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PROPOSITIONS

accompanying the dissertation

Washing away the silence
Cochlear implants for local drug delivery

By

Aikaterini Isaakidou

While 2PP enables high-resolution fabrication, discrepancies in component
fidelity and mechanical behavior challenge the notion of straightforward
scalability. (this thesis)

Drug loading into a porous cochlear implant is the only real barrier to delivering a
drug to the inner ear. (this thesis)

Fine-tuning a laser is easy; predicting its impact on the strength of the printed
microstructure is not. (this thesis)

The future of hearing restoration lies beyond cochlear implants. (this thesis)

The number of authors influences both the duration of the research and the
potential bias in its execution.

The measure of intelligence is the ability to understand each other.
Doing your best should suffice for any job.
Ignoring our ignorance is the only way to publish a scientific paper.

The human capacity of imagination is superior to the human capacity of
implementation.

Doctoral degrees should only be awarded to individuals who acknowledge the
significance of politics and history.

These propositions are opposable and defendable and have been approved as such by the
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powder
flows
crystallizes

dissolves

disciplined by

the predetermined path

it washes away

the silence

— Katerina Isaakidou, A machine for hearing
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SUMMARY

Drug delivery to anatomically complex and physiologically protected regions of the
body remains a major challenge in pharmaceutical science. In the inner ear, the blood-
labyrinth barrier significantly limits the efficacy of systemically administered drugs.
As a result, conditions such as sensorineural hearing loss, Méniere's disease, and
tinnitus are often treated suboptimally due to poor drug bioavailability and the side
effects of high systemic doses. Localized drug delivery systems present a promising
alternative, offering targeted and sustained release directly at the site of pathology.
Recent advances in 3D printing technologies have accelerated the development of
such systems by enabling the fabrication of drug delivery platforms with
customizable geometries and controlled release profiles. While the fabrication of
these systems has become increasingly accessible, challenges remain in ensuring their
functional performance, drug compatibility, and reproducibility. Many studies have
aimed to harness the resolution and precision of additive manufacturing (AM) to
fine-tune pharmacokinetics, but limitations persist, particularly regarding the low
rates of drug release and insufficient material characterization. Among the emerging
AM techniques, two-photon polymerization (2PP) stands out for its ability to produce
microscale structures with sub-micron resolution. This capability allows for the
fabrication of platforms that, in principle, can accommodate a wide range of
pharmaceutical compounds, opening new possibilities for site-specific therapies in
the inner ear. This thesis addresses a critical clinical need by exploring the potential of
2PP for the fabrication of cochlea-specific drug delivery systems.

Part I of the thesis (Chapter 2) focuses on the design and fabrication of cochlear
implants using the IP-Q photoresist and 2PP. Multiple implant designs were
developed by combining two macro-geometries (cylindrical and rectangular) with
two levels of internal porosity (20 pm and 60 pm). The implants were fabricated with
high fidelity and reproducibility, achieving pore dimensions within 10% of the design
values. Characterization included assessments of morphology, surface roughness,

water contact angle, and degree of polymerization. Importantly, cytocompatibility
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was validated using murine macrophages, confirming the suitability of the printed
materials for biomedical use.

Part II (Chapter 3 and 4) investigates the mechanical properties of the printed
implants and related microscale structures. Chapter 3 presents a comparative
analysis of solid and porous microstructures (approximately seven times smaller than
the cochlear implants in Part I) fabricated using three commercial resins: IP-Q, IP-S,
and IP-PDMS. Mechanical and chemical testing explored the influence of material
choice and porosity on stiffness and degree of polymerization. The results highlighted
the mechanisms affecting polymerization and demonstrated the impact of scale on
material behavior. A systematic resin characterization enabled the definition of
optimal printing parameters for microscale porous architectures. Chapter 4
addresses the challenge of testing real-size implants by developing a hybrid
computational-experimental approach. Scaled-up implant models were printed
using stereolithography and subjected to torsion testing, while finite element
simulations predicted the mechanical behavior of real-sized 2PP implants. This
approach revealed the mechanical superiority of the cylindrical geometry, regardless
of internal pore size, emphasizing the dominant influence of global shape over
internal architecture on structural performance.

Part III (Chapter 5), investigates the drug delivery functionality of the fabricated
implants. Through experimental studies, this chapter demonstrates the feasibility of
creating anatomically relevant, microporous cochlear implants with customizable
geometries and porosities, enabling finely tuned drug release while maintaining
structural integrity and cytocompatibility. Two designs, the cylindrical implant with
60 um pores and a hollow variation, were loaded with ibuprofen and subjected to in
vitro release studies under both physiological and acidic conditions. Results showed
the potential for sustained drug release over 84 days and revealed pH-responsive
behavior. Micro-computed tomography enabled analysis of ibuprofen spatial
distribution, revealing deviations in release profiles and highlighting the need for
improved or alternative drug-loading strategies. Lastly, gene expression analysis of
macrophages exposed to ibuprofen provided preliminary insights into the platform’s

potential for inflammatory suppression.
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This thesis provides a proof-of-concept for customizable, biocompatible, and
mechanically robust cochlear implants capable of long-term drug delivery. The use of
2PP enables precise control over architecture, particularly porosity, which influences
both mechanical and pharmacokinetic behavior. The work contributes to the
methodological foundation for future cochlear implant development,
characterization, and evaluation. More broadly, it demonstrates the transformative
potential at the intersection of high-resolution AM and pharmaceutical science. By
offering a modular platform for inner ear drug delivery, this research opens the door
to more effective, patient-tailored treatments for hearing loss and other inner ear

disorders.
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SAMENVATTING

Geneesmiddeltoediening aan anatomisch complexe en fysiologisch afgeschermde
regio’s van het lichaam blijft een grote uitdaging binnen de farmaceutische
wetenschappen. In het binnenoor beperkt de bloed-labyrintbarriere de effectiviteit
van systemisch toegediende geneesmiddelen aanzienlijk. Hierdoor worden
aandoeningen zoals perceptiedoofheid, de ziekte van Méniere en tinnitus vaak niet
optimaal behandeld, zowel vanwege de lage biologische beschikbaarheid van
geneesmiddelen als vanwege de bijwerkingen die gepaard gaan met hoge systemische
doseringen. Gelokaliseerde geneesmiddeltoedieningssystemen bieden een
veelbelovend alternatief, doordat zij een gerichte en langdurige afgifte mogelijk
maken direct ter plaatse van de pathologie. Recente ontwikkelingen in 3D-
printtechnologieén hebben de totstandkoming van dergelijke systemen versneld
door de vervaardiging van geneesmiddelplatforms met aanpasbare geometrieén en
gecontroleerde afgifteprofielen mogelijk te maken. Hoewel de technische
toegankelijkheid van deze methoden is toegenomen, blijven uitdagingen bestaan ten
aanzien van functionele prestaties, geneesmiddelcompatibiliteit en
reproduceerbaarheid. Vele studies hebben gepoogd de resolutie en precisie van
additieve productie (AM) te benutten om farmacokinetische parameters te
optimaliseren, maar beperkingen blijven bestaan, met name met betrekking tot lage
afgiftesnelheden en onvoldoende materiaalkarakterisering. Onder de opkomende
AM-technieken onderscheidt twee-fotonpolymerisatie (2PP) zich door het vermogen
microstructuren met submicronresolutie te vervaardigen. Deze techniek maakt de
productie van platforms mogelijk die, in principe, een breed scala aan farmaceutische
verbindingen Lkunnen huisvesten, waarmee nieuwe perspectieven voor
locatiespecifieke therapieén in het binnenoor worden geopend. Dit proefschrift richt
zich op deze klinische behoefte door het potentieel van 2PPvoor de vervaardiging van
cochleair-specifieke geneesmiddeltoedieningssystemen te onderzoeken.

Deel Ivandit proefschrift (Hoofdstuk 2) behandelt het ontwerp en de vervaardiging
van cochleaire implantaten met behulp van de IP-Q-fotoresist en 2PP. Diverse

implantaatontwerpen werden ontwikkeld door twee macrogeometrieén (cilindrisch
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en rechthoekig) te combineren met twee niveaus van interne porositeit (20 ptm en 60
pm). De implantaten werden met hoge nauwkeurigheid en reproduceerbaarheid
vervaardigd, waarbij de gerealiseerde poriedimensies binnen 10% van de
ontwerpwaarden bleven. De karakterisering omvatte analyses van morfologie,
oppervlakteruwheid, watercontacthoek en polymerisatiegraad. Daarnaast werd de
cytocompatibiliteit bevestigd met behulp van muriene macrofagen, waarmee de
geschiktheid van de vervaardigde materialen voor biomedisch gebruik werd
aangetoond.

Deel II (Hoofdstuk 3 en 4) onderzoekt de mechanische eigenschappen van de
vervaardigde implantaten en gerelateerde microstructuren. Hoofdstuk 3
presenteert een vergelijkende analyse van dichte en poreuze microstructuren
(ongeveer zevenmaal kleiner dan de cochleaire implantaten in Deel I), vervaardigd
uit drie commerciéle harsen: IP-Q, IP-S en IP-PDMS. Mechanische en chemische
karakterisering werd uitgevoerd om de invloed van materiaalkeuze en porositeit op
stijfheid en polymerisatiegraad vast te stellen. De resultaten benadrukten de
mechanismen die de polymerisatie beinvloeden en toonden de impact van
schaalgrootte op materiaalgedrag aan. Systematische harskarakterisering maakte het
mogelijk optimale printparameters voor microporeuze architecturen te definiéren.
In Hoofdstuk 4 wordt de uitdaging van het testen van implantaten op ware grootte
aangepakt via een hybride rekenkundig-experimentele benadering. Vergrote
implantaatmodellen werden vervaardigd door stereolithografie en onderworpen aan
torsietesten, terwijl eindige-elementensimulaties het mechanische gedrag van 2PP-
implantaten op werkelijke schaal voorspelden. Deze benadering wees op de
mechanische superioriteit van de cilindrische geometrie, ongeacht de interne
poriegrootte, en onderstreepte de dominante invloed van de globale vorm boven de
interne architectuur op de structurele prestaties.

Deel III (Hoofdstuk 5), richt zich op de geneesmiddelafgiftefunctionaliteit van de
vervaardigde implantaten. Op basis van experimentele en rekenkundige studies
wordt de haalbaarheid aangetoond van het vervaardigen van anatomisch relevante,
microporeuze cochleaire implantaten met aanpasbare geometrieén en porositeiten,

die een gecontroleerde geneesmiddelafgifte mogelijk maken bij behoud van
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structurele integriteit en cytocompatibiliteit. Twee ontwerpen - het cilindrische
implantaat met 60 pm porién en een holle variant - werden beladen met ibuprofen en
onderworpen aan in vitro afgifteonderzoeken onder zowel fysiologische als zure
omstandigheden. De resultaten toonden het potentieel voor langdurige
geneesmiddelafgifte over een periode van 84 dagen en onthulden pH-afhankelijk
gedrag. Micro-computertomografie maakte ruimtelijke analyse van de
ibuprofenverdeling mogelijk, waarbij afwijkingen in de afgifteprofielen zichtbaar
werden en de noodzaak van verbeterde of alternatieve ladingsstrategieén werd
benadrukt. Voorts leverde genexpressieanalyse van macrofagen blootgesteld aan
ibuprofen voorlopige aanwijzingen voor het ontstekingsremmende potentieel van
het platform.

Dit proefschrift levert een conceptbewijs voor aanpasbare, biocompatibele en
mechanisch robuuste cochleaire implantaten die in staat zijn tot langdurige
geneesmiddelafgifte. Het gebruik van 2PP maakt een nauwkeurige controle van
architecturale parameters, in het bijzonder porositeit, mogelijk, hetgeen zowel het
mechanische als farmacokinetische gedrag beinvloedt. Het gepresenteerde werk
draagt bij aan de methodologische basis voor toekomstige ontwikkeling,
karakterisering en evaluatie van cochleaire implantaten. Breder beschouwd toont dit
onderzoek het transformerende potentieel aan van de kruisbestuiving tussen hoge-
resolutie additieve productie en farmaceutische wetenschappen. Door een modulair
platform te bieden voor geneesmiddeltoediening in het binnenoor opent dit werk de
weg naar effectievere, patiéntspecifieke therapieén voor gehoorverlies en andere

binnenooraandoeningen.
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CHAPTER1

1. INTRODUCTION
1.1. BACKGROUND

For nearly 100 years, pursuing increasingly effective drug formulations has driven
medicine, drug discovery, and pharmaceutics [1]. A persistent challenge in modern
drug development is creating systems that precisely target diseases while minimizing
off-target effects [2]. Achieving this balance is intricate and intriguing, partially due
to the inherent biological complexity of the human body [3]. Factors such as
enzymatic activity, pH, vascularization, and physiological barriers significantly
influence drug absorption, while patient-specific variables further impact
pharmacokinetics and pharmacodynamics [4,5]. Despite considerable advancements
and a deeper understanding of biological pathways and gene expression, most
treatments still rely on systemic drug distribution [6]. This widespread approach
often results in suboptimal therapeutic efficacy and severe side effects, which account

for approximately 200000 deaths annually in Europe alone [7].

1.2. DRUG DELIVERY TO THE INNER EAR

The inner ear presents a unique and challenging target for drug delivery due to its
delicate anatomy and physiological barriers, such as the round and oval windows,
which limit access to its internal structures. Traditional systemic drug delivery
approaches are often ineffective for inner ear disorders because they fail to achieve
therapeutic concentrations within the cochlea while minimizing systemic side
effects. This inefficiency arises from the protective barriers surrounding the inner
ear, such as the blood-labyrinth barrier, which is analogous to the blood-brain barrier
and restricts the entry of many therapeutic agents.

To overcome these challenges, localized drug delivery to the inner ear has gained
significant attention. This approach ensures the delivery of therapeutic agents
directly to the cochlea, bypassing systemic pathways and allowing for higher drug
concentrations at the site of action that are infeasible to achieve through systemic
delivery. Intratympanic injections, for instance, deliver drugs into the middle ear

cavity, where diffusion through the round window membrane facilitates entry into
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INTRODUCTION

the inner ear. However, this method often results in inconsistent drug diffusion and
alack of control over release rates, leading to variable therapeutic outcomes [8-10].
Researchers have explored the potential of drug delivery systems (DDS) designed
specifically for the cochlea to address these limitations. These systems offer a
controlled and sustained release of drugs, ensuring therapeutic efficacy over an
extended period while reducing the frequency of administration. Additionally, DDS
allow for the incorporation of targeted delivery strategies, such as drug-loaded
scaffolds or microscale implants, tailored to the inner ear's anatomy.

Despite advancements in cochlear DDS development, there is a critical need for high-
resolution fabrication techniques that can produce precise, customizable delivery
vehicles. These systems must not only overcome the anatomical and physiological
challenges of the cochlea but also provide tunable drug release profiles suitable for

treating diverse inner ear disorders.

1.3. FABRICATION OF A COCHLEAR DRUG
DELIVERY SYSTEM

Additive manufacturing (AM) technologies have demonstrated suitability in
fabricating DDS across various organs [11-14]. Current methods involve embedding
therapeutic agents directly within the 3D printed material (single-step fabrication) or
adding them post-printing in a multi-step fabrication process. In single-step
fabrication, the dosage can be fine-tuned by adjusting the size of the DDS, offering a
scalable solution for personalized medicine. In two-step fabrication, the dosage can be
fine-tuned either by adjusting the size of the DDS or adjusting the amount of the
therapeutic agent. This approach relies on a particular material-drug combination,
limiting the versatility required for broader therapeutic applications.

Among AM technologies, two-photon polymerization (2PP) stands [15-18] out
because of its capability to produce high-resolution structures and offers unmatched
printing quality, allowing precise control over the geometry and dimensions. These
characteristics are particularly suited for addressing the complex anatomical and
therapeutic challenges of inner ear disorders. While AM has been extensively applied
to drug delivery in other organs, its potential for cochlear applications remains

unexplored.
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A yet unexplored opportunity exists to use AM to create a DDS tailored for the
cochlea. 2PP allows for the incorporation of porosity in the design in an attempt to
control drug release and adaptability for a variety of drugs. By adopting a two-step
process (i.e., fabricating the DDS and loading it with therapeutic agents), it could be
possible to create and study the effect of the porosity in the drug release and the
mechanical properties of this modular drug-releasing platform. Such a strategy could
allow for the standardization of DDS production while enabling customizable release
profiles tailored to different therapeutic agents and individual patient needs.
Exploring this field could lead to the development of the first additively
manufactured cochlea-specific DDS, enabling precise and effective drug delivery to

the inner ear.

1.4. MAIN GOAL AND THESIS OUTLINE

With a focus on the development of drug delivery systems targeted to the cochlea, this

thesis aims:

To design and fabricate an additively manufactured, cochlea-specific drug delivery system

capable of controlling drug release.

The approach to this goal is to exploit the unique characteristics of 2PP to achieve

fabrication of cochlea-specific DDS that incorporate multiple porous structures. The

study’s objectives are, thus, as follows:

1. To design and fabricate an anatomically relevant, porous cochlear DDS using
2PP.

2.  Tocharacterize the fabricated cochlear DDS in terms of its mechanical, physical,

and chemical properties.

3. To investigate drug loading into the cochlear DDS and to evaluate the role of

porosity in controlling and tailoring drug release profiles.
4. Toinvestigate the effects of the released drug on immune cell responses.
The thesis consists of five chapters split into three parts (Figure 1.1).
Part I (Chapter 2), in which we dive into the design and fabrication of cochlear

implants using 2PP. We design different types of cochlear implants that incorporate

various types of internal pores, and we study the printing quality to determine the
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best printing parameters. We assess the chemical and physical properties of the
implants and the cytotoxicity of the material on macrophages. In Part II (Chapters
3 and 4), we delve into the mechanical characterization of different scales of cochlear
implants made from various materials. Part III (Chapter 5) explores the possibility
of incorporating a therapeutic agent into our DDS and evaluates the resultant drug-
release profile. The information on the released amount of the drug is then used to test
the response of macrophages in vitro. Chapter 6 summarizes and discusses the
findings of the work presented in the earlier chapters and proposes future research

directions for the development of DDS for the cochlea.

Chapter 01
Introduction

Chapter 02
Concept, Design &
Fabrication

Chapter 03 Chapter 04
Micromechanics & Macromechanics &
Materials Computational Analysis

Chapter 05
Drug Release & Cell Tests

Chapter 06
Concluding Remarks

Figure 1.1. Outline of this thesis.
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PARTI-CHAPTER 2

2. DESIGN & FABRICATION OF COCHLEAR
IMPLANTS

Abstract

Hearing loss is a highly prevalent multifactorial disorder affecting 20% of the global
population. Current treatments using the systemic administration of drugs are
therapeutically ineffective due to the anatomy of the cochlea and the existing blood-labyrinth
barrier. Local drug delivery systems can ensure therapeutic drug concentrations locally while
preventing adverse effects caused by high dosages of systemically administered drugs. Here,
we aimed to design, fabricate, and characterize a local drug delivery system for the human
cochlea. The design was relevant to the size of the human ear, included two different shapes,
and incorporated two different microporous structures acting as reservoirs for drug loading
and release. The four cochlear implant designs were printed using the two-photon
polymerization (2PP) technique and the IP-Q photoresist. The optimized 2PP process enabled
the fabrication of the cochlear implants with great reproducibility and shape fidelity.
Rectangular and cylindrical implants featuring cylindrical and tapered tips, respectively, were
successfully printed. Their outer dimensions were 0.6 x 0.6 x 2.4 mm?® (L x W « H). They
incorporated internal porous networks that were printed with high accuracy, yielding pore
sizes of 17.88 + 0.95 pm and 58.15 + 1.62 pum for the designed values of 20 pm and 60 pm,
respectively. The average surface roughness was 1.67 + 0.24 pum, and the water contact angle
was 72.3 + 3.0°. A high degree of polymerization (-90%) of the IP-Q was identified after
printing, and the printed material was cytocompatible with murine macrophages. The
cochlear implants designed and 3D printed in this study, featuring relevant sizes for the
human ear and tunable internal microporosity, represent a novel approach for personalized

treatment of hearing loss through local drug delivery.

Isaakidou A., Apachitei I, Fratila-Apachitei L.E. and Zadpoor A.A. High-precision 3D printing of microporous
cochlear implants for personalized local drug delivery. Journal of Functional Biomaterials 2023. 14(10): 494.

10.3390/jfb14100494
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2. DESIGN & FABRICATION OF COCHLEAR IMPLANTS

2.1. INTRODUCTION

Hearing loss is a globally prevalent clinical condition that can be caused by aging (i.e.,
presbycusis), untreated chronic infections of the inner ear, autoimmune inner ear
disease (AIED), conductive hearing loss (CHL), sensorineural hearing loss (SNHL), and
noise-induced hearing loss (NIHL) [1]. It currently affects more than 1.5 billion
people, representing approximately 20% of the world’s population, and is expected to
affect over 2.5 billion people by 2030 [2,3]. Auditory dysfunctions require different
types of treatments depending on the site of malfunction (e.g., ossicular chain, sensory
hair cells, auditory nerve). The traditional approach to restoring presbycusis, for
example, involves the use of hearing aid devices that amplify sound waves to enhance
perception by the patient. However, incomplete hearing restoration and background
noise amplification lead to discomfort and long adjustment periods for the patients
[4]. Another example is the use of cochlear implants to treat SNHL. The procedure
involves the implantation of an electrode to stimulate the cochlear nerve (internal
component) as well as the fixation of a wearable device to the skull behind the ear
(external component) that communicates with the nerve stimulator. The use of
cochlear implants is shown to improve auditory function and language skills in both
adults and children [5]. Nonetheless, the invasiveness of the implantation procedure
remains a limitation. Despite progress in electrode positioning techniques, the
hearing outcome can vary significantly between patients [6]. Moreover, there is a risk
of trauma and loss of residual hearing [5]. The systemic administration of drugs, on
the other hand, has been clinically practiced in the treatment of vertigo, SNHL, noise
hearing loss, and Meniere’s disease [7-9]. However, insufficient bioavailability of the
drug in the inner ear presents a major challenge. High drug clearance rates from the
circulation and minimal uptake through the anterior vestibular artery may result in
limited to no hearing enhancement while also creating the risk of organ failure [1].
Local delivery of therapeutic agents (eg., corticosteroids, antibiotics,
aminoglycosides, calcineurin) to the inner ear is, therefore, desirable for the efficient
treatment of such conditions and for preventing permanent hearing loss.
Nevertheless, the anatomy of the ear hampers the accessibility and controlled release

of therapeutics due to the various ear barriers (i.e., the tympanic membrane, the oval
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and round window, and the blood-labyrinth barrier) that constitute challenges for the
delivery of small molecules to the inner ear [3-7]. Current research strategies for local
drug delivery include intracochlear infusion of therapeutic agents after
cochleostomy, which are promising in terms of sustained long-term drug delivery to
the cochlea [10]. In general, intracochlear approaches are highly invasive, and the
trade-off between the therapeutic effect and the risks involved (eg., traumatic
electrode placement, loss of residual hearing, and electrode translocation) may not
always be favorable [5,6]. Other approaches focus on perforating the natural barrier of
the round window membrane to directly reach the intracochlear space [11-13].
Related to the latter, dexamethasone-loaded poly(lactic-co-glycolic acid) (PLGA) rod-
like extrudates have showcased the possibility of delivering dexamethasone through
the round window membrane under in vitro conditions for up to 84 days [13,14].
Silicone microdevices featuring a tip that can be fixed at the round window
membrane [12] have been tested in vitro and are shown to be capable of delivering
dexamethasone to the inner ear. Nevertheless, drug release rates are limited due to the
limited mobility and solubility of the drug in the silicone matrix. Investigations of
diffusional mass transport both in vitro and in vivo from silicon-based cochlear
implants loaded with dexamethasone showed that drug saturation in the cochlea
plays a crucial role in the release rate [15,16].

As s clear from this literature review, there is a need for a local drug delivery system
(DDS) to the inner ear that addresses the existing anatomical and functional
challenges and limitations. An ideal DDS for the inner ear should (1) increase the
bioavailability of the drug in the cochlea, (2) deliver the optimum dose of the drug to
the cochlea with the appropriate kinetics, (3) exhibit anatomically relevant sizes and
possess suitable mechanical properties, (4) be customizable and be fabricated on-
demand to accommodate the patient’s needs, (5) enable the combination of multiple
therapeutic agents, (6) decrease the surgical risk and be less invasive than the existing
therapies, and (7) be cost-effective.

Recent progress in additive manufacturing (AM) techniques has enabled researchers
and pharmaceutical companies to fabricate DDS with tailored properties, such as

intricate geometries at scales relevant to various clinical applications combined with
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a range of therapeutics [17-21]. For example, stereolithography (SLA), fused
deposition modeling (FDM), selectivelaser sintering (SLS), and binder jetting (B]) have
enabled the fabrication of dosage forms in various shapes, sizes, colors, and flavors
[22-25] with customizable release profiles, a combination of therapeutic agents [26],
and pH-responsive drug release behavior [27]. As an ultrahigh-resolution AM
technique, two-photon polymerization (2PP) has enabled the fabrication of magnetic
steerable helical micro-swimmers for the delivery of cell differentiation factors and
neural stimulation [28] and light-responsive micro-swimmers for on-demand local
delivery of chemotherapeutic agents [29]. However, AM techniques have not yet been
applied for the 3D printing of DDS for the inner ear.

A high-resolution 3D printing technique enabling the fabrication of millimeter-sized
structures is needed to produce implants for the inner ear. Two-photon
polymerization is an ultrahigh-resolution AM technique, which is also known and
referred to as dip-in laser lithography (DiLL), multiphoton polymerization (MPP), 3D
laser lithography, and femtosecond laser writing, and is an appropriate choice for this
task [30]. Two-photon polymerization involves a nonlinear optical process that takes
advantage of the simultaneous absorption of two photons by a molecule [30]. More
specifically, a femtosecond laser pulse (100-200 fs) with a mean wavelength in the
near-infrared spectrum (-780 nm) provides a high photon density to enable
simultaneous absorption of two photons by a photo-initiating molecule within the
photosensitive resin, which is transparent in the infrared range [31]. Photosensitive
resins contain photoinitiators that are excited from their ground state and initiate
polymerization [32]. Excitation of the photoinitiators occurs around the focus of the
laser beam, where the photon density is highest, and subsequent diffusion of reactive
species can lead to polymerization within a localized volume, commonly referred to
as the voxel. This process enables the fabrication of features as small as ~25 nm
[33,34]. The intended structure is built by overlapping voxels in a layer-by-layer
manner (Figure 2.1A). Recently, this AM technique has been widely studied for
biomedical applications (e.g., scaffolds for tissue engineering, microneedles for drug
delivery, and 3D micro- and nanotopographies for in vitro systematic studies of

cellular processes) [30,35-38].
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Porosity can be used as a storage reservoir for drugs as well as for controlled drug
release without the use of additional materials [21,39]. This is of relevance for local
drug delivery in various tissues, as it may provide a safer and easier-to-control system
compared to the use of biodegradable drug carriers incorporated in the devices.
Furthermore, when the location in the tissue is difficult to reach and/or drug
bioavailability is limited due to inherent barriers, as in the case of cochlear implants,
such systems need to be fabricated with high precision and suitable length scales
taking into account the complex anatomy of the site. Therefore, in this study, we
investigated for the first time the possibility of designing and fabricating alocal DDS
for human cochlea featuring internal microporous structures and clinically relevant
sizes. To this aim, several different designs have been proposed for the DDS, and 2PP
was explored as a method of fabrication. Following optimization of the 2PP
conditions to reproducibly and accurately print the designed implants, these were
characterized with regard to their morphology, chemistry, surface topography, and
wettability. In addition, the cytocompatibility of the printed material was assessed

using in vitro assays and immune cells (i.e., murine macrophages).
2.2. MATERIALS AND METHODS

2.2.1.IMPLANT DESIGN

The implants were designed through a workflow that combined two software suites:
SolidWorks 2021 (Dassault Systemes SE, France) and nTopology 2.6 (nTopology Inc.,
New York, NY, USA). SolidWorks was used to design the outer geometry of the
implants, while nTopology was applied to design their inner porous geometry. The
final design was assembled in nTopology, where both designs were merged and
prepared for printing. The output file was exported as a standard tessellation language
(STL) file, which is suitable for 3D printing. The implant design (outer and inner
geometries and dimensions) considered the functional requirements and anatomy of
the human inner ear (round window). To increase the bioavailability of the locally
administered drug and to effectively deliver the drug directly to the cochlea, the
design included a main body that serves as a drug reservoir and a tip that penetrates

the cochlea through the round window (Figure 2.1B). Two different implant shapes
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were considered, namely rectangular implants (R) with a cylindrical tip and
cylindrical implants (C) with a tapered tip. The outer designed dimensions of the
cochlear implants were 2.4 x 0.6 x 0.6 mm?® (L x W  H).
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Figure 2.1. (A) The working principle of the 2PP 3D-printing setup, (B) a schematic
representation of the implant and its positioning in the cochlea, and (C) cochlear implant
designs and dimensions.
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Aninternal porous structure was designed to control the drug release, which consisted
of an interconnected network of square pores. Two different pore sizes were included
for each shape, namely, 20 and 60 pum, resulting in four different implant designs (i.e.,
R20,R60,C20, and C60) (Figure 2.1C). The pore size was chosen based on the results
of a preliminary study (as detailed below) and in line with the existing literature on

DDS [40].

2.2.2. PRELIMINARY STUDY: 3D PRINTING OF TEST STRUCTURES

The printing process for the cochlear implants began with a preliminary study in
which test structures were printed to determine the printing conditions and their
relationships with the dimensions of the outer and inner shapes and the porous
structure. The test structures included the following: (a) arrays of pillars that were
used to determine the printing conditions of high aspect ratio features considering
the residual polymerization and its effect on neighboring printed features, (b) cubic
unit cells that were used to determine the pore size, and (c) hollow cylindrical
structures that enabled us to determine the wall thickness of the cylindrical implants
(type C) and the cylindrical tip diameter for the rectangular implants (type R) (Table
2.1). The results of this preliminary study were then used to define a suitable set of
printing parameters for the final designs.

Arraysof 17 pillars with adiameter of d;= 5 pum, alength of I = 80 um, and an ascending
interspaceranging betweeni;= 5 pumand 20 pim were designed and printed. The aspect
ratio, AR = 16, was chosen according to the manufacturer’s instructions for the
solution set forlarge features to determine suitable printing parameters and to ensure
the printability of a complete cochlear implant. The pillar arrays were designed in
nTopology (nTopology Inc., New York, NY, USA) and were meshed and imported as
an STL file into the proprietary job preparation software of the 2PP printer (ie.,
Describe, Nanoscribe, Eggenstein-Leopoldshafen, Germany), where they were
prepared for printing. The arrays were printed from the IP-Q resin (Nanoscribe
GMDbH, Eggenstein-Leopoldshafen, Germany) in the dip-in-laser lithography (DiLL)
mode using the microscope z-drive scanning method of the Photonic Professional GT
laser lithography system (Nanoscribe GMbH, Eggenstein-Leopoldshafen, Germany)

with a scanning speed (v) of 150,000 umy/s, a slicing distance (s) of 5 um, and a
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hatching distance (h) of 1 um. The effects of three different laser powers (LP; = 25 mW,
LP, = 40 mW, and LP; = 50 mW) on the morphology and interspace of the printed
pillars were determined. The arrays of pillars were gold sputtered (gold layer thickness
~ 5 nm) using a sputter coater (JFC-1300, JEOL, Akishima, Japan) and were
subsequently imaged using a scanning electron microscope (SEM) (JSMIT100, JEOL,

Akishima, Japan).
Table 2.1. The geometry, dimensions, and printing settings used for the fabrication of

the test structures, including pillar arrays, cubic unit cells, and hollow cylindrical
structures.

Pillar Array Cubic Unit Cell Hollow Cylinder
d w
B HSS
s
-
/ /
i =7
«—>
1=80 pum
. =240 pm
Geometrical d=5pum 1=240 pym
.. . w =20, 30,40, 50,75,100 pm
characteristics h=5um+(n—1), $=20,30,40,50 pm AR-1
for1<n<1e6 )
LP=25,40,50 mW
2PPprinting v=150000 pm/s
parameters s=5um
h=1pm

Cubic unit cells with an edge length of I = 240 pm and strut widths of s1 =20 pm, s, =
30 pum, s; = 40 um, and s,= 50 pm were designed using SolidWorks. The geometries
were then meshed and imported as an STL file into Describe, where they were
prepared for printing. We then printed these with IP-Q resin in the DiL.L. mode and
using the microscope z-drive scanning method and the same 2PP equipment. Three
different laser powers of LP; = 25 mW, LP, = 40 mW, and LP; = 50 mW were used
together with a constant scanning speed of v = 150,000 pm/s, a slicing distance of s =
5 um, and a hatching distance of h = 1 pm. Similarly, hollow cylinders with a length of
=240 pm, AR=1, and wall thicknesses of w; =100 pm, w, =75 pm, ws = 50 pm, w, =40
um, ws = 30 um, and ws = 20 pum were designed using the same software and were
processed and printed under the same printing conditions as described above. The

effects of the three different laser powers on the morphology and shape fidelity of the
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structures were assessed. Following 3D printing, the structures were imaged with the
same SEM equipment. All materials and reagents were used as received unless

otherwise specified.

2.2.3.3D PRINTING OF COCHLEAR IMPLANTS

The implants were fabricated using the above-described 2PP equipment from the IP-
Qphotoresist. The 2PP system uses a femtosecond fiberlaser with a center wavelength
of 780 nm, operating at 80 MHz with a pulse duration of 100 fs. All designs were
meshed in nTopology (nTopology Inc., New York, NY, USA) and were imported as an
STL file into Describe, where a general writing language (GWL) file was produced for
printing. The implants were prepared for printing at 2 orientation angles, namely 0°
and 90°".

First, square silicon wafer chip substrates (25 x 25  0.725 mm?®) were wiped with ace-
tone (Sigma-Aldrich, Darmstadt, Germany), followed by isopropyl alcohol (IPA)
(Sigma-Aldrich, Darmstadt, Germany). Then, they were activated with oxygen plasma
for 15 min, followed by silanization for 1 h in a 2% 3-(trimethoxysilyl)propyl
methacrylate (Sigma-Aldrich, Darmstadt, Germany) solution in ethanol. Finally, they
were rinsed in acetone (Sigma-Aldrich, Darmstadt, Germany) and demineralized
water, followed by blow-drying with compressed air.

The galvo writing mode and the dip-in configuration (DiLL)were used to fabricate the
samples. Therefore, a droplet of IP-Q photoresist was placed on top of the previously
silanized silicon substrates. While printing, the laser beam was focused within the
resin through a 10~ objective lens with a numerical aperture (NA) of 0.3. The cochlear
implants were fabricated with a laser power of LP = 50 mW based on the results of the
preliminary study on the test structures. The other parameters were as follows: U =
150000 pm/s, s = 5 pm, and h = 1 um. After printing, the samples were immersed in
1,2-propanediol monomethyl ether acetate (PGMEA) (Sigma-Aldrich, Darmstadt,
Germany) for 25 min and then in methoxy-nonafluorobutane C,F;OCH; (Novec
7100) (Sigma-Aldrich, Darmstadt, Germany) for 30 s. Finally, the samples were dried

by blow-drying with compressed air.
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2.2.4. 3D PRINTING OF SAMPLES FOR IP-Q CHARACTERIZATION

To study the chemical composition, wettability, and cytotoxicity of the printed
photocurable IP-Q resin, square blocks of 2.0 x 2.0 x 0.5 mm? (L x W » H) were printed
under similar conditions as reported for the implants. Since the size of these samples
exceeded the printing field of the 10x objective (i.e., @ 1000 Lm), they were printed in
9 blocks of 705 = 705 = 500 pm? (L. W » H) with a block shear angle of 15° and a block
overlap distance of 5 pm in the xy-plane. After printing, the samples were processed

following the same steps described above for the implants.

2.2.5. MORPHOLOGICAL CHARACTERIZATION

The morphology of the printed cochlear implants was evaluated using SEM. The
specimens were, therefore, gold coated using a sputter coater (JFC-1300, JEOL,
Akishima, Japan) and imaged under different tilt angles and magnifications with the
same SEM equipment as mentioned above. The theoretical porosity, ¢, of the four

implant types was calculated from the digital designs as follows (Table 2.2):
Q= (VI - VL)/(VS - VI) X 100% (Eq. 2.1)
where V:is the volume of the solid insert (mm?), V1. is the volume of the lattice (mm?®),

Vs is the volume of the implant shell (mm?®), and ¢ is the porosity of the insert lattice

volume (%).

Table 2.2. The theoretical porosity ¢ of the implants based on Eq. 2.1.

R20 R60 C20 Cé60
Volume of the implant shell, Vs (mm?®) 0.15 0.15 0.19 0.19
Volume of the solid insert, V; (mm?) 0.41 0.41 0.33 0.33
Volume of the lattice, Vi (mm?) 0.22 0.20 0.16 0.16
Porosity, ¢ (%) 46 52 50 50

2.2.6. SURFACE TOPOGRAPHY

The topography of the outer surfaces of the implants was characterized using a non-
contact optical profilometer (Profilm3D®, Filmetrics Inc., San Diego, CA, USA). The
arithmetical mean height (S,) was determined using the proprietary Filmetrics
processing software (ProfilmOnline, San Diego, CA, USA). Each sample was scanned
ataminimum of 3 different areas. The mean of the roughness readings corresponded

to the areal roughness of that specimen. In total, 3 samples per implant type (i.e.,, R, C)
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were scanned. Moreover, line profiles were acquired to determine the average surface

roughness (R,).

2.2.7. CHEMICAL CHARACTERIZATION

The surface chemistry of the square samples after 2PP was assessed using X-ray
photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha, Rockford, IL, USA). Three
scans were acquired for each square block with an energy step of 0.6 eV using an A1 Ka
source gun with aspot size of 400 pm?in the standard lens mode. Another 3 scans were
acquired from points near the square blocks to account for the adventitious carbon
contamination on the silicon samples and were used as a charge reference for the XPS
spectra correction of IP-Q.

Fourier transform infrared spectroscopy (FTIR) was also performed to identify the
functional groups of the IP-Q photoresist before and after printing, allowing the
assessment of the effect of the 2PP printing on the functional groups. The FTIR
measurements were conducted using a Nicolet FTIR spectrometer 6700 (Thermo
Fisher Scientific, Waltham, MA, USA). The spectra were acquired in the range of
4000-650 cm~* using the attenuated total reflection (ATR) element.

2.2.8. WETTABILITY AND SURFACE FREE ENERGY

The wettability of 2PPprinted blocks (5 = 5 0.5 mm?®) was measured using a drop shape
analyzer (DSA 100, Kruss, Hamburg, Germany). Droplets (2 puL) of deionized water
and diiodomethane (2 pL) were placed on the specimens, and the right and left contact
angles of the droplet formed on the substrate were recorded for 2 sat a rate of 5 fps at
room temperature (20 °C). The mean contact angle was used in further calculations.
The measurements were repeated 5 times. The wettability was expressed as the water

contact angle.

The surface free energy was calculated using Young’s equation [41]:

Osy = Ogp, + o1y X cosf (Eq. 2.2)
where ogy, isthe interfacial free energy of the solid and the vapor, og; is the interfacial

tension between the solid and liquid, and gy, is the interfacial free energy of the

liquid and the vapor.
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The total surface free energy (SFE) was calculated according to the Owens, Wendt,
Rabel and Kaelble (OWRK) method and following the equation [42]:

os = of +a? (Eq. 2.3)
where GSP is the polar component of the surface energy of the solid, and O'SD is the

dispersive component of the surface energy of the solid [42-44].

2.2.9.CYTOTOXICITY

Murine macrophages (J774A.1, Merck KGaA, Hamburg, Germany) at passage 14 were
pre-cultured in 75 cm? flasks (Greiner Bio-One GmbH, Kremsmiinster, Austria) at a
concentration of 7 » 10° cells per mL with 20 mL of Dulbecco’s Modified Eagle’s
medium at 37 °Cand 5.0% CO, for 3 days. The 2PPblock samples were sterilized in 70%
ethanol (Sigma-Aldrich, Hamburg, Germany) (3= for 2 min each) and then rinsed with
PBS (10~) (3« for 2 min each). Subsequently, the specimens were seeded with 2.5  10*
cells per mL in 24-well cell culture plates.

Macrophage viability was investigated using a live/dead assay with calcein
acetoxymethyl (AM) and ethidium homodimer-1 (EthD-1) (ThermoFisher Scientific,
Waltham, MA, USA)after 48 h of culture. The cells were rinsed with PBS (10x) and PBS
(1x) and were incubated at room temperature in a solution of 0.1 pL/mL calcein
AM/PBS (1x) and 1.5 pL/mL EthD-1/PBS (1x) for 30 s. Afterward, the solution was
replaced with PBS 1x, and the cells were imaged with a fluorescent microscope (ZOE
Fluorescent Cell Imager, BioRad, Hercules, CA, USA). The experiment was performed
in triplicate. Cells cultured directly on the well plates and not exposed to the

specimens served as the positive controls.
2.2.10.IMAGE ANALYSIS

Both SEM and fluorescent images were processed with Image]J 1.47 [45]. In the SEM
images, the geometrical characteristics of interest were measured using the Measure
command. The fluorescent images were converted to grayscale, followed by a local
thresholding step. The cell area was quantified using the Analyze Particle command
for both live and dead cells, and the ratio of the dead to the live cells was calculated.
Cell viability was calculated as follows:

Area of dead cells

Cell viability = (1 - ) x 100% (Eq. 2.4)

Area of living cells
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2.2.11.STATISTICAL ANALYSIS

The data are presented as mean : standard deviation (SD). A Tukey’s multiple
comparisons test was performed on the resulting pillar diameter of pillars printed in
different conditions. An unpaired t-test with Welch’s correction (p < 0.05) was used to
compare the positive control with the treated group to test macrophage viability on
the 2PP printed material. The analyses were performed using Prism 9.5.1 (GraphPad
Software, San Diego, CA, USA).

2.3. RESULTS

2.3.1. 3D PRINTING OF PILLAR ARRAYS

The SEM images (Figure 2.2A) showed that, at LP = 25 mW, the resulting pillar
diameter was d = 4.89 + 1.10 um, which is close to the designed value. The actual pillar
diameter was larger than the designed one (i.e., di = 5 pm) for LP = 40 and 50 mW,
namely, d = 7.27 + 0.83 pm and d = 8.10 + 1.03 pm, respectively (Figure 2.2B). The
diameter of the pillars, therefore, increased with the laser power. The differences
observed in the printed pillar diameter amongst these 3 different groups printed at 3
different LPs were statistically significant (p <0.001) (Figure 2.2B). At LP = 25 mW,
all the pillars collapsed. At LP=40 mW, the tips of the pillars appeared bent and fused,
even for the larger values of interspacing. However, at LP = 50 mW, the pillars were
bent and fused only for the smaller interspacing values. For the same LP (50 mW), the
minimum interspace needed for two adjacent pillars to be printed without fusing was
i=3.80 + 0.68 um, which is, on average, 25% smaller than the smallest designed
interspace of i; = 5 um (Figure 2.2C). No minimum interspacing value could be
identified for LP = 40 mW and 25 mW since the pillars were either evenly fused for
the largest interspacing values or were not printed and appeared collapsed.
Altogether, structurally strong and intact pillars of d = 8.10 + 1.03 pm with an
interspacing of i = 3.80 : 0.68 pm were printed at LP = 50 mW. The result of this
preliminary study indicated the minimum feature size and interspacing that could be
feasibly manufactured for such high aspect ratio geometries and laid the groundwork

for the following study on 3D porous structures.
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Figure 2.2.(A) The SEM images of the 2PP-printed pillar arrays with adsof 5 pumand LPvalues
of 25,40,and 50 mW (tilt angle = 45°); (B) the quantification of the apparent pillar diameter (d)
and comparison with the designed pillar diameter (da) (*** p < 0.0001); and (C) quantification
of the apparent interspace (i) for an LP of 50 mW and comparison with the design values.

2.3.2. 3D PRINTING OF CUBIC UNIT CELLS AND HOLLOW CYLINDRICAL
STRUCTURES

Cubic unit cells with four different strut widths (s = 20, 30, 40, and 50 pm) and hollow
cylindrical units with six different wall thicknesses (w = 20, 30,40, 50, 75,and 100 pm)
were printed using three different values of the laser power (LP =25 mW, 40 mW, and
50 mW). The laser power affected the resulting width of the struts and thickness of
the walls as well as the general shape of both the cubic unit cells and hollow cylinders
(Table 2.3). Cubic unit cells printed at any LPled to smaller s values than the designed

ones (Figure 2.3A). In contrast, hollow cylindrical structures with larger LP values
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(ie., LP =40, 50 mW) exhibited larger w values than the designed ones (Figure 2.3C).
The cubic unit cells had resulting strut widths that were 50-70% smaller than
designed. The larger the designed strut width, the larger the deviation of the printed
width from the designed. The SEM images (Figure 2.3B) also showed that the cubic
unit cells exhibited a truncated shape for most printing conditions. However, this set
of prints indicated that a cubic unit cell with a designed strut width of at least s = 50
pm could be printed while maintaining the designed shape using the following
printing parameters: LP = 50 mW and v = 150000 pm/s. For hollow cylindrical
structures, on the other hand, the actual dimensions of the printed geometries were
20-30% larger than the design values for LP = 40 mW and 30-40% larger than those
designed for LP = 50 mW. For both of these LP values and a designed wall thickness of
w = 100 pm, wall thickness assessment was not possible due to the excessive and
irregular shape of the printed structures (Figure 2.3D). The results of this set of prints
revealed that hollow cylindrical specimens yield high-quality prints when printed at
LP =50 mW and v = 150000 pm/s. They also maintain their overall shape with an
overshoot at the wall thickness but can be printed for apparent wall thicknesses (w)

ranging from ~40 to 100 pm.

Table 2.3. Resulting strut width (s) and wall thickness (w) compared to the designed values for
the three laser power values (LP) (x symbol represents bad-quality prints). The values are
presented as mean : standard deviation ([m).

Designed s (um) Designed w(1um)
20 30 40 50 20 30 40 50 75 100
LP (mW) Resulting s(1um) Resulting w (um)
25.20+
25 x x x x x x x 40.64:0.0
0.84
40 20.39+ 29.65+ ) 36.76 + 52.59: 63.90 + 97.06 +
1.33 1.39 7.34 4.39 3.46 2.30
50 17.57+ 2648+ 3543+ ) 43.67+  62.57: 7270+ 108.68 +
1.17 1.79 1.25 3.71 4.02 7.47 6.13
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Figure 2.3. (A) The effects of laser power (LP) on the width (s) of the struts of the cubic unit
cells presented as mean + standard deviation (n = 3) and compared to the design values
(grayscale short lines). (B) SEM images (40° tilt angle) used for the assessment of the structural
integrity of separate cubic unit cells designed with a strut width of s = 20-50 pm for LP = 25,
40, and 50 mW (scale bar is 200 pm). (C) The effects of the laser power (LP) on the wall
thickness (w) of the hollow cylindrical structures presented as mean + standard deviation (n =
3)and compared to the design values (grayscale short lines). (D) SEM images (top view) used for
the assessment of the structural integrity of the hollow cylindrical structures designed with a
wall thickness of w = 20-100 pm for LP = 25,40, and 50 mW (scale bar is 50 pm).
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2.3.3. 3D PRINTING OF THE COCHLEAR IMPLANTS

The cochlear implants were printed on silicon substrates using two different printing
directions, namely, horizontal and vertical. Horizontally printed implants showed
signs of defects (Figure 2.4A). When printed horizontally, the implants exceeded the
printing field of the 10~ objective (i.e., @ 1000 pum). Splitting and stitching of the
structure in blocks is, therefore, required when preparing the printing job. The defects
were located at the stitching sites. Vertically printed samples were printed intact as
their base size (i.e., 0.6 » 0.6 mm?* W = H) did not exceed the printing field of the 10~
objective (Figure 2.4B). The vertical printing direction and the processing
parameters resulting from the preliminary study (i.e., printing of pillar arrays, cubic
unit cells, hollow cylinders) enabled the successful printing of the four different

designs of the cochlear implants (i.e., R20, R60, C20, C60) (Figure 2.4B).
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Figure 2.4. (A) A SEM image of a horizontally 2PP-printed R-type cochlear implant (top
view); (B) SEM images of 2PP-printed porous cochlear implants (tilt angle = 30°) and their
internal porous structure and pore size; (C) SEM images of the interconnected pore network
with pore sizes of 20 pm and 60 pm, where p is the pore size and w is the wall thickness of the
implant; and (D) quantification of the pore size (p) and wall thickness (w). The values are
presented as mean : standard deviation.
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2.3.4. MORPHOLOGICAL CHARACTERIZATION

Assessment of the geometry of both interconnected pore networks (i.e., 20 pm and 60
pm) using SEM yielded pore sizes of p = 17.88 + 0.95 pm and p = 58.15 + 1.62 pm,
respectively. The wall thickness was also assessed for all the implant types and was w =
64.08 + 1.76 pm for the implant types R20 and C20 and w = 72.50 : 3.38 pum for the
implant types R60 and C60 (Table 2.4). The calculated porosities ¢ based on Eq. 2.1
for the different cochlear implants were Qpg0=52% and Ppro=46% for the R-type
implants and @ ¢0=@ c20=50% for the C-type implants.

Table 2.4. Morphological parameters of the internal porous network (p: pore size) and wall

thickness (w) of the cochlear implants. The values are presented as mean : standard deviation
(Hm).

Parameter Pore Type

20 60
p 17.88:0.95 58.15:1.62
w 64.08:1.76 72.50:3.38

2.3.5. SURFACETOPOGRAPHY

Two surface roughness parameters were measured for the samples used in this study.
The average roughness parameter (R,) was measured over a line profile, whereas the
areal average surface roughness (S,) was measured over a surface. The areal average of
the surface roughness of the flat pedestals was SF= 0.73 + 0.5 um, whereas their
average surface roughness was R f; = 0.09 + 0.005 um. The areal average surface
roughness of the implants printed horizontally was S fll =0.76 + 0.08 um, while their
average surface roughness was R2 = 0.11 + 0.01 pm. The areal average of the surface
roughness of the implants printed vertically was S g =1.67 + 0.24 um with an average
surface roughness of R}, = 0.15 + 0.01 um. The morphology of the vertically printed

implants also seems to reveal the layer structure of the 2PP process (Figure 2.5A).
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Figure 2.5. (A) The surface roughness measurements (Sa, Rq) for horizontally and vertically
printed implants as well as flat 2PP-printed blocks; (B) XPS spectra of C 1s peaks in IP-Q after
polymerization, and the binding energy and atomic percentage of C 1s series in the 2P-printed
IP-Q specimens, (C) FTIR spectra in the ATR mode of the IP-Q photoresist (yellow) and
polymer after 2PP (green); (D) contact angle measurements on flat 2PP-printed IP-Q blocks for
water and diiodomethane with the corresponding pictures of the shape of the droplets (scale
bar is 1 mm), and the contact angle is presented as mean + standard deviation; and (E) the
live/dead staining of J774A.1 macrophages after 48 h of culture on control (i.e., well plate) and
on 2PP-printed IP-Q flat block specimens (live: green, red: dead) and the quantification of the
macrophage viability (%) for the control and the 2PP-printed specimens (scale bar is 100 um).
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2.3.6. CHEMICAL CHARACTERIZATION

Chemical characterization was performed to indirectly assess the efficiency of the
2PP process and to confirm the printing quality of the structures by evaluating
changes in chemical bonding associated with monomer conversion. Peaks with
binding energies of 284 eV, 286 eV, and 289 eV are in agreement with C-C, C=C, and
C-0 bonds, respectively, that have been identified in the XPS spectra of the block
samples (Figure 2.5B). These peaks verify the presence of methacrylate structures
[46] in the photocurable resin IP-Q. In the FTIR spectra, a difference in the peak
intensity of the carboxyl group (1705 cm—') and carbon double bond (1525 cm—') was
observed before and after printing (Figure 2.5C). More specifically, the intensity of
the bonds decreased after printing, indicating double carbon bond depletion as a
result of polymerization. The decreases in the intensity of those peaks were ~ 88% for

the carbon double bond at 1525 cm—" and = 92% for the carboxyl group at 1705 cm—".

2.3.7. WETTABILITY AND SURFACE FREE ENERGY

Water contact angle measurements (n = 5) revealed an average water contact angle of
CAy,=72.3 :3.0° and an average contact angle for diiodomethane of CAp=46.1 +2.7°
(Figure 2.5D). According to the OWRK model and using the aforementioned contact
angle measurements, the total surface free energy was calculated to be SFE=38.1 +2.3
mN/m, with a polar component of Uf =1.7 +1.1 mN/m and a dispersive component of

0P-36.4:1.2mN/m.

2.3.8.CYTOTOXICITY

Thelive/dead assay using J774A.1 macrophages cultured on the block samples showed
high (»95%) viability of the cells after 48 h of culture (Figure 2.5E). No statistically
significant difference in macrophage viability was observed between the control and

the test group (p = 0.1230).

2.4. DISCUSSION

We aimed to design, fabricate, and characterize a novel DDS for the inner ear. The
results demonstrate the feasibility of using the 2PP process for printing implants with

anatomically relevant sizes for the human inner ear. Furthermore, the implants
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featured internal porous structures to enable the loading of drugs and their controlled

release.

2.4.1. IMPLANT DESIGN AND FABRICATION

The fabrication of large-scale structures involves choosing the correct values for
several parameters, such as the laser power and orientation angle. An initial
investigation of the effects of laser power on the fabrication of pillars with a high
aspect ratio (i.e., AR = 16) showed that the height, diameter, and structural integrity of
the pillars were strongly dependent on the laser power. The minimum clearance
between high-quality pillars with an apparent diameter of ~8 pm was 3.80 + 0.68 m,
indicating the highest resolution possible with the setup and material used (i.e., 10x
objective, IP-Q resin), which is the only possible combination for the fabrication of
large 3D structures using the Nanoscribe system. Using the same configuration, the
cubic unit cells that were designed and fabricated to resemble the single pore structure
of the implants demonstrated a much smaller strut width (~35 pm), even for the
highest quality prints compared to the designed one (~50 pm). The cylindrical hollow
units appeared deformed when the wall thickness was 100 pm, even for the highest
laser power, due to the large volumetric contraction stress compared to structures
with a wall thickness < 100 pm. These results indicate a direct relationship between
the printing conditions and the size and strength of the resulting structure. Generally,
low laser power results in a low polymerization rate and subsequently in thinner and
more fragile structures than higher laser power [47]. A linear relationship has been
recently proposed to describe the correlation between the laser power and the
thickness of the resulting structure [48]. Moreover, the resulting shape and size of the
printed structure are influenced by the shrinkage and buckling that occurs in the
post-processing phase [49,50]. In addition, shape and size inaccuracies between the
designed and the printed test structures can also be attributed to errors in the stage
movements, errors in the tessellated file formats of the designs, and structural
deformations of the 2PP-printed structures [51]. The design conceptualization,
realization, and 2PP printing of the cochlear implants were based on the results of our
preliminary study, in which a wide range of test structures was printed. More

specifically, the interconnected porous network was designed with a pore size of 60
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pm based on the printing results of the cubic unit cells. The wall thickness was
designed tobe 50 pm based on the printing results of the hollow cylinders. Finally, the
implants were printed vertically so that no stitching would be necessary. In contrast
to the test structures, the shape and dimensions of the printed implants did not
substantially deviate from their designs. More specifically, the pore size deviated only
10% from the intended 60 pm. Additionally, the total length and width of the
implants were 10% smaller than the designed geometry. Implants with a pore size of
20 pm were successfully fabricated with similar geometrical deviations from their
designs. The difference between the printing of the test structures and the implants
can be explained by the residual polymerization, or proximity effect, that occurs in
the implants being printed [52]. To put this concept in perspective, for a structure with
a height of 240 pm and a slicing distance of 5 m, 48 layers of material are deposited
on top of each other. For a structure that is 10 times larger, the number of layers
increases accordingly. The resin, therefore, undergoes many more cycles of exposure
to the laser beam, and the heat-initiated polymerization contributes greatly to the
final dimensions of the printed structures [53]. Several previous studies have
demonstrated that the 2PP process allows for the printing of 3D porous scaffolds with
controlled porosity and high precision at the micron and submicron scales [38,54]. In
this study, we aimed to incorporate controlled microporosity within millimeter-sized
scaffolds suitable for applications as functional cochlear implants. As with the
majority of studies, the design of the current study is subject to limitations. The study
mainly focuses on the 3D printing feasibility of cochlear implants with an internal
porous network consisting of cubic unit cells, and no other type of network has been
included. It is known that natural materials develop complex architectures to adapt
and function in their environment, with porosity being a crucial factor as it enables
filtration, diffusion, and increased permeability for nutrient exchange [55]. The
added functional value of porosity has also long been explored in the case of porous
scaffolds for various applications [56-58]. The use of porous structures specifically for
loading and local release of drugs without any additional material/drug carrier is,
however, relatively underexplored. Microneedles have been investigated for

transdermal delivery of drugs, proving the suitability of such a system [59,60]. The
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uniqueness of our system lies in the fact that the porous device is printed without the
drugs; thus, the printing process is not limited by the drug type or phase. This aspect
offers the possibility of creating a versatile structure to be combined with different
types of pharmaceuticals and could subsequently be used for different pathologies. It
would, therefore, be relevant to investigate the potential of the proposed porosity to
control drug delivery and to consider the possibility of another pore shape for the
same application. Last, it is important to mention that the fabrication of porous
structures with pores in the range of 20-60 pm using the same printing parameters
and, thus, within a single step and without block splitting or stitching required could
be used to create implants with a combination of different pore sizes to achieve better

controllability of the drug release.

2.4.2. CHARACTERIZATION

The FTIR and XPS results can only qualitatively indicate the degree of conversion of
IP-Q. Nevertheless, they verify the methacrylate character of the resin and the change
in the carboxylic and double carbon bonds after polymerization. According to the
existing literature, the extent of polymerization can be evaluated when quantifying
the transformation of double-carbon bonds to single-carbon bonds with respect to the
carboxyl group [61]. In our case, both of the peaks indicated the carbon double bond
and the carboxyl group decreased in intensity, indicating the involvement of the
carboxyl group in the polymerization process. This characteristic is unique to IP-Q
compared to other photoresists [62-64] and might be related to the fact that IP-Q has
been designed for high-speed fabrication. To our knowledge, the polymerization
mechanism of the IP-Q material has not yet been fully unraveled. However, the
findings of the current study can complement the existing characterization [65]. The
contact angle measurements and the resulting SFE indicate a partially hydrophilic
character for the 2PP-printed IP-Q. The average surface roughness, R, for
horizontally and vertically printed implants and flat blocks was in the range of 90-
150 nm. The areal (3D) surface roughness, S,, for the corresponding surfaces was
much larger, ranging between 0.730 and 1.670 pm. The difference between those two
topographical parametersis related to the fact that for the calculation of S,, the overall

surface is considered, which explains the higher S, of the C implant types compared to
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the R implant types. The orientation angle also affected the surface roughness. The
higher surface roughness of the vertically printed implant compared to the
horizontally printed implant is due to the anisotropic resolution and spatial
arrangement of the voxels. The shape of the voxel in the 2PP process resembles an
ellipsoid with a higher lateral spatial resolution than the axial resolution. The higher
surface roughness at lower orientation angles can also be attributed to the larger
slicing distance as compared to the hatching distance. In general, the voxel size and
voxel overlap greatly determine the surface finish of a structure, with smaller voxel
sizes and a higher degree of overlapping resulting in an improved surface finish.
However, the improved surface finish comes at the expense of increased processing
and printing times.

Macrophage viability was comparable between the control polystyrene well plate and
the 2PP-printed surfaces, and no statistically significant difference was observed
between the two groups. Macrophages survived and proliferated similarly on
polystyrene surfaces with a water contact angle of ~55° [66] and on the 2PP surfaces
with a water contact angle of ~72°. This indicates the good cytocompatibility of the
applied resin and confirms the choice of the resin for the fabrication of such types of
implants.

2.4.3.OUTLOOK AND CHALLENGES

Hearing preservation through local delivery of drugs, such as antibiotics and steroids
[67-69], to the cochlea has been recognized as a potentially efficient treatment
strategy. However, it remains challenging to locally deliver drugs to the cochlea. A
variety of different systems, such as micropumps [67,70], cochlear electrode arrays
[71,72], drug-loaded silicone-based ear implants [12], and drug-loaded PLGA
nanoparticles [73], have been developed to achieve sustained, controlled delivery and
enhance drug bioavailability in the cochlea. The incorporation of porous structures in
3D-printed DDS to target different pathologies and organs, such as the skin, brain,
breast, and cartilage, has been researched by different groups. The structure and
dimensions of the implants, on the one hand, and the properties of drugs, on the other
hand, influence the release kinetics of drugs both separately and in combination with

each other [74]. A general observation is that larger implant surfaces contribute to
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faster drug release [74]. It has been reported that drug release is affected by the ratio of
the pore size of a porous carrier to the size of the drug molecules [75,76]. Moreover,
drugloading and release are influenced by the affinity of the carrier and the drug[29].
However, not much information is available regarding the combination of these two
effects in the context of cochlear implants. Future research should, therefore, be
directed at understanding the interrelations among the 3D printed materials, porous
structures of anatomically relevant sizes, and the properties of the drugs that are most
likely to be used in conjunction with cochlear implants. Furthermore, the chemical
and mechanical properties of such cochlear implants need to be characterized as one

of the first attempts to investigate their suitability for application as a DDS.

2.5. CONCLUSION

In this study, we successfully designed and fabricated cochlear implants with internal
microporous structures using the 2PP technique. Our findings show that the 2PP
process is suitable for reliably producing implants with both a rectangular and a
cylindrical profile featuring internal square pores of 20 pm and 60 pm. A parametric
study on different processing parameters enabled us to identify the settings to
achieve the intended feature sizes, surface finish, and structural stability. Moreover,
the material used for the fabrication of the cochlear implants (IP-Q) showed a high
degree of polymerization and good cytocompatibility for macrophages. Taken
together, we demonstrated the feasibility of creating anatomically relevant cochlear
implants with precisely controlled and tunable internal microporosity, indicating
their potential for localized drug delivery to the human cochlea for personalized

treatment of hearing loss.
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3. MICROMECHANICS AND
MANUFACTURABILITY OF 3D PRINTED
MICROSTRUCTURES

Abstract

A very versatile AM technology with great potential for fabricating biomedical devices is two-
photon polymerization (2PP). It can produce polymeric three-dimensional nano- to mesoscale
structures with high flexibility in processing parameters and feature sizes down to the
nanometer length scale. This study examines the influence of various 2PP printing parameters
on the morphology and mechanical properties of solid and porous microstructures fabricated
from three commercially available resins: IP-Q, IP-S, and IP-PDMS. To further evaluate
micromechanical behavior, micropillar compression tests were additionally conducted using
IP-Q, which had not been extensively characterized in this context. The stiffness of the porous
microstructures was 80-85% for IP-Q and IP-S and 50% for IP-PDMS of the stiffness of their
solid counterparts. The resins were also examined using FTIR spectroscopy to determine their
degree of conversion (DC). The calculated DC values were 38% for IP-Q and 61% for IP-S and IP-
PDMS. The optimal printing parameters for the IP-Q micropillars were determined to be a
laser power (LP) of 50 mW, a slicing distance (s) of 1.2 pm, and a hatching distance (h) of 1 um.
These settings correspond to a peak laser intensity of 1.58 » 101* W/cm?, afocal spot diameter
(dw) of 3.17 um, a Rayleigh length (zz) of 10.13 pm, and a voxel overlap (&) of 0.6. These
conditions resulted in a Young’s modulus of 3.7 GPa and a yield strength of 75.21 MPa.
Overall, the findings highlight the complexity of optimizing processing parameters when
introducing porosity into designs and when working with different scales and materials.
Together, these results establish a systematic framework for tailoring 2PP processing
conditions, offering a foundation for future application-oriented studies in biomedical

microdevices.

Isaakidou A., Ganjian M., Moosabeiki V., Leeflang M.A., Goushki M.N., Boukany P.E., W3troba M., Groetsch A.,
Schwiedrzik J., Mirzaali M.]., Apachitei L, Fratila-Apachitei L.E. and Zadpoor A.A. Advanced Engineering Materials.
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3. MICROMECHANICS OF 3D PRINTED MICROSTRUCTURES

3.1. INTRODUCTION

Two-photon polymerization (2PP) has emerged as a cutting-edge technology with the
compelling advantage of producing complex three-dimensional (3D) micro- and
nanoscale structures [1]. The working principle of 2PP is based on the nonlinear
absorption of two photons by a photoinitiator, which occurs at high photon densities
near the laser focus and triggers localized polymerization within a photosensitive
material [2]. The quadratic relationship of two-photon absorption with light intensity
provides high precision and resolution by enabling precise control of the crosslinking
photoreaction, ensuring that polymerization only occurs within the localized focal
region (ie., voxel) [3]. This fine control over the fabrication process is particularly
advantageous for creating 3D microstructures with a high level of detail, which is
essential for tissue engineering applications and drug delivery systems [2]. A wide
range of materials can be used in the two-photon fabrication, including polyacrylic
resins, hydrogels, epoxides, and inorganic/organic polymers [4,5].

The selection of suitable materials for biomedical applications (Figure 3.1C) is
broadened by the increased availability of diverse 2PP materials and their
characteristics. The biocompatibility of such materials is a critical factor,
necessitating investigationsinto the interactions between the materials, living tissues
[6] and cells [7]. Additionally, the mechanical properties and printing resolution are
crucial factors in determining their suitability for specific applications [8]. Studies on
the Young’s modulus, E, of various commercially available photoresists often
consider the printing conditions (Figure 3.1A), such as hatching and slicing distance,
laser power, and scanning speed, as these influence crosslinking [8-11]. The Young’s
moduli of polyacrylic resins, epoxides, and inorganic/organic polymers are generally
reported to be in the GPa range, while those of hydrogels tend to be in the kPa range
[12]. Optimizing the printing conditions is essential to ensure mechanical stability
and versatility across various materials, shapes, and scales (Figure 3.1B). For example,
recent advances in continuous scanning have even enabled high-resolution
fabrication across five orders of magnitude. This approach extends the applicability
of 2PP into the meso-regime, allowing for the fabrication of centimeter-scale objects

with microscale or even nanoscale decorations [13].
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Figure 3.1. (A) A schematic representation of the printing conditions (i.., slicing and
hatching distance, laser power, and scanning speed) that govern the 2PP printing process. (B)
Human body anatomy with details on organs that can benefit from porous medical devices in
various scales and materials. (C) The versatility of the 2PP method allows for printing across
different scales and materials for biomedical applications.

In this study, we focus on the printing and mechanical characterization of solid and
porous microstructures inspired by arecently developed cochlear implant design [14].
The structures were fabricated using three photocurable resins: acrylate-based IP-Q,
IP-S, and the hybrid polydimethylsiloxane- and acrylate-based IP-PDMS resin
(Nanoscribe GmbH & Co. KG, Karlsruhe, Germany). These resins were selected to
represent a broad range of mechanical properties, with IP-Q and IP-S exhibiting
elastic moduli of 3.17 GPa [11] and 4.6 GPa [15], respectively, and IP-PDMS, a
compliant elastomer with a much lower elastic modulus of 17.8 MPa [16]. This range
of mechanical properties makes the study of the selected resins relevant for diverse
biomedical applications, from load-bearing permanent structures to soft, compliant

microsystems.
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We aim to provide insights into material selection, optimization of 2PP printing
settings, and mechanical properties of the printed 3D microstructures. These
structures could be relevant for applications in microfluidics [17,18], drug delivery
[19,20], and tissue engineering [21,22]. For example, in drug-delivery applications,
porosity is a crucial factor to consider, as it affects drug loading, release kinetics, and
bioavailability. Encapsulation of drugs within porous matrices can enhance stability,
solubility, and dissolution rates, while allowing precise control over drug release. This
approach improves cellular uptake and therapeutic efficacy, and minimizes side
effects [23,24]. The present study does not focus on the fabrication of ready-to-use
biomedical devices, but rather systematically generates knowledge on how 2PP
processing parameters influence the manufacturability, geometry, and
micromechanical response of selected commercial resins. This exploration provides a
foundation for future device-specific evaluations.

Using all three previously mentioned photoresists, we developed printing methods to
manufacture microstructures that were either solid or exhibited confined
microporosity. We then characterized the morphology, chemistry, and mechanics of
the resulting solid and porous micro-architectures. To our knowledge, no systematic
investigation has been conducted on how 2PP printing parameters affect the shape
fidelity, chemistry, and mechanical properties of the IP-Q material. Therefore, we
performed further mechanical characterization of IP-Q micropillars printed with
varying parameters through compression testing. A key aspect of the current study is
the use of microcompression to assess the mechanical properties of IP-Q material. In
contrast to our previous study [25], where mechanical characterization of IP-Q
structures required enlarging the corresponding structures to perform mechanical
testing and to combine them with finite element analysis (FEA) models for validation,
the current method enabled direct assessment of the material properties of IP-Q.
Mechanical properties from such printed solid structures are important input
parameters for constitutive models. Thus, our results provide valuable new data for
researchers working with the 2PP resins included in this study that can be used for
microfluidics, cell scaffold applications, and drug delivery systems (e.g., cochlear

implants).
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3.2. MATERIALS AND METHODS

3.2.1. 2PP PRINTING OF MICROSCALE STRUCTURES USING IP-Q, IP-S,
AND IP-PDMS

Computer-aided design (CAD) models of solid and porous microscale structures,
based on recently developed cochlear implant models [14] with dimensions 86 x 86 x
343 um?® and a tip diameter of 50 pum, were created using SolidWorks (Dassault
Systemes SE, Vélizy-Villacoublay, France) and nTopology 3.35 (nTopology Inc., New
York, NY, USA), respectively. Using Nanoscribe’s Describe software, the designs were
used to create the printing job file for the direct laser writing system (Photonic
Professional GT, Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany)
operating with a pulsed femtosecond laser (wavelength = 780 nm, pulse duration = 100
fs, with a repetition rate of 80 MHz, Galvo writing mode). For printing with the IP-Q
resin a droplet of resin was applied to a silicon substrate and then exposed to the laser
beam using a 10~ objective (NA = 0.3). For IP-S and IP-PDMS, a droplet of resin was
applied to ITO-coated substrates and then exposed to the laser beam using a 25«
objective (NA = 0.8). Different printing conditions were explored to identify optimal
parameters for repeatable and stable prints of solid and porous models for each resin
type (Table 3.1). For each resin and condition (solid and porous), three representative
microstructures were fabricated and characterized (n = 3). All structures were
fabricated in a vertical orientation, aligned with the laser axis. The slicing distance (s)
and hatching distance (h) were set to 0.2 pm for IP-Q and IP-Sand 0.4 pm for IP-PDMS.
The scanning speed (v) was set at 150 mm/s for IP-Q and IP-S and 100 mm/s for IP-
PDMS. Laser power (LP) was varied to investigate its effect, ranging from 20 mW to
40 mW in 10 mW increments for IP-Q and IP-S, and from 35 mW to 50 mW in 7.5
mW increments for IP-PDMS. For the IP-Q structures, following exposure, the
development process involved immersion of the prints for 25 minutes in propylene
glycol monomethyl ether acetate (PGMEA, Sigma Aldrich, Darmstadt, Germany),a 5-
minute rinse in isopropyl alcohol (IPA, Sigma Aldrich, Darmstadt, Germany), and
drying with an air gun. For the IP-S structures, the development process involved

immersing the prints in PGMEA for 20 minutes, followed by 30 seconds in methoxy-
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nonafluorobutane (Novec 7100, Sigma Aldrich, Darmstadt, Germany), and then
drying with an air gun. In the case of the IP-PDMS structures, the development
involved immersing the prints in IPA for 5 minutes, followed by drying with an air
gun.

Table 3.1. Printing parameters for microstructures made with IP-Q, IP-S, and IP-PDMS. The
best settings for printing porous and solid microstructures are given in bold (LP: laser power,
v:scanning speed, h: hatching distance, s: slicing distance).

LP (mW) v (mm/s) A(Um)  s(um)

IP-Q 20, 30,40 150 0.2 0.2
IP-S 20, 30,40 150 0.2 0.2
IP-PDMS 35,42.5,50 100 0.4 0.4

3.2.2. 2PP PRINTING OF MICROPILLARS USING IP-Q

Micropillars with a diameter of D = 50 pm and a height of H = 100 pum were designed
using SolidWorks (Dassault Systemes SE, Vélizy-Villacoublay, France). The scanning
speed (V) was set to 100 mm/s. Two groups were investigated: in the first group, the
slicing distance (s) was fixed at 5 nm while the hatching distance (h) was varied from
0.4 to 3.4 pm in 0.6 pm steps; in the second group, the hatching distance was fixed at
1 pm while the slicing distance was varied from 1.2 to 7.5 pm in 1.26 nm increments.
The laser power (LP) was varied between 20 and 60 mW in 10 mW increments for both
groups (Table 3.2). For each of the above mentioned conditions one representative
micropillar was fabricated and characterized (n = 1). Preparation for printing and
development of the printed micropillars was performed according to the
experimental procedure for IP-Q described in Section 3.2.1.

Table 3.2. Printing parameters for the micropillars made with IP-Q (LP: laser power, u:
scanning speed, h: hatching distance, s: slicing distance).

Printing parameter IP-Q
LP(mW) 20, 30,40, 50,60
U (mm/s) 100
h(um) 0.4,1.0,1.6,2.2,2.8,3.4
s(Um) 1.2,2.5,3.7,5.0,6.2,7.5
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3.2.3. MORPHOLOGICAL CHARACTERIZATION OF MICROSCALE
STRUCTURES AND MICROPILLARS

Structural characterization of the printed samples was done by scanning electron
microscopy (SEM) (FEI Helios G4 CX dual-beam workstation, Hillsborough, OR,
USA). Before SEM imaging, the samples were gold sputtered (gold layer thickness ~ 5
nm) using a sputter coater (JFC-1300, JEOL, Akishima, Japan). The influence of this
gold layer on the mechanical behavior of the samples is negligible [26]. Focused ion
beam scanning electron microscopy (FIB-SEM) (FEI, Helios Nano Lab 650,
Hillsborough, OR, USA) was used to examine the pore morphology and calculate the
apparent porosity and relative density of the 3D porous microstructures. Toimage the
pores longitudinal cross-sections of the samples were prepared by FIB (Current: 0.17

nA, voltage: 30 kV).

3.2.4. CHEMICAL CHARACTERIZATION OF IP-Q, IP-S, AND IP-PDMS

The elemental composition of IP-Q, IP-S, and IP-PDMS resins was quantified using X-
ray photoelectron spectroscopy (XPS) (Thermo Fisher K-Alpha instrument, Rockford,
I1,, USA). Each sample was scanned four times, with an energy step of 0.4 eV, utilizing
an Al Ka source gun with a spot size of 400 pm?. To identify the functional groups in
the different photoresists before and after polymerization and to assess the degree of
conversion (DC), Fourier transform infrared spectroscopy (FTIR) was used (Nicolet
FTIR spectrometer 6700, Thermo Fisher Scientific in Waltham, MA, USA). The
spectra acquisition spanned the range of 4000-463 cm™*. The DC was determined by
measuring the change in the absorbance peak height of the bonds most relevant to the

polymerization of the resins, according to [27]:
DC = ( —j—P) x 100% (Eq.3.1)
R

where Apisthe absorbance of the sample after polymerization (printed structure), and

Agis the absorbance of the unpolymerized resin.
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3.2.5. COMPRESSION OF MICROSCALE STRUCTURES AND
MICROPILLARS

The IP-Q and IP-S microstructures were compressed using an ex situ indenter setup
developed at Empa (Thun, Switzerland) and based on commercial hardware for
actuation, sensing, and electronics (Alemnis AG, Thun, Switzerland). These
experiments were conducted at ambient temperature and humidity, using a flat
punch diamond tip (diameter = 150 pm, 60° cone angle) (Synton MDP, Nidau,
Switzerland). The microstructures were compressed uniaxially using a quasi-static
displacement-controlled loading protocol at a displacement rate of 50 nm/s and up to
10% of engineering strain. The stiffness of the microstructures was extracted from

the best linear fit of the loading segment of the load-displacement curves.

For the IP-PDMS microstructures, compression was conducted using a Piuma
nanoindenter (Optics11 Life B.V., Amsterdam, The Netherlands), which featured a
sphere-shaped tip with a radius of 48 pm (able to cover the tip of the structures ) and a
measured and calibrated stiffness of 3.89 N/m. Compression was repeated nine times
in a grid pattern to ensure complete coverage of the specimen’s tip (d = 50 pm), with a
5 nm displacement for each step. This test was conducted for four printed samples.
According to the manufacturer's instructions [28] the samples were submerged in
demineralized water throughout the test to avoid adhesion of the probe and the
sample. An indentation-controlled procedure was followed for these measurements,
withamaximum indentation depth of 5000 nm, a displacement rate of 500 nm/s,and
a retraction speed of 5000 nm/s. The force-displacement curves were analyzed, and
the data was extracted from the best linear fit of the loading part of the curves.

The IP-Q micropillars were tested by applying the same tip specifications and
ambient conditions as the IP-Q and IP-S microstructures. They were compressed
uniaxially using a quasi-static displacement-controlled loading protocol at a
displacement rate of 50 nm/s and up to 36.5% of engineering strain (&). The
engineering strain was calculated based on the recorded displacement data and the
initial height of each micropillar, determined by high-resolution SEM imaging. The

engineering stress was then calculated by dividing the recorded load data by the top
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surface area of the structures. The yield stress (0,) was determined using the 0.2%
offset criterion. The elastic modulus (E) was extracted from the loading segment of

the stress-strain curves before the yield point using linear regression.

3.2.6. STATISTICAL ANALYSIS

To investigate whether there is a significant difference in the stiffness between the
solid and porous counterparts of the microstructures fabricated by IP-Q, IP-S, and IP-
PDMS, we conducted unpaired t-tests (p < 0.05). We assessed the normality of the
data using the Shapiro-Wilk test (p < 0.05), which is appropriate for the small sample
size in our study. The results of these normality tests for the stiffness values are
presented in Figure S3.1. We applied one-way ANOV A analysis (Table 83.2) and the
Tukey’s multiple comparisons test (Table S3.3) to assess the cross-material
comparison amongst our groups. The data was analyzed using Prism 10 (GraphPad

Software Inc., San Diego, CA, United States).
3.3. RESULTS

3.3.1. MORPHOLOGICAL CHARACTERIZATION OF MICROSCALE
STRUCTURES

A parametric study was performed to determine suitable printing parameters for a
repeatable fabrication of the microscale structures from each resin (Figure 3.2).
Porous structures from IP-PDMS printed with h=s = 0.4 um, v = 150000 pum/s,and LP
= 35 or 50 mW exhibited defects on both their tip and main body. Random resin
protrusions were observed on their tip, and dents on their main trunk revealed their
inner porous structure (Figure 3.2C). IP-PDMS structures printed with LP = 42.5 mW
exhibited improved overall quality with fewer manufacturing imperfections (Figure
3.2C). Examination through FIB milling of the porous structures revealed well-
formed internal pores (Figure 3.2D). The parametric study on the microstructures
made by IP-Q and IP-S did not reveal outer morphological differences in different
printing settings. Although the exact sizes of the pores could not be accurately
quantified from the FIB/SEM images, the parametric study indicated the window of
printing conditions (see also Table 3.1) that can be used for each type of resin to

generate stable and reproducible solid and porous microscale structures.
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Figure 3.2. Tilt-view (52°) SEM images of 2PP printed porous and solid microstructures with
varying laser powers (LP = 20 - 50 mW) made from (A) IP-Q (left), (B) IP-S (middle), and (C) IP-
PDMS (right) resin (scale bar = 100 pm). The dashed lines enclose the highest-quality prints. (D)
The FIB milling of porous microstructures fabricated using the mentioned resins
demonstrates the embedding of pores (scale bar = 10 pm).
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3.3.2. MORPHOLOGICAL CHARACTERIZATION OF MICROPILLARS

Since the process-structure-mechanics relationship for the 2PP printed IP-Q material
was not previously studied, a more detailed parametric study was performed, and the
results were used for understanding the mechanical properties of the printed samples.
Therefore, a first series of IP-Q micropillars were fabricated by varying the laser
power and slicing distance while keeping the hatching distance (h = 1 um) and
scanning speed (U = 100000 pm/s) constant (Figure 3.3). When using alaser power of
LP = 20 mW and a slicing distance of s = 7.5 nm, no micropillars formed on the
substrate (Figure 3.3), indicating that the processing parameters were unsuitable for
initiating photopolymerization. As the slicing distance decreased, micropillars began
to form. Lower slicing distances resulted in micropillars with dimensions closer to the
designed specifications (D = 50 pm, H = 100 num); however, they did not reach the
target dimensions for D (Figure 3.4A). Generally, with LP > 30 mW, micropillars
could be printed even with larger slicing distances, while their dimensions deviated
further from the designed values (Figure 3.4A). The diameter of the pillars deviated
by 22-37% from the designed one (D = 39.2 pum). The largest diameter achieved was at
LP=60mW and for s = 1.2 nm. At the largest diameter settings, the pillar's height was
measured to be approximately 5% larger than the designed one, thus 104.6 pm.

A second batch of IP-Q micropillars was fabricated to study the influence of varying
laser power and hatching distance while keeping the slicing distance (s = 5 pm) and
scanning speed (U = 100000 pum/s) constant (Figure 5). Laser power values of LP = 20
mW did not result in the fabrication of stable micropillars. By increasing the laser
power to 30 mW, the micropillars were formed for low values of the hatching distance
(h = 0.4 and 1.0 pm). Increasing the hatching distance (h = 2.2 - 3.4 nm) decreased the
chance of polymerization so that the fabricated micropillars were not stable enough
to stand vertically on the substrate, which led to bending (Figure 3.5). When LP > 40
mW, micropillars formed for all chosen hatching distances (Figure 3.5). Similarly to
the investigation on the slicing distance, smaller hatching distances resulted in
dimensions closer to the designed ones. The diameter of the pillars deviated by 18 -
99% from the designed one. The largest diameter achieved was at LP = 60 mW and h =

0.4 um (D = 41.1 pm), and at those settings, the height of the micropillar was H=109

76



3. MICROMECHANICS OF 3D PRINTED MICROSTRUCTURES

pm, 9% larger than designed. Generally, the higher the laser power and the smaller the
slicing and hatching distance values, the closer the dimensions were to the designed
values (Figure 3.4B). However, for s = 5 um and h = 2.8 pm, both the pillar diameter
and height increased until LP = 50 mW, but for LP = 60 mW, there is a drop in the
resulting D and H values (purple arrows on Figure 3.4B).

s=12pm s=25um 5§=3.7um 5.0 um §=6.2 um s=7.5um
= = : g = g

20 mwW

LP=

30 mw

LP=

Figure 3.3. Top and tilt-view (52°) SEM images of 2PP-printed IP-Q micropillars fabricated
with varying slicing distance (s = 1.2 - 7.5 pm) and laser power (LP = 40 - 120%) for constant
hatching distance (h = 1 pm)and scanning speed (U = 100 mm/s) (scale bar = 20 pm). The dashed
lines enclose the highest-quality prints.
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Figure 3.4. (A) Effects of laser power (LP) and slicing distance (s) on the diameter (D) and
height (H) of micropillars fabricated using IP-Q; (B) Effects of LP and hatching distance (h) on
D and H of the micropillars fabricated using IP-Q.
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Figure 3.5. Top and tilt-view (52°) SEM images of 2PP-printed IP-Q micropillars fabricated
with varying hatching distance (h = 0.4 - 3.4 um) and laser power (LP = 40 - 120%) for constant
slicing distance (s = 5 pm) and scanning speed (U = 100 mmy/s) (scale bar = 20 pm). The dashed
lines enclose the highest-quality prints.

3.3.3. CHEMICAL CHARACTERIZATION OF IP-Q, IP-S, AND IP-PDMS

A survey scan was performed to identify elements different from C, O, and N for all
the resins (Figure 3.6A). The IP-S and IP-Q samples are similar, and their XPS survey
graphs overlap. The IP-PDMS survey scan clearly shows the presence of Si and
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confirms the presence of the monomer Si(CH3),O. The spectrum shows a peak
centered around 284.47 eV for IP-S (Figure 3.6B). For IP-Q, the spectrum is centered
around 284.10 eV (Figure 3.6C), corresponding to the C1s bond. For IP-PDMS, the
Cls bond is found at 284.05 eV (Figure 3.6D). A peak deconvolution for each of the
resins confirms the presence of C—C(C1s A), C—O(C1s B), 0—C=0(C1sC),and C=0(C1s
D) groups. The corresponding binding energies can be found in Table 3.3. Due to
polymerization, the resins' FTIR spectra indicated the depleted bonds' positions. For
IP-S, the depletion of the characteristic bands associated with the C=C group was
found at 814, 941,1406,and 1637 cm™ (Table S3.4, $3.5). The corresponding values
for C=0and C-Owereat 1699 cm™ and 1150/1240 cm™. According to Eq. 3.1, the DC
based on the decrease of the peak height at 1637 cm™ was approximately 58% (Table
$3.6). The depletion of the C=C groups at 1525, 1597, and 1639 cm™ and the C=0
group at 1700 cm™ corroborate the polymerization of the IP-Q resin with an
approximate DC = 37% based on the peak height change at 1639 cm™ (Table S3.4,
$3.5, $3.6). The polymerization of IP-PDMS can be confirmed by the decrease of the
intensity of different functional groups at 790,1257,and 1729 cm™, related to the Si—
CH; group, at 1009 and 1062 cm™, related to the C=0 group, at 1187 cm™ because of
the C—O group, and at 1405 cm™* related to the C= C group, that yield an approximate
DC= 63% at that wavenumber (Table S4, S5, S6).
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Figure 3.6. (A) XPS survey spectra for IP-S, IP-Q, and IP-PDMS Nanoscribe resins. High
energy resolution XPS spectrum of C1s region on (B) IP-S, (C) IP-Q, and (D) IP-PDMS samples.
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cured version (dashed line).
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Table 3.3. The binding energy and atomic percentage of the C1s, O1s, Si2p, and N1s regions
for the IP-S, IP-Q, and IP-PDMS Nanoscribe resins.

IP-S IP-Q IP-PDMS

Binding Atomic Binding Atomic Binding Atomic
Bond type energy percentage energy percentage energy percentage

(eV) (%) (eV) (%) (eV) (%)
C1ls 284.47 71.93 284.10 75.26 284.05 57.42
ClsA(C-0Q) 284.07 39.18 283.69 34.89 283.48 25.10
Cils B(C-0) 285.06 9.39 284.51 18.18 284.07 16.38
ClsC(0-C=0) 286.02 13.48 285.78 11.15 285.69 2.77
ClsD(C=0) 288.46 9.66 288.22 8.06 288.13 1.55
O1s 532.15 21.25 531.87 19.29 531.56 22.89
Ols A 531.20 10.26 531.04 11.00 530.99 17.54
Ols B 532.77 11.40 532.58 8.24 532.29 2.20
Si2p 101.43 1.43 101.22 4.45 101.42 19.33
Si2p3 A 101.24 1.01 100.96 2.01 100.72 17.09
Si2pl A 101.97 0 101.69 2.01 101.42 17.10
N1s 399.34 5.40 394.56 1.00 399.23 0.37
Nis A 399.20 5.62 398.94 4.47 398.66 0.28

3.3.4. MECHANICAL CHARACTERIZATION OF MICROSCALE STRUCTURES
AND MICROPILLARS

The stiffness values of the solid and porous structures, made from IP-Q and IP-S
resins, were within the same range: 32.97 + 0.16 kN/m and 33.77  0.28 kN/m for the
solid versions and 27.91 + 0.06 kN/m and 26.98 = 0.19 kN/m for the porous versions,
respectively (Figure 3.7A). The porous structures exhibited approximately 85% (IP-
Q) and 80% (IP-S) of the stiffness of their solid counterparts. The solid IP-PDMS
structures had a stiffnessof 11.8 : 0.1 N/m, and the porous ones had a stiffness of 5.80
+ 0.4 N/m. Thus, they had a stiffness of about 50% smaller than their solid
counterparts (Figure 3.7B). The difference in the stiffness of solid and porous
structures made for each resin type was statistically significant (Table 83.1). The

elastic modulus E was calculated for the solid structures based on Eq. 3.2:
E=kxL/A (Eq. 3.2)

where k is the measured stiffness of the solid structure, L is the length of the
cylindrical tip of the microstructure, and A is the surface area of the cylindrical tip
(Table 83.2). The calculated elastic moduli were 2.04 GPa for IP-Q, 2.03 GPa for IP-S,
and 870 MPa for IP-PDMS.
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The mechanical properties of the IP-Q micropillars, E and 0y, displayed a distinct
dependence on the 2PP printing parameters. For LP = 20 and 30 mW, the micropillars
were either not printed or lacked stability, preventing mechanical characterization
(Figures 3.3 and 3.5). In general, E and o), increased with larger LP values but
decreased with increasing h and s values. The range of Young’s moduli achieved was E
=1.31 - 3.7 GPa, while the yield strength ranged o), = 24.77 - 81.75 MPa. The highest
mechanical properties were achieved for LP = 50 mW, h=1 pm, and s = 1.2 pm and
were E = 3.7 GPaand o), = 75.21 MPa (Figure 7C, 7D). Interestingly, the highest E and
0, values were not associated with the largest achieved dimensions, D and H. For LP =
60 mW, E decreased to 3.2 GPa, but the yield strength value (g,, = 75.05 MPa)
remained similar to the value obtained at LP = 50 mW (Figure 3.7C, D). For LP = 50
mW, h=1 pm,and s =7.5 pm, the resulting micropillars exhibited E = 2.4 GPaand o,,
= 57.3 MPa. Increasing the LPto 60 mW (keeping h =1 pm and s = 7.5 pm) resulted in
a slight reduction to E =2.36 GPa, which is almost comparable to the previous value
(Figure 7C). The yield strength, however, decreased by nearly 20%, dropping to g, =
47.5 MPa (Figure 3.7D). This indicates that while the E remains relatively unaffected
by the increase in LP, the g,, is adversely impacted, highlighting a trade-off between
these mechanical properties at higher LP settings. For varying h distances, the
mechanical properties of the micropillars followed the general rule of increasing

values with increasing LP values (Figure 3.7E, F).
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Figure 3.7. The box plots for the stiffness values of solid and porous microstructures printed
with (A) IP-Q and IP-S and (B) IP-PDMS. Relationships between laser power (LP), slicing
distance (s), hatching distance (h), and the resultant mechanical properties, E modulus, and
yield stress 0y of micropillars fabricated using IP-Q. (C) E (* highest value achieved) and (D) o,
forh=1pm,s=1.2-7.5 pmand LP=30 - 60 mW. (E) E modulus and (F) oy for s =5 pm, h = 0.4
-3.4pmandLP=30-60 mW.
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3.4. DISCUSSION

We aimed to understand the effects of the different parameters of the 2PP printing
process on the shape fidelity and mechanical properties of microscale solid and
porous structures fabricated from various resins. Therefore, we printed solid and
porous microscale structures using the commercial materials IP-Q, IP-S, and IP-PDMS
and characterized them morphologically, chemically, and mechanically. This
comprehensive study, the most detailed yet available in the literature, enables a better
understanding of the process-structure (morphology and chemistry)-mechanics
relationships relevant to 2PP technology, especially considering that IP-Q has not

been extensively investigated.

3.4.1. STIFFNESS RETENTION IN POROUS MICROSCALE STRUCTURES

The stiffness and calculated elastic moduli of the solid and porous structures in this
study were evaluated and compared with available literature data. The solid structures
made from IP-Q and IP-S resins exhibited calculated elastic moduli of 2.04 GPa and
2.03 GPa, respectively. These values are lower than the reported elastic moduli for
these resins (3.17 GPa [11] for IP-Q and 4.6 GPa [15] for IP-S). For IP-PDMS, the
calculated elastic modulus of 870 MPa is significantly higher than the 17.8 MPa value
reported in the literature [16]. These discrepancies can be attributed to differences in
the printing parameters, the scale of the tested structures, and the mechanical testing
method applied.

In terms of stiffness, the solid IP-Q and IP-S structures demonstrated comparable
values, consistent with their similar elastic moduli, and the porous structures retained
80-85% of the stiffness of the solid ones. For IP-PDMS, the porous structures retained
only half the stiffness of the solid counterparts, highlighting the material’s
inherently compliant character. The results show that the mechanical properties of
2PP-fabricated solid microstructures differ from bulk material properties reportedin
the literature, emphasizing the critical influence of microfabrication parameters,
sample design, and testing methods on the evaluation of mechanical performance.

This is in accordance with the literature on woodpile structures that have exhibited
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mechanical response similar to foams and lattices and thus have proven to be able to
modulate the elastic performance by tuning the density of the structure [29].

The SEM/FIB images of the cross-section morphology of the porous microstructures
made of the three materials revealed well-defined pores in all the samples (Figure 3.
2). However, accurately evaluating the pore size of the microstructures was
challenging. The SEM/FIB imaging proved unreliable for measuring the pore size, as
the ablation process can often introduce artifacts and deformations in the cross-
section [30]. X-ray 1-CT was also explored but deemed unsuitable because the printing
resolution of the structures approached the imaging resolution of the available
devices.

Therefore, to estimate the porosity range of the printed microstructures, we applied
the Gibson-Ashby model [31], using the stiffness values obtained from the
micromechanical tests. According to this model, a power-law relationship exists

between the relative density of a porous structure and its mechanical properties:
* * n
k*/ksoiia = C X (p*/Ppsotia) (Eq. 3.3)

where k™ and kg,;;4 represent the stiffness of the porous and solid structures,
respectively, p* and pg,;;4 are their corresponding densities, C is the Gibson-Ashby

constant and n is a material-specific exponent.

For this analysis, we assumed C = 1,andn = 1 and 2. Using these assumptions, we
calculated the range of the relative density (0" / pso1iq) and porosity (¢) for the three
investigated microstructures (Table 3.4). Based on these calculations, the porosity
values of the samples were estimated to be between 8.5 % (n = 1) to 15.5% (n = 2) for IP-
Q, between 15.5 (n = 1) to 20% (n = 2) for IP-S and between 31.5% (n=1)and 51% (n = 2)
for IP-PDMS.

The Gibson-Ashby model results highlight significant deviations from the designed
porosity of 26% for all structures (Table 83.5). For IP-Q and IP-S, the estimated
porosity values are lower than the design, which can be attributed to partial pore
closure and reduced pore connectivity during the 2PP fabrication process. Several
factors may explain these discrepancies. First, the degree of conversion in 2PP resins

is typically incomplete, as also observed in this study, leading to local variations in
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crosslink density and densification of the polymer network, which effectively reduces
the available pore volume. Second, voxel size, overlap, and local laser intensity
influence the exposure dose [32-34], while increased overlap can counterbalance
insufficient conversion, excessive exposure may cause material accumulation that
narrows or even closes the designed pores. Third, post-processing steps introduce
additional variation, as capillary forces during solvent evaporation and the release of
internal stresses can promote shrinkage or deformation of thin features [35]. In
contrast, the higher porosity values estimated for IP-PDMS suggest that its printed
pore size and connectivity were closer to the design, as also supported by SEM/FIB
imaging. When comparing the three resins, it becomes evident that printing the same
porous design requires very different compromises in processing. This comparison
highlights how delicate and resin-specific the optimization of printing parameters
must be in order to balance polymerization Kkinetics, voxel geometry, and
development effects to achieve reliable porosity across different materials.

To validate theoretical models like Gibson-Ashby, future studies could incorporate
finite element analysis (FEA) simulations to model the deformation and mechanical
properties of the porous structures more effectively. Submicron X-ray imaging,
potentially combined with in situ mechanical testing and digital image correlation
techniques, could provide accurate, high-resolution validation of both porous
structures and FEA models. Moreover, this study did not investigate orientation-
dependent effects, as all structures were printed vertically. Since build angle can
influence voxel arrangement, polymerization efficiency, and material anisotropy, it
is expected to affect both geometry and mechanical properties. Printing orientation
therefore represents an unexplored parameter that should be systematically studied
in future work, particularly for porous architectures and large aspect ratio structures.
A key novelty of this study lies in the direct comparison of stiffness retention across
three different materials (i.e., IP-Q, IP-S, and IP-PDMS) fabricated into similar porous
designs. By employing the same geometric design and fabrication process, this
approach reveals how each resin responds to the introduction of porosity. Such a
comparative analysis is not reported in the literature and provides unique insights

into material-specific behaviors, such as stiffness retention and porosity influence,
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under identical experimental conditions. Recent work has demonstrated that 2PP-
fabricated microstructured arrays can guide neuronal outgrowth by tailoring
mechanical stiffness and topographical cues [36]. These findings further support the
potential of finely tuned 2PP architectures across scales and materials in the tissue

engineering field.

3.4.2. THE INFLUENCE OF THE PRINTING PARAMETERS ON THE
MORPHOLOGY AND MECHANICAL PROPERTIES OF THE IP-Q MICROPILLARS
Our investigation into the impact of the 2PP printing parameters on micropillar
fabrication revealed the effects of various printing parameters (e.g., LP, h, s) on their
morphology and their mechanical properties. Higher LP generally resulted in alarger
diameter and larger micropillar height, confirming that greater energy input leads to
sufficient polymerization and more robust structures [13-16]. The printing
parameters h and s exhibited an inverse relationship with the apparent geometry.
Increased h and s reduced both the diameter and the height of the pillars. This can be
explained by the fact that reduced exposure of the material to the laser results in less
crosslinking and sparse structures. Increasing the laser power generally had a positive
effect in reducing the impact of the slicing and hatching distances on the diameter,
height, and mechanical properties of the fabricated micropillars [15]. The desired
micropillar geometry, however, was not achieved with any of the tested parameter
combinations, highlighting the need for design adjustments. On average, the lateral
dimension (diameter) should be increased by approximately 30%, while the axial
dimension (height) should be reduced by about 10% to achieve the target geometry
under most tested conditions. The decrease in both diameter and height for h=2.8 pm
and s = 5 pm despite thelarge LP = 60 mW shows that there is a boundary to the extent
the laser power can positively contribute to a better geometry. That is because
excessive laser power can cause a saturation in the polymerization of the material and
induce burning. The morphological trends were to alarge extend similar to the results
of the mechanical properties of the micropillars. In most cases, both the elastic
modulus and the yield strength of the micropillars increased with an increasing laser
power and for small h and s values. The best mechanical properties (E = 3.7 GPa, Oy =

75.21 MPa) were, however, not achieved for LP = 60 mW but for LP = 50 mW and the
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smallest slicing distance (s = 1.2 pm). The calculation of the degree of conversion (DC
= 37%) for those conditions confirmed an efficient exposure of the material to the
laser power. Unlike prior work [9], where the E values of the 2PP-printed IP-Q samples
were assessed by using indentation testing, we employed uniaxial micropillar
compression to evaluate the mechanical properties. The E values measured in the
current study are notably larger and this can be attributed to the hatching and slicing
parameters that are much smaller than the values explored before and can lead to
higher structural density. Another aspect that can explain the differences in the
measured values could be the presence of surface imperfections and heterogeneities
that can affect the indentation results, in contrast to the micropillar compression
approach, which can provide an evaluation of the bulk mechanical properties.
Moreover, the DC value obtained for IP-Q in this study is also smaller than the already
reported one. The reported values were between 55 and 80%. However, the spectra
were obtained with Raman spectroscopy, and the DC calculation was performed by
inspecting the changes in the area below the relevant peak, while we obtained the data
with FTIR spectroscopy and calculated the value by looking at differences in the peak
height.

34.3. INFLUENCE OF PHYSICAL EXPOSURE PARAMETERS ON
POLYMERIZATION, MECHANICS AND SUITABILITY FOR BIOMEDICAL
APPLICATIONS

To better interpret the structure-property relationships, we further calculated the
physical exposure parameters associated with the 2PP process following frameworks
proposed in recent literature on nonlinear photopolymerization systems [41,42].
These include intensity (I), fluence per pulse (F,), exposure dose (D), number of pulses
per voxel, voxel overlap (6), focal spot geometry (lateral diameter, d,, Rayleigh length,
(zr) derived from the system’s optical configuration parameters (A, NA, f, 7), and the
chosen printing parameters (LP, v, h, s) (Table $3.10-12).

For the fabricated microstructures, the voxel lateral diameter and Rayleigh length
spanned ~3.17 pm and 10.13 pm for IP-Q, ~1.19 um and 1.42 um for IP-S and IP-
PDMS, with voxel overlaps () being 0.92, 0.72, and 0.48, respectively. These values

show that tighter focusing and a voxel overlap of approximately 50% were sufficient
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to achieve stable structures with IP-PDMS. For IP-S that exhibits the same focal
geometry as IP-PDMS but with larger voxel overlap, and for IP-Q that shows the
largest focal geometry and the largest overlap, we also observe the most significant
retention in the mechanical properties compared to IP-PDMS.

We also evaluated the physical exposure parameters for the micropillars fabricated
with IP-Q under varying hatching and slicing distances. In both cases (constant hor s),
increasing laser power resulted in systematically higher fluence and dose.
Interestingly, when slicing was fixed and hatching varied, the voxel overlap even
reached negative values (indicating no voxel overlap), and aligned well with the less
dense structures observed (Figure 3.5).

The relationship between mechanical performance and the peak intensity calculated
for the printing of microstructures across all three IP resins revealed a consistent
sublinear scaling of both Young’s modulus (E) and yield strength (g,) across all tested
micropillars made from IP-Q (Figure S3.2). The power-law fitting yielded exponents
(B) ranging from 0.08 to 1.41, significantly below the quadratic behavior expected for
ideal two-photon absorption. These results corroborate previous observations that
reported saturation-like deviations from ideal quadratic two-photon behavior in
different photopolymer systems [41,43].

The calculated exposure intensities in this study, 6.33x10'°-1.12x 10> W/cm?, appear
to be in the range but slightly lower than those reported in the literature for initiator-
free systems (0.58 - 1.55 x 10'> W/cm?) [44]. Moreover, the influence of reflective
silicon substrates was not considered in the selection of printing parameters.
However, periodic interference and standing wave effects may locally affect the
exposure, the crosslinking, and explain the ridge-like structures on all 2PP printed
structures (Figure 3.2, 3.3, 3.5) [41].

In addition to optical exposure parameters, thermal effects during printing and post-
curing have also been shown to influence geometry and mechanical performance of
2PP structures. Specifically, thermal control during printing can improve the
resolution of lattice structures [45], while thermal post-curing has been reported to
increase the degree of conversion and enhance the mechanical properties of 2PP

printed structures [46]. In the present study, thermal effects could not be investigated
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with our in-house system, and we focused exclusively on as-printed samples. Future
work should therefore explore thermal management strategies, both during
fabrication and in post-processing, to further harness the process-structure-property
regime of IPresins.

Another crucial aspect of these resins is their suitability for biomedical application.
The IP resins investigated here (IP-Q, IP-S, and IP-PDMS) are crosslinked thermosets,
which are inherently resistant to hydrolysis and therefore not expected to degrade
under physiological humidity and temperature (-37 °C). According to the
manufacturer thermal softening occurs only above ~55 °C, outside the range relevant
for implantation. These considerations were among the reasons for selecting these
resins; however, systematic studies of long-term degradation and stability in
biologically relevant environments remain necessary. Previous reports, however,
have demonstrated favorable cytocompatibility for IP resins used in 2PP [14,47-50],
supporting their potential for biomedical applications. Nevertheless, future studies
should perform in-depth evaluations of the biological response on the specific porous
and solid architectures presented in this study to confirm their suitability for

biomedical translation.
3.5. CONCLUSION

This study demonstrates how 2PP printing parameters govern the morphology and
mechanical properties of microscale solid and porous structures fabricated from IP-
Q, IP-S, and IP-PDMS resins. For all resins, a set of printing conditions was identified
that enabled reproducible structures with morphological integrity. The differences in
the optimum printing conditions were attributed to variations in the polymerization
behavior of the resins. IP-Q and IP-S required smaller hatching and slicing distances,
along with lower laser power, to achieve reliable printing of the structures. In contrast,
IP-PDMS needed higher laser power and larger hatching distance for effective
polymerization and structural integrity.

Mechanical characterization further revealed material-dependent differences. The
porous microstructures made from IP-Q and IP-S resins retained 85% of the stiffness

of their solid versions, while the IP-PDMS porous microstructures retained only 50%
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of the stiffness of their solid counterparts, likely due to the higher actual porosity of
the 3D printed IP-PDMS microstructures.

For IP-Q micropillars, reducing slicing and hatching distances improved dimensional
fidelity, while increasing laser power up to 50 mW enhanced mechanical properties.
However, excessive exposure introduced geometrical aberrations and reduced yield
strength, underscoring the trade-off between accuracy and mechanical performance.
Overall, this work establishes a systematic framework for understanding how 2PP
processing parameters affect the manufacturability, geometry, and micromechanical
behavior of commercial resins. These insights provide afoundation for future studies,
where device-specific mechanical performance requirements, such as those of

cochlear implants, can be directly addressed.
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3. MICROMECHANICS OF 3D PRINTED MICROSTRUCTURES

3.6. SUPPORTING INFORMATION

3.6.1. STATISTICAL EXPLORATION AND ANALYSIS

Shapiro-Wilk normality tests were performed on the data for the solid and porous
versions of the microstructures made by IP-Q, IP-S, and IP-PDMS as part of the
statistical analysis. The normality test results are presented in QQ-normality plots
and the resulting p-values in Figure $3.1. The results of the t-tests are presented in
Table S3.1.

A Hodges-Lehmann estimator for the stiffness values of the porous and solid IP-
PDMS microstructures was calculated as follows:

HL(p,b) = ) median (p; — b)) (Eq. S3.1)

<isn,1sjsm
where p and b are the stiffness of the porous and solid IP-PDMS microstructures,
respectively, and n = m = 3. The Hodges-Lehmann estimator is 4.69, which is

substantial given that it represents between 43% and 88% of the stiffness values.

3.6.2. CALCULATION OF THE THEORETICAL (DESIGNED) POROSITY AND
RELATIVEDENSITY OF THE MICROSTRUCTURES

The porosity, ¢, of the porous microstructures was calculated as follows:

<p=(1—5—‘;

where Vi is the volume of the solid structure (um?), Vp is the volume of the porous

) x 100% (Eq. $3.2)

structure (Lm®), and ¢ is the resulting porosity of the structure (%). The digital designs
were used to calculate the theoretical porosity. Consequently, the relative density, p;-
= P*/Psotig, thus the density of a porous material (0*) to the density of the same material

when it is fully dense (psiig), was derived as follows:
Ve
Vr

pr =P/ Psotia = (Eq. $3.3)

The geometry and sizes of the printed microstructures is presented in Table $3.2 and
the calculation of the theoretical porosity and the relative density of the

microstructures in Table S3.3.
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3.6.3. GEOMETRY (DIAMETER, HEIGHT) OF THE 2PP-PRINTED
MICROPILLARS AND CALCULATION OF THE DEVIATION WITH RESPECT TO
THE DESIGNED GEOMETRY

3.6.4. CHEMICAL COMPOSITION OF IP-Q, IP-S, IP-PDMS

The chemical composition analyses results are presented in Table $3.7-9.

3.6.5. EXPOSURE CONDITIONS AND CALCULATED PHYSICAL
PARAMETERS
The exposure conditions and calculated physical parameters are presented in Table

$3.10-12.

LIST OF SUPPORTING TABLES

Table S3.1. T-test results for the stiffness (N/m) of solid and porous IP-Q, IP-S, and IP-PDMS
structures. The notation for p < 0.05 is one asterisk (*), for p < 0.01, two asterisks (**), for p <
0.001, three asterisks (***), and for p<0.0001, four asterisks (****).

IP-Q porous vs. IP-S porous vs. IP-PDMS porous
solid solid vs. solid

Test type Unpaired t-test Unpaired t-test Mann-Whitney test
<0.0001 <0.0001

p-value 0.1000
(0.00004735) (0.00001445)

p-value summary Fkkk wkkk ns

Significantly

different? ves ves 1o

Table $3.2. Summary of one-way ANOVA results for the stiffness (N/m) of solid and porous
IP-Q, IP-S, and IP-PDMS structures.

ANOVA summary

F 46309
P value <0,0001
P value summary kk
Significant diff. among means (P < 0.05)? Yes

R squared 0,9999
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Table S$3.3. Tukey’s multiple comparisons test for the stiffness (N/m) of solid and porous
structures fabricated from IP-Q, IP-S, and IP-PDMS. Significant pairwise differences are
indicated with adjusted p values.

Tukey's multiple comparisons test Mean diff Below threshold? Summary Adjusted P value

IP-Q solid vs. IP-Q porous 0,07229 Yes wkk 0,0008
IP-Q solid vs. IP-S solid -0,01053 No ns 0,9495
IP-Q solid vs. IP-S porous 0,08704 Yes wkk 0,0001
IP-Q solid vs. IP-PDMS solid 3,511 Yes Hkkk <0,0001
IP-Q solid vs. IP-PDMS porous 3,778 Yes wkkk <0,0001
IP-Q porous vs. IP-S solid -0,08281 Yes whK 0,0002
IP-Q porous vs. IP-S porous 0,01475 No ns 0,8271
IP-Q porous vs. IP-PDMS solid 3,439 Yes okl <0,0001
IP-Q porous vs. IP-PDMS porous 3,706 Yes FHkk <0,0001
IP-Ssolid vs. IP-S porous 0,09756 Yes ki <0,0001
IP-S solid vs. IP-PDMS solid 3,521 Yes Fkkk <0,0001
IP-S solid vs. IP-PDMS porous 3,789 Yes okl <0,0001
IP-S porous vs. IP-PDMS solid 3,424 Yes Fkkk <0,0001
IP-S porous vs. IP-PDMS porous 3,691 Yes Hkk <0,0001
IP-PDMS solid vs. IP-PDMS porous 0,2675 Yes kol <0,0001

Table $3.4. Dimensions of the solid and porous microscale structures fabricated from IP-Q,
IP-S, and IP-PDMS, as investigated by SEM. The designed dimension is included in the bracket
next to the measured value.

IP-Q IP-Q IP-S IP-S IP- IP-
(solid) (porous) (solid) (porous) PDMS PDMS
(solid) (porous)

Tipdiameter(um)  49.9(50) 48.3(50) 50.4(50)  49.0(50)  47.9(50) 48.6(50)

Cuboid side (Lm) 85.8(86)  84.1(86) 90.9(86) 84.4(86) 77.4(86) 76.4(86)
120.5 125.0 120.5 125.1 122.6 87.8
Cylinder length (um)
(171.5) (171.5)  (171.5) (171.5) (171.5)  (171.5)
175.3 176.6 178.7 179.3 154.8 145.0
Cuboid length (um)
(171.5) (171.5) (171.5) (171.5) (171.5) (171.5)
295.8 301.6 298.7 304.4 2774 232.8
Totallength (Lm)
(343) (343) (343) (343) (343) (343)
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Table S$3.5. Theoretical porosity () and relative density (p:) of the samples.

Solid (theoretical)

Porous (theoretical)

Volume of the solid structure, Vr(um?®)

Volume of the porous structure, Ve (Lm®)
Porosity, ¢ (%)
Relative density, p:(-)

1510000

0
0
1

1110000
26
0.74

Table S$3.6. Calculations of the geometrical deviations in diameter and height of the
micropillars with respect to the designed geometry (D = 50 um, H=100 pm).

s LP LP LP LP LP
(pm) (mW) (mW) (mW) (mW) (mW)
20 30 40 50 60
g 12 222  56% 314  37% 3670 27% 3800 24% 3920 22%
5 2.4 14.1 72%  28.5 43% 34.2 32% 36 28% 38.3 23%
'g B 37 727 8% 246  51% 305 39% 346  31% 369  26%
I'E:g" = 5 2.04 96% 23.2 54% 294 41% 33 34% 35.3 29%
g 62 265 95% 197  61% 291  42% 319  36% 344  31%
= 7.5 N.A. NA. 157 69% 26.6 47% 31.4 37% 36.2 28%
= 12 741  26% 906 9% 1023 2% 1031 -3% 1046 -5%
:é‘n 2.4 55 45% 78.7 21% 91.7 8% 100.1 0% 103.6 -4%
EE 37 188 8% 721  28% 85 15% 973 3% 1001 0%
'%‘ = 5 24.2 76% 70.4 30% 86.2 14% 82.9 17% 79.8 20%
5 62 96 90% 669  33% 829 17% 953 5% 998 0%
g 7.5 9 91% 61 39% 79.8 20% 91.8 8% 92.1 8%
h LP LP LP LP LP
(um) (mW) (mW) (mW) (mW) (mW)
20 30 40 50 60
Eé 0.4 18.3 63% 34.1 32% 37.7 25% 40.9 18% 411 18%
& 1.0 05 99% 245  51% 325  35% 365  27% 385  23%
'-§ —_ 1.6 N.A. NA. 168 66% 28.6 43% 34.1 32% 36.8 26%
é’% i 22 NA NA NA NA 25 50% 31 38% 332  34%
§ 2.8 N.A. N.A. NA. NA. 214 57% 29.6 41% 264 47%
§ 34 NA NA NA NA 163  67% 264 47% 317  37%
% 0.4 60.1 40% 87.6 12% 100.9 -1% 105 -5% 109 -9%
£ 1.0 169  83% 734  27% 86 14% 992 1% 1001 0%
ée ’g 1.6 N.A. NA. 622 38% 80.8 19% 90.16 10% 97.6 2%
Z 2 22 NA NA. NA NA 759 24% 864 14% 952 5%
& 28 NA NA NA NA 495 51% 832 17% 725  28%
g 3.4 N.A. N.A. NA. NA. 77 23% 78.4 22% 85.7 14%

100



3. MICROMECHANICS OF 3D PRINTED MICROSTRUCTURES

Table $3.7. Composition/information on IP-Q, IP-S, and IP-PDMS components, as provided
in the manufacturer's material safety data sheet.

Resin CAS No. Chemical name Amount
1P-Q 72869-86-4 Diurethane dimethacrylate, mixture of isomers >95%
128-37-0 Butylated hydroxytoluene <1%
NaN Carbamate-, methacrylate, mixture >95%
IP-S NaN Butyrolactone <5%
NaN Photoinitiator based on aromatic ketones <1%
158061-40-6  [15-20% (acryloxypropyl)methylsiloxane] >90%
IP- dimethylsiloxane copolymer
PDMS 1116-76-3 Tri-n-octylamine >5%
128754-61-0  (3-acryloxy-2-hydroxypropoxypropyl) <5%

terminated polydimethylsiloxane

Table S3.8. Expected FTIR peaks before and after polymerization for the individual
components of IP-Q, IP-S, and IP-PDMS, based on the components provided in the

manufacturer’s material safety data sheet.

Resin Chemical name FTIR peaks before = FTIR peaks after
polymerization polymerization
(cm?) (cm?)
Diurethane C=C: 1635-1640 C=0:1720-1740
dimethacrylate, mixtureof  C=0:1720-1740 N-H: 3300-3500
IP-Q isomers N-H:3300-3500 C-0:1000-1300
C-0:1000-1300
Butylated hydroxytoluene O-H: 3200-3600 0O-H: 3200-3600
Carbamate-, methacrylate, = C=C: 1635-1640 C=0:1720-1740
mixture C=0:1720-1740 N-H:3300-3500
N-H:3300-3500 C-0:1000-1300
IP-S C-0:1000-1300
Butyrolactone C=0:1750 C=0:1750
Photoinitiator based on C-H:3000-3100 C-H:3000-3100
aromatic ketones
[15-20% Si-C=C: 1400-1450 C=0:1720-1740
(acryloxypropyl)methylsilo  C=0:1720-1740 §i-O-8i:1000-1100
xane] dimethylsiloxane Si-O-Si: 1000-1100
copolymer
Ip- Tri-n-octylamine N-H:3300-3500 N-H:3300-3500
PDMS

(3-acryloxy-2-
hydroxypropoxypropyl)
terminated
polydimethylsiloxane

C=C:1635-1640
C=0:1720-1740
0-H:3200-3600

C=C:1635-1640
C=0:1720-1740
0-H:3200-3600

Table $3.9. Relevant peak heights used to calculate the degree of conversion (DC) for IP-Q, IP-
S,and IP-PDMS.
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Resin Wavenumber (cm?) Ar (a.u.) Ap (a.u.) DC (%)
IP-Q 1637 0.022 0.012 45.5
IP-S 1637 0.194 0.082 57.8
IP-PDMS 1407 0.112 0.041 63.2
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Table 83.10. Calculated laser exposure parameters for microstructures fabricated from IP-Q,

IP-S, and IP-PDMS.
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Table $3.11. Calculated laser exposure parameters for micropillars (constant slicing

distance, s) fabricated from IP-Q.
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3. MICROMECHANICS OF 3D PRINTED MICROSTRUCTURES

Table $3.12. Calculated laser exposure parameters for micropillars (constant hatching

distance, h) fabricated from IP-Q.
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Figure $3.1. QQ normality plots for the stiffness (N/m) of solid and porous (A) IP-Q, (B) IP-S,
and (C) IP-PDMS structures. (D) Shapiro-Wilk Test Results.
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Figure $3.2. Mechanical properties (Yield strength ¢, and Young’s modulus E ) as a function
of peak laser intensity for the IP-Q micropillars. Each dataset is fitted with a power law: E, g,,

o B, where 8 appears mostly less than 1, indicating a sublinear dependence of polymerization
efficiency on intensity for most of the cases.

107



108



PART II - Chapter 04

Macromechanics
& Computational Analysis

FEA




PARTII- CHAPTER 4

4. MECHANICS OF POROUS COCHLEAR
IMPLANTS

Abstract

The currently available treatments for inner ear disorders often involve systemic drug
administration, leading to suboptimal drug concentrations and side effects. Cochlear
implants offer a potential solution by providing localized and sustained drug delivery to the
cochlea. While the mechanical characterization of both the implants and their constituent
material is crucial to ensure functional performance and structural integrity during
implantation, this aspect has been mostly overlooked. This study proposes a novel
methodology for the mechanical characterization of our recently developed cochlear implant
design, namely rectangular (R) and cylindrical (C), fabricated using two-photon
polymerization (2PP) with a novel photosensitive resin (IP-Q). We, therefore, used in silico
computational models and ex silico experiments to study the mechanics of our newly designed
implants when subjected to torsion as a result of the foreseeable implantation procedure.
Torsion testing on the actual-sized implants was not feasible due to their small size (0.6 x 0.6 x
2.4mm?). Therefore, scaled-up R-type cochlear implants (5 = 5 x20 mm?>,10x 10 x40 mm?, and
20 = 20 80 mm?>) were fabricated using stereolithography (SLA) and were subjected to torsion
testing. Finite element analysis (FEA) was employed to simulate torsion testing on those
scaled-up implants, and the FEA models accurately represented the linear behavior observed
in the torsion tests. We then used the validated FEA models to study the mechanical behavior
of real-sized implants fabricated from the IP-Q resin. Mechanical characterization of both
implant designs, with different inner porous structures and a hollow version, revealed that the
C-type implants exhibited approximately three times higher stiffness and mechanical
strength as compared to the R-type implants. The influence of the pore sizes on the mechanical
behavior of these implant designs was found to be small. Based on these findings, the C design,

regardless of the pore size, is recommended for further research and development efforts.

Isaakidou A., Ganjian M., van Hoften R., Saldivar M.C., Leeflang M.A., Groetsch A., Watroba M., Schwiedrzik J.,
Mirzaali M.J., Apachitei L, Fratila-Apachitei L.E. and Zadpoor A.A. Multi-scale in silico and ex silico mechanics of 3D
printed cochlear implants for local drug delivery. Frontiers in Bioengineering Biotechnology. 2024. 11:1289299.
https://doi.org/10.3389/fbioe.2023.1289299
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4. MECHANICS OF POROUS COCHLEAR IMPLANTS

4.1. INTRODUCTION

The effective delivery of drugs to the inner ear, encompassing the vestibule and
cochlea, is impeded by the presence of the blood-labyrinth barrier (BLB) [35].
Although essential for maintaining homeostasis and regulating ion and nutrient
transportation, the BLB restricts the entry of high molecular weight compounds, such
as drugs, hindering the treatment of inner ear disorders [17,32]. Local drug delivery
methods, such as microneedles, intratympanic injections, nanoparticles, stents,
silicone-based rods, and implants offer a promising approach to enhance drug
bioavailability within the target organ while minimizing the systemic side effects
associated with general drug administration [17]. Cochlear implants, with
anatomically relevant sizes for the human ear (i.., 0.6 x 0.6 x 2.4 mm?>), incorporating
a drug reservoir and an implantable tip, have been recently developed by using two-
photon polymerization (2PP) (Figure 4.1A) [19]. The implant shapes were
rectangular (R) and cylindrical (C) featuring cylindrical tips. These implants feature
either an internal interconnected network of square pores in two different sizes (20
pm and 60 pm) (Figure 4.1B and C) or a hollow design (Figure 4.1D). As a result, six
distinct implant designs were created, namely R20, R60, RH, C20, C60, and CH
(Figure 4.1B - D). The internal porosity serves a dual purpose: first, as a storage space
for the specific drug pertaining to the hearing disorder, and second, as a means to
regulate the controlled release of the drug into the cochlear labyrinth. Additionally,
the implant's structural design and its internal porous features play a vital role in
maintaining its mechanical integrity both prior to, during, and following the
implantation procedure. The implant size and shape are crucial to fulfilling the
anatomical requirements of the cochlea at the implantation site. These implants can
be inserted through either the round window (RW) or the oval window (OW) of the
cochlea, requiring twisting and insertion into a surgically created aperture (Figure
4.1E). As these implants undergo mechanical stresses during implantation, it is
crucial to determine their mechanical properties to ensure the safety of the surgical
procedure. However, due to their small size, complex geometry, and specific
fabrication technique, conventional mechanical testing methods could not easily be
used for comprehensive mechanical characterization of such implants. The

utilization of the 2PP printing method rendered microscale mechanical testing
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difficult due tolimitations in the adhesion between the implants and the substrate on
which they were printed. Microscale mechanical testing with commercially available
micromechanical testing systems has been demonstrated feasible when the samples
(micropillars, cantilevers, or dogbones) were prepared using focused ion beam
scanning electron microscopy (FIB/SEM) [4,13,21,36]. Numerical modeling for the
compression testing of 2PP printed origami architected metamaterials has been also
employed to get a better understanding of their mechanical behavior [23]. In this
regard, finite element analysis (FEA) offers a numerical approach to simulate the
mechanical behavior of cochlear implants during implantation, while experimental
validation can be achieved using enlarged implant models. This study represents the
first-ever attempt to investigate the mechanical behavior of 3D-printed cochlear
implants designed for local drug delivery, as there is no prior mechanical
characterization of such implants to be found in theliterature. Therefore, in silico FEA
models for enlarged cochlear implants were developed to investigate their mechanical
behavior under compression and torsion. The results were validated against ex silico
experimental data obtained with enlarged implants printed by stereolithography
(SLA). The validated FEA models were then used to help us assess the mechanical
properties of real-size cochlear implants and enabled us to choose the most potent

design for further studies.
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A)
R C
@ 0.35 mm @0.32 mm
2.4 mm 2.4 mm
1.2 mm
0.6 mm ™S e—
B) 0.6 mm @ 0.6 mm

Square lattice 60 pm

Q)
Square lattice 20 um

oy

Round window membrane

——————————————————

Implant

Round window " ~-__.
Figure 4.1. The cochlear implants and implantation method. (A) The cochlear implant
designs with dimensions; rectangular (R) and cylindrical (C). The lateral views of the R and C
implants with inner porous cubic lattice structures with a unit cell of (B) 60 x 60 = 60 pm?, (C)
2020 =20 um?® and (D) hollow implants. (E) A schematic representation of the anatomy of the
inner ear (i.e., cochlea) including the labyrinth, the oval, and round window. The details of the
proposed implantation method of the implant to the round window involve a translational
and a rotational move.
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4.2. MATERIALS AND METHODS

4.2.1. FABRICATION OF THE SPECIMENS FOR COMPRESSION TESTING
4.2.1.1. PRINTED PILLARS PRODUCED BY 2PP
The desired pillar geometry with specific dimensions (diameter = 50 pm, height = 100

nm) was designed using SolidWorks (Dassault Systemes SE, Vélizy-Villacoublay,
France). The design was then exported as a standard tessellation language (STL) file for
further processing. The STL file was imported into a job preparation software called
Describe (Nanoscribe, Eggenstein-Leopoldshafen, Germany) to facilitate the printing
process. Subsequently, the file was transferred to a Photonic Professional GT machine
(Nanoscribe, Eggenstein-Leopoldshafen, Germany) for pillar fabrication at the
microscale. The printing parameters were set as follows: a laser power of 50 mW, a
scanning speed of 100,000 pm/sec, a hatching distance of 1 nm, and a slicing distance
of 5 nm. The galvo writing strategy was employed to precisely print the designed pillar
structure. To initiate the printing process, a droplet of IP-Q resin (Nanoscribe,
Eggenstein-Leopoldshafen, Germany) was carefully deposited onto a silicon
substrate. The resin-coated substrate was then subjected to a femtosecond infrared
laser beam with a wavelength of 780 nm, which facilitated the printing of the desired
pillar structure. After the printing process, the fabricated specimen was immersed in
propylene glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich, Hamburg,
Germany) for 25 minutes for development. Subsequently, it was rinsed in isopropyl
alcohol (Sigma-Aldrich, Hamburg, Germany) for 5 minutes to remove any residual
impurities. Finally, the specimen was dried thoroughly using an air-blowing gun. The
dimensions of the printed pillars were measured using a high-resolution scanning
electron microscopy (SEM) (FEI Helios G4 CX dual-beam workstation, Hillsborough,
OR, USA) microscope. The specimens were gold-sputtered using a sputter coater (JFC-

1300, JEOL, Akishima, Japan) for 40 sec prior to SEM imaging.

4.2.1.2. ENLARGED PRINTED PILLARS PRODUCED BY SLA

The pillar geometry with the specified dimensions (diameter = 8 mm, height = 16 mm)
was created using SolidWorks (Dassault Systémes SE, Vélizy-Villacoublay, France).
The STL file of the design was then imported into the preparation software of the 3D

printer (PreForm 3.24.2, Formlabs Inc., Berlin, Germany), which allowed adjustments
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to be made for size, structure orientation, and layer thickness. For the printing
process, Grey resin (Formlabs Inc, Berlin, Germany) was selected as the material due
toits elastic properties, which were expected to closely resemble those of IP-Q. A Form
3+ SLA printer (Formlabs Inc., Berlin, Germany) was utilized to print the pillars in
triplicate (n = 3). Two different printing orientations were employed, namely
horizontal and vertical, to investigate their effects on the resulting structures.
Additionally, two different layer thicknesses, namely 25 pm and 50 pm, were utilized
to examine their impact on the printed pillars. Upon completion of the printing
process, the build platform, containing the printed structures, was carefully removed
from the printer. It was then immersed in isopropyl alcohol (IPA) for 10 minutes to
remove any residual materials. Subsequently, the printed structures underwent post-
curing under UV light at 80 °C for 15 minutes, following the manufacturer's
instructions. The final geometry of the printed pillars, including height and diameter,
were measured using a caliper with a precision of 0.05 mm. These measurements

allowed for the evaluation and characterization of the printed pillar dimensions.

4.2.2. FABRICATION OF ENLARGED 3D PRINTED IMPLANTS FOR TORSION
TESTING

In this study, upscaled models of recently developed porous cochlear implant designs
[19] were modified and fabricated specifically for torsion testing. Four different
specimen types were developed, namely 8R, 16R, 32R, and 32R60, where the letter ‘R’
represents the implant type (i.e., rectangular), the number preceding it (8, 16, or 32)
corresponds to the scaling factor relative to the actual implant size, and the
subsequent number after the letter R (if present) indicates the pore size (in pm)in the
original porous design (Figure 4.2A). To facilitate torsion testing, additional grippers
were integrated into both ends of the implants. These grippers were designed using
SolidWorks (Dassault Systemes SE, Vélizy-Villacoublay, France) and were consistent
in size across all three upscaled models. The upper gripper, located near the cylindrical
part of the implant, was designed as a hexagonal prism with a base edge length (a) of
19.93 mm and a height (h) of 31.88 mm. The lower gripper, situated close to the cuboid
part of the implant, was designed as a square prism with the dimensions of 39.85 mm

x 39.85 mm x 31.88 mm (width « height x length) (Figure 4.2B). To minimize stress
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concentrations at the joints, additional fillets with a radius (r) of 8 mm were
incorporated into the design, ensuring a smoother transition from the implant to the
grippers. The models were fabricated in triplicate (n=3) using the aforementioned SLA
system (Form 3B+, Formlabs Inc., Berlin, Germany) with a layer thickness of 50 pm
vertically oriented on the built plate. Grey resin was utilized as the printing material,
following the methodology described earlier. The resulting geometry of the printed
torsion specimens was measured using a caliper with a precision of 0.05 mm (Table

4.1).
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(A)

8R 32R
& ﬁ
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- % diameter
cylinder / |
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o HH cuboid [*
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specimen vwdth x length | height cuboid d|a.meter height cylinder
cuboid (mm2) | (mm) cylinder (mm) | (mm)
8R 4.85 x 4.85 9.7 2.83 9.7
16R 9.85x9.85 19.7 575 19.7
32R 19.85x19.85 | 39.7 11.58 39.7
32R60 19.85x 19.85 | 39.7 11.58 | 397

(€

Figure 4.2.(A) The scaled-up Rimplant designs, including prismatic grippers (top: hexagonal,
bottom: square) for torsion testing. (B) The design parameters of the scaled-up R implants for
both the solid (8R, 16R, 32R) and porous (32R60) versions. (C) An image of the mechanical
testing setup including Electropulse 10,000 and the DIC system. (D) The steel holders with

(D)

prismatic sockets (top: hexagonal, bottom: square) used in torsion testing.

117



PARTII- CHAPTER 4

4.2.3. IN SILICO INVESTIGATION OF TORSION SPECIMENS AND COCHLEAR
IMPLANTS

FEA simulations were performed using the commercially available Abaqus Standard
(Dassault Systemes Simulia, Vélizy-Villacoublay, France). The torsion testing was
modeled for both the enlarged and real-sized implants. Variations with and without
grippers as well as solid and porous designs were simulated for the enlarged specimens
while variations of solid, hollow, and porous designs with pore sizes of 20 pm and 60
pm were simulated for the real-sized implants. The computational models of the
torsion specimens required such inputs as the Young's modulus, Poisson's ratio, true
stress, and true plastic strain. The Young’s modulus and Poisson’s ratio were derived
from the compression tests on the Grey resin pillars, while the true stress and true
plastic strain were calculated using Eq. 4.1 and Eq. 4.2, respectively. The outputs of
the computational models included the forces (torque) and displacements of the
structures, which were then converted into true stresses and strains. To assess the
accuracy of the models, a comparison was made between the FEA results and the
experimental data. The simulation of torsion testing for the R and C types of implants
(solid, hollow, and porous) involved a pre-processing step that transformed the STL
files into hexahedral element meshes, following the methodology developed and
described by Saldivar et al. [30]. The mesh density analysis of a cylinder can be found
in Section 4.6 and Figure S4.1. Based on the results of this analysis, torsion testing
of the specimens was simulated using the selected mesh density. The torque, rotation,

shear stress, and shear strain were extracted for analysis.

4.2.4. EX SILICO MECHANICAL CHARACTERIZATION

4.2.4.1. COMPRESSION OF THE IP-Q MICROPILLARS

The compression testing of the IP-Q micropillars was performed according to the
experimental protocol in Section 3.2.5. Briefly, uniaxial quasi-static compression
was conducted using a commercial ex-situ indenter setup (Alemnis AG, Thun,
Switzerland) equipped with a flat punch diamond tip of 50 pm diameter. The tests
were terminated at a maximum displacement of 30 pm. Engineering stress and strain
were calculated as described in Section 3.2.5, and the Young’s modulus was extracted

from the initial linear elastic regime (10-15%) of the stress-strain curves.
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4.2.4.2. COMPRESSION AND TORSION OF THE GREY RESIN PRINTED
SPECIMENS

Compression and torsion testing of the SLA printed specimens was conducted using a
dynamical testing machine (ElectropulseTM E10000, Instron Systems, Norwood,
USA) (Figure 4.2C). The compression tests were performed at a rate of 1.3 mm/min,
following the ASTM D695-15 standard [5], with a maximum loading of 8500 N. To
study the full-field strain distributions, the local displacement fields of each test were
captured using a Q-400 2 x 12 MPixel digital image correlation (DIC) system (LIMESS
GmbH, Krefeld, Germany) at a frequency of 1 Hz. Before testing, a black dot speckle
pattern was applied over a white paint background on each specimen. The strains of
the tested specimens were determined using the commercial DIC program Instra 4D
v4.6 (Danted Dynamics A/S, Skovunde, Denmark). The elastic modulus was calculated
from the engineering stress-strain curve within the elastic region (0.3% - 2% strain)
using MATLAB R2020b, and the average value was obtained for each set of three
specimens. The yield strength (o,) was calculated at 0.2% strain. The true stress and
strain were calculated from the engineering stress and strain using Eq. 4.1 and Eq.

422
e=In(1+¢eng) (Eq. 4.1)
0 = Oeng(1 + €eng) (Eq. 4.2)

where € is the true strain and o is the true stress. The true plastic strain of the material

was calculated using Eq. 4.3:
=&~ eq=&— /g (Eq. 4.3)

where &, is the true plastic strain, &,is the true total strain, &, is the true elastic strain,

and E'is the Young’s modulus.

For torsion testing, special steel holders were required, which were designed in
SolidWorks and manufactured using a 5-axis computer numerical control (CNC)

machine (MillTap 700, DMG MORI, Veenendaal, NL) (Figure 4.2D).

The torsion specimens were rotated at a rate of 0.001 s™ according to ASTM E143-20.

The rotational speed was adjusted to the specimen size (Table 4.2) using Eq. 4.4 [6]:
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y =97/, (Eq. 4.4)

where y is the torsional shear strain, 6 is the angle of rotation, r is the radius of the

specimen, and L is the total length of the specimen.

The torque (T') and rotation angle (6) were recorded until failure or until reaching the
torque limit (95 Nm) or rotation angle limit (270°). The DIC system was utilized to
calculate the torsional shear strain for improved measurement accuracy. The

torsional shear stress was determined from the recorded torque using Eq. 4.5 [6]:
=11/ i (Eq. 4.5)

where Tis the shear stressand J is the second polar moment of area. The polar moment
of the area was calculated for the smallest cross-sectional area (i.e., the cylindrical tip

of the R implant) according to Eq. 4.6 [6]:

4
j=mD /3 ) (Eq. 4.6)
where D is the diameter of the cylindrical tip of the torsion specimens (Table 4.1).

The strain was calculated by utilizing the DIC displacement values for two points on
the cylindrical part of the specimens, near the base and the top. The recorded
displacements were converted to rotational displacements using coordinate system
conversion for cylindrical coordinates. The shear strain was then calculated using Eq.

4.4 and the shear modulus was calculated according to Eq. 4.7:
E=2G6(1+v) (Eq. 4.7)

4.2.5.FRACTOGRAPHY

To investigate the failure mode of the specimens after the torsion test, high-
resolution SEM images of 8R specimens were captured from the fracture surface
using a Helios microscope (FEI Helios G4 CX dual-beam workstation, Hillsborough,
OR, USA) operating at 10 kV and 25 pA. Before SEM imaging, the specimens were
coated with a thin layer of gold (thickness ~ 5 nm) using a sputter coater (JFC-1300,
JEOL, Japan). Optical images were also taken from the section closest to the cuboidal
end of the torsion specimens following the test, and whenever possible, the fracture

angles were determined.
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4.2.6.RAMAN SPECTROSCOPY

The chemistry of uncured and cured IP-Q and Grey resin was analyzed using an inVia
Reflex Raman system (Renishaw plc, Wotton-under-Edge, UK). Raman spectra were
acquired using a 50~ objective lens, operated at an excitation wavelength of 532 nm.
The laser intensity was set to 50%. Each spectrum was obtained by averaging 15
acquisitions with an exposure time of 1.0 sec. Subsequently, a baseline correction was
applied to eliminate instrument noise using OriginPro 9.8.0.200 (OriginLab

Corporation, Northampton, USA).

4.2.7.STATISTICAL ANALYSIS
To investigate whether the Young’s modulus and yield strength of the Grey resin
micropillars differed significantly with regards to the layer thickness and printing

orientation a one-way ANOVA test was conducted (p < 0.05).

4.3. RESULTS

4.3.1. COMPRESSION OF THEIP-Q (2PP) AND GREY RESIN (SLA) PILLARS

Micropillar compression tests revealed a Young’s modulus of 2.78 GPa and a yield
strength of 60.4 MPa for the IP-Q printed pillars. Compression testing was employed
to calculate the Young's modulus and yield strength of the pillars printed with two
different layer thicknesses and in two different printing directions. The vertically
printed pillars with a layer thickness of 25 num exhibited a Young's modulus of 2.51 +
0.13 GPaand ayield strength of 59.2 + 0.91 MPa, while those with alayer thickness of
50 nm had a Young's modulus of 2.50 + 0.10 GPa and a yield strength of 56.4 + 1.7 MPa.
The horizontally printed pillars displayed a Young's modulus and yield strength of
2.51:0.05 GPaand 72.4 + 3.4 MPa for the 25 nm pillars, and 2.33 + 0.20 GPaand 79.4
+ 2.8 MPa for the 50 pnm pillars. The stress-strain curves measured for the pillars with
different layer thicknesses and printing orientations demonstrated that there were
no statistically significant differences in the Young’s modulus values, but there were
statistically significant differences in the yield strength values (Section 4.6 and
Figure S4.4). However, the general mechanical behavior of the pillars remained the
same regardless of the layer thickness or printing direction (Figures 4.3A, B).

Moreover, the pillars did not exhibit any buckling during the compression tests (DIC
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detailsin Figures 4.3A, B). The Young’s modulus and yield strength of IP-Q and Grey

resin pillars were similar (Figure 4.3C).

(A) 140 (B) 140 4
= = Layer thickness 25 pum == Layer thickness 25 ym
__ 1204 Layer thickness 50 um __ 1204 Layer thickness 50 pm|
£ £ -
=3 = 1004
7y ” -
g g g0 §mm
& A \ Eum (%) £
& @ 7.0
£ £ 604 r £
2 g al ||
£ £ 204
a0 oo
[=4 o
w w
20
lO.D
1 0 T T r u u d
30 0 5 10 15 20 25 30
Engineering Strain (%) Engineering Strain (%)
(C) (D)
140 - 1540 1760 1980 2200 2420 2640 2860
IP-Q - T T
1204 Uncured Grey resin
T 15000 Cured Grey resin E
= 1004
"
2
2 804 10000 | 4
v
oo
£ 60+
a
2 )] 5000 | i
oo
o
w
20
0
0+ T T T T T J = Jncured IP-Q
0 5 10 15 20 25 30
s Cured [P-
Engineering Strain (%) 10000 } L ]
5000 4
ol e

1540 1760 1980 2200 2420 2640 2860
Raman shift (cm™)

Figure 4.3. The compression stress-strain curves of (A) Grey resin pillars (¢ 8 mm = 16 mm)
with horizontally printed layers with a thickness of 25 pm or 50 pm (inset: DIC image of a
compressed pillar at yield). (B) Grey resin pillars (g 8 mm x 16 mm) with vertically printed
layers with a thickness of 25 pm or 50 um (inset: DIC image of a compressed pillar at yield). (C)
The compression stress-strain curves for pillars printed from Grey resin and IP-Q. (D) The
Raman spectra of polymerized (red) and unpolymerized (black) Grey resin and IP-Q
specimens.
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4.3.2. TORSION TESTING

4.3.2.1. EXPERIMENTAL TORSION TESTING ON SOLID GREY RESIN TORSION
SPECIMENS

The largest torsion specimen (32R) failed at the lowest angle of rotation (123.2°+ 9.0%)
and the highest applied torque (15.43 + 0.39 Nm), while the smallest torsion specimens
(8R) failed at the highest angle of rotation (216.9° : 5.4°) and the lowest applied torque
(0.21 + 0.01 Nm) (Figure 4.4A). The 16R torsion specimens failed at a rotation of
181.7° + 27.0° and a torque of 1.78 + 0.08 Nm (Figure 4.4A). All the specimen types
experienced failure in the cylindrical shaft close to the junction with the cuboid
(Figure 4.4B and Figure $4.2). Among the 8R specimens, one exhibited a fracture
angle of = 44°, while the other two had a fracture angle of = 0° (Figure 4.4B). The
hackles on the inclined fracture surface appeared to radiate from a single point of
origin, whereas the flat angle surface showed visible hackles without a single point of
origin. The inclined-angle surface displayed elongated markings and relatively larger
smooth sections within the roughness of the surface, in contrast to the flat-angle

surface which exhibited more uniformly sized round markings (Figure 4.4C-F).
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Figure 4.4. (A) The torque vs rotation curves of the torsion specimens 8R, 16R, and 32R
printed from Grey resin. (B) The optical image of the fracture angles of the 8R torsion
specimens. (C, E) SEM images of the 8R flat fracture surfaces. (D, F) SEM images of the 8R
inclined fracture surface.

4.3.2.2. EXPERIMENTAL AND FEA SIMULATION OF THE SOLID AND POROUS
GREY RESIN TORSION SPECIMENS

Torque vs. rotation

FEA simulation and experimental torsion testing on specimens 8R, 16R, and 32R
confirmed that torque increased with the specimen size. The torque for the 16R
specimens was approximately 8.5 times greater than that of the 8R torsion specimens
and approximately 8.7 times lower than that of the 32R specimens. At 15° rotation,
the measured torque values for the 8R, 16R, and 32R specimens were 85.6 + 5.0%, 84.6
+ 5.1%, and 89.2 = 2.8% of the torque value resulting from their corresponding FEA
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models, respectively. The difference between the measured and FEA-predicted values
of torque increased with the rotation. For example, at 50° rotation, the torque
measured for the 8R, 16R, and 32R torsion specimens were 77.1 + 2.6%, 78.5 + 3.5%,
and 83.6 = 2.2% of their corresponding FEA-predicted values, respectively. The FEA-
predicted torque values of the torsion specimens were lower than the FEA-predicted
torque values of the enlarged implants without grippers and were more similar to the
experimental data. FEA simulations for all the sizes of the R design indicated that
higher torques were needed to achieve the same rotation as in the torsion specimens
(Figure 4.5A-C). However, as the size of the specimens increased, the difference
between the FEA-predicted torque values of the torsion specimens and that of the R
implants decreased, with the grippers playing a minor role in the final response of the
specimens under torsion. A comparison between the torque-rotation values of the
porous 32R60 specimens and the FEA simulations revealed that the specimens failed
at the rotation angle of 38 + 10°, which was approximately 3.2 times lower than the
rotation angle corresponding to the failure point of the 32R specimens (Figure 4.5C,
D). Within the linear part of the curve, the results of the FEA simulations and the
experiments were in good agreement. For instance, at 15° rotation, the measured
torque value for the porous 32R specimens was 98.9 + 2.8% of the corresponding FEA
values (Figure 4.5D).
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Figure 4.5. Torque vs rotation graph for all the torsion specimens. The experimental and FEA
data for the (A) 8R, (B) 16R, (C) 32R, and (D) 32R60 torsion specimens with and without the

grippers.

Shear stress vs. shear strain

Comparing the shear stress-stain values between the FEA torsion specimens and
experimental data for the 8R, 16R, and 32R specimens prior to the 0.2% yield (50°
rotation)revealed that the shear stresses of the 8R and 16R specimens were lower than
those predicted by the FEA models (Figure 4.6A). However, the shear stress values of
the 32R specimens were higher than those obtained from the FEA simulations.
Calculation of the shear modulus using the linear part of the shear stress- shear strain
graph resulted in shear modulus values of 670.0 + 34.0 MPa, 772.2. + 30.6 MPa, and
867.1:36.7 MPa, for the 8R, 16R, and 32R specimens, respectively. Based on Eq. 4.7,
the theoretical value for the shear modulus is 896.1 MPa. The strain distribution
analysis using DIC for the 8R and 16R specimens revealed very low stress values near

the junction (Figure 4.6B, C). However, the 32R specimens displayed the highest
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stress values at the junction between the cylindrical shaft and the cube (Figure 4.6D).
The FEA strain distribution also showed similar values and behavior (Figure 4.6E). A
comparison between the strain distributions measured by DIC for the 32R60
specimens and the corresponding FEA results revealed that the highest strain values
were observed at the junction, as well as on the checkered patterns present on the

cylinder, corresponding to the pores of the inner lattice structure (Figure 4.6F, G).
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Figure 4.6. Shear stress-shear strain curves and full-field strain measurement using digital
image correlation (DIC). (A) Shear stress vs shear strain for the SLA-printed torsion specimens

printed from Grey-resin and the corresponding FEA data (red). The experimental data is
averaged and is presented as mean + standard deviation (shadowed lines). The DIC-measured
distribution of the effective strain (von Mises) for the (B) 8R, (C) 16R, (D) 32R, and (E) FEA
model of the scaled-up R torsion specimen. Color map strain: 0%-16%. (F) The FEA-predicted
values of the effective strain (von Mises) for the porous 32R60 scaled-up torsion specimen. (G)
The distribution of the FEA-predicted values of the effective strain (von Mises) for the porous
torsion specimen. Color map strain: 0%-5%.
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FE A simulation of IP-Q implants

A comparison between the FEA-predicted torque-rotation curves of the R, R20, R60,
and RH IP-Q implants showed that much higher torque is required for the R
specimens to achieve the same rotation angle, while there was a smaller difference
between the torque values required for achieving the same rotation angle between the
R60and R20 implants. The shear stress and shear strain distribution measured for the
R, R20, and R60 specimens at a rotation of 15° indicated the stress and strain values
experienced by the cuboid part are close to zero, and the entire stress and strain
distribution was limited to the cylindrical part (Figure 4.7B). In the case of the R
specimens, the maximum shear stress and strain occurred at the junction. However,
these observations were not valid for either of the porous designs, namely R60 and
R20. For R60, a discernible checkered pattern was observed within the cylindrical
region, representing the presence of pores within the structure (Figure 4.7B).
Additionally, two distinct lines were identified along the longitudinal axis of the
cylinder, aligning with the regions of elevated shear strain and shear stress. However,
the checkered patterns were not visible on the R20 design. Nonetheless, a broad line
was discerned along the longitudinal axis of the cylinder, corresponding to the
regions of maximum shear stress and strain within the structure. A comparison
between the FEA-predicted torque-rotation curves of the C, C20, C60, and CH IP-Q
implants showed that much higher torque is required for the C specimens to achieve
the same rotation angle, while there was no significant difference between the torque
values required for the C20 and C60 implants (Figure 4.7A). More specifically, the
torque needed to rotate the C60 specimens by 15° was 97% of the torque needed to
rotate the C20 specimens (Figure 4.7A). The distribution of the shear strain was
similar for all the designs (Figure 4.7C). The C specimens had the highest maximum
strain of the three designs, while C20 had the lowest maximum strain (Figure 4.7C).
The shear strain was concentrated at the tip of the specimens, where the diameter of
the design was the smallest (Figure 4.7C). A comparison between the results of the
torsion tests on the two different designs revealed that, within each porous group, the
C design exhibited greater stability and required higher torque to achieve the same
amount of rotation as compared to the R design (Figure 4.7A). For instance, at a

rotation angle of 15°, the torques required to rotate the C, C60, and C20 specimens
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were respectively 1.6, 3.1, and 2.7 times higher than the torques required to rotate the

R,R60, and R20 specimens (Figure 4.7A).

4.3.3.RAMAN SPECTROSCOPY

The Raman spectra of the uncured and cured IP-Q exhibited characteristic peaks at
1590cm™,1635cm™,and 1715 cm™, associated with aromatic ring vibrations, double
bond (C=C) stretching vibrations, and carbonyl (C=O) stretching vibrations,
respectively. The peak intensity of the carbonyl (C=0) vibration did decrease upon
curing. However, the peak intensity of the double bond (C=C) at 1635 cm™ and the
aromatic ring vibration at 1590 cm™ decreased in the cured specimens. In the case of
the uncured and cured Grey resin specimens, a prominent peak at 2952 cm™
corresponding to C-H stretching vibration was observed. Additionally, the uncured
Grey resin exhibited peaks at 1715 cm™ (carbonyl C=O stretching vibration) and 1640

cm™ (presence of monomers).
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Figure 4.7.(A) The FEA-predicted torque vs rotation for the solid, porous, and hollow types
of cochlear implants made from IP-Q (i.e., R, R20,R60, RH, C, C20, C60, and CH). (B) The FEA-
predicted values of the shear stress (on the left) and shear strain (on the right) corresponding to
arotation of 15° for the R, R20, R60, and RH specimens. (C) The FEA-predicted values of the
shear stress (on the left) and shear strain (on the right) corresponding to a rotation of 15° for
the C, C20, C60, and CH specimens.
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4.4. DISCUSSION

The aim of the current study was the mechanical characterization of newly developed
3D-printed cochlear implants intended for local drug delivery, considering their
implantation method and their suitability as permanent implants that can affect
their efficiency as a drug delivery system. Due to the unique size and complex shape
of these implants, mechanical testing on such implants with standard testing
equipment was challenging and had received limited attention. Consequently, the
development of a novel approach was necessary, incorporating multi-scale in silico
and ex silico methods to achieve a comprehensive mechanical characterization of
cochlear implants. To address size and shape limitations, enlarged models of cochlear
implants were simulated for torsion using FEA models, which were further validated
through torsion tests. By extrapolating the validated in silico model to real-size
implants, the study enabled the mechanical characterization of various cochlear
implant designs, facilitating the selection of the most suitable one for cochlear
implantation. Moreover, the development of this new method provided an
opportunity to investigate some additional parameters related to the 3D printing

techniques employed and the materials utilized.

4.4.1. EFFECT OF LAYER THICKNESS AND PRINT ORIENTATION ON THE
YOUNG’S MODULUS OF GREY RESIN

Compression testing was performed on the pillars printed with Grey resin using
different printer settings. Two different layer thicknesses (25 and 50 pm) and two
different print orientations (horizontal and lateral layers) were used. The Young’s
modulus was determined for each of these four conditions. In the case of the
horizontally printed pillars, the Young’s modulus of the pillars printed with a 25 pm
layer thickness was 2.51 + 0.13 GPa, while for the 50 pum layer thickness, it was 2.50 +
0.10 GPa. The laterally printed pillars had a Young’s modulus of 2.51 = 0.050 GPa for
the pillars printed with a 25 pm layer thicknessand 2.33 : 0.20 GPa for the 50 pm layer
thickness pillars. The lack of difference in the Young’s modulus between the pillars
with different layer thicknesses was unexpected, as previous research on specimens
with different layer thicknesses has observed differences in the tensile strength and

the Young’s modulus [9,34]. The literature is divided on whether different print
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orientations should affect the Young’s modulus of the material. Some studies have
found that SLA printed parts are broadly isotropic materials, and print orientation
does not significantly affect the Young’s modulus [3,9,10,11], which is in agreement
with our findings. However, other studies have reported a dependence of the
mechanical properties on the printing direction [12,29,34]. It is worth noting that
most of these tests are performed using tensile testing, making it difficult to directly
compare them with the compression tests we conducted here. Therefore, a more
comprehensive study investigating the anisotropy of SLA materials, possibly

employing different mechanical tests, is necessary to draw definitive conclusions.

4.4.2. FAILURE MODE ANALYSIS OF GREY RESIN

One of the crucial aspects of a material's mechanical behavior is its failure mode,
which can generally be categorized as either ductile or brittle [18]. In this study,
experimental torsion testing was conducted on Grey resin torsion specimens until
failure to determine the material's failure mode. Several factors were considered,
including the shape of torque versus rotation curves, the failure angles of the torsion
specimens, and the SEM images of the fracture surface. Analysis of the experimental
torque versus rotation curves for all three scales of the specimens revealed that the
material yielded after approximately 50° of rotation, with the torque reaching a
plateau as rotation increased. This behavior indicates a ductile material, as it exhibits
alarge areaunder the stress-strain curve due to continued deformation after the yield
point [18]. Next, the failure angles of the specimens were examined. In ductile
materials, torsion failure typically occurs along the plane of maximum shear stress
since they are weaker in shear, which is perpendicular to the structure's axis. In
contrast, brittle materials are weaker in tension, and torsion failure tends to occur
along the plane of maximum tension, resulting in a 45° angle [16, 28]. Out of the ten
analyzed failure angles, three (two 8R and one 16R torsion specimens) exhibited a
failure angle perpendicular to the axis of the structure, indicating shear failure. The
remaining six measured specimens (including all 32R types) had failure angles
ranging between 31° and 44", suggesting that these specimens were weaker in tension
than in shear (Table S4.1). This implies that most of the torsion specimens

experienced a brittle failure mode and that the different failure rotational angles

133




PARTII- CHAPTER 4

across the samples are related to the different specimen sizes. Furthermore, SEM
images were captured of the fracture surfaces of two 8R torsion specimens: one with a
flat failure angle and one with an inclined failure angle. Both specimens displayed a
rough surface with visible micropatterning and fibrillations, although the specimen
with the flat angle exhibited overall smaller micropatterning compared to the
inclined-angle specimen. A study examining the fracture surfaces of tensile test
specimens made using SLA from an acrylate polymer MD-R001CR (ApplyLabWork,
Torrance, USA) concluded that specimens with a highly ductile stress-strain curve
exhibited a smooth fracture surface, while specimens with a more brittle stress-strain
curve had rougher fractures [27]. This observation does not hold for our torsion
specimens made out of Grey resin, as they demonstrate a ductile stress-strain curve
but exhibit a rough fracture surface. An exact comparison between the results of the
previous study and our study can, therefore, not be made since the type of the material
seems to influence the mechanical and fractural behavior more than the
manufacturing technique. In summary, the various aspects of the failure mode
analysis cannot predominantly conclude a brittle or ductile failure in the Grey resin
material. Conducting additional torsion testing to examine the post-yield plastic
behavior of the material would help clarify this inconsistency. Understanding the

failure mode of Grey resin is essential for evaluating its potential applications.

4.4.3. COMPARATIVE ANALYSIS OF EXPERIMENTAL AND FEA TORSION
TESTING RESULTS

For both solid and porous specimens, the experimental torsion tests conducted on the
torsion specimens made from Grey resin were compared with the torsion tests
simulated using FEA. When comparing the FEA-predicted and experimental torque-
rotation curves for the solid specimens, good agreement was observed for the elastic-
linear part of the curve until yielding. The porous 32R60 specimen also showed good
agreement between the experimental and FEA curves, although the porous specimens
failed earlier than their solid counterparts, which was not captured by the FEA
models. However, significant differences were observed in the post-yield behavior
between the FEA simulations and experimental results for the solid R specimens. The

stress-strain curve obtained from compression testing showed strain hardening,
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which was not observed during torsion testing. Therefore, using compression stress-
strain curves as input data for FEA may not be accurate for simulating the post-yield
behavior observed in the torsion tests. Comparing the solid upscaled R and solid
torsion specimens through FEA, we found that the R exhibits higher torques for all
the three sizes, indicating that the inclusion of the additional grippers lowers the
torque-rotation curve which is translated into a decrease in the total needed energy to
failure. The difference between the experimental and simulation data increased with
the degree of rotation, with a smaller difference observed for the 32R torsion
specimens as compared to the 8R and 16R torsion specimens. This apparent
dependence on the size might be due to the relatively greater added length of the
structuresin the 8R torsion specimens as compared to the 32R torsion specimens. The
shear stress-strain curves were approximated by considering only the cylindrical part
of the specimen, as it experiences most of the generated stress and strain due to its
smaller diameter as compared to the cubic part. Good agreement between the
experimental and FEA-predicted curves was observed in the linear elastic region.
Similar to the torque-rotation curves, a trend was observed where the 8R and 16R
torsion specimens deviated more from the FEA shear stress-strain curve compared to
32R torsion specimens. The experimentally measured and FEA-predicted strain
distribution in both solid and porous torsion specimens presented similar patterns.
For the porous 32R torsion specimens, both showed a checkered pattern with higher
strain areas corresponding to the inner unit of the lattice structure. The experimental
DIC distribution exhibits a similar pattern as the FEA strain distribution, with higher
strain areas occurring between the struts of the inner lattice structure. The strain
distribution of the Grey resin specimens revealed that the higher strain areas
observed in the porous specimens corresponded to the inner unit of the lattice
structure, which had a pore size of approximately 1.9 x 1.9 x 1.9 mm?. In the FEA
simulations, the higher strain areas within the cylindrical part were located between
the struts of the inner lattice structure. Comparing the experimental data obtained
for the Grey resin with the FEA models, good agreement was found in the linear-
elastic region for both torque-rotation and stress-strain curves, as well as strain
distributions. This indicates that Grey resin can be accurately modeled with FEA

using compression data as input in the linear-elastic region.
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4.4.4, ANALYSIS OF FEA MODELING: GREY RESIN VS. IP-Q

SLA and 2PP are additive manufacturing techniques based on the principle of
polymerization. While SLA involves the absorption of a single photon, 2PP requires
the absorption of two photons [25, 33]. Due to the similarities in the manufacturing
process and mechanical properties of Grey resin (printed with SLA) and IP-Q (printed
with 2PP), it is expected that the mechanical behavior of the printed structures would
exhibit similar characteristics. The measured Young's moduli of Grey resin and IP-Q
were similar (2.50 GPaand 2.78 GPa, respectively). Validation of the FEA model using
torsion testing on IP-Q structures was not possible due to the limited size that can be
achieved with 2PP printing. However, with Grey resin, sufficiently large specimens
were printed using SLA to conduct torsion testing, allowing for experimental
validation of the FEA model. The linear regions of both experimental and FEA-
predicted data demonstrated good agreement (Figure 4.6), enabling the
extrapolation of the FEA simulations to predict the linear behavior of the ear
implants made from IP-Q. In the FEA simulations, the input data for IP-Q, including
the Young's modulus and stress-strain curve, were obtained from compression testing
of a solid cylindrical structure made from IP-Q, similar to the process for Grey resin.
However, the IP-Q input data was derived from a single compression experiment,
unlike Grey resin data which was derived from three compression experiments on
distinct pillars. Consequently, the reliability of the IP-Q input data is comparatively
lower, but the measured values are in line with the values reported in the literature
[30]. Despite their distinct Young's moduli and yield points, the shear stress-shear
strain curves predicted by the FEA models for both materials presented similar
overall trends. This similarity suggests that the torsional behavior of IP-Q can be
accurately simulated using FEA techniques similar to those applied for Grey resin.
Utilizing FEA modeling to characterize IP-Q could reduce the reliance on specialized

equipment and facilitate the mechanical testing of more complex designs.

4.4.5.FEA OF MECHANICAL BEHAVIOR: R VS. CIMPLANT DESIGNS
In the case of IP-Q, both the R and C cochlear implant designs were simulated using
FEA models, considering both porous and non-porous variations. Introducing

porosity to the designs resulted in a decreased stiffness and mechanical strength for
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each implant. Although the difference in the stiffness and mechanical strength
between the identical designs with different pore sizes (i.e., 60 nm and 20 im) was not
substantial, the difference in stiffness and mechanical strength between the different
types of implants (i.e., R and C) was notable. At a rotation angle of 15°, the C design
exhibited a mere 3% reduction in stiffness and mechanical strength, whereas the R
design experienced a more pronounced decrease of 13% (Figure 4.7) when compared
to their solid versions, respectively. This implies that the porous structure had a
greater impact on the mechanical properties of the R as compared to the C. The shear
stress-strain distribution of the porous R displayed a distinct pattern for both the 20
and 60-pore size variants, which was absent in the solid R. This pattern suggests the
presence of stress concentrations arising from the inner lattice structure of the square
unit, particularly near the connections between the struts where sharp transitions
occur [1]. Conversely, the porous C did not exhibit such patterns. The shear stress-
shear strain distributions of both solid and porous C implants presented similarities.
Notably, the C design exhibited higher stiffness and mechanical strength as compared
to R. This verifies our attempt to enhance the mechanical integrity of the R implant
at the junction between the drug container and the tip by introducing a tapering
angle, which led to the creation of the C-type implant. From a mechanical standpoint,
the C implant design is more favorable while preserving the general dimensions
found in the existing literature and adhering to the preferences of medical specialists

in the field [14].

4.4.6. POLYMERIZATION OF IP-Q AND GREY RESIN DURING 2PP AND SLA
PRINTING

Existing studies have established a correlation between the polymerization that
occurs during 3D printing and its influence on the mechanical properties of the
resulting structures [22,31]. Raman spectroscopy allows for the analysis of distinct
peaks associated with different intramolecular bonds, providing insights into the
molecular structure changes during polymerization. Therefore, the polymerization
process during 2PPprinting and SLA printing was investigated by conducting Raman
spectroscopy on unpolymerized and polymerized IP-Q and Grey resin. The C=Cbond,

typically present at 1640 cm™, showed lower intensity in the polymerized IP-Q and
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Grey resin specimens as compared to the unpolymerized specimens. This decrease in
the C=C bond peak is expected for photocurable resins undergoing polymerization
[20, 26]. Furthermore, the unpolymerized IP-Q resin exhibited a peak at 1590 cm™,
which is associated with the aromatic ring present in IP-Q. This peak is specific to IP-
Q and is not observed (at the same intensity) in most other photoresins
[8,13,24,26,30]. The decrease in the intensity of the aromatic ring peak after
polymerization suggests its potential involvement in the polymerization process of
IP-Q, a resin specifically designed for high-speed fabrication. Since the aromatic ring
also contains C=Cbonds, its contribution may influence the intensity of the C=Cbond
peak, consequently impacting the calculation of the degree of conversion (DC). Albeit,
no parametric study of the 2PP printing parameters that influence polymerization,
hence the mechanical properties of IP-Q was performed, IP-Q was chemically
characterized for the printing conditions suitable for the fabrication of the cochlear
implants. Further investigations on IP-Q resin can provide additional insights into
the specific mechanisms of polymerization during the printing of this innovative
resin. For the Grey resin, there isa peak at 1715 cm™ that decreases significantly after
printing, associating it with the polymerization process. The findings indicated a high
DC and a high degree of printing accuracy and are in line with a previous study on

commercially available methacrylate-based resins used in SLA printing [7].

4.5. CONCLUSION

In conclusion, in this study, we developed a methodology to characterize the
mechanical behavior of cochlear implants of relevant sizes for humans. We used FEA
models to validate the results of the experiments. The use of 2PP with the novel resin
IP-Q for printing the ear implants along with the scaled-up SLA-printed cochlear
implants made from Grey resin enabled us to study their mechanical properties. The
FEA simulations accurately captured the linear behavior of the ear implants until the
yield point, while only utilizing compression data. This validation enabled us to use
these FEA models to study the torsion testing of the real-size implants made from IP-
Q using only compression data. Comparing both ear implant designs, the C type
exhibited higher stiffness and mechanical strength than the R type. Although the size

of the pores (i.e., 20 nm and 60 pm) did not have a significant effect on the mechanical
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performance of the implant, they could have a major impact on other factors, such as
drug storage and diffusion in the final design. From a mechanical perspective, the C
design emerges as the preferred option. Characterizing the mechanical properties of
these distinct inner ear implant designs using the IP-Q resin represents a novel
contribution. Additionally, this study marks the first time such ear implants have
been mechanically characterized using this approach. The obtained data will
contribute to the assessment of the implants’ ability to withstand mechanical stress
during implantation, helping to determine whether such types of ear implants are
suitable for the potential treatment of inner ear disorders. Future research directions
may involve finding alternative methods to model post-yield behavior and exploring
various geometries of the inner structures. Overall, this study provides valuable
insights into the mechanical behavior of cochlear implants and lays the groundwork

for further advancements in this field.
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4.6. SUPPORTING INFORMATION

4.6.1. CONVERGENCE STUDY OF THE FEA TORSION MODEL

Torsion testing was initially modeled on a simple cylinder with a diameter of 10 mm
and a length of 20 mm. The output of the FEA simulation was the torque (reaction
moment) and the shear stress of the cylinder after rotation. The assigned material
properties (E=2504 MPa, v=0.45) were obtained from the conducted compression
tests for the Grey resin pillars. Two reference points (RP) were created, at the center of
the top and bottom parts of the cylinder, namely RP-1 and RP-2. The top and bottom
surfaces of the cylinder were coupled to these reference points to constrain the
motion of the coupled nodes to the rigid body motion of the reference point. RP-2 was
then encastered (i.e., constraining all translations U or rotations UR) while RP-1 was
set torotate by 0.2 radians. The torsion was modeled in the linear region and the angle

of twist (6) was calculated as:

— TL /G] (Eq. S4.1)

where T is the torque, L is the length of the cylinder, G is the shear modulus, and ] is

the second moment of area.
The shear modulus was calculated from the given material properties as:
E=2G6(1+v) (Eq. S4.2)

To determine the size of the mesh required for accurate results, a mesh convergence
study on three different types of mesh elements, namely on the eight-node brick
element (C3D8), the ten-node tetrahedral element (C3D10), and the twenty-node
brick element with reduced integration (C3D20R), was performed. The convergence
study was performed for both the torque and shear stress. The theoretical values of the
torque T=-8.48 Nm and shear stress 7=43.17 MPa were used as boundary conditions
for the simulations. The comparison was made by calculating the respective torque
using the resulting rotation angle and Eq. 4.1-4.6. We assumed convergence when
the relative error with the theoretical values was below 5%. After processing the
simulations, shear stress convergence was achieved with only 70 C3D8 elements,
while 51414 C3D8 elements were required to converge for torque (Figure S4.1A-B).
Similarly, 17755 C3D10 and 4500 C3D20R elements were required for shear stress
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and 3477 C3D10 and 2420 C3D20R elements for torque, respectively. From these
results, the C3D10 element models required the least CPU time (i.e., 663 seconds per
simulation), making them the most efficient simulations (Figure S4.1C). Therefore,
the C3D10 mesh was used to model the torsion tests. The refinement of the number
of elements was based on the shear stress convergence with a threshold of 1.0% and
resulted in 25000 elements. Therefore, the C3D10 mesh was used to model the torsion
tests. The refinement of the number of elements was based on the shear stress

convergence with a threshold of 1.0% and resulted in 25000 elements.
4.6.2. FAILURE MODES OF SOLID GREY RESIN TORSION SPECIMENS

The torsion specimens exhibited different fracture angles. Those fracture angles have
been either flat or inclined (Table S4.1). All torsion specimens failed either very close
to the junction between the cubic and the cylindrical shaft or in the cylindrical shaft
(Figure S4.2).

4.6.3. STATISTICAL EXPLORATION AND ANALY SIS

Shapiro-Wilk normality tests were performed on the datasets for the vertical and
horizontal printed pillars in the two different layer thicknesses (25 pm and 50 pm) as
part of the statistical exploration of the data before the statistical analysis. The results
of the normality test are presented in QQ-normality plots (Figure S4.3) and the
resulting p-values are presented in Table S4.2. The results of the one-way ANOVA

statistical test are presented in the Figure S4.4.
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Table S$4.1. Fracture angle measurement of the Grey resin torsion specimens in degrees (NM:
non-measurable or flat, -: no sample)

Specimen 8R 16R 32R
1 NM 37° 33°
2 NM 36° NM
3 44° NM 31°
4 41° - -

Table S4.2. Normality test results from the data exploration step of the compression data of
vertically and horizontally printed Grey resin pillars in two different layer thicknesses (i.e., 25
pm and 50 pm). Shapiro-Wilk p-value < 0.05 confirms non-normal data distribution,
justifying non-parametric analysis.

Shapiro-Wilk test for p-value Result
horizontally printed pillars 25pym  50um  Passed normality?
E modulus 0.6369 0.4391 yes

Yield strength 0.4037 0.7335 yes
Shapiro-Wilk test for p-value Result
vertically printed pillars 25pm  50pm  Passed normality?
E modulus 0.9082 0.2541 yes

Yield strength 0.7156  0.9050 yes
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Figure S4.1. A convergence study of the torque and shear stress calculated by the FEA models
for a cylinder: (A) The torque vs. the number of elements in the mesh for tetrahedral (C3D10)
and hexahedral (C3D8, C3D20R) elements. (B) The shear stress vs. the number of elements in
the mesh for tetrahedral (C3D10) and hexahedral (C3D8, C3D20R) elements. (C) The
computational time (s) required to compute the model using the C3D10 or C3D20R type of
elements.

Figure $4.2. Tilted (left) and top (right) SEM image of the 2PP printed micropillars. Tilt angle
=30°. Scalebar = 20 yum.
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A) 8R SPECIMENS

B) 16R SPECIMENS

Q) 32R SPECIMENS

Figure S4.3. The optical images depicting the fracture angles of all solid Grey resin torsion
specimens (i.e., 8R, 16R, 32R).
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Figure S4.4. QQ normality plots for (A) the E modulus and (B) the yield strength of
horizontally printed Grey resin pillars with 25 pm and 50 pm layer thickness, and for (C) the
Emodulus and (D) the yield strength of vertically printed Grey resin pillars with 25 pmand 50
pm layer thickness.
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Figure S4.4. ANOVA results for (A) the E modulus and (B) the yield strength of horizontally
printed Grey resin pillars with 25 pm and 50 pm layer thickness. The notation for p < 0.05 is
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5. COCHLEAR IMPLANT DRUG LOADING
AND RELEASE

Abstract

The intricate and vital sensory organ, the inner ear, presents challenges in treating auditory
disorders due to the protective blood-labyrinth barrier, which impedes the effective delivery
of drugs to the inner ear. Conventional therapeutic methods, including intratympanic and
intracochlear injections, have limitations such as invasiveness and inefficient bioavailability.
Additionally, treatments for inner ear disorders often lack efficacy due to the systemic
administration of drugs and associated side effects. Therefore, cochlear implants offer a
promising solution, enabling localized and sustained drug delivery. This paper investigates the
release of a model drug from 3D-printed human cochlear implants, focusing on the influence
of implant porosity and the pH of the artificial perilymph. A microporous (C60) and a hollow
(CH) implant with anatomically relevant sizes for humans were fabricated using two-photon
polymerization, loaded with ibuprofen and subjected to release experiments in artificial
perilymph at pH 5.5 and pH 7.4. The results showed differences in drug release kinetics, with
CH implants at physiological pH demonstrating faster release than the microporous ones. CH
implants reached a release plateau around day 40, contrasting the sustained release observed
in the porous C60 implants, which continued steadily releasing ibuprofen over the 84-day
experimental period. Micro-computed tomography scans (U-CT) provided insights into the
spatial distribution of the drug within the implants, highlighting challenges in achieving
uniform drug loading and release. The response of macrophages to the released ibuprofen
revealed a dose-dependent upregulation of pro-inflammatory markers (Il1b, I16, Cd86) and
suppression of the anti-inflammatory marker Cd206, indicating a shift toward an M1-like
phenotype. This study contributes to the development of localized and personalized cochlear
drug delivery systems, offering sustained release and biological insight to improve therapeutic

outcomes for auditory disorders.

Isaakidou A.*, Bedulho Das Lages Y.*, Bawuah P., Moosabeiki V., Verin J., Willart J.F., Klimopoulou M., Leeflang M.A.,
Mirzaali M.]., Zeitler A., Siepmann F., Apachitei L, Siepmann J., Fratila-Apachitei L.E. and Zadpoor A.A. Sustained
drug release from 3D-printed microporous human cochlear implants fabricated by two-photon

polymerization.
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5.1. INTRODUCTION

The human inner ear is a complex sensory organ responsible for hearing and balance,
safeguarded by the blood-labyrinth barrier (BLB) [1,2]. While the BLB plays a crucial
protective role, its selective transport mechanisms pose a significant challenge for
treating auditory disorders, as they limit drug penetration into the inner ear fluids [3].
Consequently, conditions such as noise-induced hearing loss, Méniére's disease, and
sensorineural hearing loss remain challenging to treat due to inefficient drug
delivery, highlighting the need for the development of tailored cochlear drug delivery
systems [4-6]. Direct drug delivery strategies, which bypass the BLB, have gained
attention for their ability to achieve higher localized drug concentrations while
minimizing systemic side effects [7]. Approaches such as intratympanic and
intracochlear injections, sometimes combined with hydrogels [8] and nanoparticles
[9], have been explored as drug carriers. However, these methods often suffer from
limitations, such as poor drug bioavailability [10], invasiveness [11], and slow-release
kinetics within the cochlea, which hinder optimal treatment [12]. To address these
challenges, innovative drug delivery platforms, such as implants placed through the
round window membrane, are being investigated for controlled and sustained drug
release [13-15]. Porous drug delivery systems have emerged as a promising alternative
due to their ability to regulate the drug release rates [16-18]. These systems offer a
promising solution for sustained, long-term drug release into the cochlea, potentially
improving treatment outcomes (Figure 5.1A). Recently, rectangular and cylindrical
cochlear implants with an internal porous structure, designed to conform to the
human ear, have been investigated as an alternative to conventional drug delivery
methods [19,20]. Fabricated using two-photon polymerization (2PP) process, these
implants utilize micropores for drug storage and controlled release [19]. Mechanical
assessments indicate that cylindrical implants exhibit superior strength relative to
the rectangular ones, making them promising candidates for treating auditory
disorders[20]. In this study, we investigated the use of 3D-printed cylindrical cochlear
implants with distinct internal architectures for controlled and sustained ibuprofen
delivery to the inner ear. Specifically, we examined how implant geometry

(microporous versus hollow) influences drug loading efficiency and long-term release
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behavior in artificial perilymph under acidic and physiological pH conditions, as pH
fluctuations have been shown to contribute to hearing loss [21,22]. Furthermore, we
analyzed the spatial distribution and crystallinity of ibuprofen within the implants
using micro-computed tomography (U-CT) and differential scanning calorimetry
(DSC). Finally, based on the release profiles obtained from our release study, we
assessed how exposure to ibuprofen-rich environments affect macrophage viability
and inflammatory gene expression using cell viability assays and quantitative
polymerase chain reaction (qQPCR), providing insight into potential biological

consequences of sustained local drug delivery.

5.2. MATERIALS AND METHODS

5.2.1. IMPLANT DESIGN AND FABRICATION

The implants were designed using SolidWorks (Dassault Systemes SE, Vélizy-
Villacoublay, France) and nTopology (nTopology Inc., New York, NY, US). The outer
implant shape was a tapered-tip cylinder (C) with dimensions of 2.4 x 0.6 0.6 mm? (L
x« W x H). Two different implant designs were used to investigate the drug release
(Figure 5.1B): (i) the C60 implant featuring an internal porous network with

interconnected square pores of 60 x 60 pum? and (ii) a hollow implant (CH).

These implants were fabricated using 2PP with the Photonic Professional GT laser
lithography system (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) and
the IP-Q photoresist (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany). This
system utilizes a femtosecond fiber laser with a center wavelength of 780 nm, an 80
MHz repetition rate, and a 100 fs pulse duration. The designs were meshed and
imported as standard tessellation language (STL) files into the job preparation
software (Describe, Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) before

being transferred to the Photonic Professional GT machine for printing.

Silicon wafer substrates (25 x 25 x 0.725 mm®) were cleaned using acetone (Sigma-
Aldrich, Hamburg, Germany) and isopropyl alcohol (IPA) (Sigma-Aldrich, Hamburg,
Germany), then surface-activated with oxygen plasma for 15 minutes. Thereafter, the
Si wafers were silanized for 1 hr in a 2% 3-(trimethoxysilyl)propyl methacrylate
(MAPTMS, Sigma-Aldrich, Hamburg, Germany) ethanol solution, rinsed with
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acetone (Sigma-Aldrich, Hamburg, Germany) and demineralized water, and blow-
dried. A droplet of IP-Q photoresist was applied to the Si wafer, and the implants were
printed in the galvo writing mode (dip-in configuration, DiLL) using a 10x objective
with a numerical aperture (NA) of 0.3. The fabrication parameters were as follows: LP
(laser power)= 50 mW, v (scanning speed) = 150 mm/s, s (slicing distance) = 5 um, and
h (hatching distance) = 1 pm. Following printing, the samples were developed in 1,2-
propanediol monomethyl ether acetate (PGMEA, Sigma-Aldrich, Hamburg,
Germany) for 25 minutes and methoxy-nonafluorobutane C4F9OCH3 (Novec 7100,
Sigma-Aldrich, Hamburg, Germany) for 30 seconds. They were then dried with

compressed air before being removed from the Si wafer for further use.

W N ®) =

)
[ | @0.32 mm

\— | Labyrinth e
Gi’_\z:j \ ( ) 2.4 mm .
2 : CH
Implant 050.6 mm \

Figure 5.1. (A) Schematic representation of positioning a drug-loaded cochlear implant into
the round window. (B) Schematic representation of the proposed geometry for a cochlear

implant with dimensions and drug filling.

5.2.2. PREPARATION OF DRUG-LOADED IMPLANTS

To load the implants, 1 mL syringes were filled with ibuprofen powder (BASF,
Ludwigshafen, Germany), sealed with flexible syringe caps (B. Braun Medical,
Melsungen, Germany), and heated in an oven at 100 °C for 15 minutes to melt the
ibuprofen. Each implant was positioned halfway inside a 200 pL micropipette
(Eppendorf, Hamburg, Germany) with its tapered end directed inward. It was
connected to a microfluidic system using adapters, unions, and tubing (Figure 5.2A).
Melted ibuprofen was injected through the implant under controlled conditions,

ensuring consistent drug loading. Each syringe was used to fill a single implant.
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A total of seventeen C60 and fourteen CH cochlear implants were loaded with

ibuprofen. After loading, the implants were refrigerated overnight at -20 °C, and

excess ibuprofen on the exterior was carefully removed using an ethanol-wetted lint-

free tissue (Figure S5.1A).

(A)

Syringe

Female luer to male
coned adapter

Peek union

Fingertight coned fitting

Tubing

Fingertight coned fitting

200 plL pipette tip

—eecm e men

Cochlear implant

(8)

’,Kwik-SiI glue

— Artificial perilymph

T 80 rpm, 37 °C

Figure 5.2. (A) Diagram and photo of the individual components in the order of assembly for
the drug loading system. (B) Diagram of the experimental setup used for the drug release
measurements from the C60 and CH implants.
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5.2.3.IBUPROFEN RELEASE MEASUREMENTS

The ibuprofen-loaded implants were exposed to artificial perilymph with two
different pH levels, pH 5.5 and pH 7.4 (Table 5.1). Fourteen samples from the C60
implants and eleven samples from the CH implants were analyzed for release kinetics.

K-CT imaging was performed on three samples per group (Figure S$5.1B).

A two-vial system was used for controlled-release measurements, allowing for
frequent sampling and refreshing of the artificial perilymph (Figure 5.2B). The
implant was fixed in a 0.2 mL vial (Eppendorf, Hamburg, Germany) with a hole at the
bottom, secured with Kwik-Sil silicone glue (WPI, Sarasota, USA). This inner vial was
placed inside another 0.2 mL vial containing 0.12 mL artificial perilymph, ensuring
continuous immersion of the implant tip. The setup was incubated at 37 °C, shaken at

80 rpm (GFL 3033 horizontal shaker), and sampled at predefined time points.

High-Performance Liquid Chromatography with Ultraviolet detection (HPLC-UV)
analysis was performed using an Alliance 2695 system (Waters Division, Milford,
USA) equipped with a UV detector. 20 pL of release medium was injected into a
reverse-phase column C18 (Gemini 3 pm, 110 A,100x4.6 mm, Phenomenex, Le Pecq,
France). Ibuprofen detection was conducted with a mobile phase (33% acetonitrile/
67% phosphate buffer, with pH 6.8), at a flow rate of 1 mL/min, and a detection

wavelength of 225 nm. The retention time was approximately 5 minutes.

Table 5.1. Artificial perilymph composition for pH 5.5 and pH 7.4.

Artificial Perilymph Recipes

pH 5.5 pH 7.4
1.2 mM calcium chloride dihydrate 136 mM sodium chloride
2.78 mM magnesium sulphate monohydrate 2.7 mM potassium chloride
2.7 mM potassium chloride 8.1 mM disodium phosphate
5 mM HEPES Pufferan 1.47mM monopotassium phosphate
145 mM sodium chloride

5.2.4. MICRO-COMPUTED TOMOGRAPHY OF THEIMPLANTS
Empty and ibuprofen-loaded implants were analyzed using X-ray p-CT with a
Skyscan 1172 scanner (Bruker, Antwerp, Belgium), employing a source voltage of 34

kV and a current of 210 pA in a cone-beam configuration, without the use of any
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filter. The samples were placed vertically on the sample holder and were rotated 360°
in steps of 0.25°, generating about 1440 2D projections at each rotation step with an
isotropic voxel resolution of 2.49 pum. Using an exposure time of 1600 ms per image,
the total scan duration for each sample was approximately 2 hours. The NRecon
software (Version 1.7.4.2, Bruker, Antwerp, Belgium) was used to reconstruct the 2D
projection images into a cross-sectional image of the samples. The reconstructed
cross-sectional images were aligned using the DataViewer software (Version 1.5.6.2,
Bruker, Antwerp, Belgium) and imported into Dragonfly Pro (Version 2022.1 Build
1249) for quantitative segmentation and porosity analysis. Thresholding was
achieved using Otsu’s method and was applied across samples to segment solid
material (polymer and/or drug) from void space. Void fraction (porosity) was
computed as the ratio of void voxels to total voxels within the defined implant
volume. Fiji/ImageJ] and CTvox were used only for visualization and figure/video
generation. The pixel size was 2.49 x 2.49 « 2.49 pm?>, consistent with the acquisition
settings, and it was sufficient to resolve the designed pore architecture (-60 nm), but
not sub-micron fabrication features such as the 1 pm hatching distance used during

two-photon polymerization.

5.2.5. THERMAL ANALYSIS OF THE DRUG AND IMPLANTS

DSC thermograms of the ibuprofen powder, the IP-Q implant material, and the
ibuprofen-loaded implants were recorded using a DSC Q1000 (TA Instruments,
Leatherhead, UK). Each sample was placed in the refrigerator for 24 hours before
analysis to ensure complete crystallization and maintain consistency with the drug
release protocol described in Section 5.2.3. Samples of 5 mg of ibuprofen, 2.7 mg of
IP-Q, 2.2 mg of ibuprofen-loaded C60, and 0.6 mg of ibuprofen-loaded CH were
heated in hermetic aluminum pans from -60 °C to 100 °C at a heating rate of 5 °C/min.
During the DSC analysis the samples were flushed with highly pure nitrogen gas.
Temperature and enthalpy readings were calibrated using pure indium at the same

scan rates used in the experiments.
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5.2.6. MACROPHAGE CULTUREWITH IBUPROFEN-RICH MEDIUM

Murine macrophages (J774A.1) (DSMZ, Braunschweig, Germany), at passage 14, were
pre-cultured in 75 cm? flasks (Greiner Bio-One GmbH, Alphen aan den Rijn, the
Netherlands) at a concentration of 5 x 10° cells per mL with 10 mL of Dulbecco’s
Modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Landsmeer, the
Netherlands) at 37 °C and 5.0% CO, for 3 days. To induce M1 polarization, the cells
were stimulated with 100 ng/ml lipopolysaccharide (LPS) (Merck Sigma,
Zwijndrecht, the Netherlands) and 10 ng/mL interferon-gamma (IFN-y) (Merck
Sigma, Zwijndrecht, the Netherlands) for 24 hours. Following stimulation, the cells
were seeded into 48-well plates (Greiner Bio-One GmbH) at a concentration of 3500
cells/mL in 0.5 mL of ibuprofen-enriched medium containing 0.04, 0.10, or 0.30
mg/mL ibuprofen (BASF, Ludwigshafen, Germany). These concentrations were
selected based on the ibuprofen release profiles observed from the C60 and CH drug-
eluting implants developed in this study. Cells cultured in ibuprofen-free medium
served as the untreated control. Cell viability was investigated after 48 h of ibuprofen
exposure using live/dead staining (Viability/Cytotoxicity Kit #1.3224, Landsmeer,
the Netherlands). Fluorescence images were acquired to qualitatively evaluate the

presence of viable (green) and non-viable (red) cells under each treatment condition.

After 48 hours of exposure, the RNA was extracted using the RNeasy kit (Qiagen,
Venlo, the Netherlands) according to the manufacturer’s instructions.
Complementary DNA (cDNA) synthesis was performed using the QuantiTect Reverse
Transcription kit (Qiagen, Venlo, the Netherlands). Quantitative PCR (qQPCR) was
conducted using the QuantiNova SYBR Green PCR kit (Qiagen, Venlo, the
Netherlands) on a Rotor-Gene Q 2Plex thermal cycler (Qiagen, Venlo, the
Netherlands). The expression of M1-associated genes (Il1b, Il6, Cd86) and M2-
associated genes (I110, Tgfb, Cd206) was assessed, and the Ubc gene was used as the
housekeeping reference (Integrated DNA Technologies, Leuven, Belgium) (Table
85.1). Relative gene expression levels were calculated using the 242 method, where
expression was normalized to Ubc and expressed relative to the untreated control

condition. All experimental conditions were tested in triplicate.
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5.2.7. STATISTICAL ANALYSIS

The data are presented as mean + standard deviation. A Welch’s t-test was used to
assess differences in the ibuprofen loading amount between the porous C60 and
hollow CH implants (p < 0.05). Gene expression data were analyzed using a non-
parametric one-way ANOVA (Kruskal-Wallis test) followed by Dunn’s post-hoc test to
assess differences between treatment groups (p < 0.05). All statistical analyses were

performed using Prism 10 (GraphPad Software, San Diego, CA, USA).

5.3. RESULTS

5.3.1. IBUPROFEN LOADING, CRYSTALLINITY, AND DISTRIBUTION INSIDE
THE COCHLEAR IMPLANTS

Ten ibuprofen-loaded implants from each implant type (C60 and CH) were used to
assess the amount of loaded ibuprofen. A statistically significant difference was
observed between the C60 and CH types (Figure 5.3A), with the amount of loaded
ibuprofen in the C60 implants being 86 + 44 pg and in the CH implants being 240 +
120 pg.

The DSC thermogram of ibuprofen showed a melting temperature of 76.41 °C for the
pure drug. In contrast, the microporous C60 and hollow CH implants loaded with
ibuprofen revealed endotherms at approximately 74.17 °C and 74.65 °C, respectively.
Within the range of -60 °C to 90 °C, the thermoset resin (pure IP-Q) exhibited no
thermal events (Figure 5.3B).

p-CT was used to assess the morphology of the C60 and CH implants before drug
loading and to evaluate the spatial distribution of voids within the implants after
loading (Figure 5.3C). The findings revealed that the micropore geometry aligned
consistently with the intended design across the entire volume of the C60 implants.
Similarly, the overall shape and wall thickness of the CHimplants were preserved. Due
to the similar X-ray attenuation coefficients of the IP-Q photoresist and ibuprofen, -
CT does not allow direct distinction between polymer and drug. Consequently, the
analysis identifies voids (i.e., regions not occupied by polymer and/or drug), and the
reported porosity values reflect the void fraction only. Porosity measurements (Table

5.2) revealed a decrease in porosity of the loaded implants, indicating partial filling of
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the internal void space following ibuprofen loading. In the case of C60 implants, the
porosity decreased from 28% to 18%, suggesting that the microporous network was
not fully loaded with the drug (Figure 5.3C). By comparison, the hollow CH implants
exhibited a porosity of 8% after drug loading, indicating that most of the internal
cavity was filled with ibuprofen, albeit some empty zones were observed along the
implant’s length (Figure 5.3C). The p-CT analysis thus indicates that ibuprofen
loading did not result in homogeneous filling of the internal void space in either

implant type. Instead, spatial heterogeneities and residual voids were observed along

the implant length.
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Figure 5.3. (A) Amount of loaded ibuprofen in C60 and CH types of implants (p° < 0.05,p™
< 0.01). (B) DSC thermograms of ibuprofen of a drug-free (IP-Q) and an ibuprofen-loaded
cochlear implants (C60, CH). (C) u-CT images of the external and internal geometry of the two
types of cochlear implants (i.e., C60 and CH) before and after ibuprofen loading.
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Table 5.2. Calculated porosity of C60 and CH cochlear implants before and after ibuprofen
loading.

C60 Loaded C60 Loaded CH

Solid volume (mm?®) 0.44 0.44 0.37
Void volume (mm?® 0.12 0.08 0.03
Porosity (%) 28 18 8

5.3.2. EFFECT OF IMPLANT ARCHITECTURE AND pH ON THE RELEASE OF
IBUPROFEN

The release kinetics of ibuprofen revealed distinct differences between the
microporous C60 and the hollow CH implants (Figure 5.4). In the perilymph with a
PH of 5.5, the cumulative drug release after 84 days from the C60 implants was
between 20 and 60 pg (Figure 5.4A). In contrast, the CH implants exhibited a
cumulative ibuprofen release of 30 and 80 pig over the same period and at the same pH
(Figure 5.4C). Similarly, in the perilymph with a pH of 7.4, C60 implants released an
amount of ibuprofen ranging between 60 and 180 g after 84 days (Figure 5.4B),
while CH implants released 100 to 400 pg of ibuprofen, thus approximately four
times more at the same pH and over the same period (Figure 5.4D). Moreover, at pH
7.4, CH implants exhibited faster release, reaching a plateau around day 40, while

porous C60 implants continued to release steadily over the next 44 days.
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Figure 5.4. Cumulative ibuprofen release profiles from C60 and CH implants under different
PH conditions. (A) C60 implant at pH 5.5. (B) C60 implant at pH 7.4. (C) CH implant at pH 5.5.
(D) CHimplant at pH 7.4. Solid lines represent the mean cumulative release, while the shaded
areas indicate the standard deviation. Average and standard deviation from a minimum of 5
and a maximum of 7 samples per group (see Figure S5.2).

5.3.3. MACROPHAGE VIABILITY AND GENE EXPRESSION PROFILE IN
RESPONSE TO IBUPROFEN TREATMENT

Viability of M1-stimulated macrophages following ibuprofen exposure

Live/Dead staining performed after 48 h of exposure showed that macrophage
viability was preserved across all ibuprofen concentrations (0.04-0.30 mg/mL), with
predominantly viable cells observed in all conditions (Figure S5.3). A decrease in the
overall cell number was observed with increasing ibuprofen concentration. Data are
representative of three independent experiments, each performed in triplicate.

Gene expression of M 1-stimulated macrophages following ibuprofen exposure

To assess the immunomodulatory effects of ibuprofen on M1-stimulated
macrophages, we analyzed the expression levels of M1-associated (I11b, I16, and Cd86)
and M2-associated (T'gfb, I110,and Cd206) genes after a 48-hour exposure toibuprofen

at concentrations of 0.04, 0.10, and 0.30 mg/mL.
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The fold-change analysis relative to the untreated controls showed that all the M1-
associated genes were upregulated in the presence of ibuprofen. Furthermore, the
effects increased with ibuprofen concentration, and more specifically, I11b and 116
showed a robust, dose-dependent increase in expression, with several replicates at the
highest dose reaching or exceeding a 15-fold upregulation relative to untreated
controls (Figure 5.5A). Cd86 was also significantly elevated, particularly at 0.10 and
0.30 mg/mL, indicating an increased pro-inflammatory response.

By comparison, among the M2 genes, I110 expression remained low and relatively
unchanged across all treatment conditions, with fold changes of less than 1.0 in all
replicates (Figure 5.5B). Tgfb was upregulated in all treated samples, and the Cd206
surface marker exhibited comparable levels with the control at the lowest ibuprofen
concentrations but showed downregulation with increasing ibuprofen
concentrations. These findings suggest that ibuprofen exposure of M1-stimulated
macrophages at concentrations between 0.04 and 0.30 mg/mL further enhances the

M1 polarization of the macrophages.
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Figure 5.5. Relative expression levels of (A) M1-associated genes and (B) M2-associated genes
following 48 h ibuprofen treatment, expressed as fold change relative to untreated controls,
after normalization to the Ubc housekeeping gene. Data are presented as individual replicates
with mean : standard deviation. Statistical significance was assessed using Kruskal-Wallis test
followed by Dunn’s post-hoc test (p <0.05).

5.4. DISCUSSION

This study investigated the potential of 3D-printed human cochlear implants
featuring hollow (CH) and microporous (C60) architectures to enable sustained and
localized drug release to the inner ear. The investigation focused on the influence of
porosity and pH on drug release kinetics and their consequences on macrophage
polarization. Our findings confirm that the implant design greatly influences drug
loading, release profiles, and biological indicators, offering a promising direction for

localized drug delivery to the human cochlea.

5.4.1.IBUPROFEN LOADING AND RELEASE
A key challenge during the study was achieving consistent and repeatable loading of

crystalline ibuprofen into the implants. Although both designs demonstrated

165




PARTIII - CHAPTER 5

successful loading, inconsistencies arose due to pressure buildup and air entrapment
during the filling process. Thermal analysis confirmed that the ibuprofen loaded in
the implants retained its crystalline nature, with no detectable glass transition at ~46
°C[23] and melting peaks near 76 °C[23,24]. Slight reductions in melting temperature
(-2 °C) were observed in both implant types suggesting confinement-induced
crystallite size reduction, particularly in C60 implants, where the smaller total drug
volume and higher surface-to-volume ratio favored the formation of smaller
crystallites. These findings highlight the influence of implant architecture not only
on the quantity of drugloaded but also on its physical state.

Release profiles showed notable variability among samples (Figure S5.2). This was
partly attributable to differences in the positioning of the drug within the implant.
The semi-hydrophobic nature of the implant material [19] and the narrow outlet (0.6
mm) likely limited water ingress, especially when the drug was positioned away from
the opening or interrupted by air gaps. The hollow CH implants enabled more direct
contact between the drug and the release medium, leading to dissolution-based
release[25], whereas C60 implants induced a more diffusion-dominated behavior due
to their internal porosity. Environmental pH also played a critical role. At pH 7.4,
representative of healthy cochlear conditions, the solubility of ibuprofen is high (=
3.37 mg/mL), resulting in accelerated release. Conversely, at pH 5.5, which is relevant
for inflaimmatory or pathological states, solubility decreases (= 0.084 mg/mL),
thereby reducing the dissolution rate and making the process more diffusion-
controlled [25]. Under acidic conditions, the influence of geometry on release
diminished, suggesting that solubility may became the primary limiting factor.

5.4.2. MACROPHAGE RESPONSE TO THE RELEASED IBUPROFEN

Ibuprofen is classically described as an anti-inflimmatory agent through the
inhibition of cyclooxygenase (COX) and the consequent reduction of prostaglandin
synthesis, particularly PGE; [26]. However, the macrophage response observed in this
study did not align with these classical anti-inflammatory effects. Instead, we found
that ibuprofen exposure further increased the expression of M1-associated markers
(Il1b, Il6, and Cd86), in already M1-stimulated macrophages, while M2-associated
markers (1110, Tgfb, and Cd206) were either unchanged or suppressed at higher doses.
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These results suggest that ibuprofen may not act as a direct anti-inflammatory
stimulus at the macrophage level but rather may skew macrophages toward a pro-
inflammatory phenotype. This dose-dependent enhancement of pro-inflammatory
gene expression was most pronounced at 0.30 mg/mL, suggesting that macrophage
responses may be dependent on the ibuprofen concentration.

Although PGE; is commonly associated with pro-inflammatory signaling, it can also
exert regulatory or anti-inflammatory effects in macrophages as a negative-feedback
regulator that can limit excessive inflammatory activation and promote wound
healing [27,28]. When ibuprofen inhibits COX activity, it subsequently reduces PGE,
synthesis and therefore bypasses this homeostatic component that can lead to an
upregulation of the expression levels of pro-inflammatory cytokines.

In addition to PGE, suppression, ibuprofen concentrations have been reported to
influence macrophage behavior through other pathways. A study showed that
ibuprofen alone (10 - 100 uM) could not reduce the oxidative stress induced by
stimulation with LPS [29]. Elevated oxidative stress is a known activator of NF-kB,
which directly drives transcription of IL-1[3, IL-6, and CD86. Another study showed a
downregulation of both M1- and M2-associated markers in THP-1-derived
macrophages when exposed to 100-800 uM ibuprofen for 2 hours via the PARP-1 and
NF-kB signaling pathways [30].

Taken together, the amplified M1-like phenotype observed in our study may arise
from the combined effects of reduced PGE; signaling, increased oxidative stress, pre-
existing M1 polarization, and exposure to higher ibuprofen concentrations than
those typically associated with anti-inflammatory effects. Macrophages were first
polarized to an M1 phenotype using LPS and IFN-y before exposure to ibuprofen,
which may have predisposed them toward an intensified inflammatory response.
Additionally, the ibuprofen concentrations used here (0.04-0.30 mg/mL; 0.19-1.45
mM) exceed those typically applied in studies demonstrating anti-inflammatory
effects (10-100 pM), suggesting that higher cumulative exposure may have
contributed to the observed gene expression patterns. Moreover, whether the

concentrations used in our experiments reflect physiologically relevant levels in the
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cochlear microenvironment remains to be determined, especially given that in vivo
drug concentrations depend heavily on the route of administration.

Live/Dead staining confirmed macrophage viability at all tested ibuprofen
concentrations, indicating that the observed upregulation of M1-associated genes
was not driven by cytotoxicity but rather by a transcriptional response of viable cells.
The overall reduced number of cells observed with increasing ibuprofen
concentration could suggest altered proliferation and cell adhesion. Further studies
employing quantitative viability and proliferation assays could fully elucidate the
concentration-dependent effects of ibuprofen on macrophage behavior.

From a design standpoint, this immune activation highlights the need to refine the
implants further. Future work should focus on optimizing the design to control the
release kinetics more precisely, as well as on developing loading methods to enhance
the uniformity and spatial distribution of the drug. Additionally, testing in complex
biological environments, including cochlear cell co-cultures or in vivo models, is
essential to evaluate whether the observed pro-inflammatory skewing translates to
detrimental or beneficial outcomes in the inner ear context.

Despite these uncertainties and the need for further exploration, the implants
developed in this study enable the local delivery of drugs, offering the possibility of
tailoring the drug dose, spatial distribution inside the implants, and release duration.
With continued refinement, these implants may serve as customizable tools for
delivering active pharmaceutical ingredients to the cochlea and modulating the

immune response, contributing to therapeutic strategies for auditory disorders.

5.5. CONCLUSION

The current research seeks to bridge the gap between conventional drug delivery
systems and the need for local and potentially personalized medicine in treating
auditory disorders. By exploring the potential of porous cochlear implants fabricated
via 2PP as a platform for controlled and sustained ibuprofen release, this study
demonstrates that implant porosity significantly impacts drug loading efficiency,
spatial distribution and release kinetics. The hollow CH implants exhibited greater
drug loading and faster release, whereas the porous C60 implants achieved more

controlled and prolonged drug release. The findings highlight the promise of porous
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cochlear implants for localized and sustained drug delivery to the inner ear. While
challenges remain in optimizing drug loading reproducibility, and
immunomodulatory effects, this study paves the way for future investigations into
personalized cochlear drug therapies. Further studies should focus on long-term
stability, mechanical robustness, and in vivo immunological responses to advance this

technology toward clinical applications in the treatment of auditory disorders.

169




PARTIII - CHAPTER 5

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(8]

(9]

(10]

(1]

C. Kampfe Nordstrom, N. Danckwardt-Lilliestrom, G. Laurell, W. Liu, H. Rask-
Andersen, The Human Endolymphatic Sac and Inner Ear Immunity:
Macrophage Interaction and Molecular Expression, Front. Immunol. 9 (2019).
https://doi.org/10.3389/fimmu.2018.03181.

H. Liu, J. Hao, K.S. Li, Current strategies for drug delivery to the inner ear, Acta
Pharm. Sin. B 3 (2013) 86-96. https://doi.org/10.1016/j.apsb.2013.02.003.

S. Dash, J. Zuo, P.S. Steyger, Local Delivery of Therapeutics to the Cochlea Using
Nanoparticles and Other Biomaterials, Pharmaceuticals 15 (2022) 1115.
https://doi.org/10.3390/ph15091115.

G. Altissimi, A. Colizza, G. Cianfrone, M. de Vincentiis, A. Greco, S. Taurone, A.
Musacchio, A. Ciofalo, R. Turchetta, D. Angeletti, M. Ralli, Drugs inducing
hearing loss, tinnitus, dizziness and vertigo: an updated guide, Eur Rev Med
Pharmacol Sci 24 (2020) 7946-7952.
https://doi.org/10.26355/eurrev_202008_22477.

F. Piu, KM. Bishop, Local Drug Delivery for the Treatment of Neurotology
Disorders, Front Cell Neurosci 13 (2019) 238.
https://doi.org/10.3389/fncel.2019.00238.

A.A.McCall, EE. Swan, ].T. Borenstein, W.F. Sewell, S.G. Kujawa, M.]. McKenna,
Drug delivery for treatment of inner ear disease: current state of knowledge, Ear
Hear. 31(2010) 156-165. https://doi.org/10.1097/AUD.0b013e3181¢351f2.
AN. Salt, S.K. Plontke, Principles of Local Drug Delivery to the Inner Ear,
Audiology and Neurotology 14 (2009) 350-360.
https://doi.org/10.1159/000241892.

K. Mfoafo, R. Mittal, A. Eshraghi, Y. Omidi, H. Omidian, Improved inner ear
drug delivery using hydrogel carriers, J. Drug Deliv. Sci. Technol. 79 (2023)
104086. https://doi.org/10.1016/j.jddst.2022.104086.

J. Zou, R. Sood, S. Ranjan, D. Poe, U.A. Ramadan, P.K. Kinnunen, I Pyykko,
Manufacturing and in vivo inner ear visualization of MRI traceable liposome

nanoparticles encapsulating gadolinium, J. Nanobiotechnology 8 (2010) 32.
https://doi.org/10.1186/1477-3155-8-32.

S. Nyberg, N.J. Abbott, X. Shi, P.S. Steyger, A. Dabdoub, Delivery of therapeutics
to the inner ear: The challenge of the blood-labyrinth barrier, Sci. Transl. Med.
11(2019)eaa00935. https://doi.org/10.1126/scitranslmed.aao0935.

E. Lehner, M. Menzel, D. Giindel, S.K. Plontke, K. Mider, J. Klehm, H. Kielstein,
A. Liebau, Microimaging of a novel intracochlear drug delivery device in

170


https://doi.org/10.3389/fimmu.2018.03181
https://doi.org/10.1016/j.apsb.2013.02.003
https://doi.org/10.3390/ph15091115
https://doi.org/10.26355/eurrev_202008_22477
https://doi.org/10.3389/fncel.2019.00238
https://doi.org/10.1097/AUD.0b013e3181c351f2
https://doi.org/10.1159/000241892
https://doi.org/10.1016/j.jddst.2022.104086
https://doi.org/10.1186/1477-3155-8-32
https://doi.org/10.1126/scitranslmed.aao0935

5.COCHLEAR IMPLANT DRUG LOADING AND RELEASE

(12]

(13]

[14]

(15]

(16]

(17]

(18]

(19]

[20]

combination with cochlear implants in the human inner ear, Drug Deliv. Transl.
Res. 12 (2022) 257-266. https://doi.org/10.1007/s13346-021-00914-9.

EE.L. Swan, M.J. Mescher, W.F. Sewell, S.L.. Tao, J.T. Borenstein, Inner ear drug
delivery for auditory applications, Adv. Drug Deliv. Rev. 60 (2008) 1583-1599.
https://doi.org/10.1016/j.addr.2008.08.001.

M. Gehrke, J. Sircoglou, D. Gnansia, G. Tourrel, J.F. Willart, F. Danede, E.
Lacante, C. Vincent, F. Siepmann, J. Siepmann, Ear Cubes for local controlled
drug delivery to the inner ear, Int. J. Pharm. 509 (2016) 85-94.
https://doi.org/10.1016/j.ijpharm.2016.04.003.

J. Sircoglou, M. Gehrke, M. Tardivel, F. Siepmann, J. Siepmann, C. Vincent,
Trans-Oval-Window Implants, A New Approach for Drug Delivery to the Inner
Ear, Otology & Neurotology 36 (2015) 1572-1579.
https://doi.org/10.1097/MAQ.0000000000000855.

M. Gehrke, J. Verin, D. Gnansia, G. Tourrel, M. Risoud, C. Vincent, F. Siepmann,
J. Siepmann, Hybrid Ear Cubes for local controlled dexamethasone delivery to
the inner ear, European Journal of Pharmaceutical Sciences 126 (2019) 23-32.
https://doi.org/10.1016/j.ejps.2018.04.045.

F. Huang, S. Yang, H. Wang, P. Zhao, B. Zhou, B. Cheng, S. Dong, J. Yang, B. Li, X.
Wang, pH-responsive PLGA /gelatin porous microspheres containing paclitaxel
used for inhibition of cancer cell proliferation, J. Drug Deliv. Sci. Technol. 86
(2023) 104735. https://doi.org/10.1016/j.jddst.2023.104735.

S.Du,Y.Wei, Y. Tan, Y.Li, J. Li, T. Wu, L. Han, M. Wang, S. Ahmed, W. Zhou, L.
Wu, T. Zhang, Self-assembled mesoporous particles of Antheraea pernyi silk
fibroin for encapsulation and sustained release of 5-fluorouracil, Colloids Surf.
A Physicochem. Eng. Asp. 673 (2023) 131772.
https://doi.org/10.1016/j.colsurfa.2023.131772.

S. Sajjadi, A. Gholizadeh-Hashjin, F. Shafizadeh, S. Marefat, S. Hamidi, A.
Farjami, Advancing biomedicine with gel-based materials and composites: A
comprehensive review, J. Appl. Polym. Sci. (2023).
https://doi.org/10.1002/app.54641.

A. Tsaakidou, I. Apachitei, L.E. Fratila-Apachitei, A.A. Zadpoor, High-Precision
3D Printing of Microporous Cochlear Implants for Personalized Local Drug
Delivery, J. Funct. Biomater. 14 (2023) 494,
https://doi.org/10.3390/jfb14100494.

A. Isaakidou, M. Ganjian, R. van Hoften, M.C. Saldivar, M.A. Leeflang, A.
Groetsch, M. Watroba, J. Schwiedrzik, M.J. Mirzaali, I. Apachitei, L.E. Fratila-
Apachitei, A.A. Zadpoor, Multi-scale in silico and ex silico mechanics of 3D

171



https://doi.org/10.1007/s13346-021-00914-9
https://doi.org/10.1016/j.addr.2008.08.001
https://doi.org/10.1016/j.ijpharm.2016.04.003
https://doi.org/10.1097/MAO.0000000000000855
https://doi.org/10.1016/j.ejps.2018.04.045
https://doi.org/10.1016/j.jddst.2023.104735
https://doi.org/10.1016/j.colsurfa.2023.131772
https://doi.org/10.1002/app.54641
https://doi.org/10.3390/jfb14100494

PARTIII - CHAPTER 5

[21]

(22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

printed cochlear implants for local drug delivery, Front. Bioeng. Biotechnol. 11
(2024). https://doi.org/10.3389/fbioe.2023.1289299.

V. Paplou, N.M.A. Schubert, S.J. Pyott, Age-Related Changes in the Cochlea and
Vestibule: Shared Patterns and Processes, Front. Neurosci. 15 (2021).
https://doi.org/10.3389/fnins.2021.680856.

A. Maniaci, L. La Via, J.R. Lechien, G. Sangiorgio, G. Iannella, G. Magliulo, A.
Pace, Q. Mat, S. Lavalle, M. Lentini, Hearing Loss and Oxidative Stress: A
Comprehensive Review, Antioxidants 13 (2024) 842,
https://doi.org/10.3390/antiox13070842.

K. Grzybowska, A. Grzybowski, J. Knapik-Kowalczuk, K. Chmiel, K. Woyna-
Orlewicz, J. Szafraniec-Szczesny, A. Antosik-Rogdz, R. Jachowicz, K. Kowalska-
Szojda, P. Lodowski, M. Paluch, Molecular Dynamics and Physical Stability of
Ibuprofen in Binary Mixtures with an Acetylated Derivative of Maltose, Mol.
Pharm. 17 (2020) 3087-3105.
https://doi.org/10.1021 /acs.molpharmaceut.0c00517.

J.D. Higgins, T.P. Gilmor, S.A. Martellucci, R.D. Bruce, H.G. Brittain, Ibuprofen,
in: 2001: pp. 265-300. https://doi.org/10.1016/S1075-6280(01)27008-6.

V. Friuli, G. Bruni, G. Musitelli, U. Conte, L. Maggi, Influence of Dissolution
Media and Presence of Alcohol on the In Vitro Performance of Pharmaceutical
Products Containing an Insoluble Drug, J. Pharm. Sci. 107 (2018) 507-511.
https://doi.org/10.1016/j.xphs.2017.06.001.

KD. Rainsford, Ibuprofen: pharmacology, efficacy and safety,
Inflammopharmacology 17 (2009) 275-342. https://doi.org/10.1007/s10787-
009-0016-x.

T. Schmid, B. Briine, Prostanoids and Resolution of Inflammation - Beyond the
Lipid-Mediator =~ Class  Switch, Front. Immunol. 12  (2021).
https://doi.org/10.3389/fimmu.2021.714042.

K.E. Gilman, K.H. Limesand, The complex role of prostaglandin E 2 -EP receptor
signaling in wound healing, American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology 320 (2021) R287-R296.
https://doi.org/10.1152/ajpregu.00185.2020.

M.S. Alvarez, L. Mazzei, M.B. Hapon, L Quesada, L. Salvarredi, D. Beltramo, C.
Castro, New formulation of ibuprofen-arginate reduces oxidative stress and

prevents macrophage polarization toward M1 phenotype, Biomedicine &
Pharmacotherapy 183 (2025) 117819.
https://doi.org/10.1016/j.biopha.2025.117819.

P.-H. Wang, Y. Wang, Y.-Y. Guo, Z.-H. Ma, C. Wu, L. Xing, Ibuprofen modulates
macrophage polarization by downregulating poly (ADP-ribose) polymerase 1,

172


https://doi.org/10.3389/fbioe.2023.1289299
https://doi.org/10.3389/fnins.2021.680856
https://doi.org/10.3390/antiox13070842
https://doi.org/10.1021/acs.molpharmaceut.0c00517
https://doi.org/10.1016/S1075-6280(01)27008-6
https://doi.org/10.1016/j.xphs.2017.06.001
https://doi.org/10.1007/s10787-009-0016-x
https://doi.org/10.1007/s10787-009-0016-x
https://doi.org/10.3389/fimmu.2021.714042
https://doi.org/10.1152/ajpregu.00185.2020
https://doi.org/10.1016/j.biopha.2025.117819

5.COCHLEAR IMPLANT DRUG LOADING AND RELEASE

Int. Immunopharmacol. 143 (2024) 113502.
https://doi.org/10.1016/j.intimp.2024.113502.

173


https://doi.org/10.1016/j.intimp.2024.113502

PARTIII - CHAPTER 5

5.6. SUPPORTING INFORMATION
LIST OF SUPPORTING TABLES

Table S5.1. Primer selection for qPCR analysis.

Gene type Gene Reverse sequence (5’ - 3°) Forward sequence (5’ - 3°)

M1 phenotype  Il6 AGTGGTATAGACAGGTCTGTTGG CTGCAAGAGACTTCCATCCAG
indicator

II1b AAACTTCTGCCTGACGAGCTT GCACCTTACACCTACCAGAGT
M2 phenotype 1110 TTTTCACAGGGGAGAAATCG CCAAGCCTTATCGGAAATGA
indicator Tefb CTGGCGAGCCTTAGTTTGGAC CCACCTGCAAGACCATCGAC
M1 surface
marker Cds6 TTGAGCCTTTGTAAATGGGCA TGTTTCCGTGGAGACGCAAG
M2 surface
marker Cd206 CACTTGTTCCTGGACTCAGATTA  GTGTCCTCCTGATTGTGATAG
Housekeeping
gene Ubc ACCCAAGAACAAGCACAAGG AGCCCAGTGTTACCACCAAG

LIST OF SUPPORTING FIGURES

A

Before loading After I1BU loading After cleaning After inserting in Eppendorf

Figure S5.1. (A) Optical images of the C60 type of implant before loading, after loading, after
the cleaning step, and after placement in the Eppendorf setup for drug release measurements.
(B) 1-CT images of the internal and external geometry of C60 and CH at days 35 and 28 of the
release measurements, respectively.
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Figure S5.2. Cumulative ibuprofen release from: (A) C60 implantsat pH 5.5. (B) C60 implants
atpH7.4.(C) CHimplants at pH 5.5. (D) CHimplantsat pH 7.4.

Control 0.04 mg/mL 0.10 mg/mL 0.30 mg/mL

Live

Dead

100'um - - -

Figure S5.3. Representative Live/Dead fluorescence images of M1-stimulated macrophages
after 48 h exposure to ibuprofen (0.04, 0.10, and 0.30 mg/mL). Live cells are shown in green
(calcein-AM) and dead cells in red (ethidium homodimer). Scale bar: 100 pm. The experiment
was performed in triplicate and repeated in three independent experiments.
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CHAPTER 6

6. CONCLUDING REMARKS
6.1 MAIN FINDINGS

This thesis presents the design, fabrication, and characterization of 3D-printed
cochlear implants with internal microporosity as vehicles for localized drug delivery
to the inner ear. The work is structured around three main pillars: (1) design and
fabrication, (2) mechanical characterization through experimental and
computational approaches, and (3) functional and preliminary biological evaluation.
The studies in this thesis demonstrate a cohesive strategy to address the anatomical,
mechanical and pharmacological challenges of cochlear drug delivery through a two-
step approach that combines 3D printing of the implants and subsequent drug

loading of them with a model drug.
6.2. GENERAL DISCUSSION

6.2.1. TWO-PHOTON POLYMERIZATION

Two-photon polymerization (2PP) was the primary 3D printing technology used
throughout this dissertation, offering a unique combination of sub-micron
resolution, design flexibility, and material selectivity [1]. The 3D printing strategies
demonstrated the capacity of 2PP to fabricate anatomically relevant cochlear
implants with internal porosity and microscale resolution, a combination of features
that are not easily achievable with other additive manufacturing techniques.
Compared to the most popular ones, such as stereolithography (SLA), fused deposition
modeling (FDM), and inkjet printing, 2PP provides very high resolution and control
over microscale features. While SLA was effectively used in Chapter 4 for creating
scaled-up models to validate finite element analysis (FEA) simulations, its resolution
isnot high enough for fabricating implant features in the 10 - 100 pm range, which is
relevant for drug release in intracochlear applications. In contrast, 2PP enabled the
fabrication of drug reservoirs and microporous structures with pore sizes of 20 and
60 nm. The versatility of 2PP was further underscored in Chapter 3, where three
resing (IP-Q, IP-S, and IP-PDMS) were processed using variable parameters to fabricate

both solid and porous geometries. This flexibility appeared to come at the cost of

178



CONCLUDING REMARKS

process complexity, requiring systematic investigation in the printing parameters for

each resin-geometry combination to achieve reproducibility.

6.2.2. MATERIAL PROPERTIES

Across multiple chapters of this thesis, material properties such as stiffness and
surface characteristics, together with processing-related parameters influencing the
degree of polymerization, were systematically investigated in relation to their
relevance for cochlear-specific DDS. IP-Q was the primary material used throughout
the study, as it enables the fabrication of large three-dimensional structures via 2PP
and had been relatively underexplored in the literature. In contrast, the comparative
evaluation of IP-S and IP-PDMS in Chapter 3 provided additional insight into resin-

specific behavior and their potential suitability for other biomedical applications.

IP-Q exhibited a combination of mechanical properties and physical properties that
appear more suitable for a permanent cochlear DDS, including a high degree of
polymerization, high stiffness and moderate hydrophilicity. In comparison, IP-S
showed similar stiffness but is typically employed for the fabrication of smaller-scale
microstructures than the cochlear implant dimensions targeted in this study. IP-
PDMS, being an elastomer, exhibited higher compliance than IP-Q and IP-S. While
this compliance may be advantageous for applications such as microrobotics [2,3],
tissue interface devices [4], and cell-instructive biomaterials [5,6], it appears less
favorable for applications requiring structural stability and precise positioning, such

as cochlear DDS.

Structure-function relationships were also explored through the lens of porosity. In
Chapter 3, introducing porosity in miniaturized implants reduced the stiffness of
structures by 15-20% in IP-Q and IP-S, and by ~50% in IP-PDMS. These reductions
emphasized the importance of balancing porosity for drug reservoir function with
mechanical performance and underlined the effects of scaling in the 2PP process.

Interestingly, in Chapter 4, the simulations revealed that pore size (20 vs. 60 pum) had
little influence on implant stiffness compared to the global geometry (cylindrical vs.
rectangular), suggesting that macrogeometry governs implant behavior under

surgical loading, while microporosity plays a more subtle, yet still relevant, role.
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6.2.3. MECHANICAL TESTING CONSTRAINTS

One of the most challenging aspects in the characterization of the cochlear implant
was its mechanical testing. The small size of the cochlear implants (-2.4 x 0.6 x 0.6
mm?) ruled out the possibility of direct torsion or compression testing with standard
tools. To overcome this, Chapter 3 describes how a combination of scaled-up SLA
printing, physical testing, and finite element modeling allowed us to make
mechanical predictions at the microscale level based on validated macroscale results.
This scaling strategy proved particularly useful in distinguishing between the
mechanical performance of rectangular and cylindrical implants. Cylindrical
implants showed significantly higher resistance to torsional forces, validating their
suitability for surgical handling and insertion. Moreover, the mechanical simulations
allowed us to analyze the impact of porosity without fabricating every variation at full
resolution, thus reducing experimental burden and material usage. Such model-
driven design is crucial in a field where iterative physical testing is slow, expensive,
and technically constrained.

This computational-experimental workflow presents a translatable framework for
future studies. As more sophisticated modeling techniques and micromechanical
testing tools become available, combining them will offer even deeper insights into

microscale implant mechanics and failure modes.

6.2.4. DRUG DELIVERY

The ultimate function of the cochlear implants developed in this work is to serve as
vehicles for localized and sustained drug delivery, minimizing systemic side effects
and maximizing drug bioavailability in the cochlear fluids. In Chapter 5, the
implants were loaded with ibuprofen, a non-steroidal anti-inflammatory drug, and
were tested under physiological (pH 7.4) and acidic (pH 5.5) conditions.

Hollow implants (CH) exhibited faster release rates and reached a plateau around day
40. In contrast, porous implants (C60) exhibited slower, more sustained release,
continuing steadily through the 84-day test period. This outcome aligns with known
principles of diffusion and surface area: hollow implants provide a shorter diffusion
path and greater drug exposure, whereas porous implants modulate release through

tortuosity and matrix retention. Moreover, pH-dependent differences were also
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noted: acidic conditions generally slowed drug release [7]. This effect could be
attributed to ibuprofen’s reduced solubility at lower pH. From a therapeutic
perspective, this observation is clinically relevant. Inner ear inflammation can be
associated with local acidosis [8-10], meaning that implants could be tuned to respond
differently under pathological conditions, introducing an avenue for passive,
environment-responsive drug delivery.

Another noteworthy observation was the heterogeneous drug distribution inside
implants, as revealed by p-CT. Non-uniform loading may contribute to burst release
orlocal depletion zones, suggesting that currentloading techniques (manual injection

of melted ibuprofen) need refinement or automation for consistency and scalability.

6.2.5. TOWARD A MODULAR COCHLEAR DRUG DELIVERY SYSTEM

The four chapters of this thesis converge toward the development of a
microfabricated cochlear implant that is anatomically compatible, mechanically
resilient, biologically safe, and functionally effective for long-term drug delivery.
Chapters 2 and 3 built the technical foundation, demonstrating that microscale
implants can be reproducibly fabricated and characterized across multiple materials.
Chapter 4 introduced a predictive modeling layer that circumvents limitations in
mechanical testing at small scales. Chapter 5 validated the implants’ability to deliver
drugs over time, explored environmental tuning as a functional parameter, and
touched upon the anti-inflammatory and immunomodulatory effects of ibuprofen
asamodel drug.

Together, these components constitute a complete development process of a
functional cochlear implant. The methodologies and tools developed and described
are adaptable and potentially transferable to other therapeutic contexts beyond

hearing loss, such as neuromodulation, chronic pain, and inner ear infections.

6.3. FUTURE OUTLOOK

The work presented in this thesis has demonstrated the feasibility of using high-
resolution 3D printing to fabricate cochlear implants for localized drug delivery and

has raised questions and identified additional research directions that could be
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explored to achieve more precise drug delivery in the cochlea and to develop strategies

for clinical translation.

6.3.1. COCHLEAR IMPLANT DESIGN AND FABRICATION

First, the 2PP printing technique offers high precision in the fabrication of implants
with microscale features, but its limitations in terms of parameterization and
defining the exact settings for reproducible results could be addressed in future
research. As for the printing technology, 2PP enables the precise fabrication of such
structures. However, with the advent of newer platforms and one-photon
polymerization or SLA/DLP printing, less demanding 3D printing techniques could
emerge as alternative options. Incorporating multiple materials [11] with distinct
properties (e.g., biodegradable vs. non-biodegradable, hydrophilic vs. hydrophobic)
may allow for spatially programmed degradation or sequential release profiles within
a single implant. Recent advances in multi-resin 2PP should be explored for the next
generation of drug delivery systems.

In terms of design, this work focused on improving and adjusting an existing design
incorporating a container and a tip while studying the effect of a cubic-shaped
internal porous network. Simplifying the outer geometry further and adding a
different design of the porous networks is still open to investigation. For example, the
existence of a tip and a container is creating a weight imbalance in the implant, and
that can interfere with the efficiency of implantation. Moreover, the incorporation of
a variety of unit designs for the internal porous structure, such as triple minimal
surfaces and gradients of those, could be investigated to further extend the
possibilities in delivering drugs with customized profiles.

As demonstrated in Chapter 5, the current manual method of filling implants with
molten ibuprofen can lead to non-uniform drug distribution. Future work should
explore the use of microfluidic-based injection systems or vacuum-assisted capillary
loading to improve reproducibility and precision of drug distribution within

microporous structures.

6.3.2. DRUG LOADING AND RELEASE
Drug loading and release were evaluated using in vitro experiments under controlled

conditions, providing initial insight into the release kinetics of the porous, cochlea-
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specific DDS. While these experiments enabled a first comparative assessment of the
release trends across different porosities and highlighted the limitations of the
current system, the development of a mechanistic and quantitative modeling

framework would enable design optimization strategies for such DDS.

Future work should focus on implementing diffusion-based release models capable of
capturing complex release mechanisms arising from variations in pore
interconnectivity. Integrating experimentally derived parameters, such as porosity,
diffusion coefficients, and pH-dependent drug solubility, would enable the

prediction of long-term release profiles.

While ibuprofen served as a stable and well-characterized model drug in this study,
extending the system to more clinically relevant and sensitive therapeutics, including
corticosteroids, neurotrophins, or nucleic-acid-based agents, remains an important
direction for future research. Such studies could also address drug stability during
loading, storage, and release, and would benefit from complementary analytical
techniques, such as nuclear magnetic resonance spectroscopy or mass spectrometry,
for detailed characterization of drug integrity and release mechanisms. Ultimately,
coupling experimental release data with predictive modeling would facilitate the
rational design of cochlear DDS tailored to specific therapeutic agents and dosing

requirements.

6.3.3. BIOLOGICAL STUDIES

The initial cytocompatibility and inflammatory response results are encouraging, but
translation to clinical application requires significantly deeper biological validation,
including long-term cell interaction studies. Prolonged culture of cochlear or
macrophage cells in 3D environments interacting with implants would provide more
representative insight intobiointegration and immune cell recruitment and response
over time.

Employing cochlear animal models, such as guinea pig or mouse models, would enable
evaluation of tissue-scale responses, drug diffusion across cochlear compartments,
and the biological effects of spatial drug gradients generated by the implant. Such in
vivo testing would also be necessary to assess pharmacokinetics, drug bioavailability

in perilymph and endolymph, implant retention, and potential effects on hearing
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preservation or recovery. Furthermore, such studies would allow a more
comprehensive assessment of immune responses and the long-term biological impact

of implant residence.

6.3.4. CLINICAL TRANSLATION

Beyond biological and mechanical performance, clinical translation requires
attention to integration within existing surgical workflows, user-friendliness, and
regulatory compliance. This includes the development of implantation toolkits and
delivery mechanisms. The final system must consider how the implant will be
inserted and secured in the round window niche. The modularity of the system lends
itself well to multi-drug loading or patient-specific customization. For instance, drug
cocktails targeting inflammation, fibrosis, and oxidative stress could be incorporated
to reflect individual patient pathology. Ultimately, for the implants to move toward
potential clinical trials, aligning fabrication, sterilization, and validation protocols
with ISO 13485, Class III medical device requirements, and GMP standards will be

essential.

CONCLUDING REMARK

The findings presented in this thesis establish a proof-of-concept for 3D-printed,
porous cochlear implants as vehicles for localized, sustained drug delivery. However,
the path to real-world application requires multidisciplinary effort across
engineering, biology, pharmacology, and clinical sciences. By expanding fabrication
capabilities, modeling approaches, biological validation, and systems-level
integration, future research can transform this promising technology from the
benchtop of a laboratory to clinical practice in otology and potentially improve

therapeutic outcomes for patients with hearing loss.
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