffold materials for the
treatment of TMPs. As scaffold material mostly serve decellularized tissues and polymers.
Decellularized tissues are obtained after the cell removal of allografts and xenografts and preserve most
of the biological and mechanical properties of the original extracellular matrix (ECM) [122]. As
decellularized templates for TMP repair, for example, urinary bladder matrix was used [95]. Other

studies involve dermis or dura mater as ECM scaffolds [23] or even commercial forms of decellularized

11



Introduction

dermal tissue in the form of AlloDerm® that was successfully used in the chinchilla model of acute
TMPs [43,78].

Polymers, on the other hand, have the advantage of being easy to be changed in their size, shape, porosity
and thereby are easier to be produced so that they fit their future application. They are biocompatible
and biodegradable, easy to synthesize and handle, and can be produced on a large-scale basis. Their
degradation and mechanical properties can be easily controlled [122]. Polymers that are used in the
closure of TMP’s are e.g., Gelfoam®, silk fibroin, or chitosan as polymers of biological origin and
synthetic materials like Polyglycerol sebacate (PGS). Mota et al. 2015 presented biomimetic scaffold
substrates consisting of two copolymers: poly (lactic-co-glycolic) acid (PLGA) plus a random block
copolymer of poly (ethylene oxide terephthalate) and poly (butylene terephthalate) (PEOT/ PBT)
produced by electrospinning in different conformations. They found that their scaffold constructs had
no negative effect on cell viability, cellularity, and protein content in cell culture experiments with
human mesenchymal stem cells (MSCs) [84]. In another study, further polymers were successfully used
for the treatment of TMPs such as e.g., Gelfoam®, Epifilm® or crosslinked thiolated chondroitin sulfate
in the guinea pig model [96].

Silicone has also been reported in literature to be an affordable patching material [14,48]. Branica et al.
described it as being an interesting patching material by improving the healing, reducing the possibility
of ear infections in blast injury cases, and slightly improving hearing abilities in small and medium
TMPs. Hempel et al. concluded that, although the success rate of myringoplasty was 88.9 %, the best
therapy for traumatic TMPs (TTMPs) is still controversial, especially because of a lack of systematic
and standardized documentation of perforation size. Furthermore, all the above-mentioned grafting
materials for TM repair need to be kept in position during the healing time, mostly achieved by packing
of the ear canal, a very threatening procedure for the patient. To avoid this procedure, patching with
adhesive materials, such as Steri-strips was also considered. The advantage of using adhesive material
is to avoid repeated placements of the patching material, such as needed when e.g., paper patches were
used. Aslan et al. 2011 reported that all their patients treated with Steri-strip patching immediately
noticed a hearing improvement directly after treatment. The healing rate in this study was around 90 %
two months after the treatment [6]. Another group compared Steri-strips patching with paper patching
and observational therapy. They reported a decrease in the need for repeated procedures and shorter
healing times in the Steri-Strip group compared with the observation group that was not patched.
Nevertheless, the group around Park et al. demonstrated an increased rate of otorrhea in the Steri-Strips
group and there was no difference in hearing improvement between the three treatment groups after
three months [98].

Another promising material to be used in TMP treatment is poly-(dimethyl) siloxane (PDMS). PDMS
is a silicone elastomer with spacious usages as skin adhesives [7,18,26,55,67]. It offers great potential
for the application as wound dressings as it is biocompatible, physiological inert, and has good

mechanical properties [1,74,87]. PDMS material is also investigated to be suitable for use in cochlear
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implants [2,135] and is analyzed as a novel material to be used for the treatment of TMPs [28,63].
Farhadi et al. proved PDMS patches, in combination with immobilized collagen, as useful to treat small
TMPs in a clinical study and reported a healing rate of 70 % [28]. Nevertheless, the PDMS patches had
to be fixed on the TM by using Gelfoam®, leading to a conductive hearing loss in treated patients.
To combine the advantages of adhesive patching materials with a biocompatible silicone material,
avoiding the need for chemical fixing agents and mechanical fixation by packing of the outer ear canal,
self-adhesive PDMS-composite films consisting of PDMS and one subclass of it, soft skin adhesives
(SSAs) were proposed as a novel patching material for the application on the TM (Fig. 6). SSAs adhere
to rough surfaces including wet skin, reveal a high water vapor permeability, and good compatibility

with pharmaceutical compounds [7,31,55].

Fig. 6: Schematic drawing of the application of a self-adhesive
transparent PDMS patch on a central perforation of the human
tympanic membrane. © INM Leibniz Institute for New Materials

The SSAs allow gentle attachment and detachment, combining a secure adhesion to the thin membrane
and an atraumatic removal. Composite films of SSAs and Sylgard 184, two elastomeric silicone
materials, demonstrated to be well applicable on the murine tympanic membrane and showed strong

adhesion in peel-tests [13].
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One drawback of using silicone materials as wound dressings is the high hydrophobicity of the material,
hindering cellular spreading and adhesion, one major factor regarding the healing of the tympanic
membrane. The functionalization of the elastomer surface is however one possibility to enhance their
cellular compatibility. Boyadzhieva and coworkers evaluated the physical adsorption of proteins to this
adhesive and showed promising results combining the adhesion of synthetic material and scaffolding

abilities through functionalization for a novel material for the treatment of TMPs [12,13,31].

1.3.3 Pathologies of the inner ear

Pathologies affecting the inner ear can be as well, inflammations, injuries, or tumors. Additionally
cochlear and vestibular pathologies are the most important pathologies to be mentioned here, as well as
acoustic trauma, presbycusis and other hearing disorders. One cochlear pathology is acoustic trauma, a
damage and possible degeneration of hair cells and other structures in the organ of Corti, caused by
blasts, explosions, noise, or blunt traumas of the skull. The acoustic trauma leads to a temporary or
permanent threshold shift (TTS/ PTS) due to the damage of high sound pressure levels that can be fully
repaired (TTS) or not (PTS). This acoustic trauma leads to metabolic disorders and direct mechanical
destruction of the hair cells. Once degenerated, hair cells are not able to recover. The combination of
duration and level of the acoustic trauma determines the type of trauma. A short, acute damage is called
blast trauma. Usually, the hearing impairment of a blast trauma does not proceed. A longer acoustic over
exposure induces a burst trauma that often comes along with TM perforations and or luxation of the
ossicular chain. These patients suffer from a combined conductive hearing impairment with
sensorineural hearing loss.

Another cochlear pathology is the presbycusis or age-related hearing loss caused by age-related
physiological and pathological degenerative processes mostly in the organ of Corti. These processes are
often caused by extended exposures to several exogenous and endogenous factors like noise,
cardiovascular problems, ototoxic substances, nutrition, and diabetes. Furthermore, the degenerative
processes in the brain that come with age comprise another factor that play a role in presbycusis. Patients
who suffer from presbycusis demonstrate a sensorineural hearing loss on both sides, especially in the
higher frequency range. Those patients have problems communicating in a noisy environment and if
various people are involved in the communication, like at conferences or parties. Some patients also
suffer from tinnitus in quiet surroundings. In these cases, hearing aids, or in severe forms cochlear
implants, are used to compensate the age-related hearing loss.

Another pathology of the inner ear are toxic injuries, also known as ototoxicity. Several infectious
diseases like influenza, mumps, or meningitis, metabolic disorders, ototoxic drugs e.g., aminoglycoside
antibiotics, the use of ototoxic substances in ear drops during a TM perforation, and the exposure to
industrial products like cadmium, hydrogen cyanide and its salts, and chemical solvents, e.g., toluene
and xylene cause ototoxicity.Ototoxic substances and infections cause non-reparable damage to the hair

cells in the inner ear, leading to an ongoing hearing disorder, reaching finally the state of deafness,
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dizziness, and tinnitus. The patients are diagnosed with a sensorial hearing loss of different extents,

mostly on both ears.

Additional to the inner ear pathologies that are gained during adulthood or with age, there are several
forms of hearing disorders that are congenital or acquired in early childhood. These forms are very
critical for the development of young patients because good hearing is necessary for speech
development. Thus, it is very important to check for hearing impairment already in newborns. In these
early forms, it must be distinguished between hereditary and acquired forms of hearing impairment. The
cause of hereditary forms are mutations in the genetic code, causing errors during encoding of proteins
responsible for specific cellular functions, like connexin 26 or myosin VII. Acquired forms of hearing
impairment can occur prenatally, perinatally, or postnatally. Infectious diseases e.g., virus infections,
trauma during birth, or metabolic diseases of the mother play the major role in these cases.

1.3.3.1 Hearing aids

Hearing aids aim to treat the hearing impairment symptomatically. They need to compensate the hearing
loss in a range to enhance the patient’s speech understanding sufficiently so that daily communication
needs are satisfied. Hearing aids collect the sound from the environment using a microphone and
enhance the signal that is then transferred to the hearing system of the patient. Normally, the signal is
transferred into the outer ear canal, on the skull bone, directly onto the ossicles, or into the inner ear.
There exist several types of hearing aids; the most important are air conduction systems, bone
conduction hearing aids, and implantable as well as partially implantable hearing devices.

Air conduction systems use an electro-acoustic converter as a small speaker that transmits the sound
into the outer ear canal and to the TM. For patients with more severe hearing loss, the outer ear canal
must be sealed by an ear mold. There exist two different types of air conduction hearing aids, behind
the ear and in-ear hearing aids. They are used for mild to severe sensorineural hearing loss, as well as
for conductive- or combined hearing loss if the outer ear canal is functional.

Bone conduction hearing aids transfer the target signal directly onto bone and can be divided into
transcutaneous, and percutaneous systems. The signal is transferred onto the bone of the scull mostly
onto the mastoid. These systems are used for treating conductive hearing loss that cannot be treated
sufficiently through surgery e.g., malformation or acquired occlusion of the outer ear canal, chronic
secretion from the ear due to chronic otitis externa or media.

Furthermore, implantable hearing aids may help patients with sensorineural hearing loss that cannot be
treated with air conduction systems. Implantable hearing devices transform the sound signal into
electrical voltage variations that move an electromagnetic or piezoelectric transducer attached to the
ossicular chain or at the inner ear. Thereby, the ossicular chain or the inner ear is set into vibrations
directly by mechanical stimulation. Besides the advantages that hearing devices help hearing-impaired
people to better hear, communicate and improve their quality of life they also have some disadvantages
that can lead to a poor compliance. These include e.g., feedback noise that occurs when the ear canal is

not sealed perfectly by the ear mold, the occlusion effect of the outer ear canal by the shielding of deeper
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frequencies as well as recurring ear canal inflammations leading to the impossibility to wear the hearing
device. Furthermore, hearing aids may have an inadequate sound quality due to distortions of the
microphone and resonances inside of the ear canal. Finally, hearing aids directly show the patient’s
problem of hearing impairment to the public.

When patients suffer from a hearing loss that originates from damage in the inner ear, affecting hair cell
functions, a cochlear implant may be used. Cochlear implants are electronic hearing prostheses that
replace the function of the inner ear. They short-cut the function of non-functional hair cells by sound-
driven electrical excitation of peripheral dendrites of auditory nerve cells. Cochlear implants are high-
technology products consisting of an externally worn speech processor coupled to a microphone for
sound collection and an auditory processor that is responsible for transducing the transferred auditory
information into a digital signal, which in turn is processed and encoded into a radio frequency signal.
The resultant radio frequency signal is sent to the implanted receiver where it is decoded and converted
into electrical signals that are transmitted to the electrode carrier responsible for the stimulation of the
cochlea. The electrodes, which are positioned at certain distances in the scala tympani stimulate nearby
peripheral dendrites of spiral ganglion cells the axons of which form the auditory nerve. Cochlear
implants are indicated for patients with bilateral or unilateral sensorineural hearing loss up to deafness
with no sufficient benefit from amplification using conventional hearing devices, bone conduction

hearing aids or active middle ear implants.

All these therapies are however not suitable to sufficiently treat every patient with hearing loss. Studies
on the prevalence of hearing aid use reported that only 14-24 % of people with hearing loss use a hearing
aid in the US [19], and around 30 % in Europe [102]. These low numbers of hearing aid acceptance have
different reasons. In a survey from 2004, the according hearing aid refusers, stated as reasons for not
wearing a hearing experiences with issues in performance, disappointing results and poor reliability of
hearing aid use [62]. In Europe, people stated as the main reason for the non-adoption of hearing aids,
that they think, they hear well enough. Another reason is the belief of people, that hearing aids were
uncomfortable [102]. In general, the overall satisfaction for hearing aid users with their devices ranges
from 72 to 86 %. Notably those users who acquired their hearing aid in the past four years, were more
satisfied with their hearing aid than others. Thereby, the level of satisfaction strongly depends on the
performance of the hearing devices in different listening conditions. The performance of hearing devices
in easy-listening situations, like a conversation with one person or within small groups, watching TV
and leisure activities is sufficient to good, whereas challenges remain in more complex situations such
as conversations in large groups, the use in a noisy environment and on the telephone [102]. Taken
together, factors like the sound quality, speech clarity, easy and comfortable wearing, the amount of
background noise and the user expectations about the use of hearing aids are important points in the
decision of using hearing aids or not [11]. Given, that hearing aids treat hearing loss only
symptomatically by improving the audibility of sound by amplification rather than restoring the hearing

function to normal, these factors require further research in and optimization of hearing devices.
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1.3.3.2 Optical stimulation as an alternative method for hard of hearing people

Recently, to improve the quality of auditory devices, alternative stimulation methods to classical
acoustic or electric stimulation have been proposed. One of them, optoacoustic stimulation, uses light
energy instead of mechanical or electrical energy to activate the hearing system. The optoacoustic
stimulation works based on the optoacoustic effect. Here, short light pulses irradiating the surface of a
medium, e.g., the tympanic membrane, ossicles, or the round window membrane are absorbed and

induce a periodic thermal expansion and relaxation of the medium thus creating a sound source [56].

The idea to use light as a sound source was created by Alexander Graham Bell in the 1880’s. His idea
was to build a “Photophone”- an apparatus to allow communication by the conversion of sunlight into
hearable sounds. His successful demonstration of a tube placed on the ear, catching a sunlight beam that
was interrupted periodically, leading to “a clear musical tone” that was heard, was the first
demonstration of the optoacoustic effect detected by human ears [9]. Since optoacoustic stimulation
could be applied on every vibratory stimulation target of the peripheral hearing system, it has the
potential to be used for a new generation of auditory prostheses [111,112,129,138].

The first report on optoacoustic stimulation of the inner ear was published by Fridberger and Ren in
2006. They used a 1.3 W diode laser to stimulate the organ of Corti of gerbils and guinea pigs with
pulsed laser light and recorded light-induced basilar membrane vibrations as well as the activation of
the hearing system by electrophysiological recordings of cochlear microphonics. They even recorded
nerve activities in response to application of the laser on the middle ear (the ossicles and bulla) but
classified the recorded signals as artefacts [33]. In a study from 2009, Wenzel and colleagues
demonstrated, that optoacoustic stimulation with laser light of 532 nm wavelength activated the hearing
system in guinea pigs when applied on the round window membrane of guinea pigs and thereby induced
optically evoked auditory brainstem responses (0ABR), which resembled in shape and amplitude the
acoustical reference waves and moreover were tunable in their amplitude by adjusting the applied laser
pulse energy [129]. In the same year, the optoacoustic stimulation could also be proven to induce
vibrations of the basilar membrane by using two different wavelengths of 355 and 532 nm, whereas the
laser light was applied on the osseous spiral lamina [136]. Later, Schultz et al. demonstrated the
stimulation of the inner ear in guinea pigs with nanosecond pulses at different wavelengths. By applying
the laser fiber outside the cochlea in front of the round window membrane or intracochlear within the
scala tympani they recorded cochlear responses to optical stimulation as compound action potentials
(CAPs). Similar to the amplitudes of the 0ABR recordings, CAP amplitudes increased with rising laser
intensities, and with slopes that depended on the wavelengths used [106]. Another study demonstrated
the optoacoustic effect to be responsible for laser-induced cochlear responses by assessing CAP
amplitudes as a function of i) constant pulse energy, ii) constant peak power, iii) wavelength and iv) the
absorption coefficient by using two different laser systems, one with a tunable wavelength and one with
a fixed wavelength of 1860 nm [58].
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Recently, our group has demonstrated, that our stimulation with pulsed green laser light placed in the
peripheral hearing system of guinea pigs induced vibrations of the eardrum and in parallel activated the
hearing system in a frequency-specific manner. The activation of the hearing system has been proven
by stimulation of different loci in the peripheral hearing system: the umbo at the TM, the round window
membrane, and the otic capsule. The frequency-specific activation of the hearing system was determined
by recordings of neural activities in the inferior colliculus (ICC). In parallel, the results were validated
by vibration measurements at the umbo by using different target frequencies, named laser modulation
rates (LMRs) and different laser pulse rates (LPRs). All results were also in good agreement with
modeled data [114]. Furthermore, we recently demonstrated, that the magnitude of optoacoustically
induced vibrations of the guinea pig’s tympanic membrane strongly depend on the laser wavelength

used. We assume that TM tissues have specific absorption characteristics for different wavelengths [45].
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2 Results

2.1 Biocompatibility margins for optical stimulation at the eardrum via 532 nm

laser pulses (Appendix 1)

The aim of this work was to define safety margins for our stimulation strategy at the eardrum while
using 10 ns laser pulses of a laser with a wavelength of 532 nm and a laser repetition rate of 50 kHz.
The eardrum of anesthetized mice was irradiated for two minutes with different average laser powers
and the eardrums were examined three hours after irradiation as ex vivo whole mount specimens. For
this purpose, | transferred a fluorescence-based viability staining known from cell culture (see Appendix
2, work from Lukas Pillong) to the mouse model. To gain information about the viability of the murine
tympanic membrane after irradiation, | established a surgery method to dissect the membrane, spanned
over the annulus fibrosus with the surrounding bone of the tympanic bulla as whole-mount specimens
and used fluorescence-microscopy to detect healthy, apoptotic, and necrotic cells in irradiated TM
specimens and the related controls. The results of the fluorescence staining demonstrated that from
89 mW average laser power onwards, areas of necrotic cells resulted from the irradiation at the umbo
and the pars tensa that grew in their size with increasing laser power (Appendix 1, Fig. 2). Interestingly,
the proportions of areas with necrotic cells grew from 0 to 19.5 % of the total area of the TM after
irradiation at the umbo and from 0 to 6.4 % after the irradiation at the pars tensa (Appendix 1, Fig. 3).
On the electrophysiological level, the effect of the laser irradiation was evaluated by using recordings
of auditory brainstem responses (ABR) before and after the irradiation in anesthetized mice. First, we
determined the hearing thresholds in all mice, after irradiation at the umbo and at the pars tensa, as well
as in negative control mice. The hearing thresholds were determined as the lowest intensity where the
Jewett complex was clearly identifiable (Appendix 1, Fig. 4). The electrophysiological monitoring
demonstrated no significant changes in the hearing thresholds after irradiation in all groups. The
negative control mice did not demonstrate any change in thresholds, also (Appendix 1, Fig. 5).

A more detailed analysis of amplitude and latency values of wave | at threshold, as well as 10, 20, and
30 dB above, brought the following results: after irradiation at the umbo, no significant changes in
amplitude values occurred (Appendix 1, Fig. 6a). Notable, there was a tendency for higher amplitude
values after irradiation with 125 mW average laser power. After irradiation at the pars tensa, all
amplitude values were slightly higher after irradiation in comparison to before (Appendix 1, Fig. 6b).
This fact was again the most obvious after irradiation with 125 mW. The analysis of latency
demonstrated some significant changes, e.g., a decrease of ca. 0.01 ms at +10 dB over threshold after
irradiation with 50 mW (Appendix 1, Fig. 7a, column 2) or an increase of ca. 0.09 ms at +0 to +20 dB
over threshold after irradiation with 99 mW at the umbo (Appendix 1, Fig. 7a, column 4). Despite the

value at +30 dB over threshold in latency analysis, the negative control demonstrated no significant
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changes in amplitude or latency values (Appendix 1, Fig. 7, column 1). After the irradiation at the pars
tensa, no significant changes in latency values could be observed at all laser power levels (Appendix 1,
Fig. 7b). Further analysis of frequency-specific ABR thresholds (FABR) demonstrated no significant
changes of the irradiation (Appendix 1, Fig. 8). To evaluate whether an incubation time of three hours
in anesthesia before the fluorescence staining influences the hearing function, we performed a further
control experiment in mice irradiated with 125 mW at the umbo and analyzed their hearing function
before (pre), directly after (postl) and three hours after the laser irradiation (post2). The analysis of this
control experiment demonstrated no significant changes in their hearing thresholds, amplitudes,
latencies of frequency-specific thresholds, although hearing threshold, amplitude and latency values

showed a trend for higher values after three hours of incubation (Appendix 1, Fig. 9).

2.2 Cytotoxicity studies of an optoacoustic stimulation strategy for the

development of laser-based hearing aids (Appendix 2)

To examine the effects of optoacoustic stimulation on the cellular level, we designed a protocol that
would allow us to assess cytotoxicity and cellular viability on three different primary cell lines: human
dermal fibroblasts (NHDF), human chondrocytes (HCH), and human osteoblasts (HOB). These cell
types were used as representatives for cell types existing in the hearing system to represent natural
conditions as closely as possible. The cells were seeded on glass-bottom cell culture plates and irradiated
with our stimulation protocol (Appendix 2, Fig. 1) that was also used in the mouse model. After the
irradiation, the following assays were performed: i) fluorescence staining of healthy, apoptotic, and
necrotic cells, ii) lactate dehydrogenase (LDH) assay, iii) water-soluble tetrazolium salt-1 (WST-1)
assay and iv) quantitative polymerase chain reaction (qPCR) analysis (RT? Profiler™ PCR Array). The
fluorescence assay demonstrated different irradiation thresholds for the three different cell lines. For
fibroblasts, no significant effects on cellular viability, marked by circular areas of necrotic cells, could
be observed for laser powers up to 223 mW (Appendix 2, Fig. 4a, second column). For chondrocytes,
this threshold appeared between 223 mW and 250 mW (Appendix 2, Fig. 4b, second column) and for
osteoblasts, first effects could be observed at 285 mW (Appendix 2, Fig. 4c, second column). For laser
powers exceeding 250 mW, the LDH assay demonstrated significant increases in the cytotoxic response
of fibroblasts in the irradiated group in comparison to the non-irradiated control group. Thereby, the
cytotoxicity of ca. 1.8 % at 250 mW increased to around 10.4 % at 500 mW (Appendix 2, Fig. 5a). For
chondrocytes, the cytotoxic effects could be observed first after irradiation with 281 mW with a
significant cytotoxicity of ca. 2 % that increased with rising laser power (Appendix 2, Fig. 5b). The
LDH release in osteoblasts was significantly higher after irradiation of 315 mW laser power in
comparison to the control group, increasing as well with higher laser power (Appendix 2, Fig. 5c).
The irradiation with 199 mW had no significant effect on the viability of fibroblasts as measured by the

WST-1 cell viability assay. After irradiation with 223 mW and 500 mW, however, viability was
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significantly decreased by 4.2 % and 18.5 % respectively (Appendix 2, Fig. 6a). In chondrocytes,
irradiation with 354 mW decreased the viability significantly by 10.9 %, similar as irradiation with
397 mW (to 11.1 %, Appendix 2, Fig. 6b). In osteoblasts, a significant decrease in viability was
observed after irradiation with 281 mW of ca. 4.6 % (Appendix 2, Fig. 6c).

To investigate the effects of the irradiation on the cellular regulatory level, we performed gPCR analysis
of genes involved in cytotoxicity and cell stress response. Therefore, cells were irradiated with
parameters below and above each cytotoxicity level and ran gPCR arrays analyzing 84 key player genes
in parallel. For fibroblasts, we found 21 genes upregulated after irradiation with 500 mW that derived
from different pathways, like DNA-damage response (GADD45A, XPC, NBN, and CDKN1A),
oxidative stress (FTH1, SQSTM1, and TXNRD1), heat shock response, inflammatory response,
hypoxia, and autophagy (Appendix 2, Fig. 7a). We could not find any significantly downregulated genes
in this panel. After irradiation with 199 mW, only one gene was found to be upregulated: GADD45A
(Appendix 2, Fig. 7b). In chondrocytes, we found genes from the heat shock response, unfolded protein
response, DNA-damage and hypoxia signaling pathway significantly upregulated after irradiation with
500 mW (Appendix 2, Fig. 7c). The irradiation with lower levels did not lead to any significant up - or
downregulation (Appendix 2, Fig.7d). In osteoblasts, the irradiation with 500 mW induced an
upregulation of genes related to osmotic stress, heat shock protein (HSP) response/ unfolded protein
response, autophagy, cell cycle arrest and DNA-repair pathway (Appendix 2, Fig. 7e). Here, the
irradiation with 199 mW induced an upregulation of TLR4 and a downregulation of IFNG, two genes
that are linked to inflammatory response pathways (Appendix 2, Fig. 7).

2.3 Optoacoustic stimulation efficiency can be improved using an absorbing
film (Appendix 3)

To assess whether the optoacoustic stimulation could be used in the mouse model as well, we established
the recording of optoacoustically induced ABR (0ABR) waves in mice. The resulting wave | amplitudes
were analyzed and the effectiveness of optical stimulation versus acoustic stimulation by click-ABR
(aABR) was compared. To gain a higher efficiency of the optical stimulation, we tested whether an
absorbing layer positioned on the TM, enhanced the resulting ABR waves. We assessed the effects of
poly (dimethyl) siloxane (PDMS) patches for this purpose (Appendix 3, Fig. 1). These patches were
self-adhesive and similarly designed to treat TM perforations (Appendix 4). The absorbing patches were
further optimized using a reflective Ag layer and an absorbing layer on top (Appendix 3, Fig. 2b) and
were positioned centrally over the umbo, the soft skin adhesive layer in tight contact to the TM and the
absorbing layer facing the outer ear canal (Appendix 3, Fig. 1b). The analysis of the transmission and
absorbance of the patches demonstrated a plateau of approximately 94 % transmission above 300 nm,
being 93.72 % at 532 nm, whereas the absorbing structure demonstrated a constantly low transmission,

with 0.24 % at 532 nm (Appendix 3, Fig. 3a).
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The absorbance of the patches was calculated as Abs = log (1/T) whereas T=transmission, and was at
532 nm 2.574 for the absorbing patch and 0.028 for the control film (Appendix 3, Fig. 3b).

We compared the resulting ABR waves between i) irradiation at the native TM without any patch, ii)
using a non-absorbing patch and iii) using an absorbing patch between the laser modulation rates
(LMRs) of 1, 8 and 10 kHz from 2 to 79 mW average laser power with 50 kHz laser pulse rate (LPR).
Thereby we were able to reproducibly record signals that resembled in their shape acoustically induced
waves (Appendix 3, Fig. 4). It was striking that oABR waves had significantly lower amplitudes
compared to aABR when the irradiation was performed on the native TM (Appendix 3, Fig. 4a) or using
a non-absorbing patch (Appendix 3, Fig. 4b). However, using an absorbing patch on the TM, the 0ABR
wave amplitudes were considerably higher and resembled the ones recorded for 80 dB SPL acoustical
stimulation (Appendix 3, Fig. 4c).

To analyze the efficiency of the optical stimulation in more detail, we analyzed wave | amplitude of
0ABR waves between 2-79 mW average laser power and compared the results to aABR from 0-
80 dB SPL (Appendix 3, Fig. 5). The irradiation at the native TM led to a nearly linear growth of wave
I within the applied laser power levels (Appendix 3, Fig. 5a top row, left three panels). In contrast, using
a non-absorbing film reduced the resulting amplitude values to ~ 33 % (Appendix 3, Fig. 5b middle
row). Finally, applying an absorbing patch, the amplitude values at 79 mW were demonstrated to be 6.8,
4, and 3.5 times higher for LMR of 1, 8, and 10 kHz respectively, compared to the stimulation at the
native TM (Appendix 3, Fig. 5¢ bottom row). To analyze the effect of the patch application itself on the
hearing function of mice, we analyzed click-ABR data of wave | amplitude before and after patch
application between 0 and 80 dB SPL stimulation and found significantly lower amplitude values at all
sound pressure levels. Especially between 30 and 60 dB SPL, the amplitude values were highly
significantly lower after patch application (Appendix 3, Fig. 6). To take this effect into account, we
further normalized wave | amplitude to the results obtained after acoustical stimulation with 80 dB SPL
with as well as without patch (Appendix 3, Fig. 7). Thereby, we found that the amplitude values
normalized to aABR with patch demonstrated slightly higher amplitudes and smaller error bars at
80 dB SPL in comparison to the aABR amplitudes recorded without a patch. Nevertheless, the
difference between both normalization methods was less than 5 %. The normalization of the data
resulted in amplitude values of around 60 % of the aABR amplitude level at 80 dB SPL for 1 kHz LMR
(Appendix 3, Fig. 7 left column), and 50 % with 8 and 10 kHz LMR (Appendix 3, Fig. 7, middle and
right column). To simulate the theoretical laser power that would be necessary to induce higher levels
of equivalent acoustic stimulation, the averaged oABR and aABR amplitudes of both groups, with
absorbing film and irradiation at the native TM, were fitted and set equal. The result of the fitting process
were input-output (10) functions with the resulting dB SPL level as a function of laser power (mW).
Thereby, we demonstrated the dynamic range of the 10 function of the absorbing film to be close to
70 dB SPL (Appendix 3, Fig. 8b), whereas the dynamic range of the 10 function of the native TM group
was 20 dB SPL lower (Appendix 3, Fig. 8a).
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2.4 Self-adhesive silicone microstructures for the treatment of tympanic
membrane perforations reduce a conductive hearing loss induced by

perforation (Appendix 4)

To investigate how tympanic membrane perforations could be treated to compensate the functional
defect quicker and better compared to standard methods, we evaluated the use of self-adhesive silicone
elastomers for tympanic membrane perforations in a mouse model. The self-adhesive elastomers were
designed as film-terminated structures with microstructures and a backing layer consisting of Sylgard
184 and an adhesive layer on top, consisting of MG7-1010, a soft skin adhesive (SSA) polymer. The
elastomers were conceptualized as a microstructure form and a respective unstructured control film,
with the same calculated weight as the microstructures but smaller thickness (Appendix 4, Fig. 1). Since
the roughness of the tympanic membrane is one important characteristic strongly influencing the
adhesion of silicone elastomers, we first characterized it using confocal microscopy on silicone replicas
of explanted TM specimens (Appendix 4, Fig. 2). The assessed roughness of the TM was compared to
an epoxy substrate that was used in further examinations of the elastomer’s adhesion properties in
laboratory conditions. The arithmetic mean height of the replicas of explanted TMs was 0.14 + 0.04 um,
whereas the arithmetic mean height of the epoxy substrate was 0.41 + 0.01 um. As the next step, we
evaluated the adhesion properties of the elastomers against the epoxy substrate and thereby found
significantly higher pull-off stress of the microstructure compared to the unstructured control after
applying pre-stresses of 11 and 23 kPa (Appendix 4, Fig. 3). The elastomers were further examined
regarding their adhesion on the murine TM ex vivo and applied on acutely induced TM perforations in
vivo. Thereby, we used two different conditions of the TM: i) intact and ii) perforated membranes
(Appendix 4, Fig. 4a). To investigate the adhesion of the patches on the murine TM, we used a custom-
made adhesion evaluation device (Appendix 4, Fig. 4b&c), allowing us to apply and detach patches with
a defined speed and pressure. The patches were applied with a pre-stress of about 25 kPa that was held
for 10 seconds followed by the retraction (Appendix 4, Fig. 4d). The tensile stress was used to analyze
the strength of adhesion of the different samples: i) microstructured, named as “FT” ii) unstructured
named as “Control” and iii) as a further control, non-adhesive backsides of control patches, named
“Control non-adh.” (Appendix 4, Fig. 5). The film-terminated, as well as the unstructured patches
demonstrated significantly higher adhesions on the intact TM, in comparison to the non-adhesive control
while the difference between microstructured and control patches was not significant (Appendix 4,
Fig. 5a). On the perforated membrane, the tensile stress used for detachment was overall lower compared
to the intact condition. Interestingly, the adhesion of microstructured patches appeared to be higher than
the adhesion of the control patches, however again the analysis demonstrated this difference to be non-
significant. Both patch samples, microstructured and unstructured, adhered statistically significantly
better than the non-adhesive control group (Appendix 4, Fig. 5b).
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To further assess the functional effects of treating TM perforations regarding hearing, we used
electrophysiological recording of auditory brainstem responses and DPOAEs in anesthetized mice with
intact, perforated, and patched TMs. The analysis of click-ABR hearing thresholds demonstrated a
significant increase from 12 to 34 dB SPL after inducing a perforation in both groups. After application
of patches, no significant improvement of the hearing threshold could be recorded in neither group
(Appendix 4, Fig. 6). To analyze the effects on the hearing function in a frequency-specific and finer
way, we used the recording of DPOAE signals between 10 and 18 kHz for the same conditions
(Appendix 4, Fig. 7). After perforation, the averaged DPOAE signals clearly decreased in intensity,
measured as signal-to-noise ratio (SNR) over all frequencies and increased when a patch was applied
on the perforation (Appendix 4, Fig. 7a&b). After the application of a microstructured patch, the
improvement was more prominent in the frequency range up to 15 kHz (Appendix 4, Fig. 7a). In
comparison to this, the increase of the SNR after applying an unstructured patch was smaller, however
observable over the whole frequency range (Appendix 4, Fig. 7b). In a more detailed analysis, we
separately analyzed DPOAE signals in the frequency ranges from 10-15 kHz and 15.5-18 kHz. In the
lower frequency range, the SNR significantly dropped from 26.4 to 17.5 dB after perforation and
increased to 21.8 dB after applying a microstructured patch (Appendix 4, Fig. 7c). In mice treated with
the unstructured patch, the control group, the DPOAE values of the perforated TM were both improved
(Appendix 4, Fig. 7d). In the higher frequency range, this situation was reversed. The significant
decrease from 30 dB to 23 dB after perforation was not improved after applying a microstructured patch
(Appendix 4, Fig. 7d) whereas the DPOAE signals increased after covering the perforation with
unstructured patches (Appendix 4, Fig. 7f). The DPOAE-signals were not improved to the level of the
intact condition after closing the perforation, in any of the groups.

To examine whether this effect was caused by the weight of the patches, we performed experiments
using patches that were applied on the intact tympanic membrane. In these experiments, we also applied
thicker patches and compared the results with those of patches in the thinner form used in the former
experiments. Thereby, we showed that DPOAE signals were significantly reduced after applying
patches on the intact tympanic membrane in all cases (Appendix 4, Supplementary Fig. S1). As
expected, the decrease in DPOAE levels was higher after applying thick microstructured or thick control
patches (Appendix 4, Fig. S1 c&d) compared to the patches of the thinner conformation (Appendix 4,
Fig. S1 a&b). The DPOAE levels were not improved by application of thick patches on perforated TMs

neither with nor without microstructure, (Appendix 4, Fig. S2).

24



Discussion

3 Discussion

Pathologies of the ear range from malformations, inflammatory processes, injuries, and tumors up to
functional impairment of the two senses hearing and balance. Independent of their type, these
pathologies strongly influence the patient’s life especially due to the affected sense of hearing. Hearing
is important to get into connection with the environment, to orientate in daily life, and communicate
with other people. If the hearing function is diminished for any reason, and the hearing loss is kept
unaddressed, it impacts many aspects of people’s life: daily communication, development of language
and speech in children, cognition, education, employment, mental health, interpersonal relationships
etc. [36]. Globally, around 1.57 billion people are affected by hearing loss, of whom 460 million people
suffer from a disabling hearing loss among which 34 million are children [35,105]. In Germany, the
prevalence of hearing loss is estimated to be 0.1 - 128 per 1000 children and adolescents [105]. Experts
estimate that worldwide by 2050, around 2.45 billion people suffer from hearing loss, with 698 million
people having a moderate to complete hearing loss [35]. In the global burden of disease (GBD) study in
2019, hearing loss was demonstrated to be the third-largest cause of global years lived with disability
(YLDs) [35]. Besides the personal impact of untreated hearing loss, the world health organization
(WHO) estimates, that unaddressed hearing loss leads to annual global costs of 660 billion Euros. On
the other side, the WHO approximates, that 60 % of hearing loss in children could be prevented by
avoiding ear infections such as otitis media and virus-induced pathologies such as meningitis [133]. All

these facts demonstrate the importance to develop strategies to treat and to prevent hearing loss.

One pathology of the ear affecting hearing are tympanic membrane perforations. They have different
causes such as traumatic events e.g., impalement lesions by cotton swabs or inclusion of foreign bodies,
explosions, hitting a water surface or slaps on the ear. Regardless of their origin, tympanic membrane
perforations cause a conductive hearing loss due to the reduced sound capture and transmission to the
middle ear. On the other hand, pathogenic germs may enter the middle ear through the injured
membrane, leading to infections. Traumatic perforations occur approximately with a frequency of 1.4 to
8.6/ 100.000 people [3,41,128]. The therapy of small and acute perforations is controversy discussed in
the scientific and medical community. Some clinicians prefer to keep these perforations untreated and
observe the patients until they heal spontaneously. Others treat perforations by covering them with
silicone foil or paper patches to seal them in the acute stage. Closing the perforation immediately clearly
has the advantage to restore the sound conduction mechanism of the membrane and rebuild the
physiological barrier between the outer ear and the middle ear. This protects the middle ear from
pathogenic germs that could possibly lead to otitis media and could have further far-reaching

consequences e.g., hearing loss, chronic infections etc.
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The objective of this work was to investigate two different innovative methods to treat ear pathologies
from two different perspectives, having together one major goal: the investigation of their
biocompatibility and applicability in preparation to be used in the clinical routine in the future. First, the
treatment of hearing loss with an alternative stimulation strategy based on laser light and not on acoustic
or electric stimulation has been assessed for its biocompatibility. Second, the treatment of eardrum
perforations to reduce the conductive hearing loss and avoid infections was evaluated and presented
herein. Therefore, as part of the translation of both methods to the daily clinical routine, the investigation

of their biocompatibility and usefulness has been the driving goal of this thesis.

3.1 Biocompatibility margins of optoacoustic stimulation

The optoacoustic stimulation offers a great potential to be used in the future to activate the hearing
system. The advantages of light-energy instead of conventional methods are thereby: light can be applied
much focused, contact-free and on every desired site of application. In contrast to electrical stimulation
used in cochlea implants, no electric field around the application site would be induced, allowing a high
resolution capacity of activation without spreading of the electrical field as happening in cochlear
implants [64]. However, scattering effects of light on tissues, such as bone or cartilage, absorption-
mediated heating, high energy requirements [112] and possible cytotoxic effects of laser-irradiation
[99,111] are possible limits for the practicability. If utilized in air, light can be applied with low
scattering and the patients would strongly benefit from the contact-free application that would not
require a closure of the outer ear canal, which is needed when classic sound amplifying hearing aids are

used.

The optoacoustic stimulation works based on the optoacoustic effect whose underlying mechanism is a
photothermal laser-tissue interaction. Thereby, short light pulses, absorbed by irradiated media, induce
short, periodic, thermal expansion-relaxation events which in follow lead to the generation of ultrasound
waves, thus generating a sound source. The first approach of optoacoustic stimulation of the inner ear
was made by Fridberger and Ren in 2006 who used diode lasers to stimulate the cochlea of rats in vivo.
They analyzed the activation of the hearing system by the recording of cochlear microphonics and
vibrations of the basilar membrane [33]. The optoacoustically induced vibrations can be used to activate
the hearing system as they are transmitted as acoustically induced vibrations over natural paths
[24,45,112,114,136]. Wenzel et al. 2009 described the irradiation of guinea pigs cochleae with 10 ns
pulses of Nd:Yag Lasers induced 0ABR waves in vivo [129]. In the same year, this group reported
optoacoustically induced basilar membrane vibrations using two different laser wavelengths of 532 and
355 nm [136]. The optoacoustic stimulation was also discovered to succeed if the laser light is applied
on the TM and middle ear structures inducing 0ABR waves and frequency-specific neural spike
activities in the inferior colliculus (ICC) in guinea pigs [130]. Later, experiments assessing the amplitude

of compound action potential (CAP), as a measure of the efficiency of the optoacoustic stimulation at
26



Discussion

the inner ear, for different wavelengths and stimulus intensity, was presented [106]. In 2016, the group
around Kallweit et al. demonstrated that the optoacoustic effect is responsible for cochlear responses
induced by infrared laser stimulation, formerly thought to be a direct neuronal excitation effect from
other groups. They drew this conclusion from in vivo experiments in hearing guinea pigs and pressure
measurements in water demonstrating a strong relation between the efficiency of optoacoustic
stimulation and the absorption coefficient of the irradiated structure [58]. The approach to use the
optoacoustic stimulation in the middle and outer ear was studied by our group in parallel, demonstrating
the frequency-specific activation of the hearing system. Thereby, the incoming laser signals were
modulated in a sinusoid form representing the aimed frequency of activation, the laser modulation rate
(LMR).We were able to demonstrate a frequency-specific activation of the hearing system through
neural spike activity recordings at the ICC by stimulating at the TM level, the round window membrane
and at the otic capsule [114]. The efficiency of optoacoustic stimulation with different wavelengths was
further investigated by our group. The vibration amplitude of guinea pigs TMs was analyzed as a
function of the wavelength ex vivo using laser Doppler vibrometry. The aim of this study was to define
the optimal stimulation parameters for the application at the TM [45].

Experimentally, optoacoustic stimulation is currently applied on different structures on the hearing
organ, however, to our knowledge, no reports exist regarding its biocompatibility. Most studies focus
on electrophysiological effects. To use the optoacoustic effect as a future stimulation method in hearing
aids, the safety limits of its application are required. We, therefore, performed biocompatibility analyses
in two different ways: on the tympanic membrane of mice and in cell culture. In the mouse model, the
irradiation of the TM using green 10 ns laser pulses at 50 kHz laser pulse rate demonstrated a first safety
margin at 89 mW average laser power above which laser-mediated generation of areas with necrotic
cells around the irradiated zone could be detected (Appendix 1, Fig. 2). The affected area increased in
size with increasing laser power and clearly differed in its size between the irradiation at the umbo and
the irradiation at the pars tensa, indicating absorption-mediated effects (Appendix 1, Fig. 3). One
possible reason of increased laser-induced necrotic areas after irradiation at the umbo could be of
thermal origin due to: i) the higher absorption of green laser light within the bony structure of the malleus
and ii) the coagulation of more central vessels in the umbo then at the pars tensa [111]. Based on the
principle of stress confinement, no energy dissipation and thereby thermal heating of the irradiated
tissues should occur during the generation of the acoustic signal [136]. However, the roles of physics
are not easily transferred on the irradiation of the hearing system, since, especially on the tympanic
membrane, we irradiated inhomogeneous biological structures, like epithelial cells, collagen fibers and
bony structures at once. Therefore, it is impossible to investigate the possible laser-tissue interactions
based on theoretical calculations. Furthermore, photothermal interaction depends on diverse
characteristics of the irradiated tissue e.g., optical, thermal and mechanical properties, chemical
composition, as well as the anatomy and physiology of the irradiated tissue [118]. For the TM, these

parameters are not yet sufficiently characterized [111]. We claimed hemoglobin, and collagen / bone as
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the major components involved in the absorption events during optical stimulation of the TM. This
assumption was also supported by recent studies of our group, assessing the optoacoustically induced
vibrations of the guinea pig’s TM ex vivo using laser Doppler vibrometry in correlation with the
absorption spectra of inherent components of the TM [45]. In combination with the absorption occurring
during irradiation, another factor leading to necrotic cells in the irradiation zone might be the use of the
high laser pulse rate of 50 kHz. Computer modeling of laser irradiation experiments of the human and
the guinea pig cochlea suggested that heat conduction reached a quasi-steady state after a few seconds.
Here, the temperature rise depended on the laser pulse rate [137]. Besides our findings it is hard to use
laser safety parameters from the literature for application at the TM. Reports regarding nondestructive
laser application are mostly focusing on the low-level laser therapy (LLLT) [100] or trans-tympanic
photobiomodulation (PBM) and therefore are hard to compare to optoacoustic stimulation. For example,
PBM is performed with near-infrared laser light and laser parameters similar to the ones used in our
experiments, 165-200 mW average laser power followed by macroscopic and microscopic observation
e.g., hair cell counts or scanning electron microscopy for investigating the biocompatibility [82].
However, the lasers applied in these studies were CW lasers and subsequently, the biocompatibility
findings are not equivalent to the ones after the stimulation with pulsed nanosecond lasers. Another
widely used and well-established laser application at the TM is laser Doppler vibrometry. Data from
Foth et al. 2000 demonstrated laser Doppler vibrometry to be safe using CW lasers at 633 nm up to
experimentally determined thresholds of 7100 W/cm?. This value differed considerably from often used
80 W/cmz [32]. Other investigations from the literature used infrared neural stimulation (INS). Goyal et
al. did not find any significant electrophysiological effect on the cochlea within the signals generated
after continuous irradiation below 30 pJ/pulse. Histologically, they did not observe any structural
changes of the tissue while working with a diode laser at 1869 nm and with 100 ps pulse length
either [40]. On the electrophysiological level, we could not find any significant influence of the
irradiation on the hearing function either. This translated into no significant increase in hearing
thresholds following the irradiation (Appendix 1, Fig. 5). Although increasing necrotic areas were
detectable, amplitude values were not significantly reduced by using higher irradiation values (Appendix
1, Fig. 6). This finding diverged with the result of higher latency values in the data group after irradiation
with 99 mW at the umbo. Since this effect was singular and has not been confirmed in groups irradiated

with higher intensities, this effect might be caused by random variances inside this group.

Interestingly, in cell culture experiments using the same irradiation parameters and staining method as
in the mouse model, higher cell-line specific irradiation thresholds for cellular viability were found.
Thus, all three methods confirmed a safe application of our stimulation strategy in vitro with laser
powers up to 99 mW (2988 J/cm?). In accordance with our findings in the mouse model, a trend of an
increase in cytotoxicity was found with increasing laser power in all three tested cell types, however
with different thresholds for each cell line [99]. For fibroblasts, the threshold was found to be the lowest
at 223 mW, for chondrocytes at 250 mW, and for osteoblasts at 285 mW (Appendix 2, Fig. 4). This

28



Discussion

might be caused by varying concentrations of photoacceptor molecules of the different cell types or by
differences in their growth patterns, respectively [99]. The results of previous experiments (data not
shown) in which an exposure-time-dependent increase in affected areas was demonstrated further
supported the idea of potential thermal effects as one major damage mechanism in this set of
experiments. This hypothesis was supported by qPCR analysis revealing multiple responses from
different stress and toxicity pathways after irradiation above threshold like DNA damage response,
oxidative stress, heat shock and inflammatory response, hypoxia, and autophagy [99]. The induction of
DNA damage response pathways after irradiation with a 532 nm laser has also been described for the
human liver cell line HepG2 [88] and hamster fibroblasts [70]. However, there is the well-known
problem of poor comparability between the studies because the authors used laser as a picosecond laser
and different average radiant exposure and power densities compared with our experiments. The
induction of heat shock response after laser irradiation is also known from literature and mostly
interpreted as a cytoprotective mechanism and an increased autophagy response. The latter was found
in a glioma cell line using a similar experimental setup as ours, but higher cytotoxicity was found after
applying 477.5 J/cm? only whereas necrosis and destruction of cell structures were found after
irradiation with 1910 J/cmz2. These differences are suspected to be caused by a higher vulnerability or
altered response mechanisms to the laser irradiation in the glioma cell line [66]. Sub-threshold gPCR
analysis demonstrated upregulation of the stress gene GADDA45G in fibroblasts, which could be induced
through a potential growth arrest after irradiation with sub-phototoxic laser powers. This finding is in
line with a study in 2017 From Kim et al. who perceived a protective mechanism induced by an
upregulation of GADD45A after irradiation with visible red light ranging from 620 to 690 nm
wavelength [60,99].

Although the upper thresholds for laser safety strongly differed between the mouse model (89 mW) and
the cell culture assay (at least 223 mW) the average power density between both models turned out to
be a good parameter for comparing both methods. In the mouse model, the upper limit was at 5340 J/cm?
whereas in cell culture it amounted to 2988 J/cmz2. Here, one major factor to consider the relatively large
distance of the laser fiber to the murine tympanic membrane because of the conical shape and tilted
angle of the mouse eardrum. In contrast, the laser fiber was easily adjusted as close as possible to the
flat glass bottom of the cell culture plates. Another factor was the difference regarding absorption events
between a monolayer cell culture and a much thicker epithelial structure consisting of different cell types
and connective tissues organized in layers [99]. A clear advantage of cell culture-based cytotoxicity
assays is the possibility of analyzing the effects of laser irradiation for each cell type individually giving

additional insight into the different sensitivity characteristics of the irradiated structures [99].
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Taken together, we were able to specify for the first-time cytotoxicity / biocompatibility thresholds for
optoacoustic stimulation of the hearing organ in vitro and in vivo. We successfully transferred a method
for the detection of cell viability effects from the cell culture model into whole-mount preparations of
the murine eardrum. Given these first margins, further steps regarding the underlying phototoxic
mechanisms, including laser-irradiation-associated photochemical and thermal effects are needed to

define the optimal and biologically safety parameters for optoacoustic stimulation.

3.2 Enhanced efficiency of optoacoustic stimulation due to the use of absorbing

patches

We were previously able to demonstrate that our stimulation strategy could be used to frequency-
specifically stimulate the guinea pig’s hearing spectrum in vivo [114]. For biocompatibility and energy
consumption reasons, the irradiation intensities used for optoacoustic stimulation of the hearing organ
need to be as low as possible. One challenge regarding this issue is the efficiency of optoacoustic
stimulation, being highly dependent on the light energy [58] as well as its absorption in the irradiated
substrate, which is a function of the absorption coefficient [45]. To analyze the in vivo stimulation and
the ex vivo biocompatibility assessment in the same animal the modulation of the stimulation intensity
needed to be examined in the mouse model. As a proof of principle, we have demonstrated for the first
time that oABR waves could be induced in mice, although they have a nearly transparent tympanic
membrane that does not offer an ideal basis for optoacoustic stimulation [46,113]. To enhance the
absorption of the murine eardrum, we designed and applied in collaboration with our partners from the
Institute for New Materials a novel self-adhesive patch, which is equipped with an absorbing layer on

the side directed towards the laser fiber and a reflective layer below.

The results of 0ABR detection showed that when using the absorbing patch, we were able to record
reproducible 0ABR signals resembling those of aABR. Since analysis of growth functions is a proven
method to examine the neural response to the stimulation of the auditory system, we analyzed growth
functions of wave I, the most prominent wave in ABR signals in mice [29,132,140,141], and compared
the resulting amplitudes to stimulation without a patch and with a non-absorbing patch. The efficiency
of optoacoustic stimulation was strongly enhanced using absorbing patches. Interestingly, the higher the
LMR was, the lower was this enhancement factor. One reason for this finding might be that the number
of pulses in one sine period decreased with increasing LMR leading to less efficient laser stimulation.
Furthermore, a higher absorption efficiency does not automatically lead to higher signals. Kallweit et
al. 2016 who worked on an optimal absorption coefficient and found a negative correlation between
optoacoustic signal amplitude and this absorption coefficient optimum [58]. Another interesting finding
was the significantly reduced aABR amplitude recorded after the patch application (Appendix 3, Fig. 6).

This finding was most likely caused by the weight of the patch attached to the tympanic membrane,
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damping the vibrations, and thereby reducing the sound conduction. Nevertheless, this effect had only
a low impact (5 %) on the 0ABR wave | amplitude normalized to the result after 80 dB SPL stimulation
recorded with patch in comparison to the bare TM. Therefore, the effect of patch conformation on the
interpretation of 0ABR signals was at this point negligible. Upon stimulation with 1 kHz LMR and
subsequent normalization we were able to reach ~ 60 % of the level that was reached with 80 dB SPL
acoustic stimulation (Appendix 3, Fig. 7). This finding was surprising since mice have very low hearing
ability at this frequency. It is important to consider that click sounds activate almost the entire cochlea
inducing a stronger ABR amplitude due to summing up of neuronal activity in comparison to a very
narrow frequency band activated with a frequency-specific stimulation strategy. We used however the
method of normalizing our data to click-ABR signals to be in line with research protocols reported by
other groups [50,77,121,127]. Upon stimulation with 8 and 10 kHz LMR, we reached levels of 50 %
compared to acoustic stimulation with 80 dB SPL. It should be considered that in our currently used
stimulation strategy the number of pulses under the sinusoid is smaller the higher the LMR is. Therefore,
a direct comparison of the 0ABR data with an adapted acoustic stimulus is not optimal at this point,
which will be changed in future experiments. One option would be the comparison to frequency-specific
acoustic stimulation, matching the targeted LMR. In addition, vibration analyses would help to clarify,
why the stimulation at 1 kHz LMR was the most efficient, although mice have a poor hearing ability at
this frequency. One explanation for this phenomenon could be the induction of harmonics by the
absorbing patch or the TM that would create vibrations of other frequencies better perceived in mice

contributing to the summation of the induced action potentials.

The results demonstrate that the optoacoustic stimulation can be enhanced using an absorbing film
applied on the targeted stimulation site e.g., the tympanic membrane in this set of experiments. Light
absorbing patches in the self-adhesive conformation makes them a proper candidate to be further used
for this stimulation strategy. Fischer et al. demonstrated that PDMS films securely adhere on rough
surfaces and even on human skin [12,30,31]. The biocompatibility of PDMS films, their flexibility, and
good adhesion makes them ideal candidates for wearable applications [18]. PDMS patches were also
successfully used in a non-adhesive form without SSA but instead with immobilized collagen to treat
tympanic membrane perforations [28]. Furthermore, because the patches could be designed in every
feasible design and conformation, one could imagine using absorbing films on different stimulation loci
of the hearing organ, e.g., middle ear, ossicles, or the otic capsule. Additionally, the characterization of
light transmission and absorption of those patches revealed their suitability for other wavelengths as
well.

The double-layer design was used to provide a structure embodying two elements at the same time: good
adhesion and stability. The SSA surface allows for reliable adhesion to the TM without damaging the
tissue [13] whereas the Sylgard fraction ensures the support for the soft SSA film and gives stability for
handling and application. The optical properties of the patches were optimally designed for low

transmission and high absorption. The low transmission of the film should provide higher safety since
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very low amount of the irradiation energy should be transferred to the middle and inner ear. Additionally,
the absorbing films demonstrated to be useful for all wavelengths between 200 and 1300 nm. How far
adaptation of the absorptive layer would lead to even better results regarding improving the efficiency
of the optoacoustic stimulation needs to be further investigated. For example, using a completely

pigmented patch would be conceivable as a further beneficial step.

Overall, the results demonstrated that the efficiency of the optoacoustic stimulation can be enhanced
using an absorbing film, but still is not efficient enough with our current stimulation protocol. The
equivalent 0ABR levels of ~60 and ~50 % of the levels reached with 80 dB SPL acoustic stimulation
seem not to be enough for the future use in a hearing device, especially when considering the high energy
input of 89 mW average laser power, possibly leading to biocompatibility issues over time. Therefore,
further work is needed to optimize the stimulation parameters with regard to reduced energy
consumption, enhanced activation of the hearing system, biocompatibility, and interaction between
wavelength and absorbing film. Possible ways to reach this could be the use of a more biocompatible
wavelength e.g., in the infrared region with a compatible absorbing film, shorter pulse lengths, or other

repetition rates.

3.3 Reduced conductive hearing loss by covering eardrum perforations with

self-adhesive patches

The eardrum is a thin, elastic, and nearly transparent membrane that separates the outer ear from the
middle ear. As the first coupler between the outer ear and middle ear, it is responsible for the
transmission and enhancement of sound waves on their way to the inner ear, providing the base of
hearing. In parallel, the TM serves as a physiological barrier to protect the middle ear from pathogenic
germs. If the membrane is, at least partially ruptured, the collection of sound waves is disturbed and
consequently, the sound wave transmission is diminished. Hearing loss and potential infections are the
first consequences. Although most of the tympanic membrane perforations heal spontaneously without
complications, in some cases, they persist for longer time periods or re-occur several times. Overall, the
time of healing and the closure rate strongly depends on the type, size, and duration [27,37]. Recurring
and chronic perforations could cause severe health issues due to the risk of infections and the formation
of cholesteatoma, a life-endangering complication [76]. Furthermore, TMPs can lead to conductive
hearing loss [10,79].

To immediately close the perforation and overcome conductive hearing loss, one well-established
method is to seal or cover TMPs with a patch consisting of different materials, including paper, non-
adhesive silicone strips, or Steri-strips. One major challenge of paper or silicone patching is to ensure
keeping the patch in the right position. The standard solution for this issue is to pack the outer ear canal

up to the tympanic membrane with cotton and Gelfoam® to keep the patch in position over the
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perforation for at least 1-3 weeks. Using this procedure, the patient is strongly affected in his daily life
due to the resulting conductive hearing loss induced by the complete occlusion of the ear canal on the
affected side. Unilateral hearing loss impacts the patient in communication, orientation and influences
its feeling of safety in public. One possible method to avoid these drawbacks is the use of adhesive
materials for TMP treatment. Park et al. 2011 demonstrated that patching large TMPs with Steri-strips
lead to a reduced healing time compared to just observing the patient. Additionally, it reduced the
number of additional procedures when compared to the treatment using paper patching. However, no
significant difference in the hearing gain or in the closure rates between the observed groups could be
detected [98].

Our group designed self-adhesive poly-(dimethyl) siloxane (PDMS) composite films as a novel patching
material for the application on the TM. PDMS is a silicone elastomer with wide-ranging use as a skin
adhesive [7,18,55,68]. The PDMS materials, which were demonstrated to be biocompatible in cell
culture experiments, have tunable mechanical properties influencing their adhesion [30]. PDMS patches
were also shown to have good adhesion on materials with skin-like roughness [31]. Recently, composite
films of two different PDMS materials were established for the application as wound dressings on
tympanic membrane perforations. In detail, composite films of soft skin adhesives (SSAs), a subclass
of PDMS elastomers, and Sylgard 184 demonstrated to be well applicable on the murine tympanic
membrane and presented strong adhesion in peel-tests [13]. The SSA can adhere to rough surfaces and
has the advantage of gentle attachment and detachment, combining a secure adhesion to the thin
membrane with an atraumatic removal. SSAs, also known as dry adhesives, have the advantage of
adhesion without the use of any chemical fixation because of their physical interaction with the adhering
surfaces by van der Waals forces [61,92]. This glue-free application together with their ability to adhere
to rough surfaces including wet skin, their high water vapor permeability, and good compatibility with
pharmaceutical compounds make SSAs to ideal candidates for medical use such as wearable electronics,
skin applications, wound scaffold materials, and wound dressings [7,12,31,55,117]. In the past years,
the idea to further enhance the adhesion of silicone elastomers by the implementation of microstructures,
inspired by nature, emerged. Thereby, the polymers were prepared based on the model of the gecko’s
foot, having keratinous hairy structures, allowing the climbing on vertical walls by dry adhesion over
van der Waals interactions [5]. Such micropatterned structures, created by the use of micropillars in
different architectures, are successfully established and applied in robotics and industrial applications
where they demonstrated to have advantageous effects on the adhesion [5,8,49]. Besides industrial
applications, the use of microstructured silicone materials in medical applications, especially as skin
applications and wound dressings created an emerging research field in the past few years. For example,
Hwang et al. 2018 proposed encouraging opportunities of different nature-inspired skin adhesive patches
for the use of e.g., wound dressings, wearable electronic patches, transdermal approaches, and drug-
releasing reservoirs [53]. Further possibilities are the use of microstructured skin adhesives as

bioelectronics [7].
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Modern manufacturing processes and evolving knowledge on the advantages of using microstructures
in silicone elastomers for medical applications led to the idea to implement micropillars in PDMS films
to be used for the treatment of TMPs. As in other medical applications, the implementation of
microstructures should end in higher adhesion and in parallel, allow better handling and protection of
the very sensitive TM by damping effects of the pillars. We, therefore, created patches with a film-
terminated design in which the micropillars are covered by a continuous top layer. This design was
described from a mechanical point of view from Glassmaker et al. [38] and Noderer et al. [85] pointing
out their excellent adhesion due to a crack-trapping mechanism, enhancing the adhesive properties of
micropatterned structures compared to flat samples on glass samples. Film-terminated patches are also
reported to have good adhesion to rough surfaces due to their superior adaptation to the surface
characteristics because of the soft top layer [44,107,108]. A comparable structure was reported to have
a better resistance against vibrational resistance with enhanced adhesion and an energy-dissipation
matrix, which was inspired by pedal-muscle structures of snails, therefore named snail-inspired adhesive
(SIA) [59].

To assess whether a film-terminated micropatterned self-adhesive patch would serve as treatment for
TMPs, we evaluated their applicability from different points of view: i) adhesion in tack-tests on epoxy
substrates, ii) adhesion on explanted murine TMs ex vivo, and iii) effects on the hearing ability of mice
in vivo. All examinations were performed in comparison to unstructured control patches. Control and
microstructured patches adhered reliably on the murine tympanic membrane and could be detached
without damaging the sensitive membrane. The adhesion was generally lower when the tympanic
membrane was perforated in comparison to the intact condition (Appendix 4, Fig. 5). This outcome was
most likely caused by the reduction in the actual contact area by perforation. Another effect could be
the reduced tension of the ruptured pars tensa after perforation, which would result in a less defined
contact and make the mating surfaces more conforming [16,83]. Interestingly, the beneficial adhesion
of microstructured patches in contrast to unstructured control patches which was seen in tack tests
performed on rigid epoxy substrates (Appendix 4, Fig. 3), was not observed anymore in the ex vivo
animal model. In general, the adhesion on the murine TM was lower compared to the adhesion measured
in the epoxy model. We claimed that at least two factors are responsible for this finding: i) the different
geometric complexity (a nominally flat epoxy surface vs. the concave curvature of the eardrum) and ii)
different stiffness values between both models.

The tight contact between the patch and tympanic membrane and the reliable adhesion allowed us to use
the patches in an in vivo animal model to assess the effects of patching of tympanic membrane
perforations on the hearing function. Click-ABR thresholds significantly increased after perforation
compared to intact conditions. This threshold increase could not be significantly reduced after applying
microstructure or control patches on the perforation (Appendix 4, Fig. 6). The ABR thresholds thereby
gave us a first insight into the hearing function of mice without detailed information about frequency-

specific effects. One method to quantify frequency-specific conductive hearing loss is the measurement
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of distortion product otoacoustic emissions (DPOAE). This procedure is well-established in the clinical
routine in humans and used in different research approaches regarding hearing function in laboratory
animals [25,42,51,73,93,120,126]. DPOAE signals are generated by active processes of outer hair cells
inside the cochlea and can be recorded by very sensitive microphones placed in the outer ear canal. We
used DPOAE measurements to prove the positive effect on the hearing ability directly after applying a
patch on perforated TMs (Appendix 4, Fig. 7)[83]. As hypothesized, the DPOAE signals were
significantly reduced after perforation compared to healthy and significantly improved immediately
after patch application of microstructured or control patches. Frequency-specific analysis showed that
the microstructured patch specifically enhanced hearing at lower frequencies (up to 15 kHz), while the
control patch improved hearing at higher frequencies (between 15.5 and 18 kHz) [83]. Altogether the
patches could not fully restore the hearing as the patches could not completely return the function of the
damaged eardrum. This was mainly caused by the added mass on the tympanic membrane, which
influenced the acoustic impedance and dampened the sound conduction. As microstructured and control
patches should have the same mass, it is not surprising that we could not demonstrate any differences
between both groups regarding this fact. The negative impact of added mass was confirmed by the
reduction in DPOAE levels after applying the patches to intact TMs in further control experiments
(Appendix 4, Fig. S1).

In general, DPOAE measurement is a very sensitive method to detect sensorineural but also conductive
hearing loss. Thereby, the signal level depends on the anterograde and retrograde middle ear
transmission and is strongly influenced by mechanical changes in the outer ear and middle ear, such as
increased mass or stiffness [119]. Consequently, DPOAE quality is influenced twice by the middle ear
constitution, in particular by affecting the incoming tones in the inward direction as well as the returning
DPOAE signals in the outward direction [25]. Taken together, DPOAE measurements are a suitable
characteristic for assessing the effects of tympanic membrane perforations. In a gerbil model, Dong et
al. 2019 analyzed the effects of TM perforations and altered middle ear transmission on the generation
of DPOAEs. Those were found to be detectable up to perforation sizes involving about half of the
tympanic membrane. In agreement with our results, DPOAE thresholds were not totally restored to
normal after 4 weeks of healing, especially in the higher frequency range (> 10 kHz). The authors
suggested an incompletely restored middle ear transmission even after the closure of the TMP [25]. In
a guinea pig model, it has been demonstrated that increasing TM perforations lead to a decrease in the
DPOAE amplitude beginning at 25 % perforation of the TM and ending at 75 % perforation size where
DPOAE signals were not detectable anymore [71]. Recently, the group around Lin et al. 2021 supported
these findings in their gerbil model, demonstrating DPOAE levels reduced to noise floor after 50 %
perforation of the TM, which steadily recovered to the intact level after 4 weeks of spontaneous healing.
They concluded from their findings of DPOAE and middle ear transmission measurements, that ME
transmission is strongly influenced by increased mass or altered vibratory characteristics of the TM,

effects that are a result of wound closure mechanisms of the TM [73]. In conclusion, DPOAEs are a
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specific and meaningful tool to investigate the sound conduction apparatus and to gain information about
the sound transmission through the middle ear. For treatment of patients with TMPs, patch materials
matching the natural characteristics of the TM, e.g., elasticity, vibratory properties, and thickness are
needed. This would help to overcome the conductive hearing loss induced by perforation and not only

close the perforation.

To sum up, covering acutely induced TMPs with self-adhesive patches in the animal model served as a
suitable method to, at least partially, compensate a conductive hearing loss induced by the perforation.
The films demonstrated reliable adhesion but were at the same time easily removed from the sensitive
TM making them perfect candidates for future application in the daily clinical routine. Although the
murine and human TM are histologically identical, future work must be performed to analyze the
adhesion properties on the human TM. As roughness is one major point that influences the adhesion,
the adhesion behavior is assumed to be different on human TMs which are expected to be rougher than
the murine TM. Moreover, the overall material thickness must be adapted to the human TM that is
expected to be ~ 120 um thick in comparison to the murine TM having ~ 5 um thickness in our
histological preparations. Another fact that must be discussed in the future is the cellular compatibility
and supportive properties for cellular spreading of the novel TM patches. As previous work
demonstrated and is well-known from literature, silicone elastomers have hydrophobic surfaces,
avoiding cellular adhesion and spreading [12,13,30]. Possible interventions to overcome this issue
would be the functionalization by plasma treatment or protein adsorption to enhance cellular
compatibility. Nevertheless, the biocompatible, flexible, easy handleably PDMS material, which is
tunable in its mechanical characteristics by adaptation of the material composition, makes it an excellent
future candidate for the treatment of human TMPs. Patients would benefit from its self-adhesive
properties allowing a covering of their perforation without concluding the outer ear canal during the
healing phase. Moreover, the use of the film-terminated design with the porous SSA top layer could be
used to design a drug-release system between the pillar portions, steadily releasing over time anti-
inflammatory and infection-suppressing agents, e.g., cortisone and antibiotics, directly at the desired
target location [80,135].

Taken together, the benefits for the patient during and after the healing period, as well as the easy
handling, the biocompatibility, and mechanical tunability of the material, offer great potential for
micropatterned PDMS patches to be successfully translated into clinical practice soon. Studies regarding
the long-term adhesion and effects on hearing, as well as the effects on the healing of injured TMs, along
with the vibratory characteristics of the material-TM complex in humans, will give further insight into

the applicability of silicone elastomers on human TM perforations.
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Abstract. Hearing impairment affects ~460 million people worldwide. Conservative therapies, such as hearing
aids, bone conduction systems, and middle ear implants, do not always sufficiently compensate for this deficit.
The optical stimulation is currently under investigation as an alternative stimulation strategy for the activation of
the hearing system. To assess the biocompatibility margins of this emerging technology, we established
a method applicable in whole-mount preparations of murine tympanic membranes (TM). We irradiated
the TM of anesthetized mice with 532-nm laser pulses at an average power of 50, 89, 99, and 125 mW at two
different locations of the TM and monitored the hearing function with auditory brainstem responses. Laser-
power-dependent negative side effects to the TM were observed at power levels exceeding 89 mW.
Although we did not find any significant negative effects of optical stimulation on the hearing function in these

mice, based on the histology results further studies are necessary for optimization of the used parameters. © The
Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part

requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JB0.24.8.085003]
Keywords: biocompatibility; optical stimulation; tympanic membrane; optoacoustic; laser.
Paper 190084RR received Mar. 25, 2019; accepted for publication Jul. 29, 2019; published online Aug. 21, 2019.

1 Introduction

Hearing impairment is a worldwide problem that affects individ-
uals of all ages. There are 460 million people worldwide with
hearing impairment and have problems communicating on a
daily basis.! To compensate for hearing deficit, conventional
hearing devices use mechanical energy and, for cases with severe
hearing impairment, cochlear implants use electrical energy to
stimulate the auditory system. However, for the hard of hearing
population who are not yet candidates for cochlear implants and
not sufficiently supplied with the currently available auditory
prostheses due to multiple reasons, e.g., recurrent outer ear
canal inflammations or connectivity issues, further stimulation
strategies are needed.” Light has been considered as an
alternative energy form for the activation of the hearing organ,
having the advantage to be a noninvasive and precise noncontact
activation method.* The optical stimulation of the ear has been
assessed via three different ways, the infrared neural stimulation
(INS),>% the optoacoustic stimulation,'>'? as well as optoge-
netics, the activation of neural structures that are genetically
modified to express light-sensitive ion channels.*!*!'* The opto-
acoustic stimulation is induced by the use of very short laser
pulses that are absorbed into the irradiated materials and lead
to a short thermal expansion that induces mechanical vibrations.
It was first proposed and studied for the optical stimulation of
the inner ear using a monochrome laser.'> Recently, we were
able to demonstrate that the optoacoustic stimulation has the
advantage to induce precise vibrations within all vibrating

*Address all correspondence to Katharina Sorg, E-mail: Katharina.Sorg@uks
.eu; Gentiana |. Wenzel, E-mail: Gentiana.Wenzel @ uks.eu
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structures from the ear drum up to the inner ear without the need
of direct contact to the vibratory structure.>'®!” Independent
of the final irradiated structure, the biocompatibility of this
stimulation method has to be defined and characterized. Up to
now, just a few specific biocompatibility studies regarding the
laser application at the ear drum are to be found in literature.
Foth et al. described the power density limits for the laser-
induced thermal effects for laser Doppler vibrometry'® being
7.2 kW /cm? for the pig TM. Another set of studies described
the effects of laser irradiation for the low-level laser therapy
(LLLT) of the inner ear'® as well as trans-tympanic photobiomo-
dulation (PBM).?” Both work far below our values using an
830-nm diode laser with power densities of 900 mW /cm? in the
case of LLLT and 909 to 1363 mW /cm? for PBM. However, due
to the fact that they used another wavelength (830 nm)
and that the laser parameters were not exactly in the range of
our used parameters, these reports could not give us enough
safety margins for a clinical application of the optoacoustic
stimulation either. In addition, the tympanic membrane (TM)
is anatomically very complex. It consists of collagen fibers,
embedded in epithelium with mucosa on the middle-ear side and
epidermis on the outside*'*? as well as blood vessels. It closes
the air-filled tympanic cavity and spans over the bony structure
of the malleus. All these together create a very inhomogeneous
structure with various absorption characteristics at different loca-
tions inducing different laser—tissue interactions. For these rea-
sons, we established a method to assess the biocompatibility
margins for light stimulation of the hearing organ and present
herein our results regarding the effects of the optoacoustic stimu-
lation with 10-ns 532-nm laser pulses at the TM in a mouse
model.

August 2019 « Vol. 24(8)

39



Sorg et al.: First biocompatibility margins for optical stimulation at the eardrum...

2 Material and Methods

2.1 Animal Model

Eight- to 12-week-old female CBA/J mice (Janvier Labs, France)
weighing 18 to 23 g were used in our experiments (44 animals in
total in this study). The studies were performed according to the
guidelines of “The Animal Care and Use Committee of Saarland.”
All animals were initially anesthetized intraperitoneally with
100 mg/kg ketamine (Ketaset, Zoetis, Berlin; Germany),
10 mg/kg xylazine (Rompun, Bayer, Leverkusen; Germany),
and a maintenance dose of Y to Y2 of the initial dose intraperi-
toneally every 30 min. Throughout the experiment, the body tem-
perature of the animal was maintained at 37°C using an electric
heating pad, and the animals were supplied with additional oxy-
gen over a tube positioned at nose level. The hearing function
of all animals was monitored via auditory brainstem response
(ABR) recordings before and within 5 to 10 min after the laser
stimulation.

2.2 Surgical Procedure

After we trimmed the hair around the outer auditory canal, we
made a vertical incision beginning at the incisura intertragica
and expanding it along the cartilaginous outer ear canal. The TM
was exposed by anchoring the edges of the incision with sutures.
To assess possible heat-induced changes by laser irradiation on
the TM, a positive control based on heat treatment was estab-
lished. A 70°C to 80°C preheated metal pin of 0.5 mm diameter
was carefully pressed on the TM for 20 s without mechanically
damaging the membrane. A further control was the contralateral
ear that was left untreated, however that received the same
manipulation for the exposure of the TM to ensure the detection
of preparation-induced necrotic cell conditions.

2.3 Laser Irradiation

This stimulation protocol was established in cell culture experi-
ments and has been used for the optoacoustic stimulation in
the guinea pig in our group as well.” The laser irradiation was
always performed on the left ear of the mice. We used a 532-nm
pulsed neodynium-doped yttrium orthovanadate (Nd:YVO,)
laser (Xiton Photonics GmbH, Kaiserslautern, Germany) as the
light source. The pulsed laser light was applied through a glass
fiber with a diameter of 365 um, which we directed vertically
toward the umbo or the pars tensa of the TM, at ~300 to 500 um
using a micromanipulator (Narishige, Tokyo, Japan). The final
adjustments were performed using a continuous wave (cw) pilot
laser with a power of 0.1 mW and duration of maximum of 30 s.
The laser irradiation parameters where chosen to replicate our
self-designed stimulation strategy creating a sinusoid signal at
the targeted frequency, the laser-modulation rate (LMR) (Fig. 1).

We irradiated the selected area for 2 min with an average
power of either 50, 89, 99, or 125 mW at a laser repetition rate
(LPR) of 50 kHz and LMR of 1 kHz as presented in Table 1.

2.4 Electrophysiological Monitoring: Auditory
Brainstem Response

The recording of ABRs was performed in the same way as pre-
viously reported:**~2°

The sounds in the form of sine wave stimuli were generated
with a digital signal processing system (Agilent 33500 B Series
True form Waveform Generator, Keysight Technologies GmbH,
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Fig. 1 Our designed stimulation strategy with the laser modulation
rate of 1 kHz (black dotted line) and the LPR of 50 kHz (light gray
peaks).

Table 1 Used laser parameters.

Average Average Irradiation
Average Energy radiant power Irradiation at the
power per pulse exposure density atthe umbo pars tensa

(mMW) (ud) (J/em?)  (W/cm?) (n animals) (n animals)
50 1 3000 25 7 6
89 1.8 5340 445 8 4
99 1.99 5940 495 5 5
125 2.5 7500 62.5 4 5

Germany) and were delivered through a free field speaker (cus-
tom made from a DT-911, Beyerdynamic GmbH & Co. KG,
Germany”®) placed in a 5-cm distance in front of the left ear (the
irradiated ear). We recorded click- and frequency-specific ABRs
using subcutaneous needles: one on the mastoid, one at the
vertex (reference), and one at the base of the tail (ground).
The recorded signals were then amplified through the biosignal
amplifier (g.USBamp, g.tec medical engineering GmbH,
Austria), digitized at 19.2 kHz, and filtered to obtain the
frequencies from 300 to 2500 Hz. The stimulus intensities
ranged from O to 80 dB SPL increased in 10 dB steps at 2,
4, 8,12, 16, 20, 32, and 48 kHz. For click ABRs 500 trials and
for fABRs 128 trials were averaged. The speaker output was
calibrated periodically. The hearing thresholds were determined
visually during the recording as well as offline and were defined
by the lowest intensity where the Jewett’s wave complex was
identifiable (see Sec. 3, Fig. 5). The Jewett complex was first
described by Jewett and Williston in 1971.%7 In mice, it typically
consists of five vertical positive waves between 1 and 6 ms.?**
We focused on the wave I within the ABR-complex, represent-
ing mainly the activity of the first neuron of the auditory
pathway’! and through this being the closest measure for the
function of each ear independently (no crossing neural pathways
yet of the auditory pathway). However, due to the small head
shadow (diameter of a mouse head being in average 1.2 cm)
of mice, one should keep in mind that free field stimulation will
always lead to some deterioration and underestimation of ABR
measures (see Sec. 4). The amplitude values of wave I were
defined by the total value between the first negative peak (I,)
to the first positive peak (I,) whereas the latency was determined
at peak I, (see Sec. 3, Fig. 4). All animals represented in Table 1
were analyzed (n = 44 in total). In a control experiment, ABR
measurements were again repeated after 3 h of incubation
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(n = 4 animals). We measured the amplitude of the wave I peak
to peak and the latency of the positive part of wave I at the hear-
ing threshold as well as 10, 20, and 30 dB above this.

2.4.1 Fluorescence microscopy

We explanted the petrosal bone of each animal and trimmed
down the outer ear canal to its bony part. We then removed the
main part of the bony ear canal, down to the bony ring expand-
ing the eardrum as well as parts of the petrosal bone, to expose
the TM even better. The tympanic cavity was then opened and
trimmed down to the annulus fibrosus of the TM. By separating
the ossicular chain and cutting the tendon of the tensor tympani
muscle, the TM was extracted tightly bounded to its bony ring.
The explanted TM specimen was placed in 37°C preheated
Dulbecco’s modified eagle medium and incubated in a 5% CO,
incubator (Forma Scientific) for 3 h to ensure the maturation of
possible cytotoxic effects due to the laser irradiation. After incu-
bation, the specimen was stained for the detection of apoptotic,
necrotic, and healthy cells (apoptotic/necrotic/healthy cells
detection kit-Promokine; Heidelberg, Germany). This staining
protocol was transferred from the cell culture experiments
results of our group using the same staining dies.*> The speci-
men was washed and subsequently incubated in staining solu-
tion, substituted with fluorescence marked Hoechst 33342,
Annexin V and Ethidium-Homodimer III for 30 min. After
removing the staining solution, the TM specimen was examined

and analyzed under a fluorescence stereomicroscope (Leica
Microsystems; Wetzlar, Germany). The three used fluorescent
dies (Fig. 2) mark different cell conditions: healthy cells nuclei
were stained only in blue, nuclei of necrotic cells appeared in red
and blue, and cells stained with triple colors were dead cells
progressing from the apoptotic cell population. The results of
the staining were used to quantify the resulting areas of necrotic
cells in relation to the whole TM. This was performed with the
help of measuring-tools implemented in the microscope soft-
ware (LASX software, Leica Microsystems, Wetzlar; Germany)
and Microsoft Excel®. The calculations were performed man-
ually using the measured diameter of the elliptically formed
TM and of the necrosis area.

2.4.2 Statistical analysis

The statistical analysis was performed with OriginPro® soft-
ware. If the data were normally distributed and had homogeneity
of variance, we conducted two-sided paired #-tests for the analy-
sis of the hearing function. Otherwise, the statistical data analy-
sis was performed by Wilcoxon signed-rank test. In case of
amplitude and latency measurements, we considered the result
of each acoustic stimulation level as an individual value and
compared the results before (pre) and after (post) the irradiation
at each stimulation level (Figs. 6 and 7). Likewise, we consid-
ered each frequency of the fABR analysis as individual values
(Fig. 8) and compared the response at each sound level before

apoptotic

AnnexinV=—

Fig. 2 Fluorescence staining with apoptotic/necrotic/healthy cells detection assay (Promokine,
Germany) after irradiation (a)-(d) at the umbo or (e)-(h) at the pars tensa with average power of
(a), (e) 50 mW; (b), (f) 89 mW; (c), (g) 99 mW; and (d), (h) 125 mW, respectively. (i) The negative control
was not treated; (j) the heat treatment served as a positive control for necrotic cells (red dotted circle). The
irradiated region of all specimens is representatively marked as a green dotted circle in the left column.
(k) The assay is based on three different stainings which mark specifically (1) different cell conditions. The
images demonstrate representative examples of TM. Scale bar represents 500 um.
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and after irradiation. For the control experiment with three
measurements, we performed a univariate ANOVA with
repeated measures for normally distributed data and otherwise
a Friedman-ANOVA. The reported alpha level was 0.05.

3 Results

3.1 Fluorescence Microscopy

We herein present results of the laser application at the umbo
and at the pars tensa (Figs. 2 and 3). The viability staining per-
formed after laser irradiation gave insight into the distribution of
healthy versus apoptotic or necrotic cells within the irradiated
TM. The data are presented herein in comparison to the control,
nonirradiated ear [Fig. 2(i)] and grouped with respect to the
average laser power applied as presented in Table 1. The fluo-
rescence images demonstrate representative examples of the
irradiated TM groups.

The results of the fluorescence live/dead staining demon-
strated that the laser irradiation with an average power of
50 mW had no effect on the viability of the exposed TM
[Fig. 2(a)]. By applying pulses with an average power of
89 mW, first discrete necrotic cell areas around the irradiated
location were induced [Figs. 2(b) and 2(f)]. This area of necrotic
cells increased in size with increasing laser input (Fig. 3). The
irradiations with 99 mW lead to a circular zone of necrotic cells
right around the umbo [Fig. 2(c)] and to nearly round areas at
the pars tensa [Fig. 2(g)]. The necrotic area increased further at
125 mW [Figs. 2(d) and 2(h)]. For the laser application at the
pars tensa, the thresholds were the same, but the necrotic areas
were smaller compared to the irradiation at the umbo. The neg-
ative control (nonirradiated TM) [Fig. 2(i)] only demonstrated
isolated necrotic or apoptotic cells, which can be attributed to
normal physiologic conditions of permanent cell regeneration
in the TM. The positive control (heated instrument applied onto
the TM) [Fig. 2(j)] leads to an almost round-shaped necrotic cell
area similar to the area that was induced through the laser
treatment.

The quantification of the proportions of areas with necrotic
cells of all irradiated eardrums (see Table 1) confirmed the vis-
ually estimated results within the fluorescence imaging (Fig. 3).
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The proportion of areas with necrotic cells after the irradiation at
the umbo with 89 mW was around ~7% and raised up to ~20%
after the irradiation with 125 mW [Fig. 3(a)]. In comparison, the
areas with necrotic cells in the pars tensa were clearly smaller
and grew less in size after the irradiation [Fig. 3(b)]. The pro-
portions were ~1% after the irradiation with 89 mW going to
~6% after the irradiation with 125 mW. The lower increase in
necrotic cell areas after irradiation at the pars tensa may be due
to the fact of a lower absorption of the laser light on the trans-
parent TM compared to the higher absorption at the umbo
region, caused by the bony malleus.

3.2 Electrophysiological Monitoring: Auditory
Brainstem Response

Figure 4 shows exemplary the filtered ABR signal of one mouse
after the stimulation with click acoustic stimuli from 0 to 80 dB
SPL. As described in Sec. 2, the threshold was determined as
the lowest intensity where the waveform complex I to V was
detectable. Typically, the amplitude value at the threshold was
around 1 V. We also analyzed the averaged hearing thresholds
to gain an insight into the effect of laser irradiation. This
demonstrated that the mice had an overall hearing threshold
at the beginning of the experiment between 10 and 30 dB SPL.
We compared the results of the mice irradiated at the umbo
[Fig. 5(a)] as well as the ones irradiated at the pars tensa
[Fig. 5(b)] with the results to the negative control mice (not irra-
diated) [Fig. 5(c)].

After the irradiation with 50 mW at the umbo, the average
threshold increased with 5 dB and after the irradiation
with 125 mW around 10 dB. Both increases were, however,
statistically not significant. In contrast, no threshold shift
could be detected at the other power levels (89 and 99 mW)
[Fig. 5(a)]. After the irradiation at the pars tensa, the average
hearing threshold increase was around 10 dB at all power levels;
however, being statistically nonsignificant again [Fig. 5(b)].
In addition, we performed a control experiment in which the
animals were anesthetized receiving click ABR and fABR at
the same time intervals as in the laser experiments, however
without laser exposure [Fig. 5(c)]. In these animals, no threshold
shift could be observed. To clarify if there are long-term
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Fig. 3 Proportions of areas with necrotic cells of the whole TM after laser irradiation (a) at the umbo
or (b) at the pars tensa with 50, 89, 99, and 125 mW, respectively. Error bars represent the SEM.
The n indicates the amount of preparations that were analyzed that can also be found in Table 1.
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Fig. 5 Click-evoked hearing thresholds of mice that were irradiated (a) at the umbo or (b) at the pars
tensa with 50, 89, 99, or 125 mW, respectively. (c) Negative control mice were not irradiated. The error

bars represent the SEM.

consequences of these nonstatistically significant differences
after laser exposure, further long-term experiments are planned.

In addition to the hearing thresholds, we also analyzed the
wave [ amplitude and latency values of wave I, before and after
the irradiation as a further measure for the functionality of
the auditory pathway (analysis exemplary shown in Fig. 4) at
threshold and at 10, 20, and 30 dB above threshold.

The amplitude values demonstrated in all cases the typical
increase with higher acoustic stimuli (Fig. 6). For the irradiation
at the umbo, the amplitude values started to be nonsignificantly
higher after the irradiation with 99 mW having after the irradi-
ation with 125 mW an even more visible increase [Fig. 6(a)].
After the irradiation at the pars tensa, the amplitude values were
not significantly higher starting from 50 mW [Fig. 6(b)]. At 125-
mW irradiation power, the increase between the amplitude of
wave I before (pre) and after (post) irradiation was the highest,
however lower compared to the irradiation with the same levels
at the umbo and being still statistically not significant. In the
negative control mice group, we could not detect any differences
in amplitude values between before and after the incubation
time.

The latency values of the positive peak of wave I (I;,) before
and after the irradiation as a measure for the functionality of the
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auditory pathway as well as for comparison to the nonirradiated
negative control are presented in Fig. 7.

The average latency of wave I varied between 1.6 and 1.8 ms
demonstrating a minimal trend to decrease with increasing
intensity of the acoustic stimuli [Figs. 7(a) and 7(b)]. The irra-
diation with 50 mW at the umbo [Fig. 7(a)] induced a significant
increase of the latencies at +10 dB over threshold. The irradi-
ation with 99 mW induced a significant increase of the latencies
from +0 to +20 dB but being not significant at +30 dB above
threshold. The latency values demonstrated a trend to be lower
after the irradiation at pars tensa [Fig. 7(b)], especially after the
irradiation with 99 and 125 mW, this difference being however
statistically nonsignificant. One exception could be observed
in the negative control mice that demonstrated a significant
increase at +30 dB acoustic stimuli. Considering an increased
in latency as a negative neural effect, based on these first experi-
ments, no consistent neural damage after the laser irradiation
could be detected. The only exception observed was after the
irradiation with 99 mW at the umbo that needs to be further
explored in future experiments.

Additionally, we analyzed the fABR thresholds of all irradi-
ated and negative-control mice before and after the irradiation,
respectively (Fig. 8).
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Fig. 6 Analysis of the wave | amplitude before and after the irradiation with 50, 89, 99, and 125 mW
average power (a) at the umbo or (b) at the pars tensa. Black squares indicate the amplitude values
before (pre) the irradiation, white circles after (post) the irradiation. In both lines, the negative control
(nonirradiated mice) experiment is plotted as the reference. Error bars represent the SEM.
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Fig. 7 Analysis of the positive peaks in wave | latency (I,) before and after the irradiation with 50, 89, 99,
and 125 mW average power (a) at the umbo or (b) at the pars tensa. Black squares indicate the latencies
before (pre) irradiation, white circles after (post) irradiation. In both lines, the negative control (nonirra-
diated mice) experiment is plotted as the reference. Error bars represent the SEM and significant different
values are marked with a star.

The analysis of the fABR thresholds from 4 to 48 kHz In another control experiment, we analyzed the effects of
stimulation demonstrated that in all groups the mice had no sta- laser-induced cytotoxicity on the TM on the hearing function
tistically significant threshold shift with increasing average laser within the first 3 h after irradiation on a small collective of
power. The negative control fABRs demonstrated a nonsignifi- animals (n = 4). The hearing function was measured before
cant partial threshold shift as well [Fig. 8(c)]. Interestingly, the irradiation with 125 mW at the umbo (pre), directly after
the threshold shift in these mice after the incubation time was the irradiation (post 1) and 3 h later (post 2), analyzing at
even higher compared to the irradiated mice in the frequencies hearing threshold the wave I amplitude, wave I, latency and the
from 20 up to 48 kHz. frequency-specific thresholds (Fig. 9).
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Fig. 8 Analysis of fABR measurements for the irradiation (a) at the umbo and (b) the pars tensa with 50,
89, 99, and 125 mW average laser power, respectively. (a) fABR measurements of the irradiated ear
before (pre) and after (post) the irradiation. (b) fABR measurements of the irradiated ear before (pre)
and after (post) the irradiation at the pars tensa. (c) Negative control fABR data of the left and the right
ear of mice that were not irradiated. Error bars represent the SEM.
Interestingly, the control experiment demonstrated that the deterioration and underestimation of the monaural ABR mea-
average hearing threshold increased with around 10 dB after surements in this case as well.

3 h of incubation on the irradiated ear being however statistically
insignificant in this small group of animals. The fABR analysis 4 Discussion

showed no significant threshold shift. However, as already men- We were able to establish a method for the detection of cytotoxic

tioned, the nonirradiated contralateral ear could lead to small effects on the TM in a whole-mount model, herein presented to
pre
6+ 2,14 120+ —&— post 1
. 50+ S —_ —_ —A— post 2
@ 3 51 é g 2,04 i @100+
= 404 P = A =
3 1 -g 41 1 2 1,9 2 804
: £l A . 2
[ £ A 3 8 l} - A o 60+
£ 204 s 7| P 2 ! § B s &
Xx " A c + v 404
L 10+ >1] ® & 1,7 m
= ] © <
(&) s - w20+
0 T 0-+— T r T 1,6 +—— T T : T y T r T y
pre postl  post2 +0dB  +10dB +20dB +30dB +0dB  +10dB +20dB +30dB 0 8 16 24 32 40 48
Level above threshold Level above threshold Frequency [kHz]
Fig. 9 Analysis of the hearing function of control mice characterized by click ABR threshold, amplitude
values of wave |, latency of I, and fABR threshold which were measured at three different time points:
before the irradiation (pre), directly after (post 1), and 3 h after the irradiation (post 2) n = 4.
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our knowledge for the first time in the literature. The simulta-
neous staining of necrotic, apoptotic, and healthy cells gave us
insight into the viability of the laser-exposed membrane in foto.
Additionally, we established a negative and a positive control
demonstrating that the staining specifically and repetitively
marked necrotic areas within the whole-mount TM mouse
model. Using this whole-mount viability assay, we examined
the laser-induced effects on the TM after optoacoustic stimula-
tion applied in a sinusoidal form of the pulse sequences. The
irradiation with an LPR of 50 kHz and an LMR of 1 kHz for
2 min duration appeared to be safe up to an average power of
50 mW. In our experiments, the irradiation of the eardrum with
average laser power of 89 mW induced discrete areas of necrotic
cells around the irradiated zone at the umbo as well as at the pars
tensa. These results could be due to a thermal effect and/or the
absorption of green laser light by the surrounding blood vessels
in the TM and/or by bony structures, e.g., the umbo or the sur-
rounding tympanic cavity (bulla tympanica). Green laser light
has been chosen in the originally designed experiments being
considered to have a very good biocompatibility potential as vis-
ible light. However, our current data demonstrate that through
the high absorption of green light by hemoglobin and its clotting
effect within the irrigating blood vessels these laser parameters
induced cell damage starting at higher laser intensities. In this
regard, diminished nutrition and oxygen supply as well as
decreased thermal buffering function of the irrigated area are
the mechanisms to be discussed. In addition, the affected areas
demonstrated to be bigger in the mice irradiated at the umbo
compared to those, which received the irradiation at the pars
tensa. This effect might be caused by at least two factors: (1)
the additional high absorption of green laser light within the
bony structure of the malleus inducing supplementary heat for-
mation; (2) the clotting effect onto more central vessels in the
umbo then at the pars tensa. Both may be induced by the fact
that the underlying mechanism of the optoacoustic stimulation
is a photothermal-laser interaction. In detail, the optoacoustic
stimulation is the result of short photon absorption events within
the irradiated tissues.>!!"'%3334 The energy introduced by light is
converted into kinetic energy, leading to a local increase of the
temperature. This rise in temperature will result in a thermoelas-
tic expansion leading at constant volume to an increase in pres-
sure. The permanent alteration between increase and decrease of
pressure values during this thermoelastic expansion and relax-
ation inside of the irradiated material leads to the development
of a sound wave that propagates through the irradiated tissue.
To gain an optimal stimulation signal, the principle of stress
confinement®® should be fulfilled meaning that the laser pulses
have to be shorter than the time the acoustic signal needs to
propagate through the tissue. Thereby, no energy dissipation
happens during the generation of the acoustic signal.'®
However, since we are irradiating inhomogeneous biological
structures, the rules of physics cannot be transferred in an abso-
lute mean, and the thermal side effects at high energies can be
observed. The safety limits are therefore mandatory to be
defined in order to use the optoacoustic effect for stimulation
purposes. In our case, one possible reason for the formation
of areas with necrotic cells in the TM might be the induction
of heat by the high LPR. The thermal damage in laser—tissue
interactions in general is dependent on the tissue temperature,
the time the tissue remains at the temperature, and the time inter-
vals between the light exposures.*® Computer-based modeling
of laser irradiation of the human and the guinea pig cochlea
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demonstrated a heat conduction that reached a quasi-steady-
state after a few seconds. The rise in temperature was thereby
dependent on the laser pulse rate.?” In addition, the photothermal
interaction itself is dependent on the diverse properties of the
irradiated tissue, e.g., the optical properties (absorption and scat-
tering), the thermal and mechanical properties, the chemical
composition as well as the anatomy and the physiology of the
irradiated tissue.’® For the TM, these parameters are not suffi-
ciently characterized, yet. Furthermore, the complex histology
of the TM consisting of different materials such as bone,
collagen fibers, epithelial cells, and blood vessels makes it
difficult to investigate the possible laser—tissue interactions just
through theoretical calculations. In our case, the absorption of
hemoglobin® and collagen/bone® appears to play the leading
role. Furthermore, the TM as a dry structure, surrounded by air
and relatively low-perfused by blood may lead to a low temper-
ature dissipation and therefore to the accumulation of heat dur-
ing the irradiation period in the TM. Therefore, there is the clear
need to define the laser safety parameters and the optical proper-
ties of the TM since the laser—tissue interactions are dependent
on both: the applied laser parameters and the characteristics of
the irradiated structure. As a comparison, in another study in
which we chose to use lasers to induce collagen remodeling
in the TM, we had to additionally apply a red pigment onto tar-
geted areas of the TM before irradiation to increase its energy
absorption and induce the proposed structural changes in our
animal model.”®

As briefly mentioned in Sec. 1, very few investigations
regarding laser safety for the application at the TM are available
in literature. These reports of nondestructive laser application
are focusing on the LLLT***! or PBM.?**> PBM is performed
with near-infrared laser light and laser-parameters similar to
ours, thus with 165- to 200-mW average power and radiant
exposures between 1350 and 3272 J/cm?,'"*** ysing macro-
scopic observation by endoscopy and microscopic observation,
e.g., hair cell counting or scanning electron microscopy for
assessing the biocompatibility. However, for PBM and LLLT,
cw lasers are applied and consequently, the biocompatibility
results are hard to compare to the effects of pulsed nanosecond
lasers. Another noninvasive application analyzed the thermal
thresholds at the TM for laser Doppler vibrometry. This study
from Foth et al. presents the safe use of 633-nm cw laser for
this application. It reveals a large difference between the power
density of 80 W/cm? classically used in laser Doppler vibrom-
etry and the experimental damage threshold of 7100 W /cm? for
the irradiation of the pig TM analyzed with via hematoxylin &
eosin (H&E).'"® In addition, the studies related to INS,>®*
e.g., Goyal et al., analyzing the effect of infrared laser light
at the cochlea could not find any significant effect within the
electrophysiological signals generated in the inner ear after con-
tinuous irradiation below 30 uJ/pulse. Histologically, they did
not observe any structural changes of the tissue while working
with a diode laser at 1869 nm and with 100 us pulse length
either.®

In our study, no significant effects of the irradiation on the
hearing function could be demonstrated since any significant
increase in hearing thresholds could be detected following the
irradiation. The fact that we did not find any correlation between
bigger areas with necrotic cells and an increase in hearing
threshold after irradiation at the TM is most probably due to the
distance from the TM to the sensory cells within the inner ear
and therefore too far and insulated by surrounding structures to
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be negatively influenced. No significant changes in amplitude
values, after the irradiation at the umbo or at the pars tensa,
could be identified either. This fact conflicted with the finding
of higher latency values in one group, after the irradiation at
the umbo with 99 mW. Since this effect is singular and has
not been confirmed in our experiments in the mice groups
irradiated with higher laser intensity, further analyzes need to
be performed for a closer characterization of this presumed
effect. The results within the negative control mice did demon-
strate significantly higher latency values at +30 dB acoustic
stimulation, indicating either possible anesthesia-induced effects
or physiological changes during the incubation/ irradiation
time that need to be taken in account to the cumulative results
as well.

The results of the further control experiment analyzing the
effects 3 h after the laser exposure did show a nonsignificant
trend for higher threshold values. One reason for this might
be heat-induced edema formation in the middle ear or the alter-
ation of the vibratory characteristics of the TM. The elasticity of
the TM might be influenced by the laser irradiation because
of the heat-formation, leading to altered vibrations and thus,
changed sound perception to the middle ear and the inner ear.
In addition, one should keep in mind the influence of free field
stimulation on the contralateral ear and the possible underesti-
mation of the ABR-measurements, which could lead to minor,
nonsignificant effects. These possible confounding effects
between the ears cannot be easily ruled out in the current
presented experimental set. We see the best solution for this
in improving our future experimental design regarding this
and planning experiments using an animal model that has an
increased inter-aural difference.

5 Conclusion

We established a new method to analyze the biocompatibility of
light application at the mouse TM. The optoacoustic stimulation
at least up to 50 mW was demonstrated to be safe in our experi-
ments. Above 89 mW, the irradiated areas demonstrating cells
with affected viability increased with increasing average power.
These effects could be due to a thermal effect and/or the absorp-
tion of green laser light by the surrounding blood vessels in
the TM or by bony structures, such as the umbo or the surround-
ing bulla inducing a debilitating blood supply of the affected
tissue. No clear relation between higher laser powers and
increased hearing thresholds could be detected in these experi-
ments. Although we did not find any significant negative effect
of optoacoustic stimulation on the hearing of mice, we need to
improve the used parameters based on the histology results as
well as the experimental setup. Further studies are therefore
forthcoming for the optimization of the applied laser parameters
for a safe optoacoustic stimulation method of the hearing
organ.
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Cytotoxicity studies of an optoacoustic stimulation
strategy for the development of laser-based hearing aids

Lukas Pillong,* Patricia Stahn, Marius Hinsberger, Katharina Sorg,
Bernhard Schick, and Gentiana I. Wenzel*
Saarland University, Department of Otorhinolaryngology, Faculty of Medicine,
Homburg, Germany

Abstract

Significance: Worldwide, ~460 million people suffer from disabling hearing impairment. Many
of these patients are still not sufficiently supplied with currently available auditory technologies.
Optical stimulation of the hearing organ offers a promising alternative for a new generation of
auditory prostheses.

Aim: To assess the biocompatibility margins of our laser pulse amplitude strategy in vitro,
we designed a protocol and present the effects on normal human dermal fibroblasts, human
chondrocytes, and human osteoblasts.

Approach: Laser pulses of 532 nm were applied over 120 s using our laser pulse amplitude
modulation strategy. We then assessed cell viability and cytotoxicity through fluorescence
staining and quantitative polymerase chain reaction-analysis regarding 84 key player-genes for
cytotoxicity and stress response.

Results: The first in vitro biocompatibility margins for our stimulation parameters applied to
cells of the peripheral hearing organ were between 200 and 223 mW (3348 J/cm?). After irra-
diation with a subphototoxic laser power of 199 mW (2988 J/cm?), only the fibroblasts showed
a significant upregulation of GADD45G.

Conclusion: Further studies are underway to optimize parameters for the optoacoustic stimu-
lation of the auditory system. Our protocol and results on laser—tissue interactions can be useful
for translational laser applications in various other irradiated biological tissues.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOL [DOI: 10.1117/1.JB0.25.6.068002]

Keywords: biocompatibility; 532 nm; laser; optoacoustic stimulation; human fibroblasts; osteo-
blasts; chondrocytes; hearing impairment.

Paper 200066R received Mar. 14, 2020; accepted for publication Jun. 5, 2020; published online
Jun. 23, 2020.

1 Introduction

Approximately 460 million people worldwide are suffering from disabling hearing impairment.
Factors such as growing global population, longer mean life expectancies, and increased expo-
sure to environmental noise contribute to a growing hard of hearing population. Untreated hear-
ing impairment not only leads to a decreased quality of life and social isolation, but also poses an
economic burden with annual global costs of ~750 billion international dollars.'

Despite the rapid technological progress and innovations within the field of auditory pros-
theses, a large number of hard of hearing people are still not sufficiently supplied with the cur-
rently available technologies. In addition, many patients who have received conventional hearing
aids do not use them regularly or at all. Reasons for this lack of compliance are, for example,
insufficient frequency-specific gain, especially in a noisy environment, deficient wearing com-
fort, feedback and occlusion effects, and recurrent inflammations of the outer ear canal.”

*Address all correspondence to Lukas Pillong, E-mail: lukas.pillong @uks.eu; Gentiana I. Wenzel, E-mail: gentiana.wenzel @uks.eu
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Consequently, new stimulation strategies are required to more specifically address the needs
of the hard of hearing population. Photons could provide a fast, specific, and contactless energy
transfer into vibratory structures of the hearing organ giving rise to a new generation of light-
driven hearing aids.

The first local mechanical stimulation of the hearing organ using laser light was reported in
2006 by Fridberger and Ren.’ In 2009, Wenzel et al. demonstrated a controlled, contact-free
activation of the vibratory structures within the inner ear (Wenzel et al. 2009* and Zhang et al.
2009°) and one year later demonstrated the possibility to use this method for the application at
different loci, from the tympanic membrane to the inner ear.® However, for frequency specific
activation of the hearing organ using optoacoustic stimulation at the eardrum level, a coding
strategy based on laser pulse amplitude modulation had to be designed.’

To achieve this within the developmental work, we have to take into account the fact that
biocompatibility is a fundamental requirement for any medical device. To date, there is only poor
knowledge about the effects of 532-nm laser light on human cells and none with the modulation
parameters as used in the stimulation strategy described by Stahn et al.” Therefore, in this study,
we proposed to establish an in vitro cell-culture-based model that would enable us to investigate
the effects of our optoacoustic laser amplitude modulation strategy on human cells in parallel to
our in vivo studies in a mouse model.® These two studies together were planned to define a first
biologically safe power range keeping in mind its application for a laser-based hearing aid.

The tympanic membrane is a complex, oval shaped, trilaminar structure, consisting of an
outer layer of squamous cell epithelium, a middle layer (lamina propria) formed by fibroblasts
and collagen fibers, and an inner layer of mucosal epithelium. The distribution of collagen fibrils
in the lamina propria contributes to the elastic properties of the eardrum.” This membrane is
anchored and spanned to a fibrocartilage ring along the circumference of the outer ear canal
and connected to the bony structure of the malleus at the tympanic side. This architecture enables
the tympanic membrane to move in complex vibration modes to transmit energy to the middle
and inner ears. The inhomogeneous structure of this tissue with various absorption character-
istics at different locations exhibits the potential for complex laser—tissue interactions. For these
reasons, we needed to establish a method to assess the cytotoxicity thresholds for our optoacous-
tic stimulation with 10-ns 532-nm laser pulses in an in vitro model using human fibroblasts,
chondrocytes, and osteoblasts as three representative cell types for the irradiated tissue.

2 Materials and Methods

2.1 Cells, Culture Conditions, and Media

In our studies, we used three different adherent human primary cell types to mimic natural con-
ditions as closely as possible: normal human dermal fibroblasts (NHDF), human chondrocytes
(HCH), and human osteoblasts (HOB). The cells were cultured in phenol red-free media [fibro-
blast basal medium 2 (phenol red-free)/chondrocyte basal medium (phenol red-free)/osteoblast
basal medium] and the corresponding supplement mix (Promocell, Heidelberg, Germany) to
avoid absorption by the media at a wavelength of 532 nm. Adherent cells were seeded out in
a 96-well flat-bottom microtiter plate (glass) (Viewplate 96-F, PerkinElmer, Rodgau-Jiigesheim,
Germany) and covered with 100-ul phenol red-free medium. The cells were incubated at 37°C
with 5% CO, for 48 h until the monolayer culture had reached confluence.

2.2 Laser Setup

We used a pulsed 532-nm neodymium-doped yttrium orthovanadate laser system (INCA, Xiton
Photonics GmbH, Kaiserslautern, Germany). The parameters for the laser amplitude modulation
(Fig. 1) were generated as described before’ on a personal computer (PC) (Hewlett-Packard
Company /HP Inc., Palo Alto, California, USA). The laser system was operated with a predeter-
mined laser pulse rate (LPR) of 50 kHz. We transferred a MATLAB® (R2014a, MathWorks Inc.,
Natick, Massachusetts, USA) that generated a continuous sinusoid signal to a waveform gen-
erator (33500b Waveform Generator, Agilent Technologies, Santa Clara, California, USA)
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Fig. 1 Our laser amplitude modulation strategy with a laser modulation rate of 1 kHz and laser
repetition rate of 50 kHz (green vertical lines). (Figure modified from Sorg et al.?)

as an arbitrary file via a Virtual Instrument Software Architecture interface. This sinusoid laser
signal was sent to the input of the acousto-optic modulator (AOM) (Xiton Photonics GmbH,
Kaiserslautern, Germany). The laser pulses were then delivered to the target well using the laser
fiber (@365 um) that was connected to the AOM.

Before irradiation, the culture medium was removed from two wells: (1) the well that was
going to be irradiated and (2) the corresponding untreated control well. The culture plate was
placed on a platform with the irradiated well positioned above a pinhole in the bearing surface
(Fig. 2). The laser fiber was positioned in the center of the well at a distance of about 1.5 mm
from the surface of the well bottom, allowing the laser spot to cover ~0.8 mm? of the monolayer.
The fiber tip pointed in a right angle toward the bottom of the well and was positioned manually
with the help of a micromanipulator (Narishige, Tokyo, Japan). Underneath the pinhole, we
positioned a mirror at a 45-deg angle to divert the laser beam in a 90-deg angle, accomplishing
a one-way passage of the photons through the irradiated surface. The reflected laser beam was
then projected onto a screen that allowed us to assess the shape and homogeneity of the laser spot
online. Cells were irradiated for 120 s with our laser pulse amplitude modulation strategy (Fig. 1)
that would induce a sinusoid of 1 kHz using an LPR of 50 kHz.

Laser-setup

ANNANNNN

Laser fiber

Fig. 2 Experimental set up. Laser parameters were defined on a PC via MATLAB®. Information
concerning the laser power sent to the laser system and the sinusoid signal generated by the
MATLAB® was transferred to an arbitrary wave generator and sent to the AOM. A laser fiber
connected to the AOM delivered the laser pulses to the target structure.
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Table 1 Laser parameters used in our experiments reg-
arding average power, energy per pulse, average radiant
exposure, and average power density.

Average Energy per  Average radiant Average power
power (mW)  pulse (uJ)  exposure (J/cm?)  density (W/cm?)

177 3.5 2652 221
199 4 2988 24.9
223 4.5 3348 27.9
250 5 3756 31.3
281 5.6 4212 35.1
315 6.3 4728 39.4
354 7 5316 44.3
397 8 5952 49.6
500 10 7500 62.5

The laser parameters used in our studies are shown in Table 1. After irradiation, the cells in
the irradiated group as well as the controls were supplied with 100 pl of fresh culture medium
and the plate was incubated at 37°C with 5% CO, for the following steps of the experiment.

2.3 Fluorescence Staining and Microscopy

To assess the cytotoxicity margins of laser irradiation, we performed fluorescence staining using
an Apoptotic/Necrotic/Healthy cells detection kit (Promokine, Heidelberg, Germany). The kit
uses fluorescein isothiocyanate (FITC)-labeled Annexin-V, Ethidium homodimer III, and
Hoechst 33342 as fluorescence markers. Membrane-permeable, minor groove-binding deoxy-
ribose nucleic acid (DNA) stain Hoechst 33342 is used for blue-fluorescent (labs/lem =
350/461 nm) staining of the entire cell population.

Ethidium homodimer III has a high affinity to DNA staining of the nuclei of necrotic cells red
(dabs/Jdem = 528/617 nm), but cannot enter into healthy cells. Annexin-V is a phospholipid
protein with a high affinity to phosphatidylserine, which is present on the outer membrane layer
during apoptosis. Apoptotic cells are consequently stained green by FITC-labeled Annexin-V
(FITC; Aabs/Aem = 492 /514 nm) (Fig. 3).

200 pm

Fig. 3 (a) A positive control for apoptosis was established using staurosporine. Apoptotic cells
are stained green with FITC-Annexin-V binding to the outer membrane leaflet of apoptotic cells.
(b) A positive control for detection of necrotic cells was achieved using a black filter that was
placed under the glass bottom of the well being irradiated. Nuclei of necrotic cells are stained
red with Ethidium Homodimer lll. (c) Hoechst 33342 as a membrane-permeable probe stains the
nuclei of the entire cell population. However, only healthy cells are stained blue. The scale bar
represents 200 ym.

Journal of Biomedical Optics 068002-4 June 2020 « Vol. 25(6)

53



Pillong et al.: Cytotoxicity studies of an optoacoustic stimulation strategy for the development. ..

After irradiation with different laser powers, the cells were washed with a binding buffer.
The staining solution was prepared by adding 5 ul of the FITC-Annexin-V, 5 ul of Ethidium
Homodimer III, and 5 ul of Hoechst 33342 to the binding buffer. The cells were then covered
with the staining solution and incubated for 15 min at room temperature and protected from light.
Following another washing step, the samples were analyzed using a fluorescence microscope
(Olympus BX61, Olympus Deutschland GmbH, Hamburg, Germany).

2.4 Cytotoxicity Assays

2.4.1 Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) is an enzyme located in the cytosol of many different cell types.
A loss of plasma membrane integrity during cell death leads to a release of LDH into the extrac-
ellular space. Thus, measuring the LDH activity in the culture medium can be used as a marker
for cell death. With the LDH assay, we chose an enzymatic approach to assess the possible
cytotoxicity of the laser treatment in every sample. In addition, although the fluorescence
staining method required several washing steps associated with the loss of nonadherent cells,
the LDH assay provided information about cell lysis in the entire investigated well.

After irradiation, cells were cultured for 24 h at 37°C with 5% CO,. LDH activity in the
culture media was determined using an LDH Cytotoxicity Assay Kit (Pierce LDH Cytotoxicity
Assay Kit; Fisher Scientific, Schwerte, Germany) correcting for spontaneous LDH release and
intrinsic serum-LDH activity in the culture medium.

We compared every irradiated sample with the corresponding untreated control using a paired
t-test. Taking into account multiple comparisons, we used the Bonferroni correction method.

In addition, we performed a baseline correction, i.e., subtracting the calculated cytotoxicity
in the untreated control group from the cytotoxicity of the irradiated group.

2.4.2 Water-soluble tetrazolium salt-1 assay

We chose to perform this assay to assess the potential cytostatic effects induced through laser
irradiation within the wells.

Following the laser treatment, 10 ul of water-soluble tetrazolium salt (WST)-1 solution was
added to 100 ul of culture medium in every well. Cells were incubated at 37°C with 5% CO, for
2 h. The conversion of WST-1 to formazan by metabolically active cells was measured using an
automated microplate reader (Tecan Infinite 200 Pro; Tecan, Ménnedorf, Germany) at a wave-
length of 450 nm and a reference wavelength of 620 nm.

The results of the WST-1 assay were presented as a percentage of the control value obtained
in untreated cells.

2.5 RT? Profiler™ PCR Array

The effects of laser irradiation in cell cultures were assessed by quantitative polymerase chain
reaction (QPCR)-array analysis for the expression of 84 genes related to stress and toxicity path-
ways using a real-time RT? Profiler™ PCR Array: Human Stress and Toxicity Finder™ (Qiagen,
Hilden, Germany; Ref. PAHS-003Z).

The array included five housekeeping genes (ACTB, B2M, GAPDH, HPRT1, and PRLPO)
as well as controls concerning the efficiency of the reverse transcription, the efficiency of the
polymerase chain reaction itself, and the detection of genomic DNA contamination.

The cells were cultured, incubated, and treated as described above.

2.5.1 RNA isolation

After an incubation period of 2 h post laser irradiation, we performed total ribonucleic acid
(RNA) extraction using the QiaShredder™ Column system and the RNeasy® Micro Kit (Qiagen,
Hilden, Germany), including a genomic DNA elimination step. Isolated RNA was eluted in 14 ul
of RNase-free water and quantified using the Nanodrop ND-1000 spectrophotometer (NanoDrop
Technologies Inc, Wilmington, Delaware, USA).
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2.5.2 First-strand cDNA synthesis

We achieved first-strand complementary DNA (cDNA) synthesis using the R7? First Strand Kit
(Qiagen, Hilden). Therefore, 600 ng of total RNA were reverse transcribed in a final volume of
20 ul containing another genomic DNA elimination step. Reverse transcription was performed
at 42°C for 15 min and stopped by heating the probe at 95°C for 5 min. The cDNA was diluted
to 111 pl final volume by adding RNase-free water and stored at —20°C until use.

2.5.3 PCR array

The PCR components mix was attained by mixing the cDNA with the RT2 SYBR green/ ROX
gPCR master mix (SABiosciences, Frederick, Maryland, USA) and RNase-free water according
to the manufacturer’s instructions. Each well of the 96-well RT? Profiler array plate (Qiagen,
Hilden, Germany; Ref. PAHS-003Z) containing predispensed specific primer sets was loaded
with 25 pul of the PCR components mix.

The gPCR reaction was performed for 10 min at 95°C for the activation of the Hot Start DNA
Taq Polymerase followed by 40 cycles of 15 s at 95°C and 1 min at 60°C for fluorescence
data collection with an ABI Step One Plus instrument (Applied Biosystems® Life Technologies,
Darmstadt, Germany).

We analyzed data using the AACt-method. The ACt for each pathway focused gene in the
array plate was calculated by subtracting the average Ct value of the housekeeping genes from
the gene of interest’s Ct value. Ct values >35 cycles were considered nondetectable. The AACt
value was calculated according to the difference between the ACt of the laser irradiated group
and one of the untreated control groups. The fold change was calculated by 2(AACt) represent-
ing the expression level of the sample from the irradiated group in relation to the untreated con-
trol group. A fold change of 1.5 was chosen as a cutoff value to determine an expression level
relevant for further investigation. Statistical analysis was performed using the Student’s #-test
with p-values <0.05 leading to the rejection of the null hypothesis. We did not perform any
correction for multiple comparisons since the qPCR array was used as a screening method. '’

3 Results

3.1 Fluorescence Staining

After irradiation of human fibroblasts with laser powers up to 199 mW (2988 J/cm?), no sig-
nificant increase in the induction of necrosis or apoptosis in comparison to the nonirradiated
group could be observed. Following irradiation with 223 mW (3348 J/cm?), discrete circular
areas of necrotic cells could be detected beginning in the center of the irradiated spot and increas-
ing with increasing laser power [Fig. 4(a)].

Similar behavior is demonstrated in the HCH and HOB. However, for the chondrocytes,
a first upper margin could be determined between 223 mW (3348 J/cm?) and 250 mW
(3756 1 /cm2) [Fig. 4(b)] and for the osteoblasts, the first cytotoxic effects could be observed
at 285 mW [Fig. 4(c)].

3.2 LDH Assay

After irradiation of the fibroblasts with laser powers up to 223 mW (3348 J/cm?), no significant
cytotoxicity in comparison to the nonirradiated wells could be observed. Following the irradi-
ation with 250 mW (3756 J/cm?), a significant difference from the control group (p < 0.0001),
with a mean laser-irradiation-associated cytotoxicity of circa (ca.) 1.8% could be detected. With
growing laser power, a significant increase in the cytotoxic response in the irradiated group with
a mean of ca. 3.5% at 315 mW and ca. 10.4% at 500 mW [Fig. 5(a)] could be observed.

The chondrocytes demonstrated no significant changes regarding the LDH release after
irradiation with 223 mW (p = 0.3948) and 250 mW (p = 0.2462). However, at 281 mW
(4212 J/cm?), a significant cytotoxicity of ca. 2% could be detected (p < 0.0001) that increased
with increasing laser power [Fig. 5(b)].
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Fig. 4 Fluorescence staining with the Apoptotic/Necrotic/Healthy cells detection assay
(Promokine, Germany) after irradiation of the (a) fibroblasts (NHDF), (b) chondrocytes (HCH), and
(c) osteoblasts (HOB) at different average laser powers (right side of each column) and the cor-
responding untreated control (left side of each column). The irradiated region is representatively
marked as a white dotted circle in the right column. Dead cells are stained red (Ethidium
Homodimer Il1), apoptotic cells are stained green (Annexin-V), and vital cells are stained blue
(Hoechst 33342). The scale bar represents 100 ym.

The irradiated osteoblasts demonstrated a significantly higher LDH release after application
of 315 mW (p < 0.0001) laser power in comparison to the nonirradiated controls, increasing as
well with increasing laser power.

Interestingly, after the irradiation with a laser power of 250 mW (3756 J/cm?), we found a
significant lower LDH release in the irradiated culture (—1.28%; p = 0.0004) when compared to
the nonirradiated controls [Fig. 5(c)].

3.3 WST-1 Assay

After the irradiation of the fibroblasts with 199 mW (2988 J/cm?) laser power, which was below
our predetermined threshold for cytotoxic effects, no significant decrease in viability of the
treated group in comparison to the untreated group could be detected. Following laser irradiation
with a power of 223 mW (3348 J/cm?), we observed a significant decrease in cell viability of ca.
4.2%, and after 250 mW (3756 J/cm?) the decrease in cell viability was ca. 5.6%. After irra-
diation with 315 mW (4728 J/cm?), the decrease in cell viability was ca. 8.7% and after
500 mW, the cell viability was ca. 18.5%. According to our prior observations, we noticed
a trend for a decline in cell viability with increasing laser power [Fig. 6(a)]. This trend was
also found in the chondrocytes and osteoblasts seeded wells.

The irradiation of the chondrocytes with 354 mW induced a significant decrease in viability
of ca. 10.9% (p < 0.0001) and the irradiation with 397 mW caused a viability loss of ca. 11.1%
(p <0.0001). After irradiation of the chondrocytes with laser powers of up to 281 mW
(4212 J/cm?), we did not find a significant decline in viability [Fig. 6(b)].

In the wells with HOB, we noticed a first significant loss of viability after the irradiation
with 281 mW (4212 J/cm?), compared to the untreated control, of ca. 4.6% (p = 0.0007).
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Fig. 5 Results of the LDH assay displayed as the cytotoxicity in % after irradiation of the (a) fibro-
blasts (NHDF), (b) chondrocytes (HCH), and (c) osteoblasts (HOB) at different average laser
powers. Error bars represent the standard error of the mean (SEM). Adjusted level of significance
after Bonferroni correction: (a) and (c) px = 0.008 and (b) px = 0.01.

After the irradiation with 250 mW (3756 J/cm?), no significant loss of metabolic activity of
the osteoblasts could be detected [Fig. 6(c)].

3.4 gPCR Analysis

To develop a better understanding about the cellular processes playing a role in the changes
observed after irradiation, we performed qPCR analysis for the expression of 84 key player genes
known to be involved in cytotoxicity and stress response. We, therefore, irradiated cells, as
described above, with laser powers below and above the cytotoxic threshold determined through
our experiments and performed qPCR analysis after irradiation.
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Fig. 6 Results of the WST-1 assay displayed as the viability in % of an untreated control group
after irradiation of the (a) fibroblasts (NHDF), (b) chondrocytes (HCH), and (c) osteoblasts (HOB)
at different laser powers. Error bars represent the SEM. Adjusted level of significance after
Bonferroni correction: px = 0.01.

3.4.1 Normal human dermal fibroblasts

After irradiation with 500 mW, we found 21 of the 84 genes significantly upregulated exceeding
the fold change cutoff of 1.5. The upregulated genes derived from different pathways, such as
DNA-damage response (GADD45A, XPC, NBN, and CDKNI1A), oxidative stress (FTHI,

Journal of Biomedical Optics 068002-9 June 2020 « Vol. 25(6)

58



Pillong et al.: Cytotoxicity studies of an optoacoustic stimulation strategy for the development. ..

SQSTMI, and TXNRD1), heat shock response (HSPA4, ATF6B, and BBC3), inflammatory
response (CD40LG), hypoxia (SERPINE1 and EPO), and autophagy (ULKI, FAS, ATG7,
ATGS5, and ATG12). A significant relative downregulation of genes in this panel could not
be observed [Fig. 7(a)].

Interestingly, following irradiation with a laser power of 199 mW (2988 J/cm?), which was
below the predetermined cytotoxic threshold, we found only one of the 84 genes significantly
upregulated: GADD45G. A significant downregulation could not be identified [Fig. 7(b)].

3.4.2 Human chondrocytes

The irradiation of chondrocytes with a laser power of 500 mW led to a significant upregulation of
genes from the heat shock protein (HSP) response and unfolded protein response (BBC3), DNA-
damage response (GADD45A), and hypoxia signaling-pathway (VEGFA) with a fold change
>1.5. A significant downregulation of genes could not be demonstrated [Fig. 7(c)].

Following the irradiation with a laser power of 199 mW (2988 J/cm?), we could find neither
a significant upregulation nor downregulation of the genes in the panel [Fig. 7(d)].

3.4.3 Human osteoblasts

The irradiation of the HOB with a laser power of 500 mW led to an upregulation of genes asso-
ciated with osmotic stress response (AQP1), as well as HSP response/unfolded protein response
(HSPA4), autophagy (ATGS), cell cycle arrest, and DNA-repair pathway (CHEK2).

Only AQP1 displayed a fold change of 1.78 while HSPA4, ATGS, and CHEK?2 demonstrated
fold change values below 1.5. A significant downregulation was not observed [Fig. 7(e)].

After the irradiation of the osteoblasts with a laser power of 199 mW (2988 J/cm?), we found
an upregulation of TLR4 with a fold change of 1.38 and a downregulation of IFNG with a fold
change of —1.44, both genes referring to inflammatory response pathways [Fig. 7(f)].

4 Discussion

We developed an experimental setup that enabled us to define the first in vitro biocompatibility
margins for our optoacoustic stimulation within different cell types that can be found in the
peripheral hearing organ.

The fluorescence staining, the LDH assay, and the WST-1 assay could confirm a safe appli-
cation of our stimulation strategy with 532-nm laser pulses in vitro with laser powers of up to
199 mW (2988 J/cm?), suggesting the first biocompatibility margin for our stimulation param-
eters to be 200 to 223 mW (3348 J/cm?) in our experimental setup. As expected, we found a
trend of an increase in cytotoxicity with rising laser powers in all three cell types with different
thresholds among them.

Although first cytotoxic effects could be detected in the fibroblasts after irradiation with an
average laser power of 223 mW (3348 J/cm?), the chondrocytes showed similar effects after
irradiation with 250 mW (3756 J/cm?) and the osteoblasts with 281 mW (4212 J/cm?). These
observations imply a difference in vulnerability of the different cell types to the irradiation with
the parameters as described above.

There are many studies proposing specific cellular molecules as the key photoacceptors at
different wavelengths. Van Breugel and Bir'! reported several absorption peaks in human fibro-
blasts around 420, 445, 470, 560, 630, 690, and 730 nm, suggesting several cellular molecules
serving as photoacceptors in the visible spectrum. Karu'? discussed different primary mecha-
nisms of light effects, proposing the terminal respiratory chain oxidase (cytochrome c oxidase)
as the main photoacceptor molecule for red-to-near-infrared radiation, such as flavoproteins in
the violet-to-blue spectral field. Furthermore, it was suggested that the different oxidation states
of all cytochrome c oxidase have different absorption spectra and that the photoacceptor, after its
electronic excitation, can be affected by changes in its redox properties leading to an acceleration
of electron transfer.'*'* The biochemical activity could be induced by transient heating of the
absorbing chromophore. '
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Fig. 7 Results of the gPCR analysis displayed as volcano plots after irradiation of the (a) and
(b) fibroblasts (NHDF), (c) and (d) chondrocytes (HCH), and (e) and (f) osteoblasts (HOB) with
a laser power of 500 mW, which is above the cytotoxic threshold [(a), (c), and (e)] and at a laser
power of 199 mW, which is below the cytotoxic threshold [(b), (d), and (f)].

Journal of Biomedical Optics 068002-11 June 2020 « Vol. 25(6)

60



Pillong et al.: Cytotoxicity studies of an optoacoustic stimulation strategy for the development. ..

Studies addressing the effects of light—tissue interaction on a molecular level are mainly in
the optical window from 600 to 1400 nm, but there is only poor information about the effects of
green laser light in fibroblasts, chondrocytes, and osteoblasts. Kassédk et al. reported that irra-
diation of Chinese hamster ovarian cells with a wavelength of 532 nm and 30 mW, corre-
sponding to an average radiant exposure of 1146 J/cm?, led to a significant increase in the
mitochondrial transmembrane potential. The observations were explained with the occurrence
of protoporphyrin IX as the key photoacceptor at 532 nm being part of the heme molecule, for
example, in cytochrome c.'®!'” Disregarding the differences in the laser modulation modes
between our experiments and the setup described by Kassdk et al., effects on the mitochondrial
function and absorption of the laser light by parts of the respiratory chain should be taken into
consideration. The primary underlying effects for the different sensitivities for laser irradiation
between the cell types were not addressed further in this study. Our observations could be
explained through varying concentrations of the photoacceptor molecules between the different
cell types used or by differences in the growth patterns, respectively. Considering the fact that the
extent of the affected area was not only laser power- but also time-dependent, as observed in
previous experiments (data not shown), the assumption of potential thermal effects as a major
damage mechanism seemed the most possible in this set of experiments.

This hypothesis was also supported by the gPCR data demonstrating multiple responses from
different stress and toxicity pathways after irradiation above the safety threshold, such as DNA-
damage response, oxidative stress, heat shock and inflammatory response, hypoxia, and autophagy.

References for the induction of DNA-damage response pathways following laser irradiation
at a wavelength of 532 nm have been reported in the human liver cell line HepG2'® and hamster
fibroblasts.!” However, the comparability of our results to these studies is very limited due to the
use of a 532-nm laser with picosecond pulses and differences concerning the average radiant
exposure and power density (Obringer et al.'®: average radiant exposure: 46.7 J/cm? and Leavitt
et al.'”: average power density: 30 GW /cm?).

A laser-associated induction of the heat shock response could be observed by Bowman.?’
Human keratinocytes pretreated with the HSP-inductor Herbimycin A showed an increased
viability following laser irradiation. Hence, the induction of the HSP response was interpreted
as a cytoprotective mechanism.

Khan et al.”' observed an increased sensitivity of laser-irradiated cells pretreated with an HSP
inhibitor, thus supporting the hypothesis of a cytoprotective effect by HSP upregulation.
Furthermore, they found evidence for an interrelation between the endoplasmic reticulum-stress
response and HSP upregulation after laser irradiation.

Lepock et al.”” stated that the nuclear matrix reacts as a thermolabile cell structure, creating a
link to HSP- and DNA-repair pathways. The knockout of ATF-4 led to a diminished HSP activity
and autophagy response, while ATF-4 overexpression resulted in a reduced laser-associated
toxicity.

An increased autophagy response following irradiation with 532 nm at a laser power of 2 W
over an exposure time of 30 s (average radiant exposure: 477.5 J/cm?) was observed by Krmpot
et al. using a rat glioma cell line. Similar to our findings, the extent of laser-induced cytotoxicity
was laser power dependent. After irradiation with cytotoxic laser powers evidence for a laser-
mediated induction of autophagy response was demonstrated. Cells treated with an autophagy
inhibitor after irradiation showed an increased cytotoxicity. From this observation, they con-
cluded that autophagy was induced as a cytoprotective response mechanism.”

Interestingly, the experimental setup was very similar to the one used in our presented in vitro
study. However, a cytotoxicity of 50% was already observed after applying 477.5 J/cm?, while
necrosis and total destruction of cell structures were found after irradiation with 1910 J/cm?.
These different cytotoxic thresholds might be due to a higher vulnerability or altered response
mechanisms to the laser irradiation in the glioma cell line used in their study.

The qPCR analysis and the induction of the multiple stress and toxicity pathways do not
explain the genesis of the cytotoxic effects, but provide some important information about poten-
tial underlying effects and their interrelation.

We only found a significant upregulation of the stress response gene GADD45G following
irradiation of the fibroblasts with a laser power of 199 mW (2988 J/cm?), which is below the
predetermined cytotoxic threshold within our experiments.
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Interestingly, the degree of metabolic activity impairment 2 h after irradiation often exceeded
the amount of LDH release measured after 24 h. Considering our findings that the key player in
the cell cycle arrest”* GADD45G was upregulated, these observations could be explained as
a potential induction of growth arrest after irradiation with subphototoxic laser powers. This
finding is in consensus with Kim et al.”> who observed a protective mechanism induced by
an upregulation of GADD45A after irradiation with visible red light.

In addition, an interesting side effect could be noticed in the osteoblasts after irradiation with
a laser power below the predetermined cytotoxic threshold 250 mW (3756 J/cm?) demonstrat-
ing a significantly lower LDH release than the nonirradiated control group.

Several studies in the field of low-level laser therapy (LLLT) report that light of different
wavelengths can have stimulating effects on cell proliferation, recovery, and metabolic activity.
Stein et al.”® demonstrated that LLLT of 632.8 nm and 10 mW for 3 s (0.43 J/cm?) could sig-
nificantly promote proliferation and differentiation of HOB in vitro. Similar observations were
reported by Fujihara et al.,”” who found an increased proliferation rate of rat calvarial osteoblast-
like cells after irradiation with 780 nm and an average radiant exposure of 3 J/cm?. An increased
fibroblast proliferation could also be observed after irradiation with light-emitting diodes at 950,
660, and 570 nm at average radiant exposures ranging from 0.1 to 1 J/cm? and the highest
proliferation rate occurred after exposure to green light.”® Anwer et al. observed an increased
proliferation and mitochondrial activity after irradiation of adipose tissue-derived stem cells with
a wavelength of 532 nm and a laser power of 30 mW. These effects were mainly found after
exposure times of 30 and 45 s corresponding to radiant exposures of 5 and 6.8 J/cm?. They
explained their findings with an increasing activity of respiratory chain components serving
as photoacceptors at a wavelength of 532 nm.”” However, comparing these results with our find-
ings is very difficult, since the experimental setup such as cell type and irradiation modalities
(wavelength and continuous wave mode application) was different from ours. In addition, the
radiant exposures used in our experiments are much higher than in these studies. Nevertheless,
our observations could implicate this additional positive effect of our stimulation strategy on
human cells using laser powers below the cytotoxic threshold. Although biostimulatory effects
were not the focus of this study, findings from the field of LLLT should be regarded as important
clues for a better understanding of underlying photochemical effects and further applications.

Last but not least, our previously published in vivo studies in mice (Sorg et al.®), which we
performed in parallel to the in vitro studies, demonstrated no significant damage of the irradiated
area of the tympanic membrane at an average laser power of 50 mW corresponding to an average
radiant exposure of 3000 J/cm?. First circular lesions could be observed after irradiation of the
tympanic membrane with an average laser power of 89 mW and an average radiant exposure of
5340 J/cm?. Considering the differences in irradiation geometry between the in vivo performed
by Sorg et al. and our in vitro studies, the average power density or the average radiant exposure
is a more appropriate parameter for a comparison of the safety margins found for our stimulation
strategy. In our in vitro studies, the upper limit could be found after treatment with a radiant
exposure of 2988 J/cm?. These results display a good correlation between the upper thresholds
for no significant cytotoxic effects in our in vitro as well as in the in vivo study by Sorg et al.

In our previously published in vivo studies (Sorg et al.), a limiting factor for a very short
distance between the fiber tip and the irradiated area was the conical shape and tilted angle of the
mouse eardrum. However, we could accomplish a better fine-tuning regarding the limits for first
cytotoxic effects in our in vitro model due to the flat surface of the cell cultures. In addition, we
used three different adherent human primary cell types to mimic natural conditions as closely as
possible.

The differences in the cytotoxicity thresholds observed in the cell types used in this study
might be due to a variability in the distribution of photoacceptor molecules among the different
cell types. Although the position of the fiber and the distance from the irradiated surface could be
controlled with a higher precision than in the in vivo studies, minor variations concerning power
density and homogeneity of the beam profile should be considered.

Additionally, our in vitro model represents only a monolayer culture. The tympanic membrane
is, however, an epithelial structure consisting of different cell types and connective tissues organ-
ized in layers. It contains bone, cartilage, and blood vessels. Therefore, it creates a more complex
absorption pattern for laser light when compared to the monolayer cell culture. However, this
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in vitro model offers the great advantage of analyzing the sensitivity for each cell type separately
giving additional insight into the different sensitivity patterns of irradiated structures.

5 Conclusion

We successfully established an in vitro cell culture system for the cytotoxicity thresholds of
the optoacoustic stimulation of the hearing organ. Our data suggest that the first in vitro biocom-
patibility margin for our stimulation parameters can be found between 200 and 223 mW
(3348 J/cm?). After irradiation with a subphototoxic laser power of 199 mW (2988 J/cm?), only
the gPCR analysis of the fibroblast culture revealed a significant upregulation of GADD45G. This
could be a clue for cell cycle control mechanisms as a response to laser irradiation with sublethal
laser powers. Further studies are necessary to analyze laser-irradiation-associated thermal and
photochemical effects and define the optimal parameters for the optoacoustic stimulation.
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Abstract

Significance: Optoacoustic stimulation offers an alternative stimulation strategy for the hearing
organ. To serve as the base for a novel auditory prosthesis, the optoacoustic stimulation must be
biocompatible and energy-saving.

Aim: Enhancing the efficiency of optoacoustic stimulation while reducing the energy input in
a suited animal model.

Approach: Optoacoustically induced auditory brainstem responses (0ABRs) were recorded
after the pulsed laser irradiation of the tympanic membrane (TM) in mice. The results were
compared with the ABRs induced through acoustic click stimulation. In addition, self-adhesive
absorbing films were applied on the TM before the optoacoustic stimulation to investigate their
effect on the resulting ABRs.

Results: Using an absorbing film on the TM during optical stimulation led to considerably
enhanced oABR wave I amplitude values compared with the stimulation of the bare TM.
When using our stimulation strategy, we induced oABR waves in the 50% to 60% range of
the acoustical stimulation reached with 80-dB SPL click stimuli.

Conclusions: The mouse model can be used for certain developmental work for an optoacoustic
auditory prosthesis. Using absorbing films on the TM during optical stimulation considerably
enhances oABR wave I amplitude. Optimization of the stimulation strategy could further
enhance the efficiency within biocompatibility margins.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOI. [DOI: 10.1117/1.JB0.26.9.098001]

Keywords: optoacoustic; laser; auditory brainstem responses; silicone elastomers; optoacous-
tically induced auditory brainstem responses.

Paper 210173R received Jun. 10, 2021; accepted for publication Aug. 17, 2021; published online
Sep. 3, 2021.

1 Introduction

Optoacoustics is applied in the fields of, e.g., imaging, spectroscopy, and quantification of mol-
ecules. The result of the absorption of pulsed light in an absorber medium inducing a thermal
expansion and contraction of the substrate and, therefore creating a sound source, represents the
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optoacoustic effect. This effect can be used to stimulate the hearing organ by inducing vibrations
of the irradiated structures. Since optoacoustic stimulation could be applied on every stimulation
target in the peripheral hearing system, which could vibrate, e.g., the eardrum or the otic capsule,
it offers the potential for use in the development of a new generation of auditory prostheses.

The optoacoustic-induced vibrations are transmitted through the auditory pathway and
activate the central auditory system. This activation can be analyzed by recording auditory brain-
stem responses (ABRs) to the optoacoustic stimuli. ABRs are electroencephalographic signals
recorded through peripheral electrodes detecting voltages generated by neural activity through-
out the brain, including the auditory brainstem and the eighth cranial nerve.! ABR waves can
either be induced by acoustical (aABR), electrical (¢ABR), or optoacoustic (0ABR) stimulation
and are a well-established method to analyze the hearing function for different basic and
advanced research purposes.”® In 2009, Wenzel et al.” first demonstrated that optoacoustic
stimulation in the peripheral hearing system induces ABR waves in guinea pigs, resembling
the form of acoustically induced waves. In a further study, we were able to demonstrate a novel
stimulation strategy to induce frequency-specific optoacoustic vibrations in the tympanic mem-
brane (TM), demonstrated by evoked activities in the inferior colliculus in guinea pigs.®
Recently, we demonstrated that the effectiveness of optoacoustically induced vibrations of the
guinea pig TM depends on the laser wavelength, most probably through dissimilar absorption
characteristics of the TM tissues for different wavelengths.” However, one main work package
that needs to be performed, before considering the design of a hearing device, is the optimization
of the stimulation method to achieve higher activation intensities within biocompatibility mar-
gins. We, therefore, sought to assess if the induced vibrations can be amplified by the application
of highly absorbing material on the target-irradiated structure in an animal model.

So far, biocompatibility studies have been performed in mice'” due to better availability of
suited immunostaining antibodies on the market for this animal model compared with bigger
mammals, e.g., gerbils or guinea pigs. Electrophysiological studies for optoacoustic stimulation
have been, however, performed in guinea pigs.”® To directly use the safety margins defined in
our previous biocompatibility report,'® we decided for the herein presented set of experiments to
use mice and needed therefore to establish as well our stimulation strategy for the murine TM
as well.

For the highly absorbing material, we chose at this stage silicone elastomers that are prom-
ising biomaterials with a broad range of applications.''~'* Among the different silicones, a sub-
class of poly-(dimethylsiloxane) (PDMS) elastomers, the pressure-sensitive adhesives present
interesting properties for applications such as skin adhesives.'”™'> They adhere steadily after
a short contact time and with low applied pressure on biological surfaces. As they have a low
elastic modulus, they can adapt to the surface and reach high adhesion through Van der Waals
interface interactions, dismissing the use of adhesive glues or any chemical fixation.'® Recently,
we were able to introduce soft skin adhesive (SSA) as a promising material for wound scaffold-
ing with high cellular biocompatibility, good adhesion on rough surfaces, such as human skin,
and gentle peel-off characteristics, without damaging the tissue. The gentle attachment and
detachment are essential for the application onto sensitive tissues, e.g., the TM.'”'8 PDMS grafts
were successfully used in the treatment of human TM perforations'® and demonstrated to have
similar basic acoustic properties in the higher frequency range that replicate the human TM
motion.”’

Therefore, to further improve the optoacoustic stimulation, we analyzed herein these silicone
elastomers, further named films, as the absorbing material. To analyze the electrophysiological
effects of this stimulation method, we assessed, to our knowledge for the first time in literature,
the optoacoustic-induced auditory brainstem responses (0ABR) in a mouse model.

2 Materials and Methods

2.1 Animal Model

We used 4- to 12-weeks old female CBA/J mice (Janvier Labs, France) weighing 18 to 23 g in
our experiments (14 animals in total in this study). The studies were performed according to the
guidelines of the Animal Care and Use Committee of Saarland by qualified persons, approved by
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the Animal Welfare Agency under the State Office for Consumer Protection of Saarland. All
animals were initially anesthetized intraperitoneally with 100 mg/kg ketamine (Ketaset,
Zoetis, Berlin; Germany) 10 mg/kg xylazine (Rompun, Bayer, Leverkusen; Germany). The anes-
thesia was maintained by injection of % to 2 of the initial dose intraperitoneally every 30 min. To
keep the body temperature constant at 37°C, the animals were positioned on an electrical heating
pad throughout the experiment and were supplied with additional oxygen. To expose the TM of
mice for film application and subsequent irradiation, the outer ear canal had to be prepared.
Therefore, the hair around the outer ear canal was trimmed and a vertical incision beginning
at the incisura intertragica expanding along the cartilaginous outer ear canal was made. The
TM was exposed by fixing the edges of the incision with sutures.

2.2 Film Application

The films (Fig. 2) were punched with a suction tube manually to ~1 mm diameter under micro-
scope control and applied carefully with forceps, with the adhesive side in contact to the TM
centrally over the umbo [Fig. 1(b)]. We covered the TM with films of different constitutions:
(i) transparent (nonabsorbing) films, (ii) absorbing films, and compared the results to (iii) mice
that were irradiated without the use of any film (control). The absorbing films were covered with
an additional layer of sputtered silver that was then stained with black color (permanent marker,
edding International GmbH, Ahrensburg, Germany) to ensure increased laser light absorption.
The silver coating is meant to ensure the total reflection of light that could otherwise pass
through the absorbing layer. The films were placed on both TM’s of the animal: one side for
the irradiation and the other side served as a control.

2.3 Laser Irradiation

The laser irradiation was always performed on the left ear of the mice. We used a 532-nm
pulsed neodymium-doped yttrium orthovanadate (Nd:YVO,) laser (Xiton Photonics GmbH,
Kaiserslautern, Germany) as the light source. The pulsed laser light was applied through a glass
fiber (365 ym diameter, FG365LEC-CUSTOM, Thorlabs GmbH, Munich, Germany) directed
with a micromanipulator (Narishige, Tokyo, Japan) under microscope control vertically to the
surface and in the center of the absorbing film or TM [Fig. 1(a)]. The distance to the irradiated
structure was ~300 to 500 ym. Therefore, the calculated irradiation spot diameter was ~590 ym,
whereas the laser spot was either positioned centrally over the absorbing or nonabsorbing film or

(a) Malleus, incus & stapes (b)
Tympanic membrane L’

+ absorbing film
Cochlea

Outerear |
canal

Laser fiber

Fig. 1 Schematic drawing for the position of the laser fiber inside the outer ear canal (a) centrally
over the absorbing patch attached to the TM. (b) Detailed information of the red circled area in
(a) showing the absorbing film applied on an explanted murine TM (black dotted circle) with a
graphical illustration of the green laser spot in the center of the absorbing film (round black struc-
ture) covering the umbo (U) the deepest point of the malleus (M). The scale bar in (b) represents
1 mm. The image in (a) was purchased and edited from iStock.com/iLexx.
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the native TM at the umbo [Fig. 1(b)]. The laser irradiation parameters were chosen to replicate
our self-designed stimulation strategy creating a sinusoid signal at the targeted frequency, the
laser-modulation rate (LMR). We irradiated the selected area for 5 ms and paused for 95 ms with
average laser powers of 2, 3, 5, 8, 12, 20, 31, 50, and 79 mW with the laser repetition rate (LPR)
of 50 kHz and LMRs of 1, 8, and 10 kHz. Afterward, the laser power was calibrated using
a power meter (Uno, Gentec Electro-Optics, Inc., Québec, Canada).

2.4 Electrophysiology: aABR and oABR

Before and after the patch application, as well as after the laser irradiation, click auditory brain-
stem response (click ABR) recordings were performed to assess the hearing function of the mice
and serve as controls for the effectiveness of optical stimulation. The recording of ABRs was
performed in the same way as previously reported.”*'~>* We recorded ABRs using subcutaneous
needles: one on the mastoid, one at the vertex (reference), and one at the base of the tail (ground).
The click stimuli were generated with a digital signal processing system (Agilent 33500 B Series
True form Waveform Generator, Keysight Technologies GmbH, Germany) and were delivered
through a free field speaker (custom made from a DT-911, Beyerdynamic GmbH & Co. KG,
Germanyg) placed in a 5-cm distance in front of the left ear (the irradiated ear). The recorded
signals were then amplified through the biosignal amplifier (g.USBamp, g.tec medical engineer-
ing GmbH, Austria), digitized at 19.2 kHz, and filtered to obtain the frequencies from 300 to
2500 Hz. The stimulus intensities ranged from 0 to 80 dB SPL, increased in 10 dB steps. The
stimulus repetition rate was 20 Hz, and 500 trials were averaged. The speaker output was cali-
brated periodically. The hearing thresholds were determined visually during the recording as
well as offline and were defined by the lowest intensity where the Jewett’s wave complex was
identifiable. The Jewett complex was first described by Jewett and Williston in 1971.%* In mice, it
typically consists of five vertical positive waves between 1 and 6 ms.”>’ During the laser irra-
diation, we recorded ABR signals that were generated by laser-induced stimulation (0ABR) from
2 to 79 mW for each LMR. We analyzed wave I amplitude [Fig. 4(a)] after acoustic (aABR) and
after laser stimulation (0ABR). The amplitude was determined as the absolute value between the
first negative (/,,) and first positive (/) values of the first wave [Fig. 4(a)]. We normalized the
resulting oABR amplitudes at the respective laser stimulation levels to the maximum reached
aABR amplitude at 80 dB SPL of each animal and averaged the resulting data between the
animals in the three different groups. To analyze the o- and aABR signals at different energy
levels of the stimulus, the measured values were fitted with a sigmoidal function. Information
about data fitting is included in the Supplementary Material.

2.5 Production and Characterization of the Silicon Films

The silicone films used in this study consisted of multilayer samples, prepared as follows [see
Fig. 2(a)]. First, a polydimethylsiloxane (PDMS, Elastomer kit Sylgard 184, Dow Silicones,
Midland, Michigan) film was manufactured on a polyethylenterephthalat (PET) foil by the
doctor blade technique using an automatic film applicator (MSK-AFA-IV, MTI Corporation,
Richmond, California) set with a gap of 100 ym. The film was then cured at 95°C for 1 h.
Subsequently, on the cured Sylgard 184 film, a second layer was prepared, of SSA MG7-1010
(Dow Silicones, Midland, Michigan), also using a doctor blade, set for 200 or 300 ym in total
(cured Sylgard + SSA). The double-layer sample was removed from the PET foil and placed on a
fluorosilicone release foil GM™ ScotchpakTM 9709 Release Liner) with the SSA surface (adhe-
sive side) on the foil for further use. Two different designs of samples were prepared [Fig. 2(b)]:
(1) pristine patches without any absorbing layer and (ii) patches covered with a thin Ag layer on
the PDMS side and a layer of black ink above that. For the second design, a thin Ag layer was
deposited on the Sylgard surface (JEOL-1300 Auto fine coater) under vacuum using 30 mA for
180 s. Covering the Ag layer, a black film was prepared using, as described before, a black
marker (permanent marker, edding International GmbH, Ahrensburg, Germany) [Fig. 2(b)].
For further characterization, the thickness of the polymer films was measured using an optical
microscope (Eclipse LV100OND, Nikon, Tokyo, Japan), and the transmission spectrum of the
samples was recorded by UV-Vis spectrometry (Cary 5000 UV-Vis-NIR, Agilent, Santa Clara,
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(a) ; Doctor blade
Thin film / Uncured PDMS
\ PET foil
‘ "—’ Glass
substrate
(b) Absorbing film Non-absorbing film

Absorbing laver: black marke
A ~19 nm

~41 um

{|~108 um| soft skin dhesive

Fig. 2 (a) The films were produced using the doctor blade technique as double layer design of
SSA and backing layer. (b) Two types of patches were produced: (i) absorbing films with an Ag
layer and an absorbing layer of black marker on top of the backing layer, having a total thickness of
~150 pm and (ii) pristine patches without any absorbing layer, with a total thickness of ~125 um.

California) in the range from 200 to 1300 nm. To determine the thickness of the Ag layer, ellip-
sometric spectroscopy (J.A. Woollam Co., Lincoln, Nebraska) was used, varying the incidence
angle from 65 deg to 75 deg in 5 deg steps, and averaging 50 measurements. The following data
analysis was performed according to the Cauchy Model with the Software WVASE32 from
Woollam.

2.6 Statistical Analysis

For statistical analysis, OriginPro 2020 software was used (OriginLab Corp., Northhampton,
Massachusetts). The Shapiro-Wilk-test was applied to verify the normal distribution of the data
followed by a Levene’s test for variance homogeneity. For the analysis of aABR amplitude
before and after patch application, we performed paired ?-tests at each acoustical stimula-
tion level.

3 Results

3.1 Production and Characterization of the Silicon Patches

First, the absorbing film, containing the Ag and the black absorbing layers, as well as the non-
absorbing sample, the pristine PDMS-SSA double layer, were measured regarding its dimen-
sions, light transmission, and absorbance. For the nonabsorbing film, the SSA portion was
74.16 £ 2.06 um thick, and the PDMS backing layer was 49.82 + 1.35 um. The absorbing film
consisted of an SSA film of 108.26 £ 16.42 ym, a PDMS backing layer of 41.53 £ 1.79 um,
and the Ag thin film of 19.9 nm thickness, covered by the black absorbing surface. As described
in Sec. 2.1.1, the films were punched with a suction tube in circular patches and positioned on the
TM [Fig. 1(b)]. The transmission and reflection spectra obtained from UV—Vis spectrometry are
shown in Fig. 3(a), in which the transmission of the nonabsorbing samples demonstrated a pla-
teau of ~94% for wavelength values above 300 nm, being 93.72% at 532 nm. The absorbing
structure, on the other hand, demonstrated a constant behavior of low transmission, being about
0.24% at 532 nm. This behavior was attributed to the combination of the black and silver layers.
Measurements of the silver layer before staining the film black demonstrated partially blocking
the transmission of the incident irradiation. The silver layer combined with the absorbing layer
could achieve even lower transmission (under 0.5%), as shown in Fig. 3(a), minimizing the
transference to the TM. The reflection of the absorbing patch is also presented and lies at
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Fig. 3 (a) Transmission, reflection, and (b) optical density spectra of absorbing and nonabsorbing
films between 200 and 1300 nm.

~5% or less over the measured wavelength range, being 3.843% at 532 nm. The optical density
of these samples at the different wavelengths [Fig. 3(b)] was calculated as Abs = log(1/7) and
was at 532 nm 2.574 for the stained absorbing structure and 0.028 for the control film. These
values take into account both absorption as well as the reflection of the samples. Considering the
incident radiation as the sum of absorption, reflection, and transmission, we obtained absorption
values of the absorbing film of ~95%.

3.2 0ABR

To examine whether the application of absorbing films influences (i) the generation of optically
induced ABR waves itself and (ii) the form of the resulting waves, we compared optically
induced ABR waves after stimulation with 79 mW average laser powers at 1, 8, and 10 kHz
LMR with acoustically induced ABR waves after stimulation with 80 dB SPL (Fig. 4). In this
study, three different groups were investigated. The first group (n = 3) served as a control and
was stimulated on the bare TM. The second group (n = 5) with a nonabsorbing film demon-
strated the impact of the film on the stimulation. The third group (n = 6) using an absorbing film
displayed the effect of an extra absorbing layer.

We were able to induce 0ABR waves in all groups. The oABR waves of the control group
without the use of any film [Fig. 4(a)] demonstrated clearly identifiable signals with five positive
peaks, resembling the Jewett wave complex’ when stimulated with 8 and 10 kHz LMR;
however, with considerably lower amplitudes when compared with the activation induced
through acoustic stimulation. At 1 kHz LMR, a periodical oscillation with a frequency of
1 kHz could be detected demonstrating five waves as well, however, resembling the shape
of the stimulus. The signal level was further reduced in animals that had a nonabsorbing film
[Fig. 4(b)] attached to the TM, meaning that just signals at 1 kHz were identifiable. As presumed,
the oABR wave complex significantly increased after the application of an absorbing film on
the TM of those mice [Fig. 4(c)]. In this group of mice, the oABR wave complex was clearly
identifiable after stimulation with all LMRs and the signal form and amplitude resembled that of
the aABR after click stimulation with 80 dB SPL.

To analyze these differences in the signal formation, we analyzed wave I of all oABRs and
compared its amplitude with the generated aABR signals in all groups. The click aABR amplitudes
(Fig. 5, outer column, O to 80 dB SPL) followed the shape of a sigmoidal function (Fig. S1 in the
Supplementary Material). The 0ABR stimulation (mostly 2 to 79 mW) demonstrated increasing
amplitudes for rising laser power (Fig. 5). Amplitudes measured for stimulation of native TM
increased linearly within the applied laser power values. Applying a nonabsorbing film reduced
the amplitudes at 79 mW to ~33% of the amplitudes recorded from the laser stimulation on a
native TM. The optical stimulation of TMs with an absorbing film led to a logarithmic growth of
the amplitude being 6.8 times higher at 79 mW and 1 kHz LMR, 4 times higher at 8 kHz, and
3.5 times higher at 10 kHz than the amplitudes after stimulation onto the native TM (Fig. 5).
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Fig. 4 Resulting averaged oABR waves after stimulation with 79 mW average laser power (a) without
a film, (b) with a nonabsorbing film, or (c) an absorbing film with 1, 8, and 10 kHz LMR in comparison
to the aABR waves at 80 dB SPL acoustical stimulation (outer column), respectively. In the outer
column in (a), the Jewett wave complex of wave | to V is illustrated exemplarily for all ABR waves.
Wave | amplitude was analyzed from the first negative (In) to the first positive (Ip) peak [red arrow,
(a) outer column]. All waves are illustrated as averaged between all replicas in the respective groups
with the standard deviation. The number of replicas was (a) n = 3, (b) n = 5, and (c) n = 6 animals.

(a) S . 1 kHz LMR 8 8 kHz LMR o 10 kHz LMR < s dB SPL
S —¥—Native TM —F—Native TM —%—Native TM 2 —¥—aABR without film
86 6 6 86
2 2
54 4 4 =
€ £
< 2 2 2 © 2
& 5 —f—+F i — 8 s 11 &
El 0 0 2o
c 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 s O 20 40 60 80
(b) ’>:: 8 8 8 g
~ —F—Non-absorbing film —F—Non-absorbing film —¥—Non-absorbing film =~ 8 —¥—aABR without film
S6 6 6 3
2 2°
S 4 4 4 G 4
: ;
x 2 2 2 52
20 0 = = 0 —= B9
S 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 ©
c)s N
( ) 2 8 —I—Absorbing film : —¥— Absorbing film 8 —F— Absorbing film 2 8 —¥—aABR without film
§ 6 o Excluded data 6 © Excluded data 6 § 6
=4 4 °_ - 4 =4
€ €
© 2 e 2 2 © 2
14 14
Q g#° 0 0 @ o
<< <
c 0 20 40 60 80 0 20 40 60 80 100 0 20 40 60 80 c O 20 40 60 80

Laser power (mW) Laser power (mW) Laser power (mW) dB SPL
Fig. 5 Averaged oABR amplitudes (a) without a film, and with (b) a nonabsorbing film, (c) or an

absorbing film with 1, 8, and 10 kHz LMR in comparison to the averaged click stimulated aABR
amplitudes (right column) of the respective group.
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Since the aABR amplitudes without the film represented the individual hearing ability
(Fig. 6) and the aABR amplitude recorded with a film attached to the TM represents the hearing
ability affected by the weight of the film, both curves in Fig. 6 demonstrated the classical growth
behavior known for click ABR waves. At all stimulation levels, the amplitude values were sig-
nificantly lower in the group recorded with a film added to the TM. To analyze the impact of
the animal’s individual hearing ability, the measured oABR amplitudes from each animal were
normalized to its aABR amplitude at 80 dB SPL. To analyze this effect further and to avoid
incorrect analysis of 0ABR recordings, we normalized the oABR wave I amplitudes to both
different aABR levels (with and without film) and compared the resulting growth curves
(Fig. 7). Since without absorbing film application or using a nonabsorbing film, only low inten-
sity oABR waves could be induced, we focused in the following analysis on oABR waves after
application of an absorbing film.

Following the results of the averaged wave I aABR amplitudes of all groups (Fig. 7), the
wave | amplitudes normalized to the wave I aABR amplitude recorded for stimulation with
80 dB SPL after patch application demonstrated slightly higher amplitudes and smaller error
bars in comparison to the oABR amplitude normalized to the aABR amplitude recorded for

—m— aABR without film *
8 | —e— aABR with film

[
T

aABR amplitude (uV)
N S

1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Acoustic stimulation (dB SPL)

Fig.6 Averaged aABR amplitudes before and the lower averaged aABR amplitudes after (n = 11)
film application. The error bars represent the standard deviation. * indicates p < 0.05; *** indicates
p < 0.001.
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Fig. 7 Averaged oABR amplitudes at 1, 8, and 10 kHz LMR normalized to the aABR amplitude at
80 dB SPL measured without film (blue lines) and with film (red lines) demonstrating a growth
behavior with a sharp slope followed by saturation. The error bars represent the standard deviation
(n = 6) of the mean.
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Fig. 8 10 function [Eq. (3), Supplementary Material] calculated for the averaged data measured

with (a) native TM and (b) the absorbing film for 1, 8, and 10 kHz LMR, respectively, demonstrating

the sigmoidal growth behavior adopted from physiological acoustic stimulation. The absorbing film
10 function is zoomed in from 0 to 10 mW.

stimulation with 80 dB SPL before patch application. However, the difference between the
amplitude values normalized with the two normalization methods in the amplitude values
was <5%. Based on our data, we demonstrated that single frequency stimulation with laser
power of 79 mW reached 60% of the wave I aABR amplitude level at 80 dB SPL for
1 kHz LMR, and ~50% for 8 and 10 kHz LMR in this animal model with our current stimulation
paradigm (Fig. 7).

3.3 Comparison of oABR and aABR Amplitudes

To determine the theoretical laser power and SPL values inducing the same amplitude values, the
averaged oABR and aABR amplitudes of the two groups, absorbing film, and native TM were
fitted and set equal (Supplementary Material). The dynamic range of the 10 function of the
absorbing film was close to 70 dB SPL and, therefore, 20 dB SPL higher than the dynamic
range of data recorded from irradiated native TM (Fig. 8). The turning point of the functions
calculated for the group absorbing film was between 1 and 2 mW and for native TM 17 mW
(1 and 10 kHz) and 27 mW (8 kHz).

4 Discussion

Short, pulsed laser light irradiating a medium, the TM, in this case, induces ultrasonic vibrations
arising from photon absorption causing a thermal expansion and contraction of this medium.”®
These ultrasound-induced mechanical vibrations can be used to stimulate the hearing organ at
different loci.” Therefore, the idea to work with this stimulation method to specifically influ-
ence the auditory activation suggests the design of a new generation of hearing prosthesis.
A stimulation strategy based on a single laser wavelength for frequency-specific stimulation
has already been demonstrated by Stahn et al.® The modulation of the stimulation intensity was
the next step of our research and the focus for this report.

Since we planned to explore this in the same animal model in which we performed the first
biocompatibility studies'® to build upon those results, as a proof-of-principle study, we had first
to assess if the induction of optoacoustic ABR waves is possible in mice as well since these
mammals have a very transparent TM.?' To increase the absorption of photons additionally,
we explored the effects of the application of our self-designed light-absorbing PDMS film onto
the TM and investigated whether such materials could optimize the optical stimulation effects.

The detection of ABR waves is a well-established method to monitor the neural response to
the stimulation of the auditory system and includes the impact of the cochlear amplifier. cABR
waveform and growth behavior analysis helps to characterize the light-induced activation of the
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auditory pathway. Growth behavior as a function of irradiation power gives therefore an insight
into the efficiency of the stimulation method represented herein by the laser irradiation. Wenzel
et al. demonstrated optoacoustic stimulation-induced oABR waves in guinea pigs and used wave
V growth behavior to compare the efficiency of optic stimulation in comparison to acoustic
stimulation. Thereby, wave V increased with increasing laser intensities and reached a saturation
plateau around 15 pJ/pulse for a 10-Hz repetition rate. The shape of wave V growth function
was similar for the optoacoustic and acoustic stimulation. In our presented study, we performed
optoacoustic stimulation in normal-hearing mice. Although 0ABRs recorded in mice were
described earlier associated with optogenetic stimulation®® or infrared neuronal stimulation,*
we demonstrated, to the best of our knowledge for the first time in the literature, optoacoustically
induced oABRs in mice.

Using pulsed green laser light applied on the TM, the induced ABR waves resembled, in their
shape and amount of positive and negative peaks, the aABR signals. We were able to generate
0ABR signals with different levels on three tested conditions: applying laser light on (i) the
native TM, (ii) covered TM with a nonabsorbing film, and (iii) using an absorbing film.
These findings were reproducible applying different LMRs (8 and 10 kHz) (Fig. 4). At 1 kHz
the auditory function in these mice was very limited and no signals should be recordable. The
shape of the recorded signal at 1 kHz LMR can be compared to cochlear microphonics (CM)
mimicking the stimulus [Figs. 4(a) and 4(b)].>" However, CMs result from the activation of the
cochlea and therefore cause overlaying ABR signals as well. The excitation of the hearing sys-
tem leading to a broad activation of the cochlea could also be induced by harmonics originating
from irradiation of the structure behind the TM of mice, e.g., the otic capsule. This might be
induced especially during stimulation without an absorber as the native murine TM or the non-
absorbing film is nearly transparent. Interestingly, oABR signals at 1-kHz LMR and an absorb-
ing film having the classic Jewett wave shape could be detected even though, physiologically
mice prove low hearing ability at this frequency. This effect might be induced through the modu-
lation or damping of the vibration characteristics of the TM by the attached absorbing film.
Further planned experiments will give more insight in this regard, specifically considering the
frequency-specific activation by optoacoustic stimulation in the mouse model. In addition, the
studies exploring the vibratory characteristics of the film-membrane complex, e.g., with laser
Doppler vibrometry would give more insight into the sound conduction characteristics of this
new stimulation method.

We used the sigmoidal growth function of wave I, the most prominent wave in murine ABR
signals'**>** as a marker determining the intensity of a stimulus, to analyze the efficiency of
optoacoustic stimulation. The optoacoustic stimulation depends on the absorption of light energy
and is, therefore, a function of the absorption coefficient. The film demonstrated good light-
absorbing properties (Fig. 3) and therefore increased the efficiency of the optoacoustic stimu-
lation. This was demonstrated by the wave I amplitudes, which were enhanced by factors of 6.8,
4, and 3.5 in comparison to the irradiation of native TM. The different maximum amplitudes of
the LMRs occur through the characteristic of our stimulation paradigm. By varying the LMR and
keeping the LPR constant at 50 kHz fewer pulses are included in one sine period of the LMR at
higher frequencies. In addition, a higher absorption coefficient does not automatically lead to
higher 0ABR amplitudes. In their study, Kallweit et al.** described an absorption coefficient
optimum and a negative correlation between optoacoustic signal amplitude and absorption coef-
ficient beyond this optimum in vitro.** Therefore, we hypothesized and demonstrated herein that
an extra absorbing layer is a solution to increase the induced activation of the auditory system.

To analyze the effectiveness of our stimulation method further, DoABR amplitude values were
normalized to aABR values at 80 dB SPL click stimuli. We then analyzed the impact of the film
application on the wave I amplitude in aABR and found significantly reduced amplitude values
when using a film attached to the TM. This finding is most likely due to the additional mass and
damping induced through it on the TM, reducing therefore the sound transduction and damping
the vibrations.

As a comparison, we used both aABRs, recorded with and without absorbing film, to normal-
ize the resulting oABR wave I amplitudes (Fig. 7) and the difference was only 5%. Therefore, the
impact of the conformation of the film on the interpretation of the results was for this set of
experiments negligible.
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The optoacoustic stimulation at 79 mW average laser power and 1-kHz LMR led to amplitude
values of ~60% of the level that could be reached with 80 dB SPL acoustic click stimulation.
At this point, one should consider as well that the click activates multiple frequencies inducing a
stronger ABR signal due to the summation of activated potentials in comparison to the single
frequencies activated with a frequency-specific stimulation strategy (S2). Nevertheless, we opted
for this method of normalizing our data to be in line with research protocols reported by other
groups.”*#=37 Using 8- and 10-kHz LMR, the resulting level was only 50% of the click stimu-
lation while keeping in mind that the number of pulses in one period is lower the higher the LMR.
Therefore, the comparison of the oABR data with an adapted acoustic stimulus is not perfect at
this point and will be optimized in future experiments.

For biocompatibility reasons with these particular laser parameters,'” the irradiation level
was limited to 79 mW, so higher laser values and the resulting level of reached amplitude levels
were simulated by fitting the resulting growth curves. Thereby, we could detect a dynamic range
of 50 dB SPL when irradiating the native TM and 70 dB SPL when using an absorbing film. The
fitted data also demonstrated that using our actual stimulation method, a saturation level would
be reached at 80 mW, inducing amplitudes around 60 dB SPL acoustic click stimulation depend-
ing on the used LMR. Further work to optimize the optoacoustic stimulation is therefore
planned. Experiments regarding the frequency-specific activation of the hearing function in mice
are also intended for the future.

The self-adhesive property of the light-absorbing film and its ability to amplify the opto-
acoustically induced vibrations make it a promising candidate for enhancing stimulation on dif-
ferent application loci, e.g., TM, middle ear. The light transmission measurements demonstrated
that our self-designed film would be applicable for other wavelengths as well. The tight contact
between the film and the TM allows the transfer of vibrations directly to the vibrating structure,
e.g., TM. Although the weight of the film on the membrane dampens the vibrations in com-
parison to a native TM (Fig. 6), this influence was minor regarding the effectiveness of the
optoacoustic stimulation. The double-layer silicone-based design was developed to provide a
structure with both good adhesion and stability. The SSA surface allows for reliable adhesion
to the TM without damaging the tissue.'® On the other hand, the Sylgard portion provides sup-
port for the soft SSA film and creates stability during handling and application. The transmission
measurements indicate how much of the applied laser energy is transmitted to the TM, which
needs to be considered in the biocompatibility studies.'” The low transmission of the absorbing
film confers increased safety while using it during optoacoustic stimulation since a very low
amount of the irradiation energy would be transmitted to deeper layers, e.g., in this experimental
design the middle and/or inner ear. In addition, the absorption spectrum of the two films was
measured and indicates, for the absorbing film, good absorption properties for all wavelengths
from 200 to 1300 nm. In contrast, the nonabsorbing film demonstrated no significant absorption
and reflection from which it can be concluded that the optoacoustic effect occurs indeed in the
absorbing layer of the film.

Fischer et al. demonstrated that PDMS films securely adhere on rough surfaces and even on
human skin.'”*** Since our absorbing films could be manufactured in every conceivable design
and structure, also other application loci, e.g., the ossicles or the otic capsule (the cochlea wall)
within the middle ear, would be imaginable to serve as stimulation loci and adapt therefore to the
different pathologies of the hard of hearing patients (e.g., malformed middle ears or having
changed anatomy due to infections, cholesteatomas, and/or surgeries). In these cases, the opto-
acoustic stimulation could be applied on the residual ossicles or the inner ear wall, the otic
capsule, directly. Since the optical energy in the form of laser light can be applied very focused
on the targeted structure, the optoacoustic stimulation offers a very precise activation method that
can be applied according to the individual needs without the very impairing occlusion effect as in
conventional hearing devices or a tight contact to the vibratory structure as in bone conduction
hearing devices or middle ear implants. As in a future clinical application, gains of up to 75 dB or
above for people with profound hearing loss would have to be accomplished by an optoacoustic
hearing aid, further strategies to optimize the stimulation strategy are needed, within biocom-
patibility margins.

Further design optimizations of the absorbing film are possible. For example, a completely
pigmented patch could achieve even better results. In addition, the absorbing films have thermal
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insulating properties, which make the stimulation less susceptible to heat transmission to the
vibrating tissue, and therefore increasing the biocompatibility of the stimulation method.
Determination of these properties, as well as long-term application of the absorbing films on
the TM, is the subject of our further investigations.

5 Conclusion

The optoacoustic stimulation induces oABR waves in mice that are comparable in form and
amplitude to acoustically induced waves. The amplitudes obtained were considerably improved
by the application of light-absorbing PDMS films on the TM. Therefore, this method is a prom-
ising approach for the realization of optoacoustic auditory prostheses.
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Self-Adhesive Silicone Microstructures for the Treatment of

Tympanic Membrane Perforations

Gabriela Moreira Lana, Katharina Sorg, Gentiana loana Wenzel, Dietmar Hecker,
René Hensel, Bernhard Schick, Klaus Kruttwig, and Eduard Arzt*

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 pm in diameter and 60 pm in length are
topped by a Soft Skin Adhesive (SSA) MG7-1010 terminal layer, of about 25 pm
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

1. Introduction

Micropatterning of polymeric materials is a
powerful sustainable strategy for enhanc-
ing adhesion without the use of chemi-
cals.! Such self-adhesive structures allow
gentle and reversible adhesion in industrial
robotics applications!” and have been pro-
posed for improved adhesive contact to
human skin.®~ The principle is derived
from the attachment organs of geckos,
which can reversibly attach to vertical walls
and ceilings.[*® 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

treatments of tympanic membrane perforations.
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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, R, ranging from 13.9 to 16.2 pm and R, from 61.5 to
71.9 pm (where R, is the arithmetic mean deviation from the cen-
ter line and R, is the mean roughness depth).''!! Roughness is
the main factor reducing adhesion due to insufficient molecular
contact between the surfaces."? 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;[**'2) a compliant
polymer film, when thinner than a critical thickness, can suffi-
ciently conform to the surface irregularities to create reliable
adhesion;"* and 3) composite micropillars with very soft termi-
nal layers can accommodate roughness of the countersurface.!
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.™®! and Noderer et al.,!*®!
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

© 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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surfaces of different degrees of roughness!’”! as the real contact
area is increased due to the adaptation of the soft top layer and
the compliant micropillars.'”~**!

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.?” 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.*”!
The time of healing and the closure rate of TMPs strongly
depend on the type (acute or chronic) and size.?"**
Recurring and chronic perforations can cause, in addition to
hearing loss,[**%! severe health issues due to the risk of infec-
tions and of cholesteatoma formation.!”®! 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 by measur-
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.*”**! 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.®!! 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.*?

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 Zéllner?®* and
Waullstein.** 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.*>*! In a clinical
study, polydimethylsiloxane (PDMS) films, in combination with
immobilized collagen, were used to treat small TMPs with a
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success rate of 70%.%”) 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.?®??! 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+1.9pum for the
backing layer, 44.7+3.0pm for the micropillars, and
24.9 £3.3 pm for the top layer, in total, ~112 pm (Figure 1c).
The unstructured controls consisted of a 58.9 4 2.3 um-thick
Sylgard 184 layer and a 24.1 + 1.9 pm-thick MG7-1010 top layer,
with a total thickness of ~85 pm. 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 (R,) of the replicas of
explanted TMs was 0.14 £ 0.04 pm. In comparison, the arithmetic
mean height (R,) of the epoxy substrate used in the adhesion meas-
urements carried out in laboratory was 0.41 + 0.01 pm. Mean peak
to valley roughness (R,) values were 1.18 & 0.42 pm for the TM rep-
licas and 2.5 + 0.08 pm for the epoxy substrate. Root mean square
(RMS) roughness values were 90 & 31 and 12 + 1 pm, 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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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.

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
R, of 2.5 pm. 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 11kPa, the microstructures detached at 72.7 +9.4kPa 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
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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 x 500 pm?; this amounted to
roughly 10% of the total area of the murine tympanic membrane
(with typical dimensions of 2 x 2 mm?) 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 ~25kPa. 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.*"

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 (p = 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 +8.8kPa, 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 (p=1). An explanation
for the large deviation probably relates to large variations of
the explanted TMs and the conditions of the exsitu adhesion
measurements.

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

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 (p = 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
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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 invivo 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
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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 10s. The data are presented as mean & SD. The mean
values are labeled above each graph. Number of experiments: seven meas-
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.
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26.4 £ 2.3 dB in intact condition, by ~34%, to 17.5 + 3.8 dB after
perforation (p = 1.27 x 10~ °). The application of film-terminated
microstructure led to a highly significant increase to
21.8+2.9dB (Figure 7c) corresponding to + 25 % (p = 0.0006).
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 (p = 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 +£2.8dB for the micro-
structure and by ~28% from 30.7+2.4 to 22.1+4.9dB for
the control group. The application of the film-terminated micro-
structure led to a non-significant improvement from 23 to
23.2dB being ~+0.7 % of the DPOAEs (p=1), whereas the
application of control films led to a significant increase by about
10% from 22.1 to 24.5dB (p = 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 pm total thickness) on the intact membrane and gained more
information on the influence of patching on the sound conduction

(b)

load cell
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sample holder
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Figure 4. Ex vivo adhesion tests on intact and perforated murine TMs. a) Photograph of a film-terminated microstructured patch (indicated by the black
arrow + 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) lllustration 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 10s 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.
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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) n = 14, b) n = 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. = nonsignificant.
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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, n =15, 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.=
nonsignificant.

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
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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
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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 ¢,f), p-values are calculated using
ANOVA with repeated measures with Bonferroni test for pairwise comparisons and in e,d) with a Friedman—ANOVA with Dunn’s test for pairwise comparisons.
* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001, n.s. = 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.'"” The data showed relatively
smooth surfaces for the TM (R, ~0.14 pm and R, ~1.18 pm),
in comparison, for example, to the roughness of human skin
reported in literature (R, ~13-16pum and R, ~ 61-71 um).l""!
It should however be noted that singular values of R, or R,
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.*!

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
R,roughness 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, "> 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."”*?) 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
T™.

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
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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.!*?!

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.****!

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

~ R Lot
hCIlt RZ Wad (l)
where E. is the effective modulus and W4 the work of adhe-
sion, assumed to be 50 m] m?. For a film made of MG7-1010 with
a Young’s modulus of 250kPa*”! on the tympanic membrane
(R, = 1.18 pm), hy &~ 7 pm, which is well below the thickness
of the top layer (=25 pm). In contrast, for the rougher epoxy sub-
strate, hy &~ 32 pm, 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,["”*”) 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.[*#*)

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 pm compared with ~5 pm 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.*) DPOAEs
are therefore valuable in detecting not only sensorineural but also
conductive hearing loss®% and are routinely used in clinical diag-
nosis.**? In their study on gerbils, Dong et al.*? 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
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higher frequencies (>10kHz). 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.”*>% 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.,*”! 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.”® 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.®”! 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
MG7-9800,2>°8 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 ~20pum
diameter and 60 pm 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 x 0.5 cm? pillar array was printed on a 2.5 x 2.5 cm? 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 1h, 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 LVIOOND, 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 x 1072Pa, 7 kV voltage and
a secondary electron detector.
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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, Géttingen, Germany).
Measurements were carried out at three positions using a 50x objective.
The roughness of the murine TM was indirectly determined by measuring
silicone replicas prepared prior to the exvivo 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 50x objective.
The surface analysis was carried out using the software “Marsurf MFM
Extended” on a surface of dimensions 320 x 320 pm®. The raw data were
fitted with a Gaussian filter having a cut-off length of 2.5um, a
seventh-order polynomial and a cut-off length of 250 pm.

Adhesion Measurements: Tack tests were carried out using a custom-built
adhesion testing device.?®*% Normal forces were recorded using a 0.25 N
load cell (ME-Mefsysteme 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 Konigshofen,
Germany). For details see the study by Fischer et al.!"

The measurements were carried out by approaching the sample to the
substrate surface at a rate of 30 ms ~' until a compressive preload of 30 or
60 mN was reached. The sample was held in contact with the surface for
10's, and then retracted with a velocity of 10 ms™' 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 = 0.13pm mN~".["I The maximum
pull-off stress was calculated by dividing the force values by the nominal
contact area of 2.6 mm?.l""

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
(80mgkg™' body weight [BW] Ursotamin, Serumwerk Bernburg,
Germany) and xylazine-hydrochloride (10 mgkg~'BW; Xylazin, Serumwerk
Bernburg, Germany) was injected intraperitoneally with an injection volume
of 10mLkg™" BW. The anesthesia was maintained by injecting one-third of
the initial dose intraperitoneally, typically in 3040 min 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.?? 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
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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 &= 1 mm 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-MeRsysteme 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 ', until a compressive stress of a2 25 kPa was reached, held
for 10 s and then pulled off at 0.1 mms~" 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.[®®®" The click ABRs were carried out as described previously©2¢?!
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.®"-¢!

DPOAEs were measured with a DPOAE probe, which is used in clinical
setup (UGD, Otodynamics, Hatfield, UK) as described previously.l**!
DPOAE signals were elicited by two pure-tone stimuli (with frequency
fi and f;) on two different speakers with a level of L; =55dB SPL,
L, =45dB SPL, and f,/f; = 1.22, as described by Engel et al.l*®! Despite
a high number of emitted distortion products, current clinical DPOAE
devices only make use of the emitted signal at the frequency component
2f,~f 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).[>*”%81 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
~1 mm 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 exvivo, we used a
one-way analysis of variance (ANOVA). For the analysis of the exvivo
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
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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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Figure S1. Analysis of the hearing function via DPOAE measurements over the frequency
range of 10-18 kHz only on intact condition: The DPOAE signals on intact membranes
without a patch (intact) and after application of thin (a, b) or thick (¢, d) microstructure and
unstructured control patches (intact + patch). The DPOAE signals were significantly
decreased after application of patches on the intact TM in all cases. ** indicates p < 0.01, ***
indicates p < 0.001. The number of replicas is indicated above each plot.
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Figure S2. Analysis of the hearing function by DPOAE measurements after the application of
thick microstructured patches (a, c, €) and related unstructured thick control patches (b, d, f)
in comparison to the intact and perforated condition. The average measurements demonstrated
significantly lower DPOAE signals in the frequency range from 10-15 kHz after perforation
that could not be increased by patching of the perforation, neither by thick microstructures or
thick control patches (c, d) .In the higher frequency range, no significant change in any
conditions could be observed, also (e, f). * indicates p < 0.05, ** indicates p <0.01 and n.s.=

non-significant. The number of replicas is indicated in a and b (n=5).
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