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Abstract

Microfluidic platforms that physically guide axons enable controlled studies of neuronal connectivity,
injury, and regeneration in vitro. This thesis investigates two fabrication routes for Polydimethylsiloxane
(PDMS)-based axon-guidance structures: direct ink writing of printable PDMS inks and cleanroom
microfabrication using photolithography and DRIE, with the goal of achieving high-aspect-ratio and
high-density features suitable for neuronal applications.

Printable PDMS inks were formulated by blending shear-thinning SE1700 with Sylgard 184 at
varying ratios and characterized by shear viscosity and oscillatory rheology at 25 °C. SE1700-containing
blends exhibited pronounced shear thinning and gel-like behavior (G' > G") in the linear viscoelastic
regime. DIW printability was assessed via dual-layer tests and filament-width analysis under different
nozzle sizes, speeds, and displacements. The 8:2 ink provided the best balance between extrusion
and shape retention; however, multilayer pores still showed sagging or merging depending on overhang
span and dose, and dimensional errors on printed microchannels ranged from 32 to 157 um depending
on geometry.

Additionally, microfabrication produced high-aspect-ratio features on silicon using positive and
negative routes. PDMS—PDMS double casting from positive molds revealed failure modes—Ilateral
collapse and longitudinal tearing, in dense, narrow structures during demolding. Direct PDMS casting
from negative silicon molds improved geometric fidelity and avoided tearing; measured aspect ratio is
close to the wafer values and spontaneous collapse was not observed after demolding.

Overall, DIW enables fast, mold-free prototyping but is limited in resolution and multilayer fidelity;
microfabrication delivers micron-precision HAR arrays but entails higher process complexity and de-
molding risks for dense features. The results outline practical design and process for building PDMS
platforms that can be further integrated with MEAs for functional neural studies.
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Introduction

This chapter outlines the methods for developing microfluidic platforms tailored to neuroscience re-
search. It begins with the global impact and complexity of neurological disorders, highlighting the need
for in vitro systems that better replicate the neural microenvironment. Polydimethylsiloxane (PDMS)-
based platforms are widely used for constructing axon guidance channels due to their mechanical
properties, biocompatibility, transparency, and ease of fabrication. To fabricate these devices, two ma-
jor approaches are discussed: cleanroom microfabrication and additive manufacturing (AM). While AM
offers rapid and low-cost prototyping, limited resolution and lack of validation for neuronal culture pose
challenges to its application. In contrast, microfabrication can produce high-aspect-ratio (HAR) struc-
tures; dense HAR integration remains technically challenging. The chapter concludes by formulating
a research question that addresses how to optimize both approaches to create PDMS-based in vitro
platforms for neuronal applications.

1.1. Background and Significance of Neurological Disorders

Neurological disorders represent a major global health burden, affecting hundreds of millions of peo-
ple worldwide. These disorders include a broad spectrum of conditions such as Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis, epilepsy, and stroke, many of which are chronic, pro-
gressive, and currently incurable [1]. The social and economic impacts are substantial, with increasing
prevalence due to global aging populations. For instance, Alzheimer’s disease alone affects millions of
people globally and is expected to reach 106 million by 2050 [2]. A study on DALY (disability-adjusted
life-years) across the 28 European union (EU) countries and the world health organization (WHO) Eu-
ropean region showed that both the total number of DALYs and the DALY rate increase significantly
with age [3], indicating a higher disease burden and declining health status in older populations.
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Figure 1.1: EU28 and WHO European region DALYs[3]

1.2. Challenges in Modeling and Treating Neurological Disorders
These disorders often involve complex pathological mechanisms at both cellular and circuit levels, in-
cluding synaptic dysfunction, neuronal death, glial activation, and circuit reorganization [4]. Despite sig-
nificant advances in neuroscience, our understanding of the underlying biological processes remains
incomplete, and therapeutic options are often limited to symptom management rather than disease
modification. One of the major challenges in developing effective therapies is the intricate architecture
and functional dynamics of the human nervous system, which complicate the modelling and analysis of
disease mechanisms. Many neurological disorders are also highly heterogeneous, with diverse genetic,
epigenetic, and environmental contributions, resulting in complex diagnosis and treatment [5]. There-
fore, there is an urgent need for advanced experimental systems that allow for the detailed investigation
of human neuronal function and dysfunction in both health and disease contexts.

1.3. In Vitro Platforms in Neuroscience

The fundamental units of the human brain are neurons, each of which forms thousands of synaptic
connections. These intricate patterns of connectivity enable neurons to assemble into specialized
circuits that perform specific functions, thereby making the brain a highly powerful computational system
[6]. However, this complexity that poses significant challenges in understanding and treating disorders
of the nervous system [7]. Gaining insight into the pathophysiological mechanisms underlying such
diseases at the cellular and circuit levels is essential for developing novel and more effective therapeutic
strategies. Currently, the approaches to studying brain function include investigating native neural
circuits in vivo, ex vivo brain slices, and in vitro platforms that mimic in vivo environment [8, 9, 10, 11].

Ideally, the study of the causes of neurological disorders should be conducted using human tissue.
However, access to human tissue (typically obtained through autopsy or pathological specimens) is
limited, especially in the case of rare diseases [12]. Therefore, suitable model systems are needed to
advance our understanding of human nervous system development and disease. Among these, mice
and non-human primates are the primary model organisms used in neuroscience research. However,
animal models are associated with ethical concerns and are limited by the significant differences be-
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tween animal models and human cellular and molecular neurobiology, which restrict our understanding
of fundamental mechanisms in the human brain [13]. Ex vivo brain slices offer a compromise, preserv-
ing some tissue structure but losing the dynamic functionality of living systems.

1.3.1. Neuron Sources for In Vitro Studies

To study neurons and the nervous system in vitro, a reliable source of neurons is essential. Since neu-
rons are post-mitotic and do not undergo cell division, they must be continuously harvested from fresh
animals. For decades, rodents have been proven to be an economical, reliable, and valuable source of
primary mammalian brain tissue and neuronal cells for most laboratories [14]. Although rodent-based
in vitro models are feasible, their translational value is clearly limited by interspecies differences. At
best, the rodent brain approximates the human central nervous system; however, certain diseases can-
not be replicated in rodents at all. The method for generating “induced” pluripotent stem cells (iPSC)
was first developed by Shinya Yamanaka’s team [15]. A major advantage of iPSC is that they can be
derived postnatally, enabling patient-specific cultures based on individual genetic backgrounds. More-
over, neurons derived from these stem cells are expected to more closely reflect each patient’s unique
physiological functions.

1.3.2. Advantages of In Vitro Platforms

In vitro experiments offer a controlled and simplified platform for studying biological processes, mak-
ing them highly valuable in neuroscience research. By isolating cells or tissues in a laboratory set-
ting, researchers can precisely manipulate experimental conditions, such as chemical gradients [16],
mechanical stimulation [17], electrical stimulation [18], or temperature [19], to investigate specific neu-
ronal mechanisms. This controlled environment reduces the uncontrollable variables present in in
vivo systems, enhancing experimental reproducibility and facilitating the elucidation of nervous system
mechanisms under specific conditions. The second advantage is the significant reduction in labor and
resource costs. In vitro platforms eliminate the need for complex animal facilities, shorten experimen-
tal timelines, and enable high-throughput screening using technologies like microfluidic devices. This
helps reduce the cost and time required for bringing drugs to market and supports the development
of personalized medical approaches tailored to individual patients and their conditions [20]. These ad-
vantages make in vitro systems an efficient and ethical choice for treating neurological disorders and
advancing our understanding of the nervous system.

1.4. Microfluidic Platforms for Neuronal Research

Conventional cell culture systems, such as two-dimensional monolayer cultures, are widely used to
study neuronal growth and differentiation. These systems are simple and cost-effective but often lack
complexity and precise spatial control.

In contrast, microfluidics-based cell studies offer significant advantages by enabling precise con-
trol over cell positioning and the surrounding microenvironment. This is achieved by using microfluidic
structures to either confine or guide cells to designated areas. Additionally, the controlled environment
provided by microfluidic platforms helps to mitigate common issues associated with standard in vitro
techniques, such as unintended external influences, diffusion limitations, and population heterogeneity
[21]. Cost-efficiency is another benefit of microfluidic experiments, as the volumes of culture media,
hormones, and growth factors required are several orders of magnitude lower than those used in tradi-
tional culture flasks.
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Figure 1.2: An example of a microfluidic device for culturing neurons [22]

1.5. PDMS as an Ideal Material for Microfluidics and Axon Guidance

Structures

Common materials used for microfluidic devices include silicon, glass, polymers, thermoplastics, ther-
mosets and paper. Microfluidic devices made from each of these materials play significant roles in their
respective research fields. In cell culture studies, polymer-based microfluidic devices have attracted
considerable attention. Since polymers were introduced into the microfluidics field, they have remained
the materials of choice for commercial applications and high-throughput systems. Among them, PDMS
stands out due to its excellent properties. Liquid PDMS prepolymers can be thermally cured at mild tem-
peratures (room temperature to 150 °C) and cast with nanometer resolution from photoresist templates,
making the fabrication process easier and more cost-effective compared to silicon or glass molds. Its
low surface tension allows the cured PDMS to be easily peeled off from the mold. PDMS chips can
form reversible conformal seals with other PDMS layers, glass, or various substrates simply by bring-
ing them into contact. Irreversible bonding to PDMS, glass, or silicon can also be achieved by plasma
oxidizing the PDMS surface or using a thin layer of PDMS as an adhesive [23].

Another advantage of PDMS is its high elasticity and low Young’s modulus which makes it well-
suited for mimicking soft tissues and thus recreating the mechanical environment of cells in vivo. Rachelle
et al. [24] reported a PDMS-based substrate material whose elastic modulus can be easily and indepen-
dently tuned, enabling the simulation of soft tissues across a range spanning three orders of magnitude.
They demonstrated that the material supports cell adhesion and growth, and that such substrates can
be used to probe the mechanosensitivity of various cellular processes. Compared to glass, silicon, and
other rigid materials such as polymethyl methacrylate (PMMA), PDMS is gas-permeable, allowing the
exchange of oxygen and carbon dioxide, which is critical for long-term cell culture in sealed microchan-
nels. Due to these properties, PDMS-based devices are widely used in studies involving neuronal
cells.

Parylene C
Cell/Tissue PDMS Polyimide

1 SU-8

Hydrogel Benzocyclobeutene

| P
Si

1 kPa 1 MPa
Young’s modulus

Figure 1.3: Schematic illustration of Young’s modulus of common materials and tissue [25]

In neural engineering applications, microfluidic channels are often designed to physically exclude
neuronal cell bodies while permitting only thin axons to enter. Such “axon-isolation” structures have
been widely used in studies of axonal compartmentalization [26], axonal electrophysiology [27], axon
injury and regeneration [28], and synaptic function [29].
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Most axon-guidance microfluidic devices are cast in PDMS because it uniquely combines high
optical transparency, excellent biocompatibility, and sub-micrometer pattern fidelity. Transparency is
especially important: it allows researchers to perform real-time, high-resolution imaging (brightfield,
fluorescence, confocal) of growing axons without signal loss or background autofluorescence [30].

By contrast, even though silicon can be etched into equally fine structures, is opaque and unsuit-
able for live-cell microscopy. Thermoset resists like SU-8 can produce high-aspect-ratio features but
tend to be more expensive and less transparent than PDMS. Thermoplastics such as PMMA suffer
from poor gas permeability, which hinder oxygen and carbon-dioxide exchange. PDMS’s combination
of gas permeability, optical clarity, surface-patternability, and low cost therefore makes it the material
of choice for axon-guidance platforms.

1.6. Fabrication Methods and Their Challenges for PDMS-based Mi-

crofluidics

1.6.1. Additive Manufacturing

There is significant interest in applying AM to the fabrication of microfluidic devices, especially those
made from PDMS for biological applications. AM approaches for microfluidic device fabrication can be
categorized into two types: indirect printing and direct printing.

In indirect three-dimensional (3D) printing, a sacrificial mold is first printed, and PDMS is then
cast over or into the printed structure to replicate the desired microfluidic geometry. After curing, the
sacrificial mold is removed, leaving behind a PDMS replica of the internal channel design.

Stereolithography (SLA) and digital light processing (DLP) are two light-based additive manufactur-
ing techniques that are particularly well-suited for producing high-resolution molds from photopolymer
resins for indirect PDMS microfluidic fabrication. Their ability to achieve microscale resolution (typi-
cally down 50um) arises from their fundamentally different printing mechanisms compared to extrusion-
based techniques.

In SLA printing, a tightly focused UV laser beam is directed by galvanometric mirrors to selectively
scan and cure a liquid resin layer according to the desired cross-sectional geometry. The laser spot size,
often less than 100um, and the fine control of the scanning path contribute to high feature resolution.

In contrast, DLP printing cures each layer by projecting a full two-dimensional (2D) image using a
digital micromirror device (DMD), which consists of thousands of individually addressable micro-mirrors.
Each mirror corresponds to a pixel in the image, allowing precise spatial light modulation. Because DLP
cures an entire layer simultaneously, it offers faster printing speeds while maintaining XY resolution
typically determined by the pixel pitch of the projection system.

T Build plate
build platform 1= g P
=
cured resin .
Resin
esin tank Resinvat -

UV curable . |

resin
laser beam

Light beam/matrix
mirtor for XY ———N\ | @ projector ———

caordination

lens laser

Figure 1.4: Schematic diagram of SLA and DLP technology [31]

The choice of photopolymer resin plays a crucial role in print fidelity and mold usability. Commercial
resins such as Formlabs resin and Envisiontec resin are commonly used due to their mechanical stabil-
ity and ability to replicate fine microchannel geometries. After printing, these resin molds are typically
post-cured using UV light to fully polymerize residual monomers and increase hardness. Subsequently,
PDMS is cast onto the cured resin mold, cured thermally, and peeled off.

Although SLA and DLP printed resin molds enable fabrication of complex and even 3D intercon-
nected microchannel geometries. These include resin cytotoxicity, and potential inhibition of PDMS
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curing at the mold interface if not properly post-processed. Bastien et al. [32] reported that most
commercial 3D printing resins inhibit the curing of PDMS. Specifically, photoinitiators in the resin can
poison the platinum-based PDMS catalyst, thereby impeding the reliable replication of 3D-printed struc-
tures in this elastomeric material. To improve demolding and minimize PDMS curing inhibition, surface
treatments such as silanization or extending thermal and UV curing times beyond the commercial for-
mulation recommendations are often applied to the resin mold prior to PDMS casting.

In direct printing of PDMS, direct ink writing (DIW) stands out due to its advantages such as energy
efficiency and process simplicity [33]. DIW is an extrusion-based additive manufacturing technique that
has emerged as a promising approach for fabricating PDMS-based microfluidic devices without the
need for mold. In DIW, a viscoelastic ink is extruded through a fine nozzle under controlled pneumatic
or mechanical pressure, allowing programmable deposition of material along predefined 3D paths. This
method offers several advantages over indirect printing approaches, including fewer fabrication steps,
mold-free prototyping, and the potential to directly construct multilayer.

Applied
pressure

Nozzle

/ Extruded filament

Figure 1.5: Schematic diagram of DIW [34]

However, printing PDMS via DIW presents considerable challenges due to the inherent rheological
properties of standard PDMS prepolymers, such as Sylgard 184. These formulations are low-viscosity
liquids before curing, making them unsuitable for extrusion-based printing in their native state. To
overcome this limitation, recent studies have focused on formulating printable PDMS inks with shear-
thinning behavior and shape retention upon deposition. A common strategy is to mix low-viscosity
commercial Sylgard 184 PDMS with rheological modifiers, such as PDMS SE 1700, graphene oxide,
or carbon nanotubes, to increase viscosity and yield stress [35, 36, 37]. Other approaches include
heat-assisted PDMS curing [38] and the use of UV-curable PDMS for printing [39].

DIW offers a mold-free alternative for fabricating PDMS-based structures. While there has been
notable progress in formulating printable PDMS inks and characterizing their line widths, aspect ratios,
or integration with stretchable electronics and sensors [40, 41], the direct application of DIW-printed
PDMS microchannels in cell culture, particularly for neurons, remains underexplored. There is currently
a lack of comprehensive studies validating the biocompatibility, long-term stability, and neuronal support
capacity of such printed platforms, which are critical for neuroscience applications. This gap limits the
impact of DIW in neuronal system development.

1.6.2. Microfabrication

Despite the rapid progress in 3D printing technologies, their limited resolution continues to pose a
maijor constraint in fabricating microfluidic devices for neuroscience applications. Most conventional 3D
printers lack the ability to produce cellular or subcellular-scale features, which are essential for isolating
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fine neuronal structures such as axons and dendrites. This resolution limits the utility of 3D-printed
platforms in studies that require high-precision microenvironments, such as axon guidance, localized
stimulation, or axon—soma compartmentalization. In in vitro neuroscience research, the ability to isolate
and control distinct compartments of a neuron, such as the soma, axon, and dendrites, is essential
for dissecting neuronal function, connectivity, and response to external stimuli. One of the landmark
approaches in this area was introduced by Taylor et al. [26], who developed a microfluidic device
featuring parallel microgrooves (approximately 10um wide and 3um high) that physically restrict cell
bodies while allowing axons to grow across compartments. This architecture enabled the physical and
fluidic isolation of axons from their somas, opening new possibilities for investigating axonal transport,
degeneration, and regeneration in a controlled environment. Since then, similar microgroove-based
designs have been widely adopted as the standard for compartmentalized neuronal cultures, especially
in studies of axon guidance, axon-specific stimulation, and neuromuscular junction [42, 43].

Fabricating the precise microstructures necessary for neuronal research often requires advanced
microfabrication techniques, including photolithography, wet etching, dry etching, as well as focused
ion beam (FIB) milling and electron beam lithography. Many of these processes utilize silicon wafers as
substrates, owing to their superior rigidity, dimensional stability, and excellent wear resistance, enabling
the accurate replication of micro and nanoscale features [44].

However, despite their precision and widespread use, most microfluidic devices fabricated through
traditional cleanroom microfabrication methods remain inherently 2D, limiting the ability to replicate the
3D microenvironment found in vivo. Neural tissues in the brain and spinal cord are embedded in a
highly organized 3D extracellular matrix, where neurons are subject to topographical, mechanical, and
biochemical cues in all spatial dimensions. An ideal 3D in vitro model not only incorporates appropriate
cell types and biomimetic extracellular matrix (ECM), but also provides biochemical cues (e.g., growth
factors) and biophysical signals (e.g., mechanical stimulation). This ensures greater precision and relia-
bility in recapitulating the complex microenvironment encountered in native tissues. These extracellular
cues can significantly influence cell viability, proliferation, migration, and differentiation within the brain
and spinal cord [45]. Therefore, mimicking 3D geometries in microfluidic neural platforms is essential
for achieving physiologically relevant outcomes.

This is where HAR structures offer a promising design feature. By extending vertically while main-
taining narrow lateral dimensions, these structures facilitate multilayer stacking and the formation of
3D deformable channels [46]. They can be used for cell separation [43] and are particularly suited
for constructing axon guidance pathways or axon channels, in which axons are also allowed to ex-
tend vertically through the structures, while cell bodies remain restricted due to size exclusion. This is
meaningful for studying the 3D growth behavior of axons.

Photolithography and deep reactive ion etching (DRIE) are two predominant microfabrication tech-
niques used to create HAR structures. Many of these processes use silicon wafers as substrates due
to their excellent dimensional stability and wear resistance [44]. The process typically begins with the
design of a microfluidic pattern using computer-aided design (CAD) software, followed by the creation
of a master mold using photolithography. In this process, a silicon wafer is coated with a photoresist,
exposed to ultraviolet (UV) light through a patterned mask, and developed to create a mold with precise
microchannels. This mold can be either negative or positive. Positive molds are commonly made using
SU-8. SU-8 enables the fabrication of structures with thicknesses exceeding 1mm and aspect ratios up
to approximately 40:1 [47]. Photolithography can be performed using standard contact UV exposure
systems operating at wavelengths between 320 and 450nm. The developed SU-8 structures generally
exhibit smooth surfaces. The simplicity of this method and its compatibility with standard cleanroom
environments are key advantages of the SU-8 UV process [44]. After fabrication, these molds are
typically used to cast PDMS replicas.

Alternatively, negative molds can be fabricated using DRIE, a powerful technique widely adopted
in MEMS and microfluidic device fabrication. DRIE allows for the creation of deep, vertical structures
in silicon substrates with high aspect ratios and excellent sidewall definition. Among various DRIE ap-
proaches, the Bosch process is the most used. It operates by alternating cycles of SFg-based isotropic
etching and C4Fg-based passivation, which together enable anisotropic etching with minimal lateral
undercutting [48]. This makes it ideal for producing precise, narrow channels that are well-suited for
microfluidic applications requiring cellular-level resolution. In contrast to SU-8 photoresist molds, which
suffer from mechanical degradation after repeated PDMS demolding [49], DRIE-etched silicon molds
exhibit exceptional mechanical robustness and can be reused multiple replication cycles without di-
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mensional deformation. This durability, combined with their ability to produce complex HAR features,
makes DRIE attractive for neuronal applications such as axon guidance platforms.

Nevertheless, despite the established capabilities of photolithography and DRIE in fabricating HAR
structures, significant challenges persist in achieving both HAR and high-density microchannel arrays
simultaneously. Reports demonstrating the successful fabrication of densely packed HAR structures
remain scarce due to mechanical instabilities, such as channel collapse or deformation during fab-
rication and demolding. Yet, achieving dense arrays of HAR channels would substantially increase
experimental throughput, enabling multiplexed analyses of neuronal responses under varied chemical
and physical conditions. Moreover, high-density structures have potential advantages in constructing
more complex and realistic neural networks that closely approximate the dense neuronal connectiv-
ity observed in vivo. It is therefore important to address these fabrication challenges in advancing in
vitroneuronal models towards true three-dimensional complexity and physiological relevance.

1.7. Integration of PDMS Axon-Guidance Structures with Microelec-
trode Arrays (MEAS)

Microelectrode arrays (MEAS) are in vitro platforms consisting of a grid of closely spaced, extracellular
microelectrodes embedded in a rigid substrate. These electrodes can simultaneously record electri-
cal spiking and local field potentials from multiple neurons or deliver precise electrical stimulation to
targeted cell populations. When combined with PDMS-based axon-guidance microchannels, MEAs
exhibit powerful new capabilities: (1) physical isolation of axons into predefined paths for determined
signal routing, and (2) spatially resolved stimulation and recording along those paths, enabling high-
resolution electrical measurements of neural network dynamics. In one study, Léo et al. [50] created
an implantable biohybrid neural construct composed of neuronal spheroids housed in separate cham-
bers, all interconnected by PDMS microstructures and positioned on high-density MEAs. By pattern-
ing dendritic guidance channels directly over the electrode arrays, each spheroid could be stimulated
and recorded independently, without electrical crosstalk from neighboring units. This configuration
achieved sub-100 um resolution in both stimulation and recording, demonstrating the potential to tar-
get deep-brain analogues for applications such as restoring visual function in blind patients.

Additionally, Katarina et al. [51] designed a radial array of PDMS microchannels—ranging from
1.5 to 75 ym in width—emanating from a 400 uym-diameter central well placed over an MEA. After
seeding neuronal spheroids containing roughly 500 cells, axons entered each channel uniformly, and
high-throughput electrical recordings tracked their outgrowth dynamics. Axonal extension peaked in the
second week of culture—reaching up to 2 mm in channels wider than 2.8 ym—before stabilizing, while
narrower channels limited growth to under 1 mm. By varying the number of channels, the researchers
modulated axon bundle size and observed that bundles containing more axons extended further and
exhibited distinct conduction velocities and synchrony patterns. This integration of PDMS guidance
structures with MEAs provides a powerful platform for dissecting axon physiology, modelling injury and
regeneration, and engineering bespoke neural networks.
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Figure 1.6: Integration of PDMS axon-guidance microfluidics with MEAs [50, 51]

1.8. Research Question

The current literature suggests a significant gap in the development of microfluidic platforms that ef-
fectively replicate 3D microenvironments suitable for in vitro neuroscience research. While a number
of compartmentalized 2D microfluidic systems have been proposed to study neuronal growth, axonal
guidance, and cell—cell interactions, these designs remain inherently limited in their ability to mimic the
vertical complexity, hierarchical organization, and structural density that characterize the in vivo ner-
vous system. In particular, 2D layouts can capture lateral compartmentalization but fail to reconstruct
critical aspects such as layered tissue architectures, depth-dependent gradients, and the extracellular
matrix that modulates neural connectivity in the brain.

Cleanroom microfabrication techniques, such as SU-8 photolithography, reactive ion etching (RIE),
and DRIE, have provided powerful routes to achieve HAR microstructures that could better capture the
spatial constraints of neuronal networks. These methods offer submicron resolution, excellent repro-
ducibility, and compatibility with established microelectronic integration processes. However, despite
these advantages, relatively few studies have succeeded in producing dense HAR arrays specifically
tailored for neural applications. This limitation is largely attributed to challenges including photoresist
stability during multi-step fabrication, mechanical fragility of tall and narrow structures, and non-uniform
etching across large wafer areas. Such constraints often result in device failure during demolding, re-
duced yield, or compromised biocompatibility of the final structures.

Meanwhile, additive manufacturing approaches, particularly DIW, have emerged as highly attrac-
tive alternatives due to their flexibility, low cost, and ability to rapidly iterate device designs without the
need for cleanroom infrastructure. DIW has demonstrated great potential in fabricating PDMS-based
devices with tunable mechanical properties, enabling the creation of curved geometries, gradient struc-
tures, and soft interfaces that more closely resemble the neural tissue microenvironment. Nevertheless,
most existing studies remain focused on embedding electronic and chemical sensors into PDMS sub-
strates. There is a lack of systematic validation regarding the long-term biocompatibility, microchannel
stability, and the ability of DIW-fabricated PDMS platforms to support physiologically relevant neural
network formation, particularly when used for microfluidic structures and axon guidance.

The resulting research question based on this identified gap is formulated as:
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“How can additive manufacturing and photolithography technologies be optimized to pro-
duce high-aspect-ratio and high-density microstructures for axon guidance?”

This system could serve as a tool for studying neuronal development, axon guidance, neural con-
nectivity in 3D environments. Multiple sub-objectives will be answered to achieve this goal:

+ To formulate and characterize DIW PDMS inks with appropriate rheological properties and print-
ability.

+ To design, fabricate and characterize DIW PDMS structures.

» To explore the microfabrication limits in producing dense HAR microchannels suitable for axon-
guidance applications.



Direct Ink Writing of PDMS Structures

2.1. Materials and Methods

2.1.1. Ink Preparation

The viscoelastic PDMS inks were formulated by blending two types of silicone elastomers: a shear-
thinning PDMS material, SE 1700 (Dow Corning, Japan), and a low-viscosity PDMS material, Sylgard
184 (Dow Corning, USA), which was used to dilute SE 1700 to achieve the desired rheological proper-
ties.

Prior to blending, both SE 1700 and Sylgard 184 base components were mixed with their respective
curing agents at a weight ratio of 10:1 (base:curing agent) in a mixer (Speedmixer DAC 150.1 FVZ).
The two mixtures were then degassed separately in a vacuum desiccator (Lab Commpanion) for 15
minutes. The final inks were loaded into 20mL syringes (Fisher scientific, China) at room temperature.
The total weight of each filled syringe was measured, and an object of equal weight was placed on
the opposite side of the centrifuge (Eppendorf Centrifuge 5702) for balance. The syringes were then
centrifuged at 3,000rpm for 2 minutes to remove all air bubbles and to drive the ink toward the end.
Finally, PDMS inks were prepared by blending SE 1700 and Sylgard 184 in five different weight ratios:
10:0, 9:1, 8:2, 7:3, and 0:10.

2.1.2. Rheological Characterization

Rheological measurements were performed using a HAAKE MARS lll rheometer (Thermo Scientific)
equipped with a parallel plate geometry (20mm diameter). An appropriate amount of the prepared
PDMS ink was dispensed onto the bottom plate, and the upper plate was adjusted to ensure that
the ink fully occupied the gap between the two plates. After zeroing the normal force, rheological
measurements were initiated. The storage modulus (G') and loss modulus (G") were recorded during
amplitude sweeps performed at a constant frequency of 1Hz over a strain range of 0.001% to 100%,
for ink formulations with SE 1700: Sylgard 184 weight ratios of 10:0, 9:1, 8:2, 7:3, and 0:10. The 10:0
and 0:10 formulations were used as control groups. In addition, frequency sweeps were conducted to
obtain G', G", and complex viscosity (|n*|) at a constant strain of 0.01%, within the linear viscoelastic
regime, over a frequency range of 100 to 0.1Hz. Flow and viscosity curves were obtained through
rotational tests, with shear rates ranging from 0.01 to 1000s-1. All measurements were performed at a
controlled temperature of 25°C. After each measurement set, the parallel plates were carefully cleaned
with isopropanol (IPA), and the procedure was repeated for the next sample.

2.1.3. Printability Analysis
The model used for printability testing was designed using CAD software (SOLIDWORKS 2023 SP2.1).
3D printing was performed using a commercial desktop printer (Ultimaker 2+) that was modified by
replacing the original print head with a custom-made ink extrusion system consisting of a 25mL syringe
holder and a mechanically driven syringe pump [52]. PDMS ink was loaded into the syringe barrel at
room temperature and capped with dispensing nozzles of 25GA (260um), 27GA (210um), and 30GA
(160pm) (PATIKIL beveled tip dispenser, China).

The syringe pump controls the displacement of the syringe plunger. Since the ink is extruded
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Figure 2.1: 3D printing experimental setup

slowly during printing and the extruded volume typically exceeds the amount required for deposition,
extrusion pressure can be represented by displacement. The printing speed and paths were controlled
using<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>