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Abstract

Although the peripheral nervous system exhibits a higher rate of regeneration than
that of the central nervous system through a spontaneous regeneration after injury, the
functional recovery is fairly infrequent and misdirected. Thus, the development of

successful methods to guide neuronal outgrowth, in vitro, is of high significance.

Neural tissue engineering has emerged as a promising alternative field for the
development of new nerve graft substitutes to overcome the limitations of the current
grafts. The ultimate goal of a tissue-engineered construct is to sufficiently mimic the
topographic features of the extracellular matrix and the surrounding environment of
cells, such as shear stress and soluble factors, so that cells will function in the

artificial environment as they would in vivo.

Several approaches have been developed to create cellular substrates at the micro-
and/or nano-scales that aim to reconstruct the extracellular matrix architecture in
vitro. Among them, ultrafast laser structuring has proved to be important for
engineering surface topography in various materials as a simple, fast, and effective
method to fabricate micro- and nano-structures with controlled geometry and pattern
regularity. Indeed, it has been well-reported that laser-induced topography

significantly affects neuronal growth, orientation, and differentiation.

Apart from topography, it has recently become increasingly evident that neurogenesis
may be also driven by mechanical factors. Mechanical stress is a significant
component of the host environment, as it influences the cellular signal transduction
and the behavior of various cells. However, the combined effect of flow-induced

shear stress and surface topography on neuronal outgrowth has been rarely reported.

In the present thesis, a precise flow controlled microfluidic system with specific
custom-designed chambers, incorporating the laser-microstructured substrates, was
developed to investigate for the first time the combined effect of shear stress and
topography on the growth, orientation, and elongation of Schwann (SW10) cells, as
well as on the growth and differentiation of neuronal [Neuro-2a (N2a)] cells.

Moreover, the effect of topography on the co-culture of SW10 and N2a cells was



investigated. For this purpose, polymeric [polyethylene terephthalate (PET)]
microstructured substrates with different geometries, microgrooves, chess-like, net-
like, were fabricated by ultrafast laser structuring. The cell culture results on the
combined effect of shear stress and topography were combined with computational

flow simulations to precisely calculate the shear stress values.

Our results demonstrate the ability to guide the outgrowth of Schwann cells via flow-
induced shear stress and surface topography, which is crucial for neural tissue
regeneration. Besides this, our findings revealed that shear stress may affect the
differentiation of N2a cells. Thus, the microfluidic system presented here could be
potentially used as a new model system to study the role of shear stress (induction
and/or inhibition) on cell differentiation. Finally, our preliminary results on a co-
culture system, comprising Schwann-SW10 glial cells and neuronal-N2a cells,
showed that N2a cells preferentially grew and differentiated on top of the SW10 cells
on the flat substrates. Further optimization of this co-culture patterned system will
enable closer simulation of the in vivo microenvironment and hence will be useful in

neural tissue-engineered dynamic microfluidic systems.
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1. Introduction

1.1 Neurological injuries - Tissue engineering

Human adult nerve injuries are a major clinical problem that greatly affects the
quality of patients’ life [1]. They affect more than 1 billion people, around the world,
resulting in 6.8 million deaths per year [2]. These injuries have been associated with a
wide range of disorders including neurodegenerative diseases, brain and spinal cord

traumatic injuries, and stroke [3].

The nervous system can be subdivided into the central nervous system (CNS) and the
peripheral nervous system (PNS). Although the central nervous system does not
regenerate after an injury, the peripheral nervous system has an intrinsic regenerative
capacity [4]. When a peripheral nerve is damaged so that axons within it are severed,
the portions of the affected axons lying distal to the injury site are cut off from the
centrally located cell body. Afterward, these distal axon segments degrade, and the
resulting debris is cleared away by Schwann cells and macrophages as part of a
process termed “Wallerian degeneration”. Schwann cells proliferate and take on a
pro-regenerative phenotype, rearranging themselves into aligned tracts called “bands
of Biingner” and secreting factors conducive to the in-growth of regenerating axons.
Meantime, the portions of the injured neurons proximal to the damage site prepare for
regeneration. The cell body of every injured axon undergoes major metabolic changes
and initiates a program of protein synthesis to support axonal regeneration. At the tip
of every injured axon, a growth cone develops leading the regenerating axon through
the intact structure of the distal nerve segment and back toward its original target, at

the approximate rate of 1-3 mm per day [4,5].

However, the process of peripheral nerve regeneration occurs spontaneously as long
as the injury does not result in an extended gap in the nerve. Most of the time, such
regeneration is rarely functional because when a nerve fiber loses its continuity with
consequent damage of the basal lamina tubes, axon spontaneous regeneration is
disorganized and mismatched resulting in an inadequate nerve functional recovery

and musculoskeletal incapacity [1].



Nerve autografts remain the gold standard in the treatment of peripheral injuries.
Healthy segments of the nerve are harvested from the patient’s body and are used to
bridge the gap across the injury site. However, this approach has several drawbacks
including the need for additional surgery, loss of a functional nerve, donor site
morbidity, and longer surgery procedures [1,4]. Therefore, tissue engineering has
emerged as a promising alternative field for the development of new graft substitutes
[6]. Indeed, the ultimate goal of using a tissue-engineered construct is to adequately
mimic both the topographic features of the extracellular matrix (ECM) as well as its
surrounding stimuli, including for example mechanical stresses and soluble factors, so

that cells will respond within the artificial environment as they would in vivo.

The effective use of biomaterials within tissue-engineered constructs allows
spatiotemporal control over the presentation of environmental cues so that the repair
and regeneration of neuronal deficits can be engineered. Moreover, tissue engineering
techniques use biomaterials to transplant cells replacing or supplementing the
function of injured or diseased neural cells. Indeed, cell transplantation constructs can
present cues that could influence not only the host neural tissue of the implantation

site but also the transplanted cells contained within the constructs [4].

For the aforementioned reasons, much research has been devoted to developing a
biomaterials-based implant as an alternative to an autograft. The ultimate goal is to
engineer a construct that could be implanted across an injury gap in place of a nerve
graft to provide support and guidance to regenerating cells and axons (Figure 1.1).
Such a construct would employ biomaterials to recreate a pro-regenerative
environment, similar to that which is found in the distal segment of the injured nerve.
For instance, the bands of Biingner found in the distal nerve segment provide a
physically aligned surface topography containing oriented tracks of adhesive
molecules. Moreover, diffusible biochemical trophic and signaling factors are
released by cells in the distal nerve stump. Thus, the development of biomaterials that
could recreate these types of natural physical and chemical cues to guide migrating
cells and regenerating axons across the nerve gap and into the distal nerve segment is

of great importance [4].
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Figure 1.1: A) Summary of the biological constraints to peripheral nerve regeneration. B)
Capacity of biomaterials-based constructs to alleviate biological constraints and promote
regeneration [4].

1.2 Importance of size scale - Topography

The response of a cell to its surrounding topography depends strongly on the size of
the topographic cues. Microscale features act at the cellular level, while submicron
and nanoscale features act at subcellular levels [7]. For example, biological structures
like growth cone filopodia lie within the nanometer range and are highly sensitive to
nanoscale topographic cues [8]. Moreover, basement membranes, across which axons
typically grow, are composed of a dense meshwork of three-dimensional topography,
featuring pores and fibers with dimensions ranging from tens to hundreds of

nanometers [9,10]. Consequently, control over micro/nanotopography is desirable.

At the cell-material interface, all the cellular processes are governed by the physical
and chemical stimuli of substrate stiffness, topography, and chemistry, respectively,
while at the intracellular level, focal adhesions are key molecular complexes for
sensing the environmental conditions as significant mechanosensitive players [11-
14]. Indeed, many studies confirmed that the surface topography influences the

adhesion, migration, polarization, proliferation, and differentiation of cells [15-20].

In particular, neural cells respond highly to natural cues present in their surrounding
environment, especially during periods of growth and development. For instance, the
course of a regenerating axon is guided by the physical topography and chemistry of



the surface along which it grows, as well as by signaling molecules in the local
environment. These biochemical and physical cues exert great influence on cellular

viability, growth, and activity [4].

Biomaterials with patterned surfaces provide fine topographic cues additionally to
tissue-level structural support. Topographic cues are physical features of the
appropriate size and geometry to influence individual cells. Cellular attachment,
growth, alignment, migration, and gene expression could be regulated by controlling
the nature and distribution of topographic cues provided by the component

biomaterials of a tissue-engineered construct [4].

The ability of the cells to respond to artificial topographic cues originates from the
sensitivity of cells to natural topographic cues in their normal biological surroundings.
During neural tissue development, for example, aligned ECM plays a significant role
in guiding neural cell migration and differentiation [21]. By mimicking the natural
structures along which neural cells develop, engineered substrates with particular

topographies could greatly influence cellular behavior.

The mechanisms by which topographic cues affect cellular behavior are complex but
involve interactions between the substrate topography and cellular structures that are
sensitive to physical cues and able to effect cell-wide changes in behavior. Neural
growth cones, for example, located at the front of extending axons/neurites, are
especially sensitive to topographical features as they guide neuronal extension during
periods of growth and development. Moreover, protrusions of filopodia on the end of
the growth cones continuously advance or retract regarding physical and chemical
cues as they “explore” their surrounding environment. Finally, growth cones direct

axon/neurite extension by mediating the reorganization of the neuronal cytoskeleton

[4].

This cytoskeletal reorganization is required for changes in cellular orientation,
growth, and migration. In particular, the cytoskeleton is rearranged Dby
depolymerization and polymerization of its component microtubules, intermediate
filaments, and microfilaments [22]. It is hypothesized that these rod-like structures
have a limited capability to bend, similar to a railroad track, and that their



polymerization is consequently dependent on the surrounding topography. This
hypothesis may explain, for instance, why the alignment and growth of cells can be
directionally constrained by certain types of topographic features like aligned

grooves.

Consequently, size scale and topography are of high significance for the design and
development of advanced biomaterials in neural tissue engineering. However, this
task is often delicate as natural cues are presented in complex combinations within the
intricate terrain of neural tissue. Thus, a considerable amount of research is devoted to
the modification of materials’ surfaces for use as platforms to study cell viability,

differentiation, motility, and apoptosis [23,24].

1.3 Ultrafast laser structuring

1.3.1 Fundamentals

Several approaches have been developed to create structures on surfaces that aim to
reconstruct the extracellular matrix architecture in vitro [23-25]. Previous studies
have detailed the major fabrication techniques, the produced types of
micro/nanostructured substrates, as well as, the respective advantages and
disadvantages [26,27]. Among several techniques that have been developed for
surface modification, laser irradiation has proved to be important in the enhancement
of material biocompatibility, particularly via the creation of new functional groups

and the precise topography formation at the cellular and subcellular scale [18,28-31].

In particular, microstructuring via ultrashort pulsed lasers provides unique control
over the uniformity and regularity of micron and submicron features due to the local
excitation of certain areas of material with minimal damage to the surrounding ones.
This is attributed to the short pulse duration that enables a higher excitation threshold
intensity to be attained without increasing the laser beam intensity. In the case of
longer pulses, the thermal energy generated upon melting diffuses around the
irradiation spot and gives rise to the creation of heat-affected zones. Above the

material damage threshold, the heat-affected zone has a detrimental effect on the



integrity of the material, and microcracks together with micropores are produced.
Moreover, the ablated material causes surface debris and recast layers, resulting in a
poor fabrication outcome. These effects are avoided by using femtosecond laser
pulses enabling faster ablation process (i.e. rapid vaporization and material removal)
[32]. In dielectric materials, in particular, the collateral damage is mostly eliminated,
[33] while in metals the heat-affected zones become smaller [34].

Although in the infrared (IR) wavelength region the photon energy is too small for
photochemical ablation [35], amplified femtosecond pulses can be non-linearly
absorbed producing clean ablation in various materials. In the particular case of
dielectric polymers, it is generally considered that nonlinear processes associated with
the irradiance generate free electrons. The free electrons are then responsible for
increased absorption and consequent rapid heating, ionization, charge separation, as
well as, removal of the absorbing material [35-37]. Furthermore, the thermal
conduction length which corresponds to the femtosecond laser pulse duration is
generally small, thus the absorbed energy is not significantly diffused [37]. It has been
shown that femtosecond pulsed laser ablation has fewer affects on the remaining
polymer surface than nanosecond pulsed laser ablation at comparable wavelengths
[38-41].

Femtosecond laser structuring has various advantages compared to other techniques
such as photolithography, as well as, mechanical and chemical methods. In particular,
these techniques involve multiple steps, tedious sample preparation, and require
hazardous chemicals [32]. Femtosecond laser structuring is a simple, single-step, fast,
non-contact process and can be applied to a wide range of materials (metals, ceramics,
polymers). Moreover, it can be used to texture materials on their surfaces, as well as
etching deeper regions within the bulk of the material to create structures with

complex geometries [42,43].

Materials that have been laser-patterned with structures like grooves, pillars, micro-
and nano-cones [44], as well as, channels have been widely used as cell culture
platforms to investigate the effect of topographical cues on various cellular responses
[15].



1.3.2 Polyethylene terephthalate (PET)

Polyethylene terephthalate (PET) is a semicrystalline, thermoplastic resin which
belongs to the polyester family [45]. The commercial synthesis of PET begins with
one of two chemical reactions: 1) Ethylene glycol (EG) is reacted with terephthalic
acid or 2) EG is reacted with dimethyl terephthalate (DMT) [46,47]. The reaction 1 is
performed at 240 - 260°C and 300 - 500 kPa, while the reaction 2 at 140 - 220°C and
100 kPa. They both yield bis(hydroxyethyl) terephthalate (BHET) [46,47]. After the
initial reaction, two or three polymerization steps are performed which depend on the
required molecular weight (Figure 1.2). The first polymerization step is
transesterification between BHET molecules, displacing EG, at 250 - 280°C and 2 - 3
kPa [46,48]. Afterward, the resulting oligomers are polycondensed at 270 - 280°C and
50 - 100 kPa [46,47]. At this stage, the polymer is appropriate for applications that do
not require high molecular weight chains. If a higher molecular weight is required, the
polymer is subjected to a third, solid state polymerization, at 200 - 240°C and 100 kPa
[46,47,49]. After the synthesis of the raw polymer, it can then be processed into the
required form, via injection moulding, extrusion, or blow moulding [46]. The physical

properties of PET are presented in Table 1.1.

Reaction pathway | Reaction pathway 2
HO OH CH;0 OCH,
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Figure 1.2: Chemical reactions of polyethylene terephthalate (PET) manufacturing [45].



Table 1.1: Physical properties of polyethylene terephthalate (PET) [37,45,50].

Average ) Glass
) Melting - Thermal Heat
molecular Density transition o )
. s temperature, conductivity capacity
weight (g/cm) temperature,
T (°C) [WI(mK)] [kI/(kgK)]
(g/mol) T4 (°C)
Polyethylene
terephthalate | 30000 - 80000 | 1.3-14 250 - 270 69 - 115 0.13-0.15 13
(PET)

PET is one of the most common polymers widely used for cell culturing
(Thermanox® or Mylar®) and biomedical applications [51,52]. Specifically,
chemically inert PET (Dacron®) biomaterials, combined with different coatings, are
used in sutures, vascular grafts, surgical meshes, scaffolds, heart valves, urinary, and
bloodstream catheters due to their biocompatibility and excellent mechanical strength
and resistance [51-53].

1.4 Role of shear stress

Shear stress is termed as “the external force acting on an object or surface parallel to

the slope or plane in which it lies” [54] (Figure 1.3).

force
‘ —

—_—
— S )
% p— [ cell

g
= -_— Pamy
(D — - — //* — S
substrate proteins

Figure 1.3: Externally applied force results in shear stress on cells. Simplified illustration of
the effect of shear in planar culture is shown for an idealized square (left) and a cell (right).

Shear stress induces an angle change between opposing sides of the cell (modified by [55]).

Apart from topography, mechanical stress is also a significant component of the host

environment, as it influences the cellular signal transduction and the behavior of




various cells. Flow-induced shear stress, in particular, influences mechanoreceptors,
like ion channels and integrin/focal adhesions, as well as responses, such as nitric
oxide and intracellular calcium production, and cytoskeletal remodeling [56]. Shear
stress is applied at discrete local points and is transmitted through the cell body along
cytoskeletal microstructures, which in turn trigger intracellular mechanical signaling.
Thus, shear stress alters not only the cell’s shape but also the intracellular signaling

pathways [57,58] (Figure 1.4).
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Figure 1.4: Cell mechanosensing model approach at the micro- and nano-scale. A) A
mechanosensing approach, where a cell internalizes both mechanical and biochemical
signals. B) Schematic representation of selected membrane-bound nanoscale structures
involved in intracellular mechanical signaling (modified by [58]).

Flow-induced shear stress can be applied to cells, in vitro, using specially designed
microfluidic systems. In particular, fluid flow applies shear stress to a monolayer of
cultured cells (Figure 1.5). Assuming parallel-plate geometry, the applied shear stress

is often approximated by the equation of wall shear stress [59,60],

Tw =(6pQ)/(bh?)

where p is the fluid viscosity, Q is the flow rate, b is the width of the parallel plates,
and h is the separation (height) of the parallel plates.



Figure 1.5: Fluid shear in a parallel-plate flow chamber. h refers to the separation (height)

of the parallel plates, Q to the flow rate, and ) to the wall shear stress [60].

Previous studies have shown that fluid-induced shear stress enhances the cells’
alignment, through the reorganization of the cytoskeleton, in a variety of cell types
[61-67]. An association between extracellular matrix alignment and cell shear stress
was also reported in [68]. In addition to this, it has been shown that such stimulation

affects cellular migration [63].

Chafik et. al. [69] reported that shear stress is a critical component of the natural
environment for the regeneration of axons. Indeed, it is known that the cell soma and
the neurites of neurons are correlated to the cytoskeleton, which senses the
mechanical stimuli producing different cellular responses [57,69,70]. Moreover, it has
been reported that cell proliferation, migration, and differentiation are controlled via
numerous unknown signaling pathways connected to the cytoskeleton [70,71]. Thus,
fluid-induced shear stress may be also crucial for guiding neurite outgrowth.
However, the effect of shear stress on neuronal outgrowth has not been studied
thoroughly [69,72-76].

1.5 Cell culture under microfluidic flow

Over the last decades, conventional cell culture techniques are well-established and
essentially consist of culturing cells in flasks, petri dishes, and microtiter plates [77].
The cells are usually maintained under static conditions and have limited cell-cell
interactions. However, cells in a multicellular organism live in a considerably

different environment compared to conventional static cultures. They are attached to
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softer materials than the glass and plastic substrates on which most studies are done in
vitro, and are surrounded by fluid and nutrients [61,78] (Figure 1.6). To gain more
insight into different biological problems, it is important to perform cellular
experiments that reflect more closely the in vivo conditions with cell-cell, cell-matrix,

and cell-soluble factor interactions [79].

D > o J O “ GP’“« Chemical gradients O O O O
2.0 O ' o ©O O

Figure 1.6: Schematic representation of the microenvironment of cells consisting of
biochemical (cell interactions), physical (shear stress), and physicochemical [pH, carbon

dioxide (CO,), temperature, oxygen (O,)] factors [77].

Microfluidic devices provide a more realistic environment for biological research, as
they are related to scales found in biological systems (micro- and nano-). Cells are in
the micrometer range, typically around 10 - 15 um. Unlike conventional static
cultures, microfluidic cell cultures permit precise control of the microenvironment
[e.g. changes in the flow rate, pH, oxygen (O,) levels] that influence biochemical and
mechanical factors in a cell and, thus, cell functionality [78]. Figure 1.7 illustrates the
possible physicochemical and biomolecular stimuli provided by the microfluidic flow.
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Figure 1.7: Schematic representation of the possible physicochemical and biomolecular
stimuli, which could be provided by microfluidic flow (modified from [80]).

In particular, cell cultures under microfluidic flow reflect more appropriately the in
vivo environment of cells in tissues such as the physiological fluid flow inside the
body, consistent nutrient delivery, effective waste removal, and mechanical
stimulation due to fluid shear forces [81]. Laminar flow regimes, small length scales,
and diffusion dominated mass transport characterize the microfluidic devices resulting
in a more in vivo-like environment [80]. Indeed, the continuous flow of nutrient is a
distinct advantage that microfluidic flow brings to dynamic cell cultures in contrast to
conventional static ones. Furthermore, small volumes of media in microfluidic
devices reflect more appropriately the physiological condition of cells in tissues than
cells cultured in larger volumes, due to faster consumption of nutrients and increased
concentration of metabolites and secreted products, similar to densely packed tissues
[81].

Table 1.2 summarizes some important differences between conventional static

cultures and cell cultures under microfluidic flow.
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Table 1.2: Differences between conventional

microfluidic flow (modified by [82]).

static cultures and cell cultures under

Conventional static cultures

Cell cultures under microfluidic flow

Cell microenvironment

No confinement (open walls)

Confinement (closed systems)

Limited level of spatial control

(e.g. only single-well or trans-well systems)

High level of spatial control
(e.g. compartmentalization for co-culture, 3-

dimensionality and sub-cellular resolution)

No fluid control (only static)

High level of control over fluids
(e.g. laminar flow, perfusion, temporal control

over fluid exchange)

Limited possibilities for creating physical

stimuli

Various physical stimuli possible

(e.g. shear)

Low temporal and spatial control over

chemical stimuli (only bulk addition)

Possibility to create highly defined spatial and
temporal chemical stimuli

(e.g. soluble or surface gradients)

Biologica

| read-out

Compatible with conventional standardized

biological assays

Compatibility issues with conventional

standardized biological assays

Compatible with established read-out

equipment

Compatibility issues with established read-out

equipment

Comparable to large amount of data from

historical experiments

Low number of available historical experiments

limits comparison

Limited possibilities for in situ read-out of

biological processes

Possibility to integrate sensors and assays for in

situ read-out of biological processes

High-throughput

screening (HTS)

High reagent and biological (cell) material use
in HTS setting

Reduced reagent and biological (cell) material

use in HTS setting

Limited possibilities to parallelize and integrate

assays

Highly applicable to parallelization and

integration of assays

Compatible to conventional high-throughput

(robotics) equipment

Not compatible with conventional high-

throughput (robotics) equipment

Utilizing the microfluidic technology discussed above, numerous microfluidic

platforms applied to stem cells [83-87], tu
[63-67,91,92]. Microfluidic platforms are

1

mor cells [88-90], and other types of cells
designed for several specific applications
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including single-cell studies [93-95], biomarkers’ detection [96-98], drug screening
and discovery [99-101], organs-on-chip [102-111], and tissue engineering
[80,112,113].

A summary of applications for individual cell types is presented in Figure 1.8.
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Figure 1.8: Summarized applications of cell culture under microfluidic flow according to cell
type [114].

Other cells

1.6 Peripheral nervous system

1.6.1 Peripheral nerve anatomy

The nervous system is classified into the CNS and the PNS. In particular, the CNS
contains the brain and the spinal cord. The PNS includes the cranial, spinal, and
autonomic nerves, which, along with their branches, connect to the CNS [115].
Peripheral nerves innervate muscle tissue, transmitting sensory and excitatory input to

and from the spinal column.
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The nervous system consists of two cell types, neurons, and neuroglia. Neurons are
the main structural and functional elements of the nervous system and consist of a cell
body (soma) and its extensions (axons and dendrites). Clusters of sensory nerve soma
(ganglia) are located just outside the spinal column. Dendrites transmit electrical
signals to the cell body of the neuron and the axon conducts impulses away.
Neuroglia or glial cells are support cells that aid the function of neurons. They include
astrocytes and oligodendrocytes in the CNS and Schwann cells in the PNS. Glial cells
are more abundant than neurons. In contrast to neurons which cannot undergo mitosis,
glial cells have some capacity for cell division. Although neurons cannot divide by
mitosis, they can sprout new processes or regenerate a severed portion under certain
conditions [116]. For example, sympathetic and cortical neurons try to reactive the
cell cycle when subjected to acute insults, like oxidative stress, DNA damage, and

excitotoxicity [117].

In the PNS myelin sheath, a laminated sheath made up of lipoproteins is formed by
consecutive wrappings of Schwann cell membrane around the axon of a neuron. On
the outer surface of this Schwann cell layer is the neurilemma which is a basement
membrane similar to that found in epithelial cells. The neurilemma is only present in
the PNS due to the lack of Schwann cells in the CNS. In the CNS the myelin sheath is
delivered by oligodendrocytes. Myelin sheath protects and insulates the nerve fiber, as
well as, increases the propagation velocity of the nerve impulse, which is particularly

important for those axons extending long distances up to 1 meter [116].

A peripheral nerve is composed of sensory and motor axons bundled together by
support tissue into an anatomically defined trunk (Figure 1.9). Endoneurium,
composed predominantly of oriented collagen fibers, surrounds individual axons and
their Schwann cells sheaths. Afterward, the perineurium which is formed from many
layers of flattened cells (fibroblasts) and collagen, surrounds group of axons to form
fascicles. Finally, the epineurium, an outer sheath of loose fibrocollagenous tissue,
binds individual nerve fascicles into a nerve trunk. Peripheral nerves are well
vascularized by capillaries within the support tissue of the nerve trunk or by vessels

penetrating the nerve from surrounding arteries and veins [116].
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Figure 1.9: Peripheral nerve anatomy (modified by [118]).

1.6.2 Cells used for this study

For the cell cultures, fibroblasts (NIH 3T3 cells), Schwann (SW10) cells, and
neuronal [Neuro-2a (N2a)] cells were used as well-studied and characterized
experimental models for the study of cellular functions such as adhesion and
proliferation (NIH 3T3 cells), neurogenesis, and neuronal differentiation (SW10 cells

and N2a cells respectively).

NIH 3T3 cells were initiated from a cell line isolated at the Department of Pathology
in the New York University School of Medicine in 1962 by George Todaro and
Howard Green. 3T3 refers to the cell transfer and inoculation method for the line and
means “3-day transfer, inoculum 3 x 10°cells” [119]. NIH refers to “National
Institutes of Health” and was added later [120]. Using this method, the immortal cell
line begins to thrive and stabilize in cell culture after about 20 - 30 generations of in
vitro growth. The two scientists originally obtained the cells from desegregated NIH
Swiss mouse embryo fibroblasts. Since being established, the mouse fibroblast cell
line NIH 3T3 cells has been used in thousands of studies [120]. Indeed, it has been

16



used as a model system in a multitude of different studies including adhesion and
proliferation.

During the mid-19" century while investigating the nervous system, Theodore
Schwann, the co-founder of the cell theory, discovered that specific cells are wrapped
around the axons of the PNS. What Theodore Schwann discovered then, it is now
termed as “Schwann cell”. Although neurons form the basis of the nervous system,
glial cells play a vital role in the survival and function of neurons. Schwann cells are
the main glial cells in peripheral nerves and are derived from neural crest cells. They
come in two types, myelinating or non-myelinating Schwann cells, both playing a
pivotal role in the maintenance and regeneration of the neurons’ axons in the PNS.
Schwann cells are under investigation as a therapeutic agent for spinal cord injuries
and demyelinating diseases [121]. One of the most important functions of the
Schwann cells is to myelinate the axons of the PNS. Myelin, as previously described
in section 1.6.1, insulates the axons and helps to increase the saltatory conduction of
the neuron. A myelinating Schwann cell wraps around one axon. Myelination occurs
in larger diameter axons (>1 pum) while a process called ensheathment occurs on
smaller diameter axons. In the case of ensheathment, a single cell wraps around
multiple small unmyelinated axons separating them with a thin layer of cytoplasm.
The resulting structure is called a Remak bundle. The axon diameter determines if
Schwann cells will myelinate or ensheath axons [122]. Independent of axon diameter,
axons that express low levels of neuregulin, NRG1-1ll, are ensheathed while those
expressing high levels are myelinated [123]. Schwann cells also assist in neuronal
survival and signal the formation of various structures within the PNS. Indeed, they
offer trophic support for developing neurons whose axons have not reached their
targets yet [124]. Two key secreted factors that may play a critical role are glial cell
line-derived neurotrophic factor (GDNF) and neurotrophin-3 (NT-3) [125]. Moreover,
Schwann cells regulate the formation of the perineurium and the node of Ranvier.
Specifically, they secret Desert Hedgehog (dhh) which helps to form the perineurial
sheath, a protective barrier for the peripheral nerves. The nodes of Ranvier are gaps
found between the myelin sheath of an axon. Developing Schwann cells are thought
to produce signals that cluster the Na* channels in the axon membrane, normally at

the edge of the Schwann cell [125]. In contrast to neurons, Schwann cells cannot
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transmit synaptic messages and can divide indefinitely throughout life. The
counterparts of Schwann cells in the CNS are the oligodendrocytes. Contrary to
oligodendrocytes, Schwann cells enter quickly mitosis after the occurrence of an
injury implying that may be better for treating spinal cord injuries and demyelinating
disorders [121]. Thus, although Schwann cells are often overlooked due to their
supporting role to the neurons, they play a central role in many aspects of neuronal
homeostasis and are associated with several pathologies. The mouse Schwann cell
line SW10 cells has been used as a model system in many studies including adhesion,

proliferation, and orientation.

N2a is a mouse neural crest-derived cell line that has been extensively used as a
model system to study proliferation, neuronal differentiation, neurite outgrowth,
signaling pathways, and cytotoxicity [126-131]. A useful characteristic of N2a cells is
their ability to differentiate into neurons within a few days. Their differentiation is
usually obtained in specific conditions of culturing, like serum deprivation or addition
of retinoic acid (RA) or cyclic AMP (cCAMP) to the culture medium [132]. As a result,
N2a cells can develop axon-like or dendrite-like processes, similar to those observed
in hippocampal and cortical cultures [133]. Their tendency to differentiate to neurons
can be evaluated by the overall qualitative cell morphology as shown around the
soma. Additionally, it can be quantitatively expressed by the number and length of
neurite-like extensions [134]. Thus, N2a cells have proven to be a useful model to

study the effect of different stimuli on neuronal proliferation and differentiation.

1.7 Effect of topography on neuronal outgrowth

It has been well-reported that the surface topography significantly affects the
adhesion, orientation, proliferation, and differentiation of cells. Therefore, many
groups focused their interest on the controlled modification of materials’ surfaces, as
a strategy for guiding the neuronal outgrowth, which is crucial for the development of
functional neuronal interfaces [23,24,26,42,133,135-137].

Based on their design, the different geometries attained via patterning are classified in

continuous and discontinuous (Figure 1.10). Continuous geometries are further
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classified into anisotropic, isotropic, and topography-gradient topographies.
Anisotropic topographies are directionally dependent providing cues along a single
axis. Isotropic topographies are uniform in all directions providing cues along
multiple axes. Topography-gradient topographies provide cues through gradual
changes in physical features, such as groove spacing, along a particular direction.
Grooved substrates and electrospun polymeric fibers at parallel or random orientation
are examples of continuous topographies. Discontinuous geometries are further
classified into isotropic and topography-gradient topographies. Pillars/posts and pits

are examples of discontinuous topographies [138].
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Figure 1.10: Schematic representations of the different geometries being used as cell culture
substrates (modified from [138]).

It has been shown that anisotropic continuous electrospun polymeric fibers could
influence neuronal growth, alignment, and differentiation [139-148]. It has been also
reported that in continuous grooved substrates the width and the depth have a critical
role in the neuronal outgrowth [149,150,159-161,151-158]. Additionally, previous
studies elucidated the impact of disordered/anisotropic nanotopographical features on
neuronal differentiation and maturation, by mechanotransduction pathways, in adrenal
pheochromocytoma (PC12) cells [162—-164].
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Among various techniques employed, ultrashort-pulse laser structuring has proved to
be important for engineering surface topography in various materials including
polymers, such as poly-L-lactic acid (PLLA), polycaprolactone (PCL), and silicon
(Si) [15,18,30,31,165-167]. Indeed, the laser-induced topography was found to
significantly affect the neuronal adhesion, growth, and orientation. Specifically,
Yiannakou et. al. [15] reported that laser-microstructured Si substrates with
nanoripples, as well as, microgrooves decorated with nanoripples (hierarchical
patterns) affected Schwann cells’ behavior. It has been shown that although cell
adhesion and growth was inhibited by the nanoripples, it was significantly promoted
by the hierarchical micro- and nano-structures. Furthermore, Simitzi et. al. [30,31]
showed that laser-microstructured discontinuous Si substrates not only support
cellular adhesion and viability, but also significantly affect cell morphology, growth,
orientation, and differentiation in a surface-dependent manner. It has been reported
that Schwann cells and sympathetic neurons’ axons were parallel oriented on
microcone patterns of elliptical cross-sections, while they exhibited a random
orientation on the microcones exhibiting arbitrarily shaped cross-sections. Continuing
further the above investigations, Angelaki et. al. [167] developed a combined
topography comprising rectangles of microcones on a nanosized ripples surface that
could create selective neuron cell patterns. It has been shown that when Schwann
cells were co-cultured with N2a cells, N2a cells adhered on top of the oriented
Schwann cells and only on the areas where the Schwann cells adhered i.e.
microcones. Consequently, it was suggested that anisotropic continuous and
discontinuous topographical patterns could promote Schwann cell and axonal
alignment, provided that the pattern presents anisotropic geometrical features, even
though their sizes are at a subcellular scale [30]. Finally, the same topographical
system, i.e. microcones, were used to study PC12 differentiation after treatment with
nerve growth factor (NGF). Although PC12 cells were stimulated with NGF, it has
been shown that surfaces that were highly rough and exhibited large distances
between microcones did not support cell differentiation in contrast to surfaces with

low and medium roughness [31].
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1.8 Effect of microfluidic flow on neuronal outgrowth

Many studies have shown that the dynamic culture of neuronal and/or glial cells has a
positive effect on their cell function and behavior (morphology, proliferation,
differentiation). Specifically, Millet et. al. [168] considering that cell-to-cell signaling
is local, they developed a specific culture system that sustained small numbers of
primary hippocampal neurons and enabled analysis of the microenvironment. They
observed that cultured neurons inside perfused channels (by gravity flow) composed
of native, autoclave, or extracted polydimethylsiloxane (PDMS) showed increased
viability and channel-length capacity (increasing 2-fold for all but native PDMS).
Moreover, Park et. al. [72] designed a two-dimensional microfluidic system to study
the effect of continuous flow shear stress (10 and 10° Pa) on radial glial cells
(RGCs). They found that flow shear stress possibly activated mechanosensitive Ca*?
channels that significantly enhanced the proliferative capacity of RGCs in response to

increased shear stress.

Nakashima and Yasuda [169] fabricated a microfluidic device to investigate the effect
of growth factors (GF) on the differentiation and axon elongation guidance of PC12
cells. The microfluidic device composed of a cell culture chamber, a micro-channel, a
nano-hole array (containing GF), and a micro-valve allowing the precise release of
chemicals from the nano-hole. NGF was used to stimulate the differentiation of PC12
cells. They showed that the cell growth, differentiation, and axon elongation were
dependent on micro-valve switching and release gradient of NGF. Chung et. al. [73]
developed a PDMS gradient-generating microfluidic platform that exposed human
neural stem cells (hNSCs) to a concentration gradient of known GF, under continuous
flow (5-10° Pa). As a result, a minimization of autocrine and paracrine signaling was
observed. Additionally, they found that the differentiation of hNSCs into astrocytes
was inversely proportional to GF concentration while proliferation was directly
proportional. Kim et. al. [170] performed a similar study by using a microfluidic chip-
generated growth factor gradient system and neural stem cells (NSCs). Results
confirmed that the proliferation and differentiation of NSCs were directly dependent
on the concentration gradient of GF. Furthermore, Park et. al. [171] designed a
microfluidic platform to expose human embryonic stem cells (ESCs)-derived neural
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progenitor cells to stable concentration gradients of extracellular signaling molecules.
Human ESC-derived neural progenitor cells were cultured in the microfluidic system
under continuous cytokine gradients (0.15 pL/hour) for 8 days. Neural progenitor
cells proliferated and differentiated, into neurons, in a controlled manner and the cell

properties reflected the different concentrations of extracellular signaling molecules.

Cheng et al. [74] fabricated a microfluidic system that could analyze the effect of
mechanical and chemical stimulation on neuronal differentiation of placenta-derived
multipotent stem cells (PDMCs). They analyzed the effect of shear stress with various
flow rates (1.4-10% 3.31-10°, 4.97-10° Pa) on PDMCs beside 3-isobutyl-1-
methylxanthine (IBMX), as the chemical stimulant, for 3 days. They found that shear
stress could not differentiate PDMCs into other cell types. Although chemical
stimulation played a critical role in the differentiation of PDMCs, shear stress
enhanced PDMCs for earlier neuronal differentiation. The highest cell differentiation

ratio of 42.4% was noticed in the highest flow rate and IBMX in 48-hour condition.

Chafik et al. [69] developed a custom-designed flow chamber that applied shear stress
(1.33 Pa for 2 hours), through laminar fluid flow, to Schwann cells. They showed that
mechanical stimuli enhanced the proliferation of Schwann cells and caused a slight
movement from their original positions. Moreover, Gupta et. al. [75,76] used an in
vitro model to apply shear stress on primary Schwann cells in the form of laminar
fluid flow (3.1 Pa for 2 hours). They observed increased proliferation and down-
regulation of two pro-myelinating proteins, myelin-associated glycoprotein (MAG)
and myelin basic protein (MBP). These results implied that a low level of mechanical

stimulus may directly trigger Schwann cell proliferation.

Majumdar et. al. [172] designed a PDMS microfluidic cell co-culture platform that
allowed individual manipulation of various cell types with the position of a
microfabricated valve that served as a reversible barrier between the chambers. As a
result, healthy co-cultures of hippocampal neurons and glia were maintained for
several weeks under optimal conditions. In particular, co-culture with glia provided
nutrient media for maintaining healthy neural cultures, eliminating the need to supply
neurons with pre-conditioned glia media, and enhanced the transfection efficiency of

neurons in the platform. Similarly, Shi et. al. [173] fabricated two PDMS microfluidic
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cell culture systems, a vertically-layered set-up, and a four-chamber set-up for

studying communication between neurons and glia in close proximity. The chambers

were separated by pressure-enabled valve barriers that allowed them to control

communication between the two cell types. They observed that the co-culture of

neurons and glia increased the number and stability of synaptic contacts, as well as,

the secreted levels of soluble factors. These results confirmed the importance of

communication between neurons and glia for the development of stable synapses in

microfluidic platforms.

The neuronal response to microfluidic flow is summarized in Table 1.3 where the

different approaches and the respective nerve responses are presented.

Table 1.3: Effect of microfluidic flow on nerve cell morphology/response.

Cell type

Circulating

Flow?

Shear stress

Findings

Reference

Hippocampal neurons

No

Increased viability and channel-

length capacity

[168]

Radial glial cells (RGCs)

Yes

= 10"Pa

= 10°Pa
for 5 days

Increased proliferation of RGCs
in response to increased shear

stress

[72]

Adrenal pheochromocytoma (PC12) cells

No

Cell growth, differentiation and
axon elongation were dependent
on micro-valve switching and
release gradient of nerve growth
factor (NGF)

[169]

Human neural stem cells (hNSCs)

Yes

= 510°Pa
for 4 and 7 days

Minimization of autocrine and

paracrine signals

Differentiation of hNSCs into
astrocytes was inversely
proportional to growth factors

(GF) concentration

Proliferation was directly

proportional to GF concentration

[73]

23




Simultaneous application of
multiple gradients in a single
experiment

Low media requirements

Low cell requirements

Proliferation and differentiation

Neural stem cells (NSCs) Yes - of NSCs were directly dependent [170]
on GF concentration
Proliferation and differentiation
of neural progenitor cells in a
controlled manner
Neural progenitor cells Yes - [171]
Cells properties reflected the
different concentrations of
extracellular signaling molecules
No differentiation of PDMCs into
. other cell types with shear stress
= 1410 Pa
3 Shear stress combined with 3-
= 3.31-10" Pa ) )
) ) isobutyl-1-methylxanthine
Placenta-derived multipotent stem cells
Yes (IBMX) enhanced the PDMCs for [74]
(PDMCs) = 4.97-10°%Pa ) i o
earlier neuronal differentiation
for 1 hour, 2 hours,
24 hours, 48 hours, i ) L
Highest cell differentiation in the
72 hours . .
highest flow rate and IBMX in
48-hour condition
Increased proliferation
= 1.33Pa
Schwann cells Yes [69]
for 2 hours Slight cells” movement from their
original positions
= 31Pa . .
Schwann cells Yes Increased proliferation [75]
for 2 hours
Increased proliferation
= 3.1Pa
Schwann cells Yes [76]
for 2 hours

Down-regulation of myelin-
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associated glycoprotein (MAG)
and myelin basic protein (MBP)

Co-culture of hippocampal neurons and glia

No

Elimination of the need to supply
neurons with pre-conditioned glia

media

Enhancement of the transfection

efficiency of neurons

[172]

Co-culture of hippocampal neurons and glia

No

Increased number of synaptic

contacts

Increased stability of synaptic

contacts

= |Increased secreted levels of

soluble factors

[173]

1.9 Combined effect of microfluidic flow and topography on neuronal

outgrowth

The combined effect of microfluidic flow and topography on neuronal outgrowth has
been rarely reported. Specifically, Hesari et. al. [174] developed a hybrid microfluidic
system composed of PDMS microchip and poly(lactic-co-glycolic acid) (PLGA)
nanofiber-based substrate for differentiation of human induced pluripotent stem cells
(hiPSCs) into neurons. The results revealed an increase of B-tubulin Il (a neuron-
specific marker) gene expression and a decrease of glial fibrillary acidic protein
(GFAP) (a classic marker for astrocytes) gene expression. Thus, this hybrid
microfluidic system could be optimum for neuronal differentiation. Afterward, for
further in vivo evaluation of this system, the cell loaded scaffold was implanted in a
spinal cord model of rats. Animals receiving this implant showed functional
improvement during 28 days of study. However, the difference with the control group

was statistically insignificant.
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Kim et. al. [57] studied the effect of mechanical stimulation on PC12 cells cultured in
microfiber-based substrates. They observed that the shear stress affected the length
and orientation of neurons along the microfibers. Furthermore, Jeon et. al. [175]
investigated the combined effects of surface topography and flow-induced shear stress
on the neuronal differentiation of human mesenchymal stem cells (hMSCs). They
applied different shear stresses in a PDMS substrate with micrometric grooves. An
increased directionality under flow conditions was observed. Moreover, an increased
neurite length was noticed on the seventh day. However, a significant decrease in
neurite length was observed on the tenth day. These results were not conclusive on
how the combined effect of shear stress and topography affects neuronal growth. It
should also be emphasized that in both studies, the flow was not continuous but was
rather applied for only a few hours per culture day. As a result, the in vivo dynamic

culture conditions may not be adequately simulated in vitro.

Table 1.4 summarizes the reported studies on the combined effect of microfluidic

flow and topography on neuronal response.
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Table 1.4: Reported studies on the combined effect of microfluidic flow and topography on

nerve cell morphology/response.

Fabrication Circulating Shear o )
Substrate ) Cell type Findings Disadvantages Ref.
technique Flow? stress
= Increase of
B-tubulin Animals
111 gene receiving this
expression implant
. showed
Poly(lactic-co- . .
o Human induced = Decrease of functional
glycolic acid) o . . .
. Electrospinning pluripotent stem No - glial improvement | [174]
(PLGA) nanofiber- ) o
cells (hiPSCs) fibrillary but no
based substrate o o
acidic significant
protein difference
(GFAP) with the
gene control group
expression
= 01- | = 0.25Pa
1.5 Increased
Pa neurite
o Adrenal for 2 length Not
PLGA microfiber- o )
Electrospinning pheochromocytoma Yes hours, 3 continuous [57]
based substrate )
(PC12) cells timesper | = 0.5Pa: flow
day for 2 Increased
days cellular
alignment
= 01
Not
and
) ) = 0.1Pa: continuous
Polydimethylsiloxane 0.25
Human Increased flow
(PDMS) substrate ) Pa )
) ) ) Photolithography | mesenchymal stem Yes neurite [175]
with micrometric for 3
cells (hMSCs) length at Decrease of
grooves hours per )
day7 neurite length
day for 2
at day10
days
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1.10 Aim of this study

Due to the dysfunctional spontaneous recovery of the nervous system after injury, the
successful guidance of neuronal outgrowth, in vitro, is mandatory for neurogenesis.
Therefore, the development of successful methods to guide neuronal outgrowth in a
controllable manner, in vitro, is of great importance. It has been well-reported, as
previously described in section 1.7, that surface topography affects the neuronal
growth, orientation, and differentiation. However, the combined effect of flow-
induced shear stress and surface topography on neuronal outgrowth has been rarely
reported, as previously described in section 1.9 [57,175]. Nevertheless, these results
were not conclusive on how the combined effect of shear stress and topography
affects neuronal growth. Moreover, the main limitation in these studies was that the
flow was not continuous but it was applied only for some hours per day. As a
consequence, the in vivo dynamic culture conditions may not be adequately simulated
in vitro. The ultimate goal of this work is to demonstrate an in vitro biomimetic

dynamic cell culture model to promote neurogenesis.

Here we present a unique approach to realize such a guidance control on neuronal cell
outgrowth, based on the combined effect of flow-induced shear stress and surface
topography. Towards this aim, an interdisciplinary approach is implemented, where
laser engineering, dynamic flow rate cell cultures, and computational flow
simulations are employed to assess the synergistic or antagonistic effect of shear
stress and scaffold topography on neuronal cell outgrowth, orientation, length, and

differentiation.

For this purpose, polymeric, PET, microstructured substrates with different
geometries (microgrooves, chess, net) have been prepared by ultrafast laser
structuring. The laser-microstructured substrates have been characterized as to surface
morphology, wetting properties, and surface chemistry. The geometries of
microgrooves, chess, and net have been applied to in vitro static cell cultures before

selecting the microgrooves for investigating the effect of shear stress.

A precise flow controlled microfluidic system with specific custom-designed

chambers, incorporating laser-microstructured PET  substrates comprising
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microgrooves, was fabricated to assess the combined effect of shear stress and
topography on neuronal outgrowth. The microgrooves were positioned either parallel
or perpendicular to the direction of the flow. Additionally, the cell culture results were
combined with computational flow simulations to calculate accurately the shear stress

values.

The cell models used included fibroblast (NIH 3T3), Schwann (SW10), and neuronal
(N2a) cell lines. In particular, NIH 3T3 cells were used as a well-studied and
characterized experimental model for the study of cellular adhesion, proliferation, and
orientation to optimize basic experimental parameters, such as the cell densities, days
of culture, and flow rates. Since the neuronal survival and function are greatly
dependent on the support of glial cells, Schwann (SW10) cells were used as important
glial cells of the PNS. The combined effect of shear stress and topography on the
adhesion, growth, and orientation of SW10 cells was investigated under dynamic
culture conditions attained via continuous flow. In addition to this, N2a cells were
used as a model system to study the combined effect of shear stress and topography
on neuronal growth and differentiation. Finally, the effect of topography on the co-
culture of SW10 and N2a cells was examined as it provides a more realistic
environment of the actual structure of the PNS, including both the glial and neuronal-

like cells.

The structure of this dissertation comprises an introduction to the experimental
methods, presentation and discussion of the experimental findings followed by the

conclusions.
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2. Materials and Methods

2.1 Experimental setup used for the fabrication of laser-

microstructured substrates

The microstructured substrates were fabricated via ultrafast laser direct writing of
PET coverslips used for cell cultures (Sarstedt, Numbrecht, Germany). A Yb:KGW
laser source was used with a wavelength of 1026 nm, 1 kHz repetition rate, and 170 fs
pulse duration. The beam propagated through a half waveplate (HW) and a linear
polarizer (LP) (which were used to vary the values of power), to a shutter (SW)
(which was used to control the exposure time and thus the number of pulses receptive
to the sample), then to a convex lens of 100 mm focal length, and, finally, to the
sample (Figure 2.1). The laser-microstructured substrates were fabricated at a
constant fluence of 11.9 J/cm? and scan velocity of 7 mm/s. By changing the Xstep and
Ystep (Which is the distance between two consecutive scan lines), three different
geometries were created, defined as microgrooves (MG), chess, and net. The spacing
and the width of the MG were 28.76 + 0.50 um and 28.68 + 0.47 um, respectively.
The spacing of the chess was 24.52 + 1.62 um and the diameter of each chess piece
was 21.91 £ 1.12 um. The spacing of the net was 168.12 + 1.38 um. The total

patterned area was 3 mm x 3 mm or 4 mm X 4 mm.
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Figure 2.1: Experimental setup used for the fabrication of laser-microstructured substrates
(modified by [176]).

2.2 Characterization of laser-microstructured substrates

2.2.1 Scanning Electron Microscopy (SEM)

Following the laser structuring process, the laser-microstructured substrates were
sputter-coated with a 15 nm layer of gold (Baltec SCD 050, BAL-TEC AG, Balzers,
Liechtenstein) and observed under a scanning electron microscope (JEOL JSM-
6390 LV, Jeol USA Inc, Peabody, MA, USA) using an acceleration voltage of 15
kV.

2.2.2 Wettability measurements of laser-microstructured substrates

The contact angles of the laser-microstructured substrates and their relevant flat
substrates were calculated via an automated tensiometer, using the sessile drop
method [177]. A droplet of distilled, deionized Millipore water with a volume of 4 uL
was positioned on the surface of the laser-microstructured substrates and their
relevant flat substrates using a microsyringe. Afterward, images were taken to
measure the angle formed at the liquid-solid interface. Depending on the contact angle
value, the surface is characterized as hydrophilic (< 90°) or hydrophobic (> 90°). The
surfaces of the laser-microstructured substrates being measured had a surface area of
4 mm X 4 mm. The mean value was calculated from at least three individual

measurements. Successive measurements were reproducible within + 1°,

2.2.3  Ultraviolet-visible  (UV-Vis) measurements of laser-

microstructured substrates

The ultraviolet-visible (UV-Vis) absorption spectra of the laser-microstructured

substrates and their relevant flat substrates were measured with a LAMBDA 950
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UV/VISINIR spectrophotometer from Perkin Elmer with a spectral range from 250

nm to 1200 nm.

2.2.4 Laser induced fluorescence (LIF) measurements of laser-

microstructured substrates

The fluorescence spectra were collected by laser induced fluorescence (LIF)
technique. The samples were induced by excitation at 248 nm with the output of a
nanosecond excimer laser (KrF laser, Lambda-Physik EMG 201 MSC, Gottingen,
Germany). The laser beam (FLaser ~ 10 mJ/cm?) was focused perpendicularly onto the
sample. The fluorescence emission from the sample was collected by an optical fiber
oriented nearly perpendicular to the sample, at ~2 cm away from its surface, and was
spectrally analyzed in a 0.20 m grating spectrograph. The spectrum was recorded on a
CCD camera (Andor iStar, Belfast, Northern Ireland). In each case, proper cutoff
filters were employed to block any probe beam scattered light. The laser was
operating with a repetition rate of 2 Hz and every spectrum is the accumulated
fluorescence signal after 10 laser pulses of excitation. Laser-microstructured

substrates and their relevant flat substrates were used for the measurements.

2.2.5 Raman measurements of laser-microstructured substrates

Raman spectroscopy of the laser-microstructured substrates and their relevant flat
substrates was performed using a Nicolet Almega XR Raman spectrometer (Thermo
Scientific) with a 780 nm laser as an excitation source. The Raman emission was

collected in a back scattering geometry using a 50x objective.

2.3 Geometrical characterization of laser-microstructured substrates

via image processing analysis

Fiji ImageJ, an image processing software, was used to analyze the geometrical
characteristics of the laser-microstructured substrates. The aspect ratio of the MG,
A, was calculated to be the ratio of the MG depth (d) to their width (w) (A = d/w).
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The roughness ratio, r, was calculated to be the ratio of the actual, unfolded, surface
area of MG to the total irradiated area[r = 1 + (2d/w)].

2.4 Design of the microfluidic system

The microfluidic system (Figure 2.2a) is composed of an air compressor (Durr
Technik, USA) and an OB1 pressure controller (pressure stability 0.005%) (Elveflow,
France) which are connected, through silicon tubing, to the nutrient reservoirs
(Elveflow, France). Then nutrient (in this case culture medium), through
poly(tetrafluoroethylene) (PTFE) tubing (interior diameter 0.5 mm), moves to the
flow sensors (Elveflow, France), which precisely control the flow rates, to the bubble
traps (Elveflow, France), to the custom-made geometry chambers (Ebers, Spain)
containing the laser-microstructured substrates with the cells and finally to the waste
reservoirs (Elveflow, France). The MG were placed parallel or perpendicular to the
direction of the flow inside the chambers. The chambers consist of polysulfone upper
lids for loading cells (length: 6 mm, width: 6 mm, height: 13 mm) and for flowing
fluids across the cells and the laser-microstructured substrates (length: 11 mm, width:
6 mm, height: 150 pm). The experiments were performed under continuous flow
conditions. The chambers, as well as the waste reservoirs, were placed inside a 5%
carbon dioxide (CO,) incubator at 33°C or 37°C (depending on the cell line used), for
the whole duration of the dynamic culture experiments. In this thesis, the terms
“dynamic culture” and “dynamic condition” refer to the culture under flow-induced
shear stress. The cross-section image of the chamber, containing the laser-
microstructured substrates with the cells, where the flow occurs is also illustrated
(Figure 2.2b).
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Figure 2.2: a) Schematic illustration of the custom-designed microfluidic system. It is
composed of an air compressor and an OBl pressure controller connected with nutrient
reservoirs, flow sensors, bubble traps, a couple of chambers including the cells and the laser-
microstructured substrates, and waste reservoirs. The upper lid of the chamber for flowing
fluids across the cells and the laser-microstructured substrates is shown at the inset.
Specifically, the length of the chamber’s upper lid for flow is 11 mm and the width is 6 mm.
The cell culture chamber region is pointed out in the dashed lines. b) Cross-section image of
the chamber, containing the laser-microstructured substrates and cells, where the flow

occurs.
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2.5 Computational flow simulations in the microfluidic system

chamber (in collaboration with Dr. Yannis Papaharilaou)

The commercial software ICEM-CFD v12.1 (Ansys Inc.) was used to generate the
mesh of the computational model. The computational grid for the flat substrate case
contains 435K hexahedral elements and non-uniform grid node spacing to produce
higher grid density at the inlet and outlet regions of the square-shaped cell culture
region of the chamber (Figure 2.2a). Near wall grid refinement was imposed through
a viscous layer adjacent to the walls to capture the velocity gradients in the boundary
layer and resolve the wall shear stress. Straight tube extensions were added to the inlet
and outlet of the microfluidic system chamber to prevent upstream and downstream
contamination respectively of the chamber flow domain from flow disturbances
caused by forced outflow boundary conditions or non-fully developed flow entering

the chamber.

For the laser-microstructured substrate case the three-dimensional (3D) computational
grid contains 1.5M hexahedral elements and non-uniform node spacing to produce
near wall refinement and higher grid density within the MG that runs parallel to the
mean flow direction. In the case where the MG are placed perpendicular to the mean
flow direction symmetry of the geometry and periodicity of the MG is exploited to
construct a two-dimensional (2D) computational grid with 240K elements. In both
cases, it is assumed that flow is fully developed at the upstream boundary of the MG

region.

The Navier-Stokes and continuity equations for incompressible steady laminar flow in
the absence of body forces were solved using Fluent v12.1 (Ansys Inc.). For the flow
field computations, the wall was assumed rigid and the fluid was modeled as
incompressible Newtonian with a density of 1.0 g/cm® and a viscosity of 1.0 cP. A
uniform velocity was applied perpendicular to the inlet boundary and a traction free

boundary condition was applied at the outlet of the domain.
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2.6 Cell lines used

2.6.1 NIH 3T3, mouse fibroblast cells

NIH 3T3 cells, a mouse fibroblast cell line, were grown in cell culture flasks using
culture medium [Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen, Grand
Island, NY, USA) supplemented with 10% Fetal Bovine Serum (FBS) (Biosera,
Sussex, UK) and 1% antibiotic solution (Gibco, Invitrogen, Kalsruhe, Germany)] in a
5% CO, incubator (Thermo Scientific, OH, USA) at 37°C.

2.6.2 SW10, mouse Schwann cells

Mouse Schwann cell line (SW10), an established adherent neuronal cell line, was
obtained from ATCC® (Code: CRL-2766™). SW10 cells were grown in cell culture
flasks using culture medium [DMEM (Invitrogen, Grand Island, NY, USA)
supplemented with 10% FBS (Biosera, Sussex, UK) and 1% antibiotic solution
(Gibco, Invitrogen, Kalsruhe, Germany)] in a 5% CO, incubator (Thermo Scientific,
OH, USA) at 33°C.

2.6.3 Neuro-2a (N2a), mouse neuroblastoma cells

N2a is a fast-growing mouse neuroblastoma cell line. N2a cells were grown in cell
culture flasks using culture medium [DMEM (Invitrogen, Grand Island, NY, USA)
supplemented with 10% FBS (Biosera, Sussex, UK) and 1% antibiotic solution
(Gibco, Invitrogen, Kalsruhe, Germany)] in a 5% CO, incubator (Thermo Scientific,
OH, USA) at 37°C.

2.7 Static and dynamic cultures

Prior to any experiment, the laser-microstructured substrates, the reservoirs, the
bubble traps, and the chambers were UV-sterilized. Subsequently, the substrates were

transferred into sterile wells of 24-well plates (Sarstedt, Numbrecht, Germany) for
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static cultures or/and inside the chambers of the microfluidic system for dynamic
cultures. Planar PET coverslips for cell cultures (Sarstedt, Numbrecht, Germany)

were used as the control samples.
2.7.1 In vitro experiments with NIH 3T3 cells

For the static cultures, 2.5 x 10* or 5 x 10* NIH 3T3 cells/1.9 cm? were seeded on the
planar PET coverslips or the laser-microstructured substrates (MG, chess, net) and
were cultured for a series of different time periods ranging from 1 to 6 days (1 day, 4
days, 6 days).

For the dynamic cultures, a series of different cell numbers (1.5 x 10* or 2.5 x 10* or
5 x 10 cells/0.36 cm?) were seeded on the planar PET coverslips, placed inside the
chamber, and kept at rest overnight in a 5% CO, incubator at 37°C. The next day, the
continuous perfusion was initiated and lasted for 2 days. Flow rates of 15, 30, 60, and
120 pL/min were used. At higher flow rate values cells detached from the coverslips.

The mean velocity, u, in the microfluidic system is estimated by the equation [178]:
U= (4Q)/(md?)
where Q is the flow rate and d is the tubing diameter (d = 0.5 mm).

While, the shear stress, 1., exerted on the cell layer can be estimated in a simplistic

approach, as previously described in section 1.4, by the equation [59,60]:

Tw =(61Q)/(bh?)

where  is the nutrient’s viscosity (u ~ 0.01 gcm™s™ [61,179]), Q is the flow rate, b is
the width of the chamber’s upper lid for flowing fluids (b = 6 mm) and h is the height
of the chamber’s upper lid for flowing fluids (h = 150 pm).

Table 2.1 shows the flow rates as well as the corresponding mean velocity and shear

stresses in the microfluidic system.
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Table 2.1: Values for flow rate (Q), mean velocity [ = (4Q)/(md?)], and shear stress
[ty = (610)/(bh?)] in the microfluidic system.

Q (pL/min) u (m/s) 6 (Pa)
15 0.0013 0.01
30 0.0025 0.02
60 0.0051 0.04
120 0.0102 0.09

2.7.2 In vitro experiments with SW10 cells

For the static cultures, 3 x 10* SW10 cells/1.9 cm? were seeded on the planar PET
coverslips or the laser-microstructured substrates (MG, chess, net) and were cultured

for 4 and 6 days.

Prior to dynamic cultures, the substrates were coated with a 15 pg/mL solution of
laminin (Sigma-Aldrich, St. Louis, MO, USA) to enhance cell adhesion. A number of
2.5 x 10* cells/0.36 cm? were seeded on the planar PET coverslips or the MG, placed
inside the chamber, and kept at rest overnight in a 5% CO, incubator at 33°C. The
MG were placed parallel or perpendicular to the direction of the flow inside the
chambers. The next day, the continuous perfusion was initiated and lasted for 2 days.
Based on the previous results of NIH 3T3 cells and SW10 cells under static
conditions, it was determined that it would be more effective to quantify the cell
length after a 3-day culture period, as well as, selecting the geometry of MG for

investigating the effect of shear stress.

To our knowledge, there are no available data on the shear stress values applied in
vivo to the PNS cells. Additionally, although it is known [180] that there are small
arteries, coined as vasa nervorum, providing blood supply to peripheral nerves, the
velocity’s values are unknown. Thus, based on the previous results of NIH 3T3 cells
under dynamic conditions, the flow rates of 30, 50, and 200 pL/min were used. At

higher flow rate values cells detached from the substrates.
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Table 2.2 shows the flow rates as well as the corresponding mean velocity and shear

stresses in the microfluidic system.

Table 2.2: Values for flow rate (Q), mean velocity [i = (4Q)/(md?)], and shear stress
[t = (610)/(bh?)] in the microfluidic system.

Q (uL/min) u (m/s) ¢ (Pa)
30 0.0025 0.02
50 0.0042 0.04
200 0.0170 0.15

Moreover, 2.5 x 10* cells/1.9 cm? were seeded on the planar PET coverslips or the
MG, which were coated with a 15 pg/mL solution of laminin (Sigma-Aldrich, St.

Louis, MO, USA), and were cultured for 3 days under static conditions.

2.7.3 In vitro experiments with N2a cells

Prior to any culture, the substrates were coated with a 15 pg/mL solution of laminin
(Sigma-Aldrich, St. Louis, MO, USA). For the static cultures, 3 x 10* N2a cells/1.9
cm? were seeded on the planar PET coverslips or the MG, and were cultured for 3
days. For the dynamic cultures, 3 x 10* cells/0.36 cm? cells were seeded on the planar
PET coverslips or the MG, placed inside the chamber, and kept at rest overnight in a
5% CO, incubator at 37°C. The MG were placed parallel to the direction of the flow
inside the chambers. The next day, the continuous perfusion was initiated and lasted

for 2 days. Flow rates of 15 and 30 puL/min were used.

Table 2.3 shows the flow rates as well as the corresponding mean velocity and shear

stresses in the microfluidic system.

Table 2.3: Values for flow rate (Q), mean velocity [u = (4Q)/(md?)], and shear stress
[t = (610)/(bh?)] in the microfluidic system.

Q (pL/min) u (m/s) ¢ (Pa)
15 0.0013 0.01
30 0.0025 0.02
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For the cell differentiation experiments, under static conditions, the culture medium
was replaced with serum-free DMEM (Invitrogen, Grand Island, NY, USA)
containing 1% antibiotic solution (Gibco, Invitrogen, Kalsruhe, Germany) or serum-
free DMEM (Invitrogen, Grand Island, NY, USA) containing 1% antibiotic solution
(Gibco, Invitrogen, Kalsruhe, Germany) and 300 uM cAMP (Sigma-Aldrich, St.
Louis, MO, USA) after 24 hours of incubation. Under dynamic conditions, the culture
medium was replaced with serum-free DMEM (Invitrogen, Grand Island, NY, USA)

containing 1% antibiotic solution (Gibco, Invitrogen, Kalsruhe, Germany).

2.7.4 In vitro experiments with SW10 and N2a cells (co-culture)

3 x 10* SW10 cells/1.9 cm? and 3 x 10* N2a cells/1.9 cm? were seeded on the planar
PET coverslips or the MG, coated with a 15 pg/mL solution of laminin (Sigma-
Aldrich, St. Louis, MO, USA), and were cultured for 3 days, under static conditions,
in a 5% CO, incubator at 37 °C.

For the cell differentiation experiments, the culture medium was replaced with
DMEM (Invitrogen, Grand Island, NY, USA) containing 0.5% FBS (Biosera, Sussex,
UK) and 1% antibiotic solution (Gibco, Invitrogen, Kalsruhe, Germany) or DMEM
(Invitrogen, Grand Island, NY, USA) containing 0.5% FBS (Biosera, Sussex, UK),
1% antibiotic solution (Gibco, Invitrogen, Kalsruhe, Germany) and 300 uM cAMP
(Sigma-Aldrich, St. Louis, MO, USA), after 24 hours of incubation. Serum-free
DMEM inhibited the survival of SW10 cells.

2.8 Qualitative characterization of cell cultures

2.8.1 Live/dead assay

The viability of the attached cells on the planar PET coverslips or the laser-
microstructured  substrates  was  evaluated using the LIVE/DEAD™
Viability/Cytotoxicity Kit for mammalian cells (L3224, Thermo Scientific). In
particular, after specific time periods of incubation, the samples were removed from

the incubator and washed twice with phosphate buffered saline (PBS). A live/dead
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solution was prepared by adding 20 uL of the supplied 2 mM ethidium homodimer-1
(EthD-1) stock solution to 10 mL of sterile PBS (thus reaching the desired
concentration of 4 uM EthD-1 solution) and, after mixing thoroughly, 5 uL of the
supplied 4 mM calcein acetoxymethyl (AM) stock solution was added to the 10 mL
EthD-1 solution (thus reaching the desired concentration of 2 uM calcein AM
solution). Live cells are distinguished by the presence of intracellular esterase activity,
determined by the conversion of the virtually non-fluorescent cell-permeant calcein
AM to the intensely green-fluorescent calcein, after acetoxymethyl ester hydrolysis by
intracellular esterases. EthD-1 enters cells with damaged membranes and undergoes a
40-fold enhancement of fluorescence upon binding to nucleic acids, thus producing a
bright red fluorescence in dead cells. EthD-1 is excluded by the intact plasma
membrane of live cells [181]. The solution was added to the samples and was left for
1 hour at room temperature. Finally, the samples were washed once with PBS, and
fluorescent images were obtained by an epifluorescence microscope coupled to a

high-resolution Carl Zeiss Axiocam color camera. The objective of x10 was used.

2.8.2 SEM

The adhesion and the orientation of the cultured cells on the planar PET coverslips or
the laser-microstructured substrates were examined by SEM. Specifically, the planar
PET coverslips or the laser-microstructured substrates seeded with the cells were
removed from the incubator at specific time periods, washed twice with 0.1 M sodium
cacodylate buffer (SCB), and fixed with 2% glutaraldehyde (GDA) and 2%
paraformaldehyde (PFA) in 0.1 M SCB for 30 minutes. Thereafter, they were washed
twice with 0.1 M SCB and dehydrated in increasing concentrations (from 30 - 100%)
of ethanol. Finally, they were dried in a critical point drier (Baltec CPD 030, BAL-
TEC AG, Balzers, Liechtenstein), sputter-coated with a 15 nm layer of gold (Baltec
SCD 050, BAL-TEC AG, Balzers, Liechtenstein), and observed under a scanning
electron microscope (JEOL JSM-6390 LV, Jeol USA Inc, Peabody, MA, USA) at an
accelerating voltage of 15 kV.
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2.8.3 Immunocytochemical assays

A series of cell cultures on planar PET coverslips or laser-microstructured substrates

were stained to study cell adhesion, proliferation, orientation, and differentiation.

To perform immunofluorescence staining, the samples were removed from the
incubator and washed twice with PBS after specific time periods of incubation.
Afterward, they were fixed with 4% PFA for 15 minutes and permeabilized with 0.1%
Triton X-100 in PBS for 5 minutes. The non-specific binding sites were blocked with

2% bovine serum albumin (BSA) in PBS for 30 minutes.

The F-actin of the cytoskeleton and the double-stranded helical DNA of the cell
nucleus were stained with phalloidin and 4’,6-Diamidino-2-Phenylindole (DAPI),
respectively. Actin is the major cytoskeletal protein of most cells. It is highly
conserved and participates in various structural and functional roles [182]. In this
case, actin exists as actin filaments (F-actin) and is stained with a specific phalloidin
(Alexa Fluor® 568 Phalloidin or Alexa Fluor® 680 Phalloidin). The samples were
incubated for 2 hours at room temperature with Alexa Fluor® 568 Phalloidin or Alexa
Fluor® 680 Phalloidin (Invitrogen, Thermo Fisher Scientific) (1:250 in PBS-BSA
1%) for F-actin staining. Then, they were washed with PBS and put on coverslips
with DAPI (Molecular Probes by Life Technologies, Carlsbad, CA, USA) for nuclei

staining.

The TUJ1 (Merck, Germany), a marker of neuronal differentiation, was applied to the
samples cultured with N2a cells (1:400 in PBS-BSA 1%) and they were incubated for
1 hour at room temperature. Afterward, they were washed with PBS and incubated for
1 hour at room temperature with anti-mouse CF®488A (Biotium, San Francisco, CA,
USA) (1:400 in PBS-BSA 1%). Finally, they were washed with PBS and put on
coverslips with DAPI (Molecular Probes by Life Technologies, Carlsbad, CA, USA)

for nuclei staining.

In the co-culture system, the TUJ1 (Merck, Germany) was applied to the samples
(1:400 in PBS-BSA 1%) and they were incubated for 1 hour at room temperature.
Then, they were washed with PBS and incubated for 1 hour at room temperature with
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anti-mouse CF®488A (Biotium, San Francisco, CA, USA) (1:400 in PBS-BSA 1%)
and Alexa Fluor® 568 Phalloidin (Invitrogen, Thermo Fisher Scientific) (1:400 in
PBS-BSA 1%) for F-actin staining. Finally, they were washed with PBS and put on
coverslips with DAPI (Molecular Probes by Life Technologies, Carlsbad, CA, USA)

for nuclei staining.

Cell imaging was performed using an epifluorescence microscope coupled to a high-
resolution Carl Zeiss Axiocam color camera or a Leica SP8 inverted scanning
confocal microscope. The objectives of x10, x20, and x40 were used. To obtain the
images of cells both on the top of MG and inside the MG, the z-stack of the confocal

microscope was used.

2.9 Quantitative characterization of cell cultures via image

processing analysis

2.9.1 Cell viability on the laser-microstructured substrates

The number of live and dead cells on the planar PET coverslips or the laser-
microstructured substrates was determined by counting cell nuclei stained with
calcein and EthD-1 respectively. Nuclei number was assessed with Fiji ImageJ using
the “Cell Counter” plug-in.

The percentage of live and dead cells on the samples was calculated using the

equations:

Total number of live cells
100

% Li IIs =
% Live cells Total number of live and dead cells

Total number of dead cells

% Dead cells = 100
/0 Dead cells Total number of live and dead cellsX

The results represent the means of three different experiments.
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2.9.2 Cell proliferation on the laser-microstructured substrates

The number of cells that were grown on the planar PET coverslips or the laser-
microstructured substrates was determined by counting cell nuclei stained with DAPI.
Nuclei number was assessed with Fiji ImageJ using the “Cell Counter” plug-in. The

results represent the means of three different experiments.

2.9.3 Directional orientation of cells on the laser-microstructured

substrates

To investigate changes in the directional orientation of cells on the laser-
microstructured substrates, the “Local gradient orientation” for directionality was
performed using the Fiji ImageJ plug-in “Directionality” [183]. On top of the
histogram, the plug-in generates statistics on the highest peak found, which is fitted
by a Gaussian function considering the periodic nature of the histogram. In the tables,
the “Direction (°)” column reports the center of the Gaussian; the “Dispersion (°)”
column refers to the standard deviation of the Gaussian; the “Amount” column
presents the sum of the histogram from center-std to center+std, divided by the total
sum of the histogram; the “Goodness” column indicates the goodness of the fit, where

1 is good, 0 is bad.

2.9.4 Directional orientation of cells’ cytoskeleton on the laser-

microstructured substrates

To investigate changes in the directional orientation of cells’ cytoskeleton on the
planar PET coverslips or the laser-microstructured substrates, the “Local gradient
orientation” for directionality was performed using the Fiji Imagel plug-in
“Directionality” [183]. In this way, the data of the amount of cells, presented in the
input image, in each direction was extracted and plotted as a polar plot. To compare
the different cases, the cell population per angle was normalized with the maximum

value in each case and expressed as normalized cell population.
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2.9.5 Cell length on the laser-microstructured substrates

To determine the cell length on the planar PET coverslips or the laser-microstructured
substrates, Fiji ImageJ and Harmony® software of Operetta High-Content Imaging
System (Perkin Elmer) were used. The results represent the means of three different

experiments.

2.10 Statistical analysis

Statistical analysis of the data was performed using post hoc Tukey HSD test. A p-
value < 0.05 was considered significant. For each case investigated, a series of three

different experiments have been performed.
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3. Results

3.1 Laser-microstructured substrates

The laser-microstructured substrates were morphologically characterized by SEM.
Figure 3.1 depicts the top-view SEM images of PET coverslips that were ablated by
the femtosecond laser at a constant fluence of 11.9 J/cm?and scan velocity of 7 mm/s.
Using a Xstep Of 50 pm, @ Xstep and Ystep 0f 50 pm, and a Xstep 0f 200 um, the geometries
of anisotropic continuous MG, isotropic discontinuous chess, and isotropic continuous
net were fabricated, respectively. The tilted-view and cross-section SEM images of

MG are presented in Figure 3.2.

G 5 R G - o
% askv._ 150”7 00pm Lo

Microgrooves (MG) Chess Net

Figure 3.1: Scanning electron microscopy (SEM) images of laser-microstructured substrates
on polyethylene terephthalate (PET) with different geometries [a) microgrooves (MG), b)

chess, c) net].

On top of MG
Inside MG

20kV X500  50pm

tilted-view image cross-section image

Figure 3.2: a) Tilted-view and b) cross-section SEM images of the polyethylene
terephthalate microgrooved (PET-MG) substrates. The upper surface of the MG is
termed as “On top of MG” while the inner surface as “Inside MG”.
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Table 3.1 illustrates the geometrical characteristics of laser-microstructured
substrates, PET-MG, PET-Chess, and PET-Net.

Table 3.1: Geometrical characteristics of laser-microstructured substrates (PET-MG, PET-

Chess, PET-Net), spacing, width (w), and diameter of each chess piece.

Spacing (um) Width (w) (um) 'z:]aers:e;?gczf (ﬁ?
PET-MG substrate 28.76 = 0.50 28.68 £ 0.47 um -
PET-Chess substrate 2452+ 1.62 - 2191+ 1.12
PET-Net substrate 168.12 + 1.38 - -

Table 3.2 shows some additional geometrical characteristics of PET-MG substrates.

Table 3.2: Geometrical characteristics of PET-MG substrates, depth (d), aspect ratio (A =
d/w), and roughness ratio [r = 1 + (2d/w)].

PET-MG substrate

Depth (d) (um) 8.87+0.44
Aspect ratio (A) 0.31+0.01
Roughness ratio (r) 1.62 +0.02

3.2 Characterization of laser-microstructured substrates

3.2.1 Wettability measurements of laser-microstructured substrates

The contact angles measured on the irradiated PET with different geometries (PET-
MG, PET-Chess, PET-Net), as well as, on the non-irradiated PET (PET-Flat) are
presented in Figure 3.3. In particular, the contact angle of the PET-Flat was ~77.8°
(which is in agreement with previous studies [51,184]), while the contact angles of the
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PET-MG, PET-Chess, and PET-Net were ~108.2°, ~123.5°, and ~127.6°, respectively.
A decrease in the hydrophilicity was observed on the irradiated PET with different

geometries compared to the non-irradiated PET.

a) b) ¢) d)
Contact angle = 108.2° Contact angle = 123.5° Contact angle = 127.6° Contact angle = 77.8°
PET-MG PET-Chess PET-Net PET-Flat

Figure 3.3: Wettability measurements of irradiated PET with different geometries [a) PET-
MG, b) PET-Chess, ¢) PET-Net], and non-irradiated PET [d) PET-Flat].

3.2.2 UV-Vis measurements of laser-microstructured substrates

To determine changes to the surface chemistry of the laser-microstructured substrates,
UV-Vis spectroscopy was performed. An increase of the absorption and the
development of an absorption band were observed in the region of 300 - 500 nm in
irradiated PET (PET-MG, PET-Chess), except PET-Net, compared to the non-
irradiated PET (PET-Flat) (Figure 3.4).
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Figure 3.4: UV-Vis measurements of irradiated PET with different geometries (PET-MG,
PET-Chess, PET-Net), and non-irradiated PET (PET-Flat). Specifically, a) PET-MG (red
line) — PET-Flat (black line), b) PET-Chess (blue line) — PET-Flat (black line), and c) PET-
Net (green line) — PET-Flat (black line). The inset image shows the region of 300-500 nm in
a) PET-MG and b) PET-Chess.
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3.2.3 LIF measurements of laser-microstructured substrates

To further assess the structural modification induced by the laser irradiation, the
fluorescence spectra of the irradiated PET with different geometries (PET-MG, PET-
Chess, PET-Net), as well as, the non-irradiated PET (PET-Flat) were recorded upon
excitation at 248 nm with a KrF laser. In this case, the spectrum of the PET-Flat
revealed a peak centered at ~460 nm. Additionally, a blue shift and a fluorescent
increase in the PET-MG, PET-Chess, and PET-Net were observed compared to the
PET-Flat (Figure 3.5).
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Figure 3.5: LIF measurements of irradiated PET with different geometries (PET-MG, PET-
Chess, PET-Net), and non-irradiated PET (PET-Flat). Specifically, a) PET-MG (red line) —
PET-Flat (black line), b) PET-Chess (blue line) — PET-Flat (black line), and c¢) PET-Net

(green line) — PET-Flat (black line).
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3.2.4 Raman measurements of laser-microstructured substrates

Raman spectroscopy, which also gives information on chemical changes [185], was
performed to the irradiated PET with different geometries (PET-MG, PET-Chess,
PET-Net), as well as, the non-irradiated PET (PET-Flat). An increase of the
fluorescence background in the PET-MG, PET-Chess, and PET-Net was observed
compared to the PET-Flat (Figure 3.6).
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Figure 3.6: Raman measurements of irradiated PET with different geometries (PET-MG,
PET-Chess, PET-Net), and non-irradiated PET (PET-Flat). Specifically, a) PET-MG (red
line) — PET-Flat (black line), b) PET-Chess (blue line) — PET-Flat (black line), and c) PET-
Net (green line) — PET-Flat (black line).
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3.3 Numerically computed wall shear stress distribution in the

microfluidic system chamber

Results from numerical simulations of the flow field in the microfluidic system
chamber with steady flow at 30, 50, 120, and 200 uL/min flow rates for PET-Flat, as
well as, 50 and 200 pL/min flow rates for PET-MG substrates are shown in Figure
3.7. The width and the maximum depth of the profile of MG applied to the flat
substrate in the latter case were 29 um and 9 um respectively, as extracted from the
respective SEM measurements (Figures 3.1a and 3.2). Exploiting the periodicity of
the pattern of the microstructured substrate only part of the physical domain was
modeled in the simulation to extract the primary features of the flow field. The
simulated region, in the case where MG runs parallel to mean flow, includes a single
MG and its lateral flat ridges which are assumed to be adjacent to the physical model
symmetry plane. The wall shear stress distribution on the flat square cell culture
substrate surface in the microfluidic system chamber indicates that the inlet and outlet
triangular shaped regions of the physical model affect the velocity field in the square-
shaped cell culture chamber region and reduce the area where cells are exposed to a
uniform shear loading. This effect becomes more pronounced as the flow rate is

increased.

The addition of MG parallel to flow direction increases the complexity of the flow
field which becomes three-dimensional. Cells inside the MG of the PET-MG
substrates will be exposed to lower wall shear stress compared to those on the top of
MG. In the case where MG are parallel to the flow, a recirculation region develops as
the flow enters and exits the microgrooved channel which is characterized by
relatively low wall shear stress. In the case where MG are placed perpendicular to the
flow, the computational domain can be reduced to 2 dimensions exploiting the
symmetries in the microfluidic system chamber and the periodicity of the MG pattern.
In this case, the strong variability of wall shear stress along the MG width is evident.
A strong wall shear stress gradient develops at the edges of the MG perpendicular to
the flow direction. Although the flow patterns are the same in both 50 and 200

puL/min cases the gradients are as expected larger in the higher flow rate case.
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Figure 3.7: Contour plots on PET-Flat (a-d) or PET-MG substrates (e, g) and cross-
section profiles (dotted line) (f, h, i, j) of computed wall shear stress for 30 (a), 50 (b,
e, f, 1), 120 (c), and 200 xL/min (d, g, h, j) flow rates. Microgrooves are parallel (e-h)
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or perpendicular (i, j) to the flow direction. The lower curve in f, h, i, j depicts the

modeled geometry of microgroove cross-section.

3.4 In vitro experiments with NIH 3T3 cells

3.4.1 Viability of NIH 3T3 cells on the laser-microstructured substrates

under static conditions

Viability of the attached NIH 3T3 cells on the planar PET coverslips (PET-Flat)
(Figures 3.8a-c) or the laser-microstructured substrates [PET-MG (Figures 3.8d-f),
PET-Chess (Figures 3.8g-i), PET-Net (Figures 3.8j-1)] was evaluated using the
live/dead assay on the first (Figures 3.8a, d, g, j), fourth (Figures 3.8b, e, h, k), and
sixth (Figures 3.8c, f, i, 1) day of culture, under static conditions. Particularly, this
fluorescent assay facilitates counting the proportion of live (depicted with green
color) and dead (depicted with red color) cells per unit area. In accordance with this
assay, Figure 3.8 clearly shows that the percentage of live cells (~95% on average)
was higher compared to dead cells (~5% on average) in all the different substrates and

time periods.

Day1

Day4

Day 6

PET-Flat PET-MG PET-Chess PET-Net
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Figure 3.8: Fluorescent images of NIH 3T3 cells cultured on the PET-Flat (a-c) or the laser-
microstructured substrates [PET-MG (d-f), PET-Chess (g-i), PET-Net (j-1)], under static
conditions, on the first (a, d, g, j), fourth (b, e, h, k), and sixth (c, f, i, 1) day of culture. Live
cells take non-fluorescent calcein and convert to green fluorescent calcein. Ethidium (EthD-
1) only enters dead cells through damaged membranes producing red fluorescent. The
number of live and dead cells was determined by counting cell nuclei stained with calcein and
EthD-1 respectively. Nuclei number was assessed with Fiji ImageJ using the “Cell Counter”

plug-in.

3.4.2 Growth of NIH 3T3 cells on the laser-microstructured substrates

under static conditions

Figure 3.9 illustrates the morphology of NIH 3T3 cells cultured on the PET-Flat
(Figures 3.9a-c) or the laser-microstructured substrates [PET-MG (Figures 3.9d-f),
PET-Chess (Figures 3.9g-i), PET-Net (Figures 3.9j-1)], under static conditions, for
three different time periods [1 day (Figures 3.9a, d, g, j), 4 days (Figures 3.9b, e, h, k),
6 days (Figures 3.9c, f, i, I)] to control the cell adhesion and substrate. We observed,
in all cases, that the cells exhibited a branched shape and flattened morphology with
long cellular extensions, indicating good adhesion and growth of the cells both on the
PET-Flat and the laser-microstructured substrates. Interestingly, cells appeared to be
oriented along the direction of the MG for 4 and 6 days of culture, while they showed
a random orientation on the other geometries (PET-Chess, PET-Net), as well as, on
the PET-Flat.
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Figure 3.9: SEM images of NIH 3T3 cells cultured on the PET-Flat (a-c) or the laser-
microstructured substrates [PET-MG (d-f), PET-Chess (g-i), PET-Net (j-1)], under static
conditions, on the first (a, d, g, j), fourth (b, e, h, k), and sixth (c, f, i, I) day of culture. The red
arrows represent the directionality of cells, which are oriented according to the direction of

the microgrooves.

3.4.3 Orientation of NIH 3T3 cells’ cytoskeleton on the laser-
microstructured substrates [microgrooves (MG)] under static

conditions

To examine the cytoskeleton arrangement of NIH 3T3 cells and their orientation on
the PET-Flat and PET-MG substrates a series of immunocytochemical experiments
were performed. Figure 3.10 presents the fluorescent images of NIH 3T3 cells
cultured on the PET-Flat or PET-MG substrates, under static conditions, on the fourth
and sixth day of culture. The actin filament of the cytoskeleton is visualized with red
color, while the nuclei with blue color. We noticed that the cells’ cytoskeleton was
oriented parallel to the MG length for 4 and 6 days of culture, whereas an

omnidirectional orientation was observed on the flat PET.
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Figure 3.10: Fluorescent images of NIH 3T3 cells cultured on the PET-Flat or PET-MG
substrates, under static conditions, on the fourth and sixth day of culture. The cytoskeleton of
the cells is visualized with red color (4lexa Fluor® 568 Phalloidin), while the nuclei with
blue color (DAPI). The white arrows represent the directionality of cells, which are oriented
according to the direction of the microgrooves. The inset SEM images, framed by a yellow

box, depict the geometry of microgrooves.
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3.4.4 Growth of NIH 3T3 cells under dynamic conditions

In the dynamic experiments, we initially used NIH 3T3 cells, as a well-studied and
characterized experimental model for the study of cellular adhesion, proliferation, and

orientation to optimize the parameters (e.g. cell number, flow rate) of the experiment.

Figure 3.11 illustrates the NIH 3T3 cells [50000 cells/0.36 cm? (Figure 3.11a), 25000
cells/0.36 cm? (Figure 3.11b)] cultured on the PET-Flat substrates under dynamic
conditions, applying the flow rates of 15 (Figure 3.11a) and 30 (Figure 3.11b)
puL/min, on the third day of culture. We noticed that the cells adhered strongly and
proliferated well on the PET-Flat, but no orientation was observed. Thus, we
decreased the number of cells, 15000 cells/0.36 cm? (Figure 3.12), to examine if the
lack of orientation was due to the cell number.

In particular, Figure 3.12 presents the NIH 3T3 cells (15000 cells/0.36 cm?) cultured
on the PET-Flat substrates under dynamic conditions, applying 30 (Figure 3.12a), 120
(Figure 3.12b), and 60 (Figure 3.12c) puL/min, on the third day of culture. However,
by decreasing the cell number and applying the same flow rate (30 pL/min), cells
proliferated well on the PET-Flat but similarly appeared to have a random orientation
(Figure 3.12a). So, we increased the flow rate to examine if the cells will be oriented
along the direction of the flow. However, by applying 120 (Figure 3.12b), and 60
uL/min (Figure 3.12c), cells detached from the PET-Flat.
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Figure 3.11: SEM images of NIH 3T3 cells cultured on the PET-Flat substrates, under
dynamic conditions, applying 15 (a) and 30 (b) xL/min on the third day of culture. The yellow

arrow represents the direction of the flow.
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Figure 3.12: SEM images of NIH 3T3 cells cultured on the PET-Flat substrates, under
dynamic conditions, applying 30 (a, b), 120 (c, d), and 60 (e, f) uL/min on the third day of

culture. The yellow arrow represents the direction of the flow. The cell culture chamber
region is pointed out in the red dashed square areas. Images b, d, f are higher magnifications
of the yellow parallelogram areas.

3.5 In vitro experiments with SW10 cells

3.5.1 Growth of SW10 cells on the laser-microstructured substrates

under static conditions
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Figure 3.13 depicts the morphology of SW10 cells cultured on the PET-Flat (Figures
3.13a, b) or the laser-microstructured substrates [PET-MG (Figures 3.13c, d), PET-
Chess (Figures 3.13e, f), PET-Net (Figures 3.13g, h)], under static conditions, on the
fourth (Figures 3.13a, ¢, e, g), and sixth (Figures 3.13b, d, f, h) day of culture. In
agreement with the previous study of NIH 3T3 cells (as previously described in
section 3.4.2), SW10 cells appeared to be oriented parallel to the MG length for 4 and
6 days of culture while they showed an omnidirectional orientation on the other
geometries (PET-Chess, PET-Net) and the PET-Flat. Thus, we decided to focus on
the geometry of MG.
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Figure 3.13: SEM images of SW10 cells cultured on the PET-Flat (a, b) or the laser-
microstructured substrates [PET-MG (c, d), PET-Chess (e, f), PET-Net (g, h)], under static
conditions, on the fourth (a, c, e, g), and sixth (b, d, f, h) day of culture. The red arrows
represent the directionality of cells, which are oriented according to the direction of the

microgrooves.

3.5.2 Orientation of SW10 cells on the laser-microstructured substrates

(MG) under static conditions

To quantify the directional orientation of SW10 cells on the PET-MG substrates,
under static conditions, on the fourth and sixth day of culture directionality
histograms were performed (Figure 3.14). Indeed, the directionality histograms

confirmed that the cells were oriented along the direction of the MG, showing that the
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amount of cells (for both days) was higher in the domain parallel to the MG (x~90
degrees).
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Figure 3.14: SEM images of SW10 cells cultured on the PET-MG substrates, under static
conditions, on the fourth (a) and sixth (b) day of culture. The red arrows represent the
directionality of cells, which are oriented according to the direction of the microgrooves. The
inset SEM images, framed by a yellow box, depict the geometry of microgrooves. Next to the
SEM images, directionality histograms and the tables with statistics are presented, which
were generated using the Fiji Imaged plug-in “Directionality” [183]. On top of the
histogram, the plug-in generates statistics on the highest peak found, which is fitted by a
Gaussian function considering the periodic nature of the histogram. In the tables, the
“Direction (°)” column reports the center of the Gaussian; the “Dispersion (°)” column
refers to the standard deviation of the Gaussian; the “Amount” column presents the sum of
the histogram from center-std to center+std, divided by the total sum of the histogram; the

“Goodness” column indicates the goodness of the fit, where 1 is good, 0 is bad.

3.5.3 Orientation of SWI10 cells’ cytoskeleton on the laser-

microstructured substrates (MG) under static conditions

Figure 3.15 illustrates the fluorescent images of SW10 cells cultured on the PET-Flat

or PET-MG substrates, under static conditions, on the fourth and sixth day of culture.
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We observed that the cytoskeleton of SW10 cells was oriented parallel to the MG
length direction, for 4 and 6 days, while it showed a random orientation on the flat
PET, similarly to the previous study with NIH 3T3 cells (as previously described in
section 3.4.3).
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Figure 3.15: Fluorescent images of SW10 cells cultured on the PET-Flat or PET-MG
substrates, under static conditions, on the fourth and sixth day of culture. The cytoskeleton of
the cells is visualized with red color (dlexa Fluor® 568 Phalloidin), while the nuclei with

blue color (DAPI). The white arrows represent the directionality of cells, which are oriented
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according to the direction of the microgrooves. The inset SEM images, framed by a yellow
box, depict the geometry of microgrooves.

3.5.4 Proliferation of SW10 cells on the laser-microstructured

substrates (MG) under static conditions

The outgrowth of SW10 cells (number of cellssmm?) on the PET-Flat and PET-MG
substrates, under static conditions, was evaluated by counting cell nuclei stained with
DAPI (Figure 3.15). Figure 3.16 depicts the mean cell number on the PET-Flat and
PET-MG substrates for 4 and 6 days of culture. The cell outgrowth was increased on
the MG compared to the PET-Flat, with a significant difference between 4 and 6 days
at MG.
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Figure 3.16: Proliferation of SW10 cells (number of cellssmm?) (via DAPI) on the PET-Flat
and PET-MG substrates, under static conditions, on the fourth and sixth day of culture.
Nuclei number was assessed with Fiji ImageJ using the “Cell Counter” plug-in. The
statistical analysis of the data was performed using post hoc Tukey HSD test. A p-value <
0.05 was considered significant. A significant difference (* p<0.05) was observed between 4
days and 6 days for the PET-MG substrates.
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3.5.5 Growth of SW10 cells on the laser-microstructured substrates

(MG) under static and dynamic conditions

After optimizing some basic parameters of the dynamic experiments using NIH 3T3
cells (as previously described in section 3.4.4), such as cell number (25000 cells/0.36
cm?) and flow rate (starting point 30 uL/min) we performed the experiments using
SW10 cells.

Specifically, Figure 3.17 presents the SW10 cells cultured on the PET-Flat (Figure
3.17a) or PET-MG (Figure 3.17b) substrates, under dynamic conditions, applying 30
pL/min on the third day of culture. By applying a flow rate of 30 uL/min, we noticed
that the cells strongly adhered to the PET-Flat and PET-MG substrates and
proliferated well. Furthermore, cells seemed to be oriented along the direction of the
MG and parallel to flow while an omnidirectional orientation was observed on the flat
PET. Consequently, we increased the flow rate to examine if the cells will be oriented
on the PET-Flat.
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Figure 3.17: SEM images of SW10 cells cultured on the PET-Flat (a) or PET-MG (b)
substrates, under dynamic conditions, applying 30 xL/min on the third day of culture. The red
arrows represent the directionality of cells, which are oriented according to the direction of
the microgrooves and parallel to flow. The inset SEM image, framed by a yellow box, depicts

the geometry of microgrooves. The yellow arrow represents the direction of the flow.

Figures 3.18 and 3.19 illustrate the SW10 cells cultured on both types of substrates

for static and dynamic culture conditions, under the flows of 50 and 200 uL/min, on
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the third day of culture. We observed, in all cases, that the cells attached strongly and
proliferated well on the substrates. Additionally, cells evenly adhered and proliferated
both inside (Figure 3.18) as well as on top (Figure 3.19) of the MG of the PET-MG

substrates.

In particular, Figures 3.18a-c depict the SW10 cells cultured on the PET-Flat
substrates under static and dynamic conditions. Contrary to the case without flow, we
observed a preferential orientation of the cytoskeleton parallel to the flow, which was

more enhanced as the flow rate was increased.

Figures 3.18d-f and 3.19a-c show the SW10 cells cultured inside and on top of the
MG of the PET-MG substrates, respectively, under static and dynamic conditions,
where the flow was applied parallel to the MG length, at the rates of 50 and 200
puL/min. We noticed that in both static and dynamic culture conditions, the

cytoskeleton was oriented parallel to the MG length direction.

Finally, by applying the same flow rates perpendicular to the MG length (Figures
3.18h, i and 3.19e, f), we observed that the SW10 cells’ cytoskeleton orientation was

practically unaffected and remained oriented along the MG.
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Figure 3.18: Confocal images of SW10 cells cultured on the PET-Flat (a-c) or inside the MG
of the PET-MG substrates (d-i), under static (a, d, g) or dynamic conditions, applying 50 (b,
e, h) and 200 (c, f, i) xL/min, on the third day of culture. The cytoskeleton of the cells is
visualized with red color (Alexa Fluor® 680 Phalloidin) while the nuclei with blue color
(DAPI). The direction of the flow was parallel (e, f) or perpendicular (h, i) to the
microgrooves. The inset SEM images, framed by a yellow box, depict the geometry of

microgrooves. The yellow arrow represents the direction of the flow.
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Figure 3.19: Confocal images of SW10 cells cultured on top of the MG of the PET-MG
substrates under static (a, d) or dynamic conditions, applying 50 (b, €) and 200 (c, f) uL/min,

on the third day of culture. The cytoskeleton of the cells is visualized with red color (Alexa
Fluor® 680 Phalloidin) while the nuclei with blue color (DAPI). The direction of the flow
was parallel (b, ¢) or perpendicular (e, f) to the microgrooves. The inset SEM images, framed
by a yellow box, depict the geometry of microgrooves. The yellow arrow represents the

direction of the flow.

3.5.6 Orientation of SWI10 cells’ cytoskeleton on the laser-

microstructured substrates (MG) under static and dynamic conditions

The orientation of the SW10 cells’ cytoskeleton on the PET-Flat or PET-MG
substrates, under static and dynamic (50 and 200 pL/min) conditions, on the third day
of culture has been extracted from the respective images (Figures 3.18 and 3.19) and

plotted as polar plots depicted in Figures 3.20 and 3.21.

The directional polar plots of SW10 cells’ cytoskeleton presented in Figure 3.20a
confirmed the preferential orientation of cells’ cytoskeleton parallel to flow, which

was more enhanced from 50 to 200 puL/min, as well as, the random orientation in the
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case without flow (Figures 3.18a-c). Specifically, the polar plot corresponding to the
flow rate of 200 pL/min (Figure 3.20a, blue line), exhibited a much narrower
distribution compared to 50 pL/min (Figure 3.20a, red line) at the direction of the
flow, £~15°. In contrast, under static culture conditions (Figure 3.20a, black line) the

polar plot showed a broad distribution indicating an omnidirectional cell orientation.

In both static and dynamic culture conditions (flows of 50 and 200 pL/min parallel to
the MG length), the cytoskeleton was oriented parallel to the MG length direction
(Figure 3.18d-f and 3.19a-c). However, an enhanced cytoskeleton orientation was
observed under dynamic culture conditions combined with the MG topography, as
evidenced by the directional polar plots, illustrated in Figures 3.20b and 3.21a.
Indeed, the normalized cell population under dynamic conditions, both inside (Figure
3.20b) and on top (Figure 3.21a) of the MG of the PET-MG substrates, exhibited a
narrower distribution compared to the static cultures. This distribution did not seem to
be affected by increasing the flow rate from 50 to 200 pL/min.

Finally, the directional polar plots, inside (Figure 3.20c) and on top (Figure 3.21b) of
the MG of the PET-MG substrates, confirmed that by applying the same flow rates
perpendicular to the MG length (Figures 3.18h, i and 3.19e, f), the cells’ cytoskeleton
orientation was practically unaffected and remained oriented along the MG.
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Figure 3.20: Directional polar plots of cells’ cytoskeleton on the PET-Flat or inside the MG
of the PET-MG substrates. The directional polar plots were generated using the Fiji ImageJ
plug-in “Directionality” [183]. In this way, the data of the amount of cells, presented in the
input image, in each direction was extracted and plotted as a polar plot. To compare the
different cases, the cell population per angle was normalized with the maximum value in each

case and expressed as normalized cell population. Specifically: a) No flow, PET-Flat (black
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line) - 50 uL/min, PET-Flat (red line) - 200 xL/min, PET-Flat (blue line), b) No flow, PET-
MG (green line) - 50 x«L/min parallel to MG, PET-MG (orange line) - 200 x«L/min parallel to
MG, PET-MG (turquoise line), ¢) No flow, PET-MG (green line) - 50 uL/min perpendicular
to MG, PET-MG (yellow line) - 200 x«L/min perpendicular to MG, PET-MG (dark blue line).
The black and red arrows represent the direction of the flow and the microgrooves,
respectively. The statistical analysis of the data was performed using post hoc Tukey HSD
test. A p-value < 0.05 was considered significant. In particular: a) No flow, PET-Flat is
significantly different from 50 xL/min, PET-Flat and 200 xL/min, PET-Flat (** p<0.01).
Moreover, 50 pL/min, PET-Flat is significantly different from 200 xL/min, PET-Flat (**
p<0.01); b) No flow, PET-MG is significantly different from 50 xL/min parallel to MG, PET-
MG and 200 uL/min parallel to MG, PET-MG (* p<0.05). No significant difference was
observed between 50 uL/min parallel to MG, PET-MG and 200 xL/min parallel to MG, PET-
MG; c) No significant difference was observed between No flow, PET-MG, 50 uL/min
perpendicular to MG, PET-MG and 200 xL/min perpendicular to MG, PET-MG.
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Figure 3.21: Directional polar plots of cells’ cytoskeleton on top of the MG of the PET-MG
substrates. The directional polar plots were generated using the Fiji ImageJ plug-in
“Directionality” [183]. In this way, the data of the amount of cells, presented in the input
image, in each direction was extracted and plotted as a polar plot. To compare the different
cases, the cell population per angle was normalized with the maximum value in each case and
expressed as normalized cell population. Specifically: a) No flow, PET-MG (green line) - 50
uL/min parallel to MG, PET-MG (orange line) - 200 uL/min parallel to MG, PET-MG
(turquoise line), b) No flow, PET-MG (green line) - 50 uL/min perpendicular to MG, PET-
MG (yellow line) - 200 uL/min perpendicular to MG, PET-MG (dark blue line). The black
and red arrows represent the direction of the flow and the microgrooves, respectively. The
statistical analysis of the data was performed using post hoc Tukey HSD test. A p-value <
0.05 was considered significant. In particular: a) No flow, PET-MG is significantly different
from 50 uL/min parallel to MG, PET-MG and 200 xL/min parallel to MG, PET-MG (*
p<0.05). No significant difference was observed between 50 uL/min parallel to MG, PET-MG
and 200 uL/min parallel to MG, PET-MG; b) No significant difference was observed between
No flow, PET-MG, 50 xL/min perpendicular to MG, PET-MG and 200 uL/min perpendicular
to MG, PET-MG.

3.5.7 Elongation of SW10 cells on the laser-microstructured substrates

(MG) under static and dynamic conditions

Figure 3.22 depicts the estimated length of SW10 cells on the PET-Flat and PET-MG
substrates under static and dynamic culture conditions. We observed that the cell
length, on the PET-Flat substrate, under the flow rate of 50 pL/min was significantly
higher compared to the static cultures (Figure 3.22a). While a further elongation of
the cytoskeleton was observed upon increasing the flow rate to 200 pL/min (Figure
3.22a). More importantly, the cell length was further enhanced upon dynamic culture
conditions combined with the MG topography (Figure 3.22b). On the contrary, the
cell length tended to decrease upon a flow perpendicular to the MG (Figure 3.22c).
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Figure 3.22: Cell length of SW10 cells (via Fiji ImageJ and Operetta High-Content Imaging
System) on the PET-Flat (a) and PET-MG (b, c) substrates under static and dynamic
conditions, applying 50 and 200 x«L/min, on the third day of culture. The flow was parallel (b)
or perpendicular (c) to the microgrooves. The statistical analysis of the data was performed
using post hoc Tukey HSD test. A p-value < 0.05 was considered significant.
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3.6 In vitro experiments with N2a cells

3.6.1 Growth and differentiation of N2a cells on the laser-

microstructured substrates (MG) under static conditions

Figure 3.23 illustrates the morphology of N2a cells cultured on the PET-Flat (Figures
3.233, ¢, e) or PET-MG substrates (Figures 3.23b, d, f), under static conditions, on the
third day of culture. To perform the cell differentiation experiments (Figures 3.23a-d),
the culture medium was replaced with either serum-free DMEM containing 1%
antibiotic solution and 300 uM cAMP (Figures 3.23a, b) or serum-free DMEM

containing 1% antibiotic solution (Figures 3.23c, d) after 24 hours of incubation.

We observed that N2a cells exhibited good attachment and outgrowth both on the
PET-Flat and PET-MG substrates (Figures 3.23e, f). However, contradictory to SW10
cells, N2a cells appeared to be randomly oriented on the MG (Figures 3.23e, f). In the
differentiation experiments, we noticed that N2a cells developed neurite-like
extensions on the PET-Flat, both with serum deprivation and with/without the
addition of cAMP (Figures 3.23a, ¢). However, N2a cells did not develop neurite-like
extensions on the MG and appeared to have rounded cell morphology (Figures 3.23b,
d).
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Figure 3.23: SEM images of N2a cells cultured on the PET-Flat (a, ¢, €) or PET-MG (b, d, f)
substrates, under static conditions, on the third day of culture. For the cell differentiation
experiments (a-d) the culture medium [DMEM + 10% FBS + 1% antibiotic solution Pen-
Strep (PS)] was replaced with serum-free (w/o FBS) DMEM containing 1% PS + 300 xM
cAMP (a, b) or serum-free (w/o FBS) DMEM containing 1% PS (c, d) after 24 hours of
incubation. The inset SEM images, framed by a yellow box, depict the geometry of

microgrooves.

In agreement with the SEM images (Figure 3.23), the respective confocal images of
N2a cells on the PET-Flat (Figures 3.24a, d, g) or PET-MG substrates [on top of MG
(Figures 3.24b, e, h) or inside MG (Figures 3.24c, f, i)] showed that N2a cells
extended neurites on the PET-Flat (Figures 3.24a, d), but they did not both on top
(Figures 3.24b, e) and inside (Figures 3.24c, f) the MG of the PET-MG substrates.
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Figure 3.24: Confocal images of N2a cells cultured on the PET-Flat (a, d, g) or PET-MG
substrates [on top of MG (b, e, h) or inside MG (c, f, i)], under static conditions, on the third
day of culture. The cytoskeleton of the cells is visualized with red color (Alexa Fluor® 680
Phalloidin) while the nuclei with blue color (DAPI). For the cell differentiation experiments
(a-f) the culture medium [DMEM + 10% FBS + 1% antibiotic solution Pen-Strep (PS)] was
replaced with serum-free (w/o FBS) DMEM containing 1% PS + 300 M cAMP (a-c) or
serum-free (w/o FBS) DMEM containing 1% PS (d-f) after 24 hours of incubation. The inset
SEM images, framed by a yellow box, depict the geometry of microgrooves.

The extension of neurites revealed in Figures 3.23a, ¢ and 3.24a, d, indicated the
ability of N2a cells to be differentiated on the PET-Flat substrates. To verify the
differentiation ability of N2a the detection of class III B-tubulin (specific neuronal
marker) was studied. For the staining of this marker, the specific anti-class III B-

tubulin monoclonal antibody (TUJ1) was used.
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These studies (Figure 3.25) also confirmed that the PET-Flat allowed the
differentiation of N2a cells to neurons promoting the neurite formation (Figures
3.25a, c¢), whereas the MG inhibited the differentiation of cells considering the

rounded cell morphology (Figures 3.25b, d).
Day 3
DMEM w/o FBS

+1% PS
+ 300 pM cAMP

DMEM w/o FBS
+1% PS

DMEM + 10% FBS
+1% PS

PET-Flat PET-MG

Figure 3.25: Staining of neuron-specific class 111 g-tubulin in N2a cells. Confocal images of
N2a cells cultured on the PET-Flat (a, c, €) or PET-MG (b, d, f) substrates, under static
conditions, on the third day of culture. The cells were stained using the anti-mouse TUJ1
(green color) antibody. Nuclei were stained with DAPI (blue color). For the cell
differentiation experiments (a-d) the culture medium [DMEM + 10% FBS + 1% antibiotic
solution Pen-Strep (PS)] was replaced with serum-free (w/o FBS) DMEM containing 1% PS
+ 300 uM cAMP (a, b) or serum-free (w/o FBS) DMEM containing 1% PS (c, d) after 24
hours of incubation. The inset SEM images, framed by a yellow box, depict the geometry of

microgrooves.
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3.6.2 Growth and differentiation of N2a cells on the laser-

microstructured substrates (MG) under dynamic conditions

Figure 3.26 presents the N2a cells cultured on the PET-Flat (Figures 3.26a, d) or PET-
MG substrates [on top of MG (Figures 3.26b, e) or inside MG (Figures 3.26c, )],
under dynamic conditions, applying 15 (Figures 3.26a-c) and 30 (Figures 3.26d-f)
uL/min on the third day of culture. The cell differentiation experiments were
performed by replacing the culture medium with serum-free DMEM containing 1%
antibiotic solution after 24 hours of incubation.

By applying both flow rates parallel to the MG length, we observed that N2a cells did
not exhibit the phenotype of differentiated cells (neurite extensions) both on top
(Figures 3.26b, e) and inside (Figures 3.26c, f) the MG of the PET-MG substrates, in
agreement with the static cultures (Figures 3.23 and 3.24). Interestingly, under
dynamic conditions, N2a cells did not appear such a phenotype either on the PET-Flat
(Figures 3.26a, d), contradictory to the static cultures (Figures 3.23 and 3.24). Further
investigation of the N2a differentiation process by immunofluorescence experiments
using the TUJ1 antibody (Figure 3.27), revealed that flow-induced shear stress

(Figures 3.27a, c) seemed to inhibit the differentiation of N2a cells to neurons.
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Figure 3.26: Confocal images of N2a cells cultured on the PET-Flat (a, d) or PET-MG
substrates [on top of MG (b, €) or inside MG (c, f)], under dynamic conditions, applying 15
(a-c) and 30 (d-f) uL/min, on the third day of culture. The cytoskeleton of the cells is
visualized with red color (Alexa Fluor® 680 Phalloidin) while the nuclei with blue color
(DAPI). The culture medium [DMEM + 10% FBS + 1% antibiotic solution Pen-Strep (PS)]
was replaced with serum-free (w/o FBS) DMEM containing 1% PS, to perform the cell
differentiation experiments, after 24 hours of incubation. The inset SEM images, framed by a
yellow box, depict the geometry of microgrooves. The yellow arrow represents the direction

of the flow.
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Figure 3.27: Staining of neuron-specific class 111 g-tubulin in N2a cells. Confocal images of
N2a cells cultured on the PET-Flat (a, c¢) or PET-MG (b, d) substrates, under dynamic

conditions, applying 15 (a, b) and 30 (c, d) uL/min, on the third day of culture. The cells were
stained using the anti-mouse TUJ1 (green color) antibody. Nuclei were stained with DAPI
(blue color). The culture medium [DMEM + 10% FBS + 1% antibiotic solution Pen-Strep
(PS)] was replaced with serum-free (w/o FBS) DMEM containing 1% PS, to perform the cell
differentiation experiments, after 24 hours of incubation. The inset SEM images, framed by a
yellow box, depict the geometry of microgrooves. The yellow arrow represents the direction

of the flow.

3.7 In vitro experiments with SW10 and N2a cells (co-culture)

3.7.1 Co-culture of SW10 and NZ2a cells on the laser-microstructured

substrates (MG) under static conditions

Figure 3.28 depicts the co-culture of SW10 and N2a cells on the PET-Flat (Figures
3.284a, ¢, e) or PET-MG (Figures 3.28b, d, f) substrates, under static conditions, on the
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third day of culture. For the cell differentiation experiments (Figures 3.28a-d), the
culture medium was replaced with DMEM containing 0.5% FBS, 1% antibiotic
solution, and 300 uM cAMP (Figures 3.28a, b) or DMEM containing 0.5% FBS and
1% antibiotic solution (Figures 3.28c, d) after 24 hours of incubation. Due to the fact
that serum-free DMEM caused the death of SW10 cells, the DMEM supplemented
with 0.5% FBS in the co-culture system.

The discrimination between SW10 and NZ2a cells was made based on their
morphological characteristics. In particular, SW10 cells are flat and elongated while
undifferentiated N2a cells have a more rounded shape while differentiated N2a cells
develop neurite-like extensions. Additionally, the distinction between the two cell
types was made through the specific TUJ1 marker applied in the co-culture system.
Since N2a cells are TUJ1 positive cells, they were shown in green color in the

confocal microscope (Figure 3.28).

We noticed that the SW10 cells in the co-culture system exhibited similar behavior
compared to their mono-culture (as previously described in sections 3.5.1 - 3.5.3) i.e.
preferential orientation along the direction of the MG and high randomness on the
PET-Flat (Figure 3.28). The response of N2a cells in the co-culture system was also
similar to that observed in their mono-culture (as previously described in section
3.6.1) i.e. good attachment, outgrowth, and no preferential orientation on the PET-
Flat, as well as, on the MG (Figures 3.28e, f). However, we observed that when N2a
cells were co-cultured with SW10 cells, on the PET-Flat, N2a cells preferred to grow
on top of the SW10 cells (Figure 3.28e).

Regarding the differentiation experiments, we noticed that N2a cells, in the co-culture
system, differentiated to neurons on the PET-Flat developing a neuronal network
(Figures 3.28a, ¢), whereas they did not differentiate on the MG (Figures 3.28b, d).
The results were in agreement with the respective mono-culture, as previously
described in section 3.6.1. Interestingly, we observed that in the co-culture system on
the PET-Flat, N2a cells tended to develop neurite extensions on top of the SW10 cells
(Figures 3.28a, ¢).
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Figure 3.28: Confocal images of the co-culture of SW10 and N2a cells on the PET-Flat (a, c,
e) or PET-MG (b, d, f) substrates, under static conditions, on the third day of culture. For the
staining of neuron-specific class Il g-tubulin in N2a cells, cells were stained using anti-
mouse TUJ1 (green color) antibody. The F-actin of cells’ cytoskeleton was stained with Alexa
Fluor® 568 Phalloidin (red color). Nuclei were stained with DAPI (blue color). For the cell
differentiation experiments (a-d) the culture medium [DMEM + 10% FBS + 1% antibiotic
solution Pen-Strep (PS)] was replaced with DMEM + 0.5% FBS + 1% PS + 300 uM cAMP
(a, b) or DMEM + 0.5% FBS + 1% PS (c, d) after 24 hours of incubation. The inset SEM
images, framed by a yellow box, depict the geometry of microgrooves.
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4. Discussion

Although the axons of the PNS spontaneously regenerate after injury, the regeneration
that takes place is rarely functional because axons are usually directed in
inappropriate targets [57,186,187]. Therefore, the discovery of successful methods to
guide neurite outgrowth in a controllable manner, in vitro, is essential towards

neurogenesis.

The survival and function of neurons strongly depend on the support of glial cells.
Owing to their ability to release neurotrophic factors, express cell surface ligands, and
synthesize ECM, as well as to their oriented shape and structural reorganization, glial
cells provide molecular and topographical guidance stimuli for the development and
outgrowth of neurons [69]. As a consequence, the evaluation of both glial cells’ and
neurons’ responses on the culture substrate topography as well as on the surrounding

mechano-environment is of significant value.

Previous studies have shown that the culture substrate topography, particularly in the
form of continuous electrospun polymeric fibers and grooves, as well as
discontinuous isotropic and anisotropic pillars/cones, influence neurite outgrowth,
orientation, and differentiation [15,30,146-155,31,156-165,139,166,167,140-145].

Apart from topography, it has recently become increasingly evident that neurogenesis
may be also driven by mechanical factors [188,189]. Indeed, it has been reported that
shear stress is a significant component of the host environment of regenerating axons
[69]. Consequently, fluid-induced shear stress may be also pivotal for guiding neurite
outgrowth. Although Schwann cells are the main glial cells in the PNS, the effect of
shear stress on this cell type has been rarely reported [69,75,76]. Specifically, Chafik
et al. [69] showed that mechanical stimuli (1.33 Pa for 2 hours) enhanced the
proliferation of Schwann cells and caused a slight movement from their original
positions. Furthermore, Gupta et al. [75,76] reported that shear stress (3.1 Pa for 2
hours) increased the proliferation of primary Schwann cells and down-regulated
myelin protein gene expression. However, the main limitation in these studies was
that the flow was not continuous, as it is in vivo, but applied for only a few hours per

day. In addition to this, the effect of shear stress on the alignment of Schwann (SW10)
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cells, as well as, the cell length has not been addressed. More importantly, to the best
of our knowledge, the combined effect of shear stress and topography on SW10 cells’
behavior has not been reported yet. Moreover, there is currently no study in the
literature focusing on the effect of shear stress combined with or without topography
on neuronal (N2a) cells, although N2a cells are extensively used as a model system to
study neurite outgrowth [126-132].

The present study aims to present for the first time the combined effect of shear stress
and topography on the growth, orientation, and elongation of SW10 cells, as well as,
on the growth and differentiation of N2a cells, under dynamic culture conditions
attained via continuous microfluidic flow used to produce the applied shear stress. For
this purpose, a precise flow controlled microfluidic system with custom-made
chambers incorporating the laser-microstructured substrates was developed to
investigate the synergistic or antagonistic effect of shear stress and topography on
neural cell outgrowth, orientation, elongation, and differentiation under continuous
flow conditions (Figure 2.2). The cell culture results were combined with
computational flow simulation studies employed to calculate accurately the shear
stress values. Finally, the effect of topography on the co-culture of SW10 and N2a
cells was studied to better simulate the PNS via the involvement of both glial and

neuronal cells.

It is worth mentioning that prior to the use of SW10 cells and N2a cells in static and
dynamic cell cultures, NIH 3T3 cells were used as a well-characterized experimental
model for studying cellular functions (adhesion, proliferation, orientation) in order to
optimize basic parameters of the experiment (e.g. cell densities, days of culture, flow

rates).

In this work, polymeric (PET) anisotropic continuous MG (PET-MG substrates),
isotropic discontinuous chess (PET-Chess substrates), and isotropic continuous net
(PET-Net substrates) have been fabricated via ultrafast laser structuring (Figure 3.1),
which is a simple and effective method to fabricate micro- and nano-structures with
controlled geometry and pattern regularity [42,43]. It is known that the groove width,
in continuous grooved substrates, plays a critical role in the neuronal outgrowth
[149,150,159-161,151-158]. Considering that patterns exhibiting widths or spacings
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in the range from 2 to 30 um are optimal for the Schwann cells’ alignment [24], the
width/spacing of the anisotropic continuous MG was chosen to be within this range,
i.e. ~29 um. A similar spacing, ~25 um, was used in the isotropic discontinuous

chess, while a larger spacing, ~168 pum, in the isotropic continuous net.

The aforementioned patterns were employed to imitate native nerve regeneration
support structures, particularly imitating the guidance/alignment and growth of
Schwann cells. It is known that primary Schwann cells transiently proliferate and
form longitudinal bands of Biingner (boB) [190]. Aligned Schwann cells and their
extracellular matrix are indispensable pathways for oriented axonal regrowth. From a
molecular point of view, the boB formation is unknown. A possible mechanism may
be the polarized expression of adhesion proteins along the proximal-distal cell axis
[190]. It has been reported that placement of dissimilar adhesion characteristics in
separate Schwann cell surface domains could aid longitudinal cell alignment. From a
physical point of view, the basal lamina tube (enwrapping Schwann cells and

myelinated axons) is the guiding cue for axonal regrowth [190].

The laser-microstructured substrates (PET-MG, PET-Chess, PET-Net) have been
characterized as to wetting properties (contact angle measurements), and surface
chemistry (UV-Vis, LIF, Raman measurements). Specifically, a decrease in the
hydrophilicity was observed on the PET-MG, PET-Chess, and PET-Net compared to
the PET-Flat, which is associated with the increased roughness of the surfaces after
irradiation with the femtosecond laser [191] (Figure 3.3). UV-Vis spectra revealed an
increase of the absorption in the laser-microstructured substrates due to the structuring
process (Figure 3.4) Additionally, the spectra showed the development of an
absorption band in the region of 300 - 500 nm in the PET-MG and PET-Chess, except
PET-Net probably due to the large net’s spacing, which is attributed to the presence of
aromatic hydroxylated species produced during the photooxidation of PET (Figure
3.4). This finding was in agreement with previous studies, demonstrating the
development of an absorption band at around 340 nm in the UV range [192-194]. The
data obtained by the fluorescence spectroscopy are related to the production of
fluorescent species generating from reactions dependent on the UV irradiation and
oxygen [193]. In particular, excitation at 248 nm on the PET-Flat revealed a peak
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centered at ~460 nm, which is associated with the fluorescence of mono-hydroxylated
species which are known to be generated during the photodegradative process of PET
[193] (Figure 3.5). The blue shift and the fluorescent increase of the PET-MG, PET-
Chess, and PET-Net compared to the PET-Flat may be ascribed to additional
modifications to the surface chemistry of the irradiated samples (e.g. the formation of
additional fluorescent species) due to the structuring process (Figure 3.5). Finally,
Raman spectra displayed an increase of the fluorescence background in the PET-MG,
PET-Chess, and PET-Net compared to the PET-Flat, indicating that additional
modifications are induced on the irradiated sample surface, besides the topological
one [185] (Figure 3.6).

Considering the high viability of NIH 3T3 cells on the PET-Flat and the laser-
microstructured substrates (PET-MG, PET-Chess, PET-Net) (Figure 3.8), as well as,
the good attachment and outgrowth of NIH 3T3 cells (Figure 3.9), SW10 cells
(Figures 3.13 and 3.16), and NZ2a cells (Figure 3.23) on the substrates, we can
conclude that the observed surface roughness and photooxidation on the irradiated

samples surfaces seem to have a minor effect on cells’ response.

Among the different geometries, we observed that NIH 3T3 cells were oriented along
the direction of the MG, while they showed an omnidirectional orientation on the
PET-Chess, and PET-Net, as well as, on the flat PET (Figures 3.9 and 3.10). In
agreement with NIH 3T3 cells, SW10 cells exhibited similar behavior i.e. preferential
orientation along the MG length and high randomness on the other geometries and the
flat PET (Figures 3.13 and 3.15). This was also demonstrated by the directionality
histograms presented in Figure 3.14.

The preferential alignment of cells along the anisotropic continuous MG may be
attributed to the effect of anisotropy, providing cues along a single axis, and to the
optimal width/spacing of the MG (in our case ~29 um). Considering the similar size
(chess pieces’ diameter ~ 22 um) and spacing (~25 um) of the chess with that of MG,
the random orientation of cells, on the isotropic discontinuous chess, could be
ascribed to the isotropic surface providing cues along multiple axes. The effect of
isotropic discontinuous geometries on the alignment of glial cells has not been

reported. Studies have been performed on nerve cells showing that the features’
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diameter and spacing are critical parameters for oriented neurite outgrowth [195—
197]. In particular, it has been reported that as the feature diameter and spacing
increased, above ~10 pum, a transition from a preferential to a random orientation
occurred on the isotropic discontinuous geometries [195-197]. Finally, the high
randomness of cells on the isotropic continuous net could be attributed to the large
net’s spacing, ~168 pm, resulting in similar cell behavior to that found on a flat

substrate.

Based on these results, the MG provided a favorable environment for the alignment of
SW10 cells, which is crucial for axonal regeneration by providing physical guidance
as well as neurotrophic and neurotropic support for axonal regrowth [69]. Thus, the
geometry of MG was selected to be the most appropriate for investigating the

combined effect of shear stress and topography on neuronal response.

Since the forces of values applied during nerve regeneration in vivo have not been
described, prior to using SW10 cells and N2a cells, parametric studies were
performed with NIH 3T3 cells (Figures 3.11 and 3.12) to conclude to the flow rates
used in this study (Tables 2.2 and 2.3).

By applying a flow rate of 30 uL/min, we noticed that SW10 cells oriented parallel to
the MG length and the flow, while high randomness was observed on the flat PET
substrates (Figure 3.17). Therefore, the flow rate was increased (50 and 200 pL/min)
to examine whether the cells would be oriented on the flat PET. Interestingly, under
both flow rates of 50 and 200 pL/min, we noticed that the SW10 cells’ cytoskeleton
oriented parallel to flow, whereas it showed a random orientation under static
conditions on the PET-Flat substrates (Figures 3.18a-c and 3.20a). Moreover, the
length of SW10 cells under the flow rates of 50 and 200 pL/min on the PET-Flat
significantly increased by 7.6% and 18.5%, respectively, compared to the static
culture conditions (Figure 3.22a). To date, the values of shear stress reported to be
stimulatory for Schwann cells for short periods are higher than 1 Pa [69,75,76]. In this
study, although the values of shear stress exerted to the cells were lower, 0.04 and
0.15 Pa, it is found that they were adequate to promote the cells’ alignment and
elongation. Both phenomena could be attributed to the continuous fluid-induced shear
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stress experienced by the cells, which induces mechanical stimulation resulting in the
reorganization of the cytoskeleton [57,69,70].

In a novel approach, the combined effect of shear stress and topography on SW10
cells’ behavior has been studied. Our results presented in Figures 3.18d-f, 3.19a-c,
3.20b, 3.21a, and 3.22b clearly show that this effect is synergetic when the flow
direction is parallel to the MG length and gives rise to further enhancement of cells’
orientation and elongation. Indeed, a significantly increased cell length by 11.7% and
12.3% was observed upon applying the flow parallel to the MG length, compared to
the static culture conditions on the PET-MG substrates. However, the shear stress
cannot provide further significant enhancement of SW10 cells’ length and orientation
above 50 pL/min on the MG. This indicates that small values of flow rate are

sufficient to attain the maximum cell response.

When the flow was perpendicular to the MG length direction, we noticed that SW10
cells retained their orientation along the direction of the MG, despite the presence of
shear stress in the perpendicular direction (Figures 3.18h-i, 3.19e-f, 3.20c, 3.21b).
Furthermore, the cell length, in that case, was lower compared to the static cultures on
the same substrates (Figure 3.22c). Both results imply that an antagonistic effect
between the shear stress and topography takes place in this case and the topography

effect on cell response is more pronounced.

Despite the different shear stress values inside and on top of the MG of the PET-MG
substrates, obtained from numerical simulations, similar results on the SW10 cells’
cytoskeleton orientation were observed both inside and on top of the MG of the PET-
MG substrates (Figures 3.20b, ¢ and 3.21 respectively). This indicates that the
topography is the dominant factor that drives the cell orientation, compared to the

shear stress (at least within the range of shear stress values used in this study).

Results obtained from numerical simulations of the flow in the cell culture chamber
for the PET-Flat and PET-MG substrates (Figure 3.7) indicated that on the PET-Flat
shear forces are non-uniformly distributed with stronger spatial gradients located near
the boundaries of the flow domain. When the substrate topography is altered by

placing MG, in either parallel or perpendicular to the mean flow direction, wall shear
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stress distribution patterns are strongly affected with marked spatial gradients
appearing at the edges of the MG profile. As the cell size is of the scale of the MG
pattern it is expected that cells lying to the top of the MG will be exposed to both a
high axial shear and a strong axial shear gradient in a direction perpendicular to the
flow. Therefore the response of these cells regarding cytoskeleton length and
orientation will be the result of a triplet of factors, i.e. a) substrate topography, b)
shear stress and c) spatial gradient of shear stress. These factors appear to act in a
synergistic way when MG are parallel to the mean flow direction, while the
topography seems to be superior in the case where MG are placed perpendicular to
the mean flow. The presence of spatial gradients of wall shear stress in the
microfluidic system chamber and the effects of these gradients on cell response is of

interest.

Experimental observations in cultured endothelial cells have indicated that cell
morphology and phenotype response are sensitive to spatial gradients of wall shear
stress [198,199]. Endothelial cells tend to align with the flow under uniform wall
shear stress but appear more randomly oriented when exposed to shear stress
gradients. Based on these observations it could be ascertained that shear gradients
would be expected to act in a way to reduce the heights of bars in Figures 3.22Db, c.
However, as cell response shown in Figure 3.22 accounts for topography, magnitude,
and gradients of wall shear stress, it is not possible to separate the effect of gradients.
It should also be noted that as gradients of shear increase with flow rate their relative
effect will be more pronounced in the 200 puL/min case. This may explain why cell
length appears similar for 50 and 200 puL/min in the microstructured substrate case
presented in Figure 3.22b in contrast to the marked length difference observed in the

flat substrate case presented in Figure 3.22a.

It should be noted that the computational geometry of the PET-MG substrate is an
idealized version of the real microstructured groove geometry depicted in Figures
3.1a and 3.2. Therefore although the pattern in the wall shear stress gradients will be
similar minor quantitative differences in the experimental conditions are expected.

This, however, is not expected to alter our main findings.
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Although the effect of anisotropic continuous topographies on Schwann cells has been
studied, there are limited studies on N2a cells [133,137,158,200]. Specifically, Mitra
et. al. [137] reported that N2a cells oriented on and along with the carbon micro-track
length for micro-track width and inter-track distances of 15 - 30 um, which was
comparable to the cell dimension (~15 um). Additionally, differentiated N2a cells
extended neurites aligned along the micro-track axis when the track width was 15 um.
Similarly, Beduer et. al. [158] showed that PDMS grooves of 20 um width promoted
the differentiation rate of N2a cells and the neurite alignment along the groove axis.
On the contrary, Zhu et. al. [133] demonstrated that the neurites of differentiated N2a
cells guided by Si, polyamide (PI), and transparency grooves of 300 - 400 nm width,
400 - 700 nm depth, and 1 - 1.2 um period. Finally, Lee et. al. [200] reported that N2a
cells on silicon dioxide (SiO,) linear ridges with 4 um height, extended neurites
following the linear microtrack. Consequently, a wide range of dimensions affecting
neurite outgrowth has been proposed in the literature.

Generally, it has been shown that, on the microscale (a scale similar to that of axons),
the effect of distance between topographical features on the neurons’ alignment
increases as the width of the space between the cues decreases [201]. On the
nanoscale, the sensitivity of neurons in the nanometer-sized topographical cues is
strongly evident [201]. Since the cell adhesion sites, i.e. focal adhesions, are in the
range of 5 - 200 nm [202], it was proposed that the cell-substrate interactions are
governed by intricate mechanisms operating at the nanoscale. In particular, it was
suggested that the cell-substrate interactions are strongly influenced by nanoscale
rather than microscale features [203,204]. On the nanoscale, there is also sensitivity
producing different effects on cell differentiation [201]. Indeed, previous studies
demonstrated that several neuronal markers [e.g. microtubule-associated protein 2
(MAP2), TUJ1] were significantly upregulated on nano-grating substrates compared
to unpatterned and micro-grating substrates [205,206]. The aforementioned
observations, regarding the importance of size scale, may explain in our study the
omnidirectional orientation of N2a cells on the MG, as well as, the inhibition of cell
differentiation on them (width/spacing of MG ~ 29 um) (Figures 3.23, 3.24, 3.25).
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In accordance with the static cultures, by applying the flow rates of 15 and 30 uL/min
parallel to the MG length, we observed that N2a cells remained undifferentiated on
the MG (Figures 3.26 and 3.27). Interestingly, under dynamic culture conditions (both
flow rates of 15 and 30 pL/min), N2a cells did not differentiate on the PET-Flat
(Figures 3.26 and 3.27) in contrast to the static cultures (Figures 3.23, 3.24, 3.25).
This implies that shear stress may inhibit the differentiation of N2a cells (at least
within the range of values used in this study). However, further investigation is
needed to identify the exact mechanisms resulting in the inhibition of cell

differentiation due to shear stress.

Finally, the co-culture of SW10 and N2a cells was investigated on the PET-Flat and
PET-MG substrates, inspired by the indirect alignment of neuronal cells by targeting
the influence of the patterned topography towards glial cells [4]. Although
topographical cues are used to directly influence the neuronal outgrowth, an
alternative strategy is to use a patterned topography to align glial cells. Glial cells, in
turn, can support and stimulate the directed axonal growth not only through physical
guidance cues but also through aligned pathways of biochemical guidance cues, like
secreted ECM molecules [207]. Schwann cells aligned on patterned substrates have
been shown to promote neuronal outgrowth and direct axonal growth [156,167,208].

Specifically, studies of Schwann cells co-cultured with dorsal root ganglion (DRG)
neurons have been reported [156,208]. Miller et. al. [156] co-cultured Schwann cells
with DRG on poly(D,L-lactic acid) (PDLA) microgrooves and found that the
presence of Schwann cells in the grooves promoted the neurite alignment and
outgrowth. Additionally, Schwann cells helped the neurites to orient on shallower
grooves and exhibit continued alignment even as the grooves degraded. Pawelec et.
al. [208] showed that the co-culture of Schwann cells with DRG neurons on porous
PCL increased the neurite outgrowth and led to a higher percentage of cells with
neurites in comparison to DRG neurons mono-culture. As far as we are concerned,
there is only one study of the co-culture of Schwann cells with N2a cells [167].
Angelaki et. al. [167] demonstrated that the presence of Schwann cells altered the

adhesion behavior of N2a cells in their co-culture. In particular, N2a cells followed
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the adhesion of the oriented Schwann cells and adhered only to the sites where the

Schwann cells were located i.e. microcones.

However, in our study, when SW10 cells were co-cultured with N2a cells on the MG
a similar behavior was observed compared to their mono-cultures i.e. preferential
orientation of SW10 cells along the direction of the MG, as well as, random
orientation of N2a cells on the MG and inhibition of differentiation on them (Figures
3.28b, d, f).

Interestingly, on the PET-Flat, in the co-culture system, N2a cells preferred to grow
on top of the SW10 cells (Figure 3.28e), while differentiated N2a cells developed
neurite extensions on top of the SW10 cells (Figures 3.28a, c). Based on these
observations, it can be assumed that SW10 cells formed a “glial carpet”, on the PET-
Flat, and N2a cells preferentially grew on top of it, in agreement with [167]. This may
be explained by the well-known fact that glial cells provide trophic support to the
neurons [209], and as a consequence, the neuronal-like cells prefer to adhere and
differentiate in the same areas with the glial cells [167,210].

Considering these promising results on the PET-Flat, we assume that with further
optimization of the parameters of this preliminary experiment (e.g. cell densities, days
of culture) an aligned “glial carpet” will be formed on the MG, which would serve as

a substrate for directed axonal growth.

Such a co-culture patterned system is of great interest, as a) it simulates more
realistically the actual structure of the PNS, including both the glial and the neuronal-
like cells, b) it could be used for the assessment in dynamic microenvironments that

provide a more in vivo-like environment.
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5. Conclusions

In the present thesis, an interdisciplinary approach was realized, where laser
engineering, dynamic cell culture under flow, and computational flow simulations
were employed to evaluate the synergistic or antagonistic effect of shear stress and

topography on neuronal response.

Ultrafast laser structuring has been employed for the fabrication of different types of
polymeric (PET) microstructured substrates (MG, chess, net), characterized as to
surface morphology, wetting properties, and surface chemistry. Subsequently, the
NIH 3T3 cells and SW10 cells’ response cultured on such substrates was evaluated to
select the geometry of MG as the most appropriate topography for investigating the

effect of flow-induced shear stress.

The combined effect of shear stress and MG topography on SW10 cells’ growth,
orientation, and elongation has been investigated under both static and dynamic
culture conditions. The experimental findings were analyzed together with numerical
simulations of the distribution of flow-induced wall shear stress, which was strongly
affected by the substrate topography. It was revealed that, depending on the relation
of the direction of flow with respect to the topographical features, wall shear stress
gradients were acting in a synergistic or antagonistic manner to topography in
promoting cell elongation and affecting cell response. Our results demonstrate the
ability to guide the outgrowth of Schwann cells in vitro that could be potentially
useful in the fields of neural tissue engineering with the ultimate goal of the creation
of autologous graft substitutes for nerve tissue regeneration.

The combined effect of shear stress and topography on N2a cells’ growth and
differentiation was also evaluated. In agreement with the static cultures, it was found
that, under dynamic culture conditions, N2a cells did not differentiate on the MG.
However and most important, N2a cells remained undifferentiated on the flat PET
substrates under dynamic culture conditions, contrary to the static cultures, indicating
that shear stress may inhibit the differentiation of N2a cells. The dynamic
microenvironment system presented here could also potentially be used as a new

model system to explore the role of shear stress on cell differentiation.
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Finally, the effect of topography on the co-culture of SW10 and N2a cells was
evaluated in an attempt to differentiate and indirectly align the N2a cells through the
alignment of SW10 cells on the MG. The main finding of this preliminary study was
that N2a cells preferred to adhere and differentiate on top of the SW10 cells on the
flat PET substrates. Taking into consideration this result, we assume that with further
optimization of the parameters of the co-culture patterned system an aligned “glial
carpet” will be formed on the MG which would serve as a substrate for directed
axonal growth. Such a co-culture patterned system could be potentially useful in the
fields of neural tissue engineering and for dynamic microenvironment systems

reflecting more closely the in vivo conditions.

In overall, in this thesis, we studied the combined effect of stress and topography on
neural cells. We demonstrated that shear stress can act synergistically or
antagonistically with topographical cues in specific cell responses such as orientation

and elongation.
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