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Abstract

In vitro models mimic the tissue-specific anatomy and play essential roles in
personalized medicine and disease treatments. As a sophisticated manufacturing
technology, 3D printing overcomes the limitations of traditional technologies and
provides an excellent potential for developing in vitro models to mimic native tissue.
This thesis aims to investigate the potential of a high-resolution 3D printing
technology, melt electrowriting (MEW), for fabricating in vitro models. MEW has a
distinct capacity for depositing micron size fibers with a defined design. In this thesis,
three approaches were used, including 1) extending the MEW polymer library for
different biomedical applications, 2) developing in vitro models for evaluation of cell
growth and migration toward the different matrices, and 3) studying the effect of

scaffold designs and biochemical cues of microenvironments on cells.

First, we introduce the MEW processability of (AB)» and (ABAC)» segmented
copolymers, which have thermally reversible network formulation based on physical
crosslinks. Bisurea segments are combined with hydrophobic poly(dimethylsiloxane)
(PDMS) or hydrophilic poly(propylene oxide)-poly(ethylene oxide)-poly(propylene
oxide) (PPO-PEG-PPO) segments to form the (AB)r» segmented copolymers.
(ABAC)n segmented copolymers contain all three segments: in addition to bisurea,
both hydrophobic and hydrophilic segments are available in the same polymer chain,
resulting in tunable mechanical and biological behaviors. MEW copolymers either
support cells attachment or dissolve without cytotoxic side effects when in contact
with the polymers at lower concentrations, indicating that this copolymer class has
potential in biological applications. The unique biological and surface properties,
transparency, adjustable hydrophilicity of these copolymers could be beneficial in

several in vitro models.

The second manuscript addresses the design and development of a melt
electrowritten competitive 3D radial migration device. The approach differs from most
of the previous literature, as MEW is not used here to produce cell invasive scaffolds
but to fabricate an in vitro device. The device is utilized to systematically determine
the matrix which promotes cell migration and growth of glioblastoma cells. The
glioblastoma cell migration is tested on four different Matrigel concentrations using a
melt electrowritten radial device. The glioblastoma U87 cell growth and migration
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increase at Matrigel concentrations 6 and 8 mg mL" In the development of this radial
device, the accuracy, and precision of melt electrowritten circular shapes were
investigated. The results show that the printing speed and design diameter are
essential parameters for the accuracy of printed constructs. It is the first instance

where MEW is used for the production of in vitro devices.

The influence of biochemical cues and scaffold designs on astrocytes and
glioblastoma is investigated in the last manuscript. A fiber comprising the box and
triangle-shaped pores within MEW scaffolds are modified with biochemical cues,
including RGD and IKVAV peptides using a reactive NCO-sP(EO-stat-PO)
macromer. The results show that astrocytes and glioblastoma cells exhibit different

phenotypes on scaffold designs and peptide-coated scaffolds.



Zusammenfassung

In-vitro-Modelle sind Werkzeuge, die die gewebespezifische Anatomie
nachbilden und eine wesentliche Rolle in der personalisierten Medizin und bei der
Behandlung von Krankheiten spielen. Als hochentwickelte, multifunktionale
Fertigungstechnologie Uberwindet der 3D-Druck die Grenzen herkdmmlicher
Technologien und bietet ein hervorragendes Potenzial fur die Herstellung von In-
vitro-Modellen. Der 3D-Druck ist eine der vielversprechendsten Techniken, um
biologische Materialien in einer komplexen Anordnung zusammenzusetzen, die das

naturliche Gewebe nachahmt.

In dieser Arbeit soll das Potenzial der hochauflésenden 3D-Drucktechnologie
melt electrowriting (MEW), fur die Herstellung von In-vitro-Modellen untersucht
werden. Wir konzentrieren uns auf drei Ansatze: 1) die Erweiterung der MEW-
Polymerbibliothek fur verschiedene biomedizinische Anwendungen, 2) die
Entwicklung von In-vitro-Modellen zur Bewertung des Zellwachstums und der
Zellmigration in Richtung der verschiedenen Matrizes und 3) die Untersuchung der
Auswirkungen von MEW-Gerustdesigns und biochemischen Faktoren der

Mikroumgebung auf Zellen.

Zunachst haben wir die MEW-Verarbeitbarkeit von segmentierten (AB)»- und
(ABAC)n-Copolymeren vorgestellt, die eine thermisch reversible
Netzwerkformulierung auf der Grundlage physikalischer Vernetzungen aufweisen.
Bisurea-Segmente werden mit hydrophoben hydrophobic poly(dimethyl siloxane)
(PDMS) oder hydrophilen poly(propylene oxide)-poly(ethylene oxide)-poly(propylene
oxide) (PPO-PEG-PPO) Segmenten kombiniert, um die (AB)r segmentierten
Copolymere zu bilden. Segmentierte (ABAC)n-Copolymere enthalten alle drei
Segmente: Zusatzlich zu den Bisurea-Segmenten sind sowohl hydrophobe als auch
hydrophile Segmente in derselben Polymerkette vorhanden, was den segmentierten
(ABAC)n-Copolymeren abstimmbare mechanische und biologische Eigenschaften
verleint. MEW-Copolymere unterstutzten entweder die Anhaftung an Zellen oder
|I6sten sich ohne zytotoxische Nebenwirkungen auf, wenn sie in niedrigeren
Konzentrationen mit ihnen in Berlhrung kamen, was darauf hindeutet, dass diese
Copolymerklasse uber umfassende biologische Eigenschaften verfugt. Die
einzigartigen biologischen Eigenschaften und Oberflacheneigenschaften, die
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Transparenz und die einstellbare Hydrophilie dieser Copolymere koénnten in

verschiedenen In-vitro-Modellen von Vorteil sein.

Das zweite Manuskript befasst sich mit einem durch MEW hergestellten
wettbewerbsfahigen 3D-Radialmigrationsdesign. Der Ansatz unterscheidet sich vom
Groldteil der MEW-Literatur, da MEW nicht zur Herstellung von invasiven
Zellgerusten verwendet wurde, sondern zur Herstellung eines In-vitro-Designs
diente. Das Design wurde verwendet, um systematisch die Matrix zu bestimmen, die
die Zellmigration und das Wachstum von Glioblastomzellen férdert. Die Migration der
Glioblastomzellen wurde auf vier verschiedenen Matrigel-Konzentrationen unter
Verwendung einer durch MEW hergestellten Radialvorrichtung getestet. Das
Wachstum und die Migration der Glioblastomzellen U87 nahmen bei
Matrigelkonzentrationen von 6 und 8 mg mL"' zu. Wir untersuchten auch die
Genauigkeit und Prazision der durch MEW erzeugten Kreisformen. Die Ergebnisse
zeigten, dass die Druckgeschwindigkeit und der Designdurchmesser wesentliche
Parameter fur die Genauigkeit der gedruckten Konstrukte sind. Die Arbeit ist die

erste Studie, die MEW fur die Herstellung von In-vitro-Modellen verwendet.

Im letzten Manuskript wurde der Einfluss von biochemische Funktionalisierung
in Kombination mit Gerustdesigns auf Astrozyten und Glioblastome untersucht. Die
kastenformigen und achteckigen MEW-Geruste wurden mit biochemischen
Wirkstoffen modifiziert, darunter RGD- und IKVAV-Peptide unter Verwendung von
reaktivem NCO-sP(EO-stat-PO). Wir fanden heraus, dass Astrozyten und
Glioblastomzellen unterschiedliche Phanotypen auf den verschiedenen Designs und
mit Peptiden beschichteten Gerusten aufweisen.
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1. Introduction

Tissue engineering and regenerative medicine is an interdisciplinary field that
intends to produce function for damaged/diseased tissues or organs [1]. Different cell
types, biomaterials, and stimulatory signals have been investigated for their potential
to support tissue repair and regeneration and recreate the extracellular space
through scaffolds and matrices [2]. Furthermore, advances in engineering, material,
and cell technologies allow various possibilities for the precise manipulation and

control of cells and cellular environments [3].

As the field develops, tissue engineering has a noticeable impact on other
disciplines, such as cancer research, enabling three-dimensional (3D) tumor/tissue
models of increased complexity that more closely resemble living tissue dynamics [4].
Therefore, tissue engineering is playing a broad yet critical role in the development of

new and improved in vitro models and therapies [5].

1.1. In vitro models

In vivo, cells are immersed in a complex 3D microenvironment formed of
extracellular matrix (ECM) components, biological factors, and other adjacent cells
[6]. Cells are continuously spreading, migrating, proliferating, differentiating, and
interacting with each other and their surroundings in response to biological cues in
their environment. Since two-dimensional (2D) cell cultures, which are commonly
used in cell-based assays, are simple, they are used as high throughput solutions for
various biomedical research applications [7]. However, since the 1970s, researchers
have been aware of the limits of 2D cultures compared to 3D cultures [8]. 2D cell
culture models can not reflect the anatomical and metabolic complexity of native
tissues and organs; they may produce misleading and non-predictive results [9].
Hence, animal testing is often performed after 2D cell culture investigations or before
clinical trials. Furthermore, animal models are time-consuming, costly, and have

ethical concerns, so it is essential to base these on relevant data [10].

On the other hand, 3D in vitro models offer the ability to replicate the
microcellular environment and cell-cell interactions accurately in laboratory

conditions. Recent studies have identified and characterized 3D matrices essential
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for cell attachment and accurate reproduction of the cellular microenvironment [11].
They have led to the generation of living tissue from a cell source. There is also the
possibility of modeling various tissue in vitro or having a particular impact on the
study of various diseases [12]; however, it is difficult to obtain accurate animal
models. Ideally, 3D in vitro models will allow researchers to better study the safety
and efficacy of different biochemical agents, such as drug development, and
modeling biological processes such as tissue development before starting animal

testing [3].

Various 3D fabrication techniques have been used to create 3D in vitro models

[13] with the high spatial and temporal resolution, including soft lithography,

microfluidics, and additive manufacturing (AM) (Figure 1). These techniques better

control biological processes that govern tissue regeneration and mimic the cellular
microenvironment [3].
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Figure 1. Major additive manufacturing techniques. A) Laser assisted printing, B) inkjet
printing C) extrusion-based printing. Published by John Wiley & Sons Ltd. Reproduced from
[14] with permission. Copyright 2013, The Authors, published by Wiley.

From a tissue engineering perspective, AM has proven to be an effective
strategy in several areas, including the fabrication of organs on chips, cancer
research, and pharmaceutical engineering [15]. AM offers rapid free-form prototyping
capabilities that enable relatively fast and cost-effective living tissue constructs in
regenerative medicine [16]. In addition, the large surface area of 3D-printed fiber
scaffolds can promote cell attachment, cell growth, and diffusion of nutrients, as well
as intracellular communication, which is another advantage of AM over conventional
methods [17]. Two primary AM technologies are currently used for tissue
engineering: the fabrication of cell-laden 3D scaffolds, where the cells are

encapsulated in a matrix (termed bioink), and scaffolds that can be populated with
2



cells after fabrication. For the second approach, several techniques can successfully
fabricate the scaffolds: Inkjet printing, microextrusion, melt electrowriting (MEW), and

laser-assisted bioprinting [18, 19].

The thesis presents critical considerations in high-resolution printing of in vitro
models, including selecting material and designing the spatial pattern of cell types
and scaffold properties. In addition, this thesis reviews recent successes with 3D
printed in vitro models based on several different fabrication techniques, especially
with respect to MEW.

1.2. The melt electrospinning (MES) process

Melt electrospinning (MES) is an electrohydrodynamic fiber manufacturing
technology. A polymer melt is ejected towards the collector when applying an
electrical potential difference between a nozzle and collector. MES fabricates
randomly oriented fibers similar to solution electrospinning using the mechanism of
electrostatic repulsion and bending instabilities in the fluid [19]. The resolution limits
of other extrusion processes, which are due to die swell, can be overcome with MES
technology. Fiber formation occurs from the cooling of polymer melts and allows
manufacturing continuous ultrafine fibers that create a thin nonwoven construct with a
low micron architecture. MES fiber diameters have been adjusted by changing
pressure, polymer molecular weight, temperature, applied voltage, and nozzle to

collector distance [20].

Numerous polymers can be processed by MES, including polylactic acid (PLA)
[21], poly(ethylene terephthalate) [22], Poly(e-caprolactone) (PCL) [23], poly(lactic-co-
glycolic) acid (PLGA) [24], and polypropylene [25]. MES offers a high surface-to-
volume ratio while keeping or even improving flexibility compared to other
technologies. These characteristics make melt electrospun fibers highly capable for
various applications such as air and water filtration [26], separation of water/oil and
air/oil mixtures [27], the development of lithium-air batteries [28], optical sensors [29],
textiles [30], and biomedical applications such as tissue engineering [31], drug

delivery [32], and the diagnosis and treatment of cancer [33].



1.2.1. The principle of MES

As mentioned previously, the molten polymer is extruded through the nozzle.
The electrostatically charged polymer droplet at the tip of the nozzle expands to form
a conical shape called the Taylor cone [34]. Then, the intensity of the electric field
reaches a specific critical value; the electrostatic forces overcome the surface tension
of the polymer melt and force the ejection of the liquid jet from the tip of the Taylor
cone. The liquid jet is ejected uniformly, and the surface tension causes the droplet
shape to relax again. The molten jet expands and solidifies before reaching the
collector, resulting in a randomly oriented, non-woven mesh of thin polymer fibers on
the collector [35]. At first, the molten jet follows a linear trajectory, but at a critical
distance from the nozzle, the jet begins to deflect chaotically, called bending
instability [36]. At the beginning of this instability, the jet follows a diverging spiral
trajectory. Higher-order instabilities become apparent while the jet spirals towards the

collector, leading to a completely chaotic trajectory [37].

MES does not have an evaporation step before deposition on the collector,
resulting in a generally larger fiber diameter than solution electrospinning. MES was
actually considered for a long time as unable to produce fine diameter fibers.
Therefore, our group investigated how the MES fiber size can be reduced to the
nanoscale using a modified nozzle, and results showed that the fiber had the lowest
diameter of 275 + 86 nm [38]. The modified nozzle was assembled by inserting an
acupuncture needle into a flat-tipped nozzle with two different fixation methods:
hanging acupuncture (HAN) and crimped acupuncture needle (CAN) (Figure 2).
Different protrusion of acupuncture needles has effects on fiber size. The results
showed that 1-mm protrusion had the lowest fiber size and consistency, with electric

field simulations increasing with more protrusion.



Figure 2. The modified nozzle set-up A) A schematic of a hanging acupuncture needle
(HAN), made by B) bending the needle (red arrow). C) A crimped acupuncture needle (CAN),
pliers were used for crushing the nozzle into the needle for fixation. D) The acupuncture
needle (false-colored yellow) protrudes from the nozzle, and E) the polymer melt flows over
the sharp tip surface. F) HAN and G) CAN samples show a similar increase in fiber diameter
at 20 kPa. Reproduced from [38] with permission. Published by John Wiley & Sons Ltd.

Licensed under the Creative Commons CC BY.

1.3. Melt electrowriting (MEW)

MEW is a hybrid technology that adopts advantages from both MES and melt
extrusion AM (Figure 3) [39]. Without electrical instabilities (i.e., whipping), the molten
jet of MEW deposits accurately on the collector, and with the help of a computer-
aided translating collector, the desired 3D structures can be built up layer by layer.
MEW is also solvent-free that provides an advantage to solution electrospinning

since volatile and toxic solvents can be avoided.

The MEW process has the unique ability to deposit micron-sized fibers with
ordered and predefined structures. The molten polymer is extruded through the
nozzle, supplied with high voltage, and deposited on the collector, with predefined
patterns via G-codes. The jet can be controlled by the printing parameters, including
high voltage, temperature, pressure, translational collector speed, and working
distance [40].



Sub-micron fiber diameters can be produced, but typical MEW fiber diameters
range between 2 and 50 ym [41]. The different laydown patterns, interfiber spacing,
and fiber diameter can impact the various properties, which make MEW constructs

attractive for biomedical, tissue engineering, and microfluidic applications [42].

High Voltage Polymer Melt High Voltage Polymer Melt
Polymer Melt Taylor Cone Nozzle Taylor Cone Nozzle
. e s Electrical
Fiber Solidification Nozzle S . .
Instabilities Jet Cooling Fiber Solidification e Bty
Translating Build Plate Translating Collector -

Translating Collector

Figure 3. MEW is a hybrid technology combining extrusion 3D printing and melt
electrospinning (MES). A) Extrusion 3D printing is extruded a large fiber diameter due to the
die swell. B) MES, the molten polymer is extruded through the nozzle. The electrostatically
charged polymer droplet at the tip of the nozzle expands to form a conical shape called the
Taylor cone. The liquid jet ejected uniformly, and the surface tension caused the droplet
shape to relax again. As a result, the molten jet expands and solidifies before reaching the
collector, resulting in a randomly oriented, non-woven mesh of thin polymer fibers. C) MEW
does not have electrical instabilities due to lower applied high voltages, short collector
distance. MEW extrudes predefined patterns via G-codes. Reproduced from [43] with
permission. Published by John Wiley & Sons Ltd. Licensed under the Creative Commons CC
BY.

1.3.1. MEW process stability

The main process parameters for a highly regulated and reproducible MEW
process were examined and found as the mass flow rate, collector speed, and
electric field. In addition, the viscosity and charge of liquids determine the molten
polymer characteristics. These parameters should be in harmony to achieve a stable
jet, which in turn allows the production of large volumetric and highly oriented
constructs. Therefore, researchers have made an effort to investigate the influence of
MEW processing parameters such as collector speed, collector distance, pressure,
and applied voltage on fiber diameter. The investigation of various parameters

started with Brown et al. [44], and it continued with Hochleitner et al. [40]. Recently,
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Dayan et al. [45] used response surface methodology to predict fiber diameter from
collector speed, collector distance, and pressure. Finally, Mieszcanek et al. [46]
utilized machine vision to correct and detect fiber pulsing for accurate jet placement
on the collector. In addition, jet angle and Taylor cone area were monitored and
analyzed to better understand, control, and predict jet instabilities.

1.3.1.1. Mass flow to the nozzle

The applied pressure and voltage are the critical parameters for stable mass
flow rate in MEW. If the mass flow rates are not adjusted, the diameter oscillates in a
sectional manner called “fiber pulsing” [40]. In MEW, fiber pulsing significantly affects
the quality of printing. Therefore, pressure and voltage should be in equilibrium for

high-quality printing and is one of the first criteria to control printing with MEW.

1.3.1.2. Critical translation speed

The second criteria, direct writing of straight fibers with MEW, is possible when
the collector speed is higher than the jet speed, called the critical translation speed
(CTS). The fiber can be stretched to obtain smaller diameters in the submicron range
when operating well above this CTS. However, when processing below this CTS
value, non-linear patterns such as side loops, eight shapes, and sinusoidal can be

observed due to jet buckling.

1.3.1.3. Residual charges

The effect of residual charges also affects MEW. In the MEW process, the
positive charges are transferred from the nozzle to the polymer jet; after the jet lands
on the collector, the charge can be dissipated through the coronal discharge and
charge removal by humidity. After deposition, partial charges, called residual
charges, remain in the deposited fibers because of the semiconductive nature of
molten polymers that can hold charges at a steady state. Residual charges that could
not be transferred to the collector can remain on the solidified fibers and affect how
subsequent fibers are deposited. The effect of the electric field has been studied on
fiber diameter, but more recently, researchers have explored the effect of residual

charges on fiber alignment. Ding et al. developed a mathematical model representing
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residual charge as a tradeoff for tight control of ordered fiber alignment under the
new MEW paradigm to fabricate engineered scaffolds with precise control over
structural properties [47]. Chang's research group extended their research to better
understand charge-based effects in the MEW process by revealing and explaining
the effect of collector temperature on the extent of polarization and residual charge
amount. As known, the MEW fiber has both positive and negative charges, which are
spatially separated due to the polarization effect, resulting in a side-by-side attraction
and repulsion between the fibers. Choosing the right collector temperature makes it
possible to print scaffolds with different wall morphologies, induce or avoid different
forms of disorder, and even control the internal structure within a fiber wall [48]._Our
group also did a fundamental study to identify and determine the fabrication limit of
MEW (Figure 4). We investigated the minimum interfiber distance between different
diameter fibers and their stacking height. The results showed that the material of the
collector, the fiber diameter, and the number of layers affect the limit of interfiber

spacing [49].

fiber 2 fiber 2 fiber bridging

fiber 1 fiber 1 '\ " fiber 1

Figure 4. Fiber bridging during MEW process. A-C) lllustration of how the deposited fiber
can be attracted to the already landed fiber, the force between the fiber and the collector (Fr-
) must be more significant than the force between the two fibers (Fr+1). Scanning electron

microscopy (SEM) images demonstrate D) fiber bridging at a 70 ym inter-fiber distance and



E) no attraction at 100 um interfiber distance. Reproduced from [49] with permission.
Published by John Wiley & Sons Ltd. Licensed under the Creative Commons CC BY.

1.3.2. MEW on non-planar surfaces

MEW is mainly performed on planar (flat) collectors and tubular mandrels.
However, there is a growing interest in fabricating anatomically relevant scaffolds
using different collector shapes. First, Saidy et al. performed MEW on an aortic root-
shaped collector. Next, they used different collectors made of composite materials,
such as pure Aluminum (Al), Aluminum-Titanium (Al-Ti), and Aluminum- poly-lactic
acid (AlI-PLA), for the stable jet. MEW performed on the Al-Ti collector resulted in
unstable printing conditions such as long beading and pulsing due to inhomogeneity
of the electrical field compared to the Al collector [50]. Later, Peiffer et al. investigated
the effect of different collector geometries on printing accuracy. They showed that the
electrical properties of materials have a more significant impact on accurate fiber
deposition than the thickness of the collector [51]. They also proved that maintaining
the electrostatic force constant and uniform (z-correction) to the collector surface is
essential for accurate deposition of microfibers, which supports the results of Saidy et
al. [50].

Short charge Long charge
relaxation time relaxation time

Figure 5. Different approaches for increasing accuracy of fiber deposition on non-flat surface
PLA mold. A) Schematic map of coordinates generated via MATLAB code, B) illustrating
vertical height adjustment for the accuracy of the fiber deposition using the shortest distance

between the nozzle tip and curved surface, C-D) images of the patches with close up of edge
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regions represent attraction between fiber walls and inaccurate deposition and accurate fiber
deposition [52, 53]. E) Images of the experiment during printing that demonstrate deflected
MEW jet in the surrounding hemispheres made from polyvinyl alcohol, hydrogel, metal, and
acrylic. The jet and the degree of deflection are similar to each other—acrylic hemisphere
repels rather than attracts MEW jet [54]. Reproduced from [52-54] with permission. Copyright
2021, The Authors, published by Wiley. Published by John Wiley & Sons Ltd. Licensed under
the Creative Commons CC BY [52].

Recently, O'Connell et al. systematically investigated the effects of various
parameters on fiber deflection toward hemispherical collectors. They presented a
simple physical framework describing the horizontal electrostatic deflection force as a
geometric phenomenon [54]. The amount of deflection depends on the object's size
and charge relaxation time collector materials and not on the applied voltage or fiber
diameter (Figure 5E). Furthermore, the publication from Monaghan Group examined
the effects of various parameters such as collector materials (PLA and Al),
topography, and nozzle positioning onto curved collectors on print quality [52]. The
collector materials have a significant effect on MEW fiber deposition.
The deposition of fiberson a curved PLA dome was successful, but only
when a uniform vertical height was maintained alongside a constant electrostatic
force (Figure 5A-D). Based on the electrical properties of the collector materials, it
was found that the less conductive, the greater the amount of charge remains in the
polymer fibers resulting in a repulsion. Repulsion of the PCL fibers resulted from
uneven stacking of PCL fiber walls. It was observed more in 90% PLA infill rather
than a 10% PLA infill. These results extend the design library of MEW for printing

more anatomical shape structures.

1.4. Polymers

Different polymers can be processed via MEW. PCL, however, is the gold
standard polymer due to its low melting point (60°C) and slow thermal/hydrolytic
degradation. The absorbability and biocompatibility of PCL, as well as its rheological
and viscoelastic properties, semi-crystallinity, and rapid solidification, make it a
promising material for MEW. Other than PCL, different polymers processed with
MEW include poly(vinylidene difluoride) (PVDF) [55], polypropylene [56], poly(L-
Lactide) [57], poly(2-ethyl-2-oxazoline) [58], and poly(urea-siloxane) [59]. The
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extended MEW polymer library is essential for being able to use MEW for different

applications. Our group has put effort into extending the MEW polymer library. Table

1 shows some of the polymers used in MEW in recent years.

Table 1: Different Polymers processed with MEW and their applications

Polymers

Applications

References

Piezoelectric polymers: PVDF,
Poly(vinylidene Fluoride-Co-
Trifluoroethylene),

Biomedical materials,
flexible electronics

[60],[55], [61]

Water soluble hydrogel [58, 62]
Poly(2-ethyl-2-oxazoline)

Dissolveable channel, [63]
PCL within poly(2-ethyl-2-oxazoline- microfluidic
co-2-(3-butenyl)-2-oxazoline)

Flexible medical device [57]
Poly(L-lactide-co-g-caprolactone)

Bone tissue engineering  [64]
Poly (L-lactic acid)

Surgical mesh, sutures [63]
Polypropylene

Microfluidic
Isomalt [65]

Tissue engineering [66]
Poly(L-lactide-co-ge-caprolactone-co-
acryloyl carbonate)

Ligament and Tendon [67]
Poly(e-caprolactone-co-acryloyl tissue engineering
carbonate)

Microfluidic. Tissue [43, 59]
Poly(urea-siloxane)s; thermoplastic engineering,
elastomer

Wearable devices, anti-  [68]

Polyurethanes

adhesion textiles and
wound dressings.

1.4.1. Composite polymers used in MEW

Composite materials were used in MEW due to the increased biocompatibility

and mechanical properties of MEW constructs. For example, PCL and hydroxyapatite

composites were MEW-processed for bone tissue engineering. The hydroxyapatite
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composites were included 3 and 7% in PCL, and the homogeneity of distribution of
hydroxyapatite nanoparticles is a crucial element for avoiding blocking of the jet and
continuous fiber writing. In addition, the melt electrospun composite scaffolds
increase cell growth, and both PCL and composite fibers demonstrated excellent cell
infiltration into the scaffolds [69]. In addition, Paxton et al. were able to melt
electrowrite combination of 33 wt% strontium-substituted bioactive glass (SrBG) and
PCL using chloroform. The composite materials have beneficial properties of the
bioactive SrBG, such as mechanical properties, and the PCL, such as MEW
processability [70].

Milk proteins containing PCL were melt electrowritten for skin regeneration.
Lactoferrin (LF) and whey protein (WP) with 0.05%, 0.1%, 0.25%, and a combination
of them 0.25 each were used as an additive to PCL. MEW constructs were assessed
chemically, physically, and biologically in vitro. In addition, keratinocytes and human
dermal fibroblasts were used as cell components. The results demonstrated that LF
(0.25%) containing scaffolds and a combination of LF and WP scaffolds significantly
increased cell growth, spreading, and infiltration compared to PCL alone. Thus, the

approach can be helpful for deep tissue dermal regeneration [71].

Furthermore, a triblock copolymer of poly(lactide-block-ethylene glycol-block-
lactide) (PLA-PEG-PLA) was used with solid 45S5 bioactive glass. The PLA-PEG-
PLA blend with 10% PLA showed promising printing results in terms of scaffold
shape fidelity. In comparison, the addition of 5% solid bioactive 45S5 glass particles

had no adverse effects on printing and processing ability [72].

Mueller et al. examined the use of PCL scaffolds loaded with ultrasmall
superparamagnetic iron oxide (USPIO) nanoparticles to improve magnetic resonance
imaging (MRI) visualization [73]. The results showed that MEW 3D printed composite
scaffolds containing up to 0.3 wt% USPIOs can be identified in vitro using T2- and
T2*-weighted MRI. Furthermore, the incorporation of USPIO with PCL did not affect
the mechanical properties and cytocompatibility of PCL. Concentrations as low as
0.26 wt% resulted in no decrease of tensile strength and elastic modulus. In addition,

cytocompatibility tests revealed excellent cell viability, with proliferating cells adhering
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to all scaffolds. In addition to contributing to the MEW material library, this study
offers the prospect of longitudinal MRI monitoring of MEW grafts.

In addition, PCL/PEG/roxithromycin(ROX) composite scaffolds were fabricated
using MEW for bone tissue engineering. The addition of PEG and ROX improved the
hydrophilicity of PCL. Also, in vitro drug release tests showed that the PCL/PEG/ROX
scaffolds have an initial explosive release of the drug followed by a long-term
sustained release, which is favorable for preventing and treating bone infections.
Furthermore, the antibacterial assays showed that the composite scaffold with ROX
has effective antibacterial activity. Human osteoblast-like cells on the scaffolds had
good viability and growth, proven by immunostaining and metabolic activity assay
[74].

Yoshida et al. reported composite melt electrowritten PCL/chitosan scaffolds
with controlled pore microarchitecture and their effects on human bone-marrow-
derived mesenchymal stem cells (MSC) proliferation and migration. In addition, 1
wt% chitosan blend formulation and scaffold microarchitecture promoted cellular

activity compared to other blends [75].

In conclusion, the literature about MEW composite polymers depends on
hydroxyapatite, bioactive glass, PEG, and magnetic particles loaded PCL. Also,
recently biopolymers were blended into PCL to improve the biocompatibility of
polymer [75]. Mostly, PCL was used as the primary material due to its excellent

printability.

1.5. Surface coating

The polymers used in MEW are hydrophobic thermoplastics that cause non-
specific protein absorption and subsequent uncontrollable cell adhesion. Therefore,
MEW fibers can be post-processed with other materials to make them more
hydrophilic using plasma treatment, sodium hydroxide (NaOH) etching, and various
polymer coatings. Mostly, MEW fibers are coated with cell attractive materials such

as calcium phosphate, collagen, fibronectin, and conductive materials.
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The MEW fiber surface was functionalized for different applications such as
pro-adipogenic cell delivery vehicles, cartilage, and bone tissue engineering to
produce a bioactive surface for cells. For example, Hammerl et al. cocultured
osteoblasts (OB) and peripheral blood mononuclear cells on calcium phosphate
(CaP) coated PCL [76]. The in vitro system was an excellent example of a cost-
effective and growth factor-free in vitro platform. In addition, the CaP coated MEW
scaffolds better mimic the physiological microenvironment of the regenerating bone
niche. Daghrery et al. were utilized to fluorinated calcium phosphate (F/CaP) coated
MEW scaffolds for promoting the proliferation of cells and helping periodontal tissue
regeneration while providing antimicrobial protection [77]. Also, Abbasi et al. showed
that CaP coated MEW scaffolds are quite stable for bone regeneration with different

pretreatment methods such as Oz and Ar plasma and NaOH [78].

LAY B N Sk
Figure 6. A) SEM image of MEW PCL fibers before coating. Scale bar, 100 um. B) SEM
image of polypyrene-coated fibers. Scale bar, 100 um. C) Higher magnification SEM image
of the polypyrene-coating particles. D-F) Biomineralization of PCL fiber with polydopamine
(unpublished data) G-J) SEM imaging of PCL, plate-shaped, nanoneedle-shaped crystals,
and intrafibrillar dispersed scaffolds groups, respectively. Reproduced from [79] and [80] with
permission. A-C, G-J) Copyright 2020, The Authors, published by Wiley.
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Furthermore, Eichholz et al. utilized a novel bioinspired extrafibrillar coating
of needle-shaped nanosized crystals hydroxyapatite on MEW fiber to enhance MSC
osteogenesis. Moreover, extrafibrillar coatings of nanoneedles facilitated the binding,
stabilization, and controlled release of bone morphogenetic protein 2 from the
material, which further enhanced MSC cell proliferation and bone formation (Figure
G-H-I-J) [80]. In addition, the same group coated MEW scaffolds with extracellular
vesicles (EV). They have functionalized the scaffolds with nanosized crystals
hydroxyapatite [81]. The nanotopographical properties and a large surface area of
nanosized crystals hydroxyapatite-coated scaffolds facilitate proteins' stabilization
and enhancement of EV adhesion. In addition, the researchers placed the conditional
medium (CM) and the isolated EVs in a collagen solution to improve the binding
efficiency of the scaffolds further. The staining confirmed the presence of EVs on the
fiber surface, both in CM and, to a greater extent, in EV-functionalized scaffolds.
Thus, the coating methods provide homogeneous and nano topographical features,

which play an essential role in promoting stem cell osteogenesis.

MEW scaffolds were also coated with polypyrene for improving
electroconductive properties (Figure 6A-B-C), and they were used as the model for
myocardial infarction treatment [79]. Also, the unique scaffold architecture, auxetic
shape, was mimicked the anisotropic behavior of the myocardium. MEW-PCL
scaffolds were functionalized with graphene oxide and graphitic carbon nitride,
enabling optoelectronic transduction and wireless neuronal stimulation in neuritis
under visible light [82].

MEW scaffolds were also biofunctionalized. permanently via six-arm star-
shaped NCO-poly(ethylene oxide-stat-propylene oxide) (sP(EO-stat-PO)) with the
collagen and streptavidin [83]. Furthermore, Blum et al. coated PCL MEW scaffolds
with a complex ECM suspension of human decellularized adipose tissue, purified
fibronectin, or laminin as a model for pro-adipogenic cell delivery platform [84].

In addition, the MEW surface coating was used to adjustable the mechanical

behavior of fiber-reinforced hydrogel systems. The PCL was methacrylated, and it

serves to have covalent bonding between alginate, gelatin methacrylamide (GelMA),
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and PEG diacrylate. Bas et al. also developed a design library for tunning the

biomechanical and biological properties [85].

In conclusion, there are many ways to coat MEW scaffolds. Moreover, those
methods are relatively simple and cost-effective to produce promising systems for

cell-material interaction, optic, and biofabrication approaches.

1.6. Soft network composites

Soft network composites have been produced using a wide range of different
manufacturing technologies, mainly to increase structural integrity and strength. A
combination of hydrogel and reinforcing MEW fibers have been used in several
studies. The purpose of reinforcing MEW fiber into soft matrices is to increase the
mechanical properties of soft hydrogels and improve the cell proliferation and

alignment along fibers that mimic the ECM microenvironment.

MEW-reinforced matrices provide multiple possibilities for soft tissue
regeneration and engineering. The matrices alone are very soft materials; increasing
the crosslinker content, or molecular weight makes them more robust but
compromises cell proliferation, migration, and differentiation within the hydrogels. The
reinforced matrices meet the required mechanical properties to mimic the function of
the fibrous ECM soft matrices.

MEW fiber-reinforced matrices were used for different matrices and tissue
types. GelMA is one of the most used hydrogels for MEW reinforced matrices. The
first publication with MEW reinforced GelMA was published in 2015 for
musculoskeletal tissue engineering application [86]. The MEW reinforced hydrogels
have 50 times increase in mechanical behavior compared to hydrogel alone.
Following that, numerous research groups used MEW fiber-reinforced matrices to
mimic the anisotropic mechanical behavior of tissues in a variety of applications,
including the heart [87], multiphasic articular cartilage [51], and bone [88].

Mathematical homogenization theory was utilized to develop effective
equations to understand how the applied force is distributed throughout the MEW

fiber-reinforced scaffolds. The resulting model captures the orthotropic nature of the
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composite and can be used to determine how the local mechanical environments are
subjected depends on the MEW reinforced hydrogels [89]. In a complementary
approach, Castilho et al. used a finite element model to investigate the strengthening
mechanisms of fiber-hydrogel constructs [90]. According to their results, the load-
carrying capacity of the fiber scaffold interconnections dominated the reinforcement
mechanism at higher scaffold volume fractions. In addition, hydrogel provides
significant resistance against buckling of the scaffold that was higher than expected

based on simple tests of MEW scaffolds.

Furthermore, another computational study employed a numerical model to
determine the design of a most biomechanically optimal scaffold to mimic multiphasic
properties of articular cartilage. This pilot study also yielded a complete in silico
design library to aid in selecting optimal fiber—hydrogel network for tissue engineering
applications. This approach can be improved efficiency, cost, and effort on
manufacturing and experimental testing of scaffold designs [85]. Finally, de Ruijter et
al. demonstrated that out-of-plane MEW fibers precisely designed to stabilize an
existing structure.The design increased the shear modulus of MEW reinforced

hydrogels for improving compressive strength [91].
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Figure 7. Various MEW fiber reinforced hydrogel strategies. MEW fiber reinforced gelatin
methacrylamide (GelMA)/hyaluronic acid methacrylate (HAMA) hydrogels, with A) only
hydrogel, B) 0°-90° laydown pattern with 800 um fiber spacing, C) 0°-90° laydown pattern
with 400 um fiber spacing, D) 0°-60°-120° laydown pattern with 800 um fiber spacing and E)
0°-60°-120° laydown pattern with 400 um fiber spacing F) Demonstration of MEW scaffold
designs and their compression modulus only and within a GeIMA/HAMA hydrogel. Sinusoidal
MEW scaffolds support the G) seeding of cells and H) reinforced of fibrin, images taken after
two weeks. 1) The fibrin hydrogel shrinks when similarly cultured for two weeks. The dashed
line defines the original size of the fibrin. Scale bar = 2 mm. Reproduced from [42, 92, 93]
with permission. A-F) Copyright 2015, The Authors, published by Elsevier [92]. G-I)
Copyright 2019, The Authors, published by Wiley [42, 93].

1.7. Tissue engineering applications

Due to high water content, various matrices have been used in tissue
engineering and regenerative medicine to mimic the ECM microenvironment. In
addition, their tunable physicochemical properties, such as the components of growth
and differentiation factors, can significantly impact cell activity. However, their
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structures are not as mechanically robust as the ECM of soft tissues, which contains
fibrous proteins. Their lack of mechanical instability also hinders adequate cellular
function. Mechanical strength can be improved by increasing the polymer
concentration or the degree of crosslinking in the hydrogel, but this may adversely
affect cell survival, proliferation, migration, and differentiation, as previously
mentioned in the soft network composite session. Highly organized MEW fiber can be
reinforced inside the different matrices, which have adjustable mechanical properties

to mimic the ECM of soft tissues.

The workflow of this concept, printing the MEW scaffold and embedding inside
the soft matrices. Different matrices such as alginate, GelMA, Matrigel were used for
different tissue applications. The first study, Visser et al., showed that the stiffness of
GelMA and alginate matrices could be increased by MEW fiber reinforcing to 50 and
15-fold, respectively, compared to matrix only. The stress-strain curves of reinforced
GelMA closely match healthy articular cartilage values. Furthermore, the stiffness of
the biodegradable composites was equivalent to the stiffness of articular cartilage,
which has been reported to vary between 400 and 800 kPa [86]. Next, Bas et al.
investigated the effect of different scaffold designs on the mechanical behavior of
reinforced GelMA and GelMA/hyaluronic acid-methacrylamide (HAMA). The only
GelMA and GelMA/HAMA composites exhibited a low Poisson's ratio because highly
organized fiber networks suppressed the lateral deformation of the hydrogel (Figure
7) [92].

Furthermore, the MEW reinforced matrices were used in cardiac tissue
engineering. The hexagonal scaffolds with a 20-40 times higher ability to absorb and
release energy than rectangular scaffolds reinforced encapsulated collagen-based
matrices. In vitro models show an increase in beating frequency (1.5-fold), improved
the human induced pluripotent stem cells derived cardiomyocytes alignment,
sarcomere content and organization, and an increase in expression of markers

related to cardiac maturation compared with fiber scaffolds [94].

The collaboration work with Villmann lab focused on nerve tissue engineering
using MEW reinforced soft matrices. For this purpose, the cortical neuron, mouse

primary spinal cord neurons, glycine receptor-transfected Ltk-11 mouse fibroblast cell
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line, glioblastoma, and coculture of astrocytes and neurons were used within MEW

reinforced Matrigel (Figure 8).

The first study focused on enabling fast readouts from transfected cells, which
are often used as model systems for 2D electrophysiology [95]. This study used
MEW scaffolds with different porosity reinforced Matrigel, and 3D electrophysiology
was performed on the glycine receptor-transfected Ltk-11 mouse fibroblast cell line.
The second study used the MEW scaffold reinforcement to adapt this technique to
cortical neurons without affecting electrophysiological measurements [96]. The
results showed that cortical neurons enhance cell survival and 3D neural network
development by dendritic and synapses maturation over 21 days in vitro, which is
faster in 3D cells than 2D cultures. Furthermore, with its tremendous flexibility in
MEW scaffold design and soft matrix composition, this method provided a novel tool

for investigating neural networks in 3D under normal and disease conditions.
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Figure 8. Rheological characterization of Matrigel at concentrations of 4.5 and 8 mg mL™" .
A) Frequency sweep and B) time sweep. C) SEM image of melt electrowritten scaffolds with
a fiber spacing of 200 um. D) Cortical neurons in MEW reinforced Matrigel concentration of
4.5 and 8 mg mL™ at day 7. E) Matrigel alone (left) and MEW scaffold reinforced Matrigel
(right) F) Handling properties of Matrigel alone (left) and MEW scaffold reinforced Matrigel
(right). Reproduced from [96] with permission. Published by John Wiley & Sons Ltd. Licensed

under the Creative Commons CC BY.

The last study evaluated the neural network development of mouse primary

spinal cord neurons in MEW fiber-reinforced Matrigel [97]. Maturation of inhibitory
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glycinergic synapses was analyzed by protein expression, complex mechanical
properties, calcium imaging. In 3D, the mature inhibitory synapse formed more
rapidly than in 2D, confirmed by a significant increase in glycine receptor expression
from days 3 and 10. The expression pattern of marker proteins at the inhibitory
synapse and the mechanical properties in 3D were similar to native spinal cord
tissue. Moreover, the neuronal networks of the 3D spinal cord showed intense

neuronal activity after 14 days in culture.

In summary, the MEW scaffolds used in those studies provide mechanical
support for weak matrices, which can be comparable to the native brain and spinal
cord microenvironment and allow sufficient handling to study different neural cells in

healthy and disease models.

Together, fiber-reinforced GelMA, alginate, collagen, and Matrigel have been
used in musculoskeletal, cardiac, and nerve tissue engineering. The fiber-reinforced
hydrogels have a synergistic effect for mimicking the microenvironment mechanically

and also enhancing the biochemical properties of ECM.

1.8. Hybrid/solution 3D direct writing

Different AM techniques have their benefits and drawbacks; therefore,
combining them brings endless possibilities for producing hierarchical structures for
tissue engineering. MEW was combined with different AM techniques for this
purpose. For instance, 3D in vitro device was fabricated combining 3D extrusion
printing and MEW, which facilitates cell-specific alignment. It differs from the two-step
fabrication of the device, which required printing a MEW scaffold and then
embedding a cell-loaded hydrogel, which limited control over the precise deposition
of multiple materials and cells. First, Ruijter et al. combined MEW with bioprinting to
produce a soft network composite. GelMA was used as bioink, and MSCs were used
as cell components; they printed MEW PCL fiber on bioprinted GelMA (Figure 9C-D)
[98]. The mechanical properties composited did not change; however, this approach
precisely controls 3D spatial organization, which better mimics the native cell
microenvironment. Next, Diloksumpan et al. combined ceramic extrusion 3D plotting

and the MEW of thermoplastic materials. The study has a novel approach to
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mechanically integrate hydrogel-based soft tissues to stiff ones for the regeneration
hard-to-soft tissue interface, especially for osteochondral plugs [99]. Recently, Ross
et al. developed a platform for combined hydrogel and melt electrowritten scaffold for
articular cartilage regeneration. They produced the alginate methylcellulose and
MEW PCL multi-material scaffolds for tailored mechanical properties. They
demonstrated long-term shape fidelity and mechanical stability of hybrid scaffolds,

and the MEW PCL scaffolds support large volumetric prints [100].

The other hybrid approach was to use MEW with solution electrospinning to
mimic vascular structures [101]. Hierarchical two-layer tubular scaffolds consisted of
a randomly oriented dense solution electrospun mesh as the inner layer and a melt
electrowritten fiber as the outer layer. Scaffolds were seeded with endothelial colony-
forming cells and MSCs. The results show that scaffolds provide biomimicry
morphology for both cell types without surface functionalization, only using a hybrid
scaffold design.

On the other hand, MEW scaffolds were used for the assembly of different
spheroids. The study extended [41], and MEW scaffolds were used as a support
structure for adipose spheroids, which can be sectioned, stained, and handled
efficiently (Figure 9B) [102].

Recently, MEW was utilized with inkjet printing. PLGA and gelatin mixture was
electrowritten, and cytokine-bearing microspheres were accurately loaded onto the
MEW scaffolds using inkjet printing. In vivo results showed that the scaffolds

promoted cartilage repair [103].

Lastly, Wang et al. fabricated a micro/macro hierarchical scaffold by combining
MEW and solution electrospinning for bone tissue engineering. The solution
electrospinning gelatin nanofibers make the scaffolds hydrophilic, slightly increase
the mechanical strength, and support the growth of 3D bone cells. In addition, MEW
scaffolds increase cell adhesion efficiency and improve cell proliferation and

osteoinductivity [104].
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e AN
Figure 9. A) PVDF solution electrospun fiber on 1000 ym fiber spacing MEW PCL scaffolds

(Unpublished data) B) Bioassembly of tissue spheroid into MEW scaffolds. Copyright 2019,
The Authors, published by Wiley C- D) and out-of-plane fiber deposition. Yellow arrows
depict the hydrogel, whereas the white arrows depict the PCL fiber. Scale bar = 500 ym.
Copyright 2018, The Authors, published by Wiley. Reproduced from [98, 102] with
permission. Published by John Wiley & Sons Ltd. Licensed under the Creative Commons CC
BY.

1.9. MEW fiber studies

MEW scaffolds exhibited tunable mechanical properties changing the design
parameter, such as fiber diameter and interfiber spacing wavelength, making them

attractive for different tissue engineering applications.

First of all, MEW fabricated constructs with different patterns which resemble
the wavelike structure of native collagen fibers to mimic the anisotropy and
viscoelastic properties of native heart valve leaflets. In addition, the MEW scaffolds
provided the growth of human vascular muscle cells [50]. Finally, the scaffolds
showed good acute hydrodynamic performance under aortic physiological conditions

in a flow circuit, a promising design approach for heart valve tissue engineering.
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Another study used the machine learning methodology to focus on the
mechanosensory response of cells on MEW scaffolds which served as an essential
step towards developing bioinformatics-driven AM systems. In addition, this approach

can be used for more homogenous cell responses from biomaterials [105].

Different pore size scaffolds were utilized as sandwich models for the model of
the intervertebral disc. The results showed that MEW scaffolds were helpful for
quantitative assays, and the model has successfully measured cell migration,
expansion, and proliferation [106]. Differently, the effects of heterogeneous porous
architectures of MEW scaffolds on osteogenic gene expression were investigated. In
vitro results showed that the gradient scaffolds significantly increased alkaline
phosphatase activity in the attached osteoblasts, while matrix mineralization was
higher in the 50% offset scaffolds, which was already shown by different MEW

studies for bone tissue engineering [107, 108].

Furthermore, a filter device for colon cancer was fabricated using MEW
multiphase scaffolds. It had reproducibility and transparency, which facilitate
microscopic analysis compared to electrospun filters. Therefore, MEW multiphasic
scaffolds offer a rapid expansion of circulating tumor cells (CTCs) for clinically
relevant downstream analysis such as nucleic acid composition, downstream drug
screening, and treatment screening. The culture device capture the CTCs spread on
the filter as single cells or clusters of a few cells, from where they extended into large
cancer clusters. Each of the expanded clusters represents one or a few clones of the

tumor, facilitating the identification of critical clonal subsets of cancer [109].

Recently, collagen microbundles like fibers were melt electrowritten using
sacrificial polymer blended PCL. The scaffolds facilitate cell infiltration and offer an
environment that inhibits unnatural apical/basal polarization by providing 3D
topographical signals for the infiltrated cells, resulting in efficient M2-like phenotype
polarization similar to collagen | fibrils [110].

1.10. Cocultures

MEW scaffolds could be used to mimic the endosteal microenvironment.

Primary human osteoblasts (hOBs) and placenta-derived MSC (pIMSCs) were
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evaluated in nonosteogenic conditions and different surface treatments. The melt
electrowritten scaffolds promoted the growth and migration of primary human
hematopoietic stem cells (HSCs) compared to HSCs maintained in tissue culture
plastic. Also, HOBs and pIMSCs synthesized bone matrix on CaP coated MEW
platform [111].

1.11. Folding scaffolds

Bioprinting of alginate methacrylate was combined with MEW-PCL to create
four-dimensional (4D) printed scroll-like scaffolds with anisotropic topography.
Combining these two techniques and materials enabled the fabrication of multiscale
and multi-material shape-changing scaffolds that could self-fold after swelling. In
addition, researchers were able to control the shape-morphing behavior of the
constructs changing calcium ion concentration in the media. Furthermore, myoblasts
cultured on these 4D printed bilayer scaffolds demonstrated excellent viability,

proliferation, and alignment along melt-electrowritten fibers [112].

The same research group used different materials for the shape-changing
biolayer scaffolds. Combining bioprinting of hyaluronic acid hydrogel and MEW PCL-
Polyurethane were used for the study. The results show that the soft and elastic
properties of the fibers allow excellent biocompatibility and biomimicry for myoblasts
[113].

1.12. In vivo studies

3D coiled compacted scaffolds with hierarchically ordered patterns and
tunable coil densities were fabricated by using MEW. The scaffolds could improve
cell growth in patterns with tunable cell density. Subcutaneous implantation in mice
showed favorable in vivo biocompatibility, as evidenced by no significant increase in
tumor necrosis factor a and interleukin 6 levels in mouse serum. A long-range
patterned matrix composed of programmable short-range compacted coils facilitates
the design of complex structures [114].

Furthermore, Abbasi et al. investigated the osteoconductive potential of their

previous study in vivo. They successfully implanted different MEW scaffolds with
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gradient pore sizes into a defect in rats and assessed the effects of the graded
architecture on bone formation. The constructs with larger pore sizes, such as 500
pMm, and gradient scaffolds have faster bone regenerations. Thus, the results showed
that gradient MEW scaffolds might provide an appropriate solution for improving bone
regeneration [115].

Recently, in a rat mandibular periodontal fenestration defect model, the
F/CaP-coated MEW scaffolds were shown to be biocompatible and led to periodontal
regeneration. This work contributes to developing tailored scaffolds capable of
facilitating tissue-specific progenitor cell differentiation and thereby guiding
simultaneous and coordinated regeneration of soft and hard periodontal tissues while

offering antibacterial protection [77].

1.13. Microfluidic technologies

Various techniques are available to fabricate simple suspended hollow
structures, the best known of which is soft photolithography for microfluidic purposes.
Recently, MEW fibers have been employed as sacrificial materials in a wide range of
applications. Using microchannels to improve the function and survival of engineered
tissues in regenerative medicine applications is a promising method. A MEW
structure is embedded into a soft cross-linkable hydrogel solution and then removed
post-fabrication, resulting in highly defined hierarchically structure hydrogels. A study
by Haigh et al. demonstrated that sacrificial PCL templates could be printed via MEW
and then easily removed from poly(2-oxazoline) hydrogels using an acetone-water
mixture. Using this solvent, PCL could be dissolved, and the hydrogel preserved its
swelling to prevent distortion [116]. A hollow, perfusable microchannel within a
hydrogel for tissue engineering has attracted significant attention for efficiently
transporting oxygen and nutrients. Recently, Isomalt was melt electrowritten for the

same purposes [65].

MEW is a fascinating candidate for producing a high aspect ratio channel due
to the precision and quality control of the individual MEW patterns. Zeng et al.
developed a cost-effective and straightforward method for microfluidic channels
combining MEW and poly(dimethylsiloxane) (PDMS) replica-molding techniques

[117]. Alternatively, Kotz et al. used a similar strategy to repeat sacrificial templates in
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transparent fused silica to produce arbitrarily embedded 3D free-form hollow
microstructures, but the hollow microstructure is formed by a thermal debinding

process that passively eliminates the PCL material [118].

In summary, fugitive or sacrificial materials printing with MEW is promising for
numerous applications, such as microfluidics, optics and photonics, tissue

engineering of vascular networks, and lab-on-a-chip devices.

1.14. Soft robotics

Research into soft robotics using MEW has recently begun, with the
publication from the Chen group being the first in this field [119]. Researchers utilized
three different techniques: MEW, micro-molding, and skiving to create a mass-
produced tadpole-like magnetic PCL/Fe3z0O4 microrobot. The microrobot can be used
in two different modes under the external magnetic field rolling and propulsion
modes. The speed and direction of the tadpole-like microrobot can be adjusted using
different frequencies, intensity, and magnetic field directions. These robots can
transport one or more cargo to a predetermined destination in a controllable and
precise way. MEW is such a simple and cost-effective manufacturing method for
scale-up fabrication and advanced fabrication [119].

Recently, MEW tubular structures were used for the fabrication of the actuator.
The design of MEW scaffolds on soft elastomers allows highly controlled deformation
characteristics for actuators. The actuator has 10 to 15 mm of length and 1 of mm
inner diameter. The motion can reach ~20ms without exploiting snapping instabilities

or material non-linearities [120].

Shortly, the use of MEW in soft robotics is promising due to the design
capacity of MEW. The fabrication of MEW structures at the nano and microscale
results in actuators with precision and reproducibility. In addition, a wide range of
design space provides different actuation motions and actuators' simple up-and-
downscaling [121].
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2. Aim and motivation

The lack of compatibility between in vitro and in vivo effectiveness of therapies
is a critical barrier in the clinical translation of promising medications for the treatment
of many diseases. Traditional 2D in vitro models frequently struggle to recapitulate
the native or diseased tissue microenvironments. Recent research has demonstrated
that 3D in vitro models, including spheroids, hydrogels, fiber scaffolds, and
microfluidic organs on-chip, better simulate the cellular microenvironment than 2D in
vitro models. Among the various fabrication technologies, 3D printing is one such
technique that allows researchers to build 3D in vitro tissue models by assembling
biological materials in a complex layout that mimics native human tissues. MEW is
such a technology that allows high-resolution 3D printing without any toxic solvent.
MEW scaffolds are exciting candidates for tissue engineering and regenerative
medicine because of their high surface-to-volume ratio; they assist cell attachment
and proliferation. The structure, porosity, size, architecture of MEW constructs for
different tissues and applications could be adjusted, so they can provide a

microenvironment for cell infiltration, cell binding, blood flow, and vascularization.

The overall aim of this doctoral project has been to explore the potential of
MEW for the fabrication of in vitro models. The first goal has been to systematically
characterize the copolymers' printability with MEW for potential applications.
Secondly, we developed radial in vitro models to evaluate cell growth and migration
toward the different matrices and, lastly, study the effect of scaffold designs and
biochemical cues of microenvironments on cells. For this purpose, the processibility
of new materials with MEW was explored. Also, the printing accuracy and precision
of the MEW radial device using different process parameters were investigated.
Lastly, the biological properties of MEW scaffolds were improved for more

reproducible in vitro systems.
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3. Results

3.1. Summary of manuscript |

Different (AB)» and (ABAC)» segmented copolymers with hydrophilic and
hydrophobic segments were processed by MEW. All copolymers showed excellent
MEW processability, with unique properties compared to those already processed
with MEW, including thermal reversibility, a very smooth surface, transparency,
strong interlayer bonding between fibers, and tunable hydrophilic and hydrophobic

behavior.
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Abstracts

Various (AB)» and (ABAC)» segmented copolymers with hydrophilic and
hydrophobic segments are processed via melt electrowriting (MEW). Two different
(AB)n segmented copolymers composed of bisurea segments and hydrophobic
poly(dimethyl siloxane) (PDMS) or hydrophilic poly(propylene oxide)-poly(ethylene
oxide)-poly(propylene oxide) (PPO-PEG-PPO) segments, while the amphiphilic
(ABAC)n segmented copolymers consist of bisurea segments in the combination of
hydrophobic PDMS segments and hydrophilic PPO-PEG-PPO segments with
different ratios, are explored. All copolymer compositions are processed using the
same conditions, including nozzle temperature, applied voltage, and collector
distance, while changes in applied pressure and collector speed altered the fiber
diameter in the range of 7 and 60 ym. All copolymers showed excellent processability
with  MEW, well-controlled fiber stacking, and inter-layer bonding. Notably, the
surfaces of all four copolymer fibers are very smooth when visualized using scanning
electron microscopy. However, the fibers show different roughness demonstrated
with atomic force microscopy. The non-cytotoxic copolymers increased L929
fibroblast attachment with increasing PDMS content while the different copolymer

compositions result in a spectrum of physical properties.
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1. Introduction

Additive manufacturing (AM) technologies have been used for different
applications, including soft robotics,/! sensors,” biomaterials,>* and tissue
engineering.¥l AM, often referred to as 3D printing, is based on layer-by-layer
fabrication principles that are employed by a spectrum of different technologies.!
Melt electrowriting (MEW) is one such AM technology that uses an applied electric
field to produce fine fiber diameters,®l typically much smaller than 100 um," and 820
nm at their smallest to date.®! The high viscosity of polymer melts assists in the
reduction in fiber diameter without jet breakup!® and computer-aided control of the

collector direct-writes the desired pattern according to G-codes.!

While different polymers can be processed via MEW, poly(e-caprolactone)
(PCL) is the benchmark polymer due to its low melting point (60 °C) and slow
thermal/hydrolytic degradation.[' Beyond PCL, other polymers processed with MEW
include  poly(vinylidene  difluoride),l'"!  polypropylene,l'?  poly(L-lactide-co-
caprolactone-co-acryloyl carbonate),l'3 Poly(L-lactide-co-caprolactone),l'*! poly(2-
ethyl-2-oxazoline),!'® poly(ureasiloxane)'® and poly(urea-ethylene glycol).l'’l The
majority of polymers processed to date are hydrophobic, which absorb proteins that

influence cell adhesion.!8!

Hydrophilic polymers can reduce cell adhesion,!'® recently more and more are
available for MEW, which, in turn, aids certain biomedical devices to improve their
function.?! The improved hydrophilic properties can thus result in a significant
enhancement in the biocompatibility and functionality of the materials.?'l Within
biofabrication, where soluble properties have utility in the formation of perfusable
channels, the polymer may need to be water-soluble over time,?? 23 or on-
demand.?4l Additionally, for any application that involves contact with cells, the
polymers should be cytocompatible.[?S]

Electrohydrodynamically stabilized jets of aqueous-based polymer and
macromer solutions have been previously reported,?® 271 with post-crosslinking
required to achieve a hydrogel fiber. When processing via MEW, however, hydrogel
fibers are made by printing a melt and then swelling in aqueous media.l’! Since the
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preprinting period for MEW requires extrusion through a nozzle, non-crosslinked
melts that crosslink after deposition has been developed and reported. There are
several ways to achieve this crosslinking, including via UV-light,['¥ Diels—Alder
chemistry,[' or using physical crosslinking such as reported with (AB)» segmented
copolymers.l'l The (AB). segmented copolymers belong to the class of physically
crosslinked hydrogels. These copolymers are based on reversible, non-covalent
crosslinks formed by hydrogen bonding, which allows the processing from the
melt.?8l The processability of (AB)» segmented copolymers with MEW provides
unique properties due to high-resolution printing and design flexibility, which makes
them interesting for optics,?! microfluidics,®% flexible electronic devices,?"l and soft
network composites!®? in materials science and soft robotics. This study investigated
the MEW processability of four different (AB)» and (ABAC)n segmented copolymers
combined of bisurea, hydrophobic poly(dimethyl siloxane) (PDMS), and hydrophilic
poly(propylene oxide)-poly(ethylene oxide)-poly(propylene oxide) (PPO-PEG-PPO)
segments (Figure 1). These copolymers have adjustable hydrophilic properties
depending on their content of PPO-PEG-PPO segments. Copolymer 1 is hydrophobic
due to the PDMS segments, whereas copolymer 4 is hydrophilic due to the PPO-
PEG-PPO segments. Copolymers 2 and 3, however, have different hydrophobic and
hydrophilic properties depending on PDMS and PPO-PEG-PPO segment contents.
(AB)n and (ABAC)n segmented copolymers are ideally suited for MEW due to their
physical crosslinks reversibly disassemble and assemble upon heating and cooling,
respectively. For all copolymers, MEW processing conditions such as molten polymer
temperature, applied pressure, voltage, tip to collector distance, and collector
speed?® 29 were systematically investigated, and the fiber diameter was correlated
with the pressure and collector speed. The copolymers used in this study have
unique properties compared to polymers, which have been already processed with
MEW including i) thermally reversibility, ii) a highly smooth surface, iii) transparency,
iv) strong inter-layer bonding between the fibers, and v) adjustable hydrophilic and
hydrophobic behavior. The morphology, mechanical properties, cytotoxicity, and cell
adhesion behavior of the copolymers and the MEW scaffolds were examined.
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2 13 80 7
3 15 53 32
4 19 0 81

Figure 1. Chemical structures of the (AB), segmented bisurea copolymer 1 and 4, and the
(ABAC), segmented copolymers 2 and 3. In all cases, the bisurea segments contain a
hexamethylene unit. The copolymers differ in the content of the different segments as listed
in the table.

2. Results and Discussion

2.1. Copolymer Properties

The (AB)» segmented copolymers are composed of bisurea segments and
hydrophobic PDMS or hydrophilic PPO-PEG-PPO segments (Figure 1). Furthermore,
the (ABAC)n segmented copolymers contain all three segments: besides bisurea,
both hydrophobic, and hydrophilic segments are now incorporated in the same
polymer chain by varying compositions. The bisurea segment is responsible for the

thermoreversible physical crosslinking of the copolymer chains due to the formation
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of strong hydrogen bonds. The hydrophobic PDMS segments provide mechanical
stability, while water uptake is governed by the hydrophilic PPO-PEG-PPO
segments. The hydrophilicity and thus water uptake can be adjusted by varying the
ratio of PDMS to PPO-PEG-PPO segments. Extensive details on the polymer
synthesis and resulting bulk properties can be found elsewhere. [l

2.2. MEW Processing

For the successful printing of MEW constructs, the polymer melt viscosity at
the processing temperature is an important parameter. Thus, the melt viscosity
should be low enough to allow extrusion through the fine nozzle at pressures
governed by the experimental setup. As shown in previous studies on similar (AB)n
segmented copolymers,['® 171 complex melt viscosities are comparable to viscosities
obtained by rotational measurements, thus comply with the Cox/Merz relationship.
The complex melt viscosity (n*) for the copolymers 1 to 4 upon cooling from the melt
was measured at the MEW processing temperature of 100 °C by oscillatory shear
rheology and are depicted in Figure 2. At this temperature, n* was found in the range
between 40 and 500 Pa s, thus suitable for MEW in the existing MEW printer
configuration. Upon heating, the physical crosslinks of the urea bonds disaggregate
into a viscous melt and, when cooled, the viscosity curves show a sudden increase
between 70 and 40 °C. This increase in viscosity is caused by the distinct hydrogen
bond reaggregation typical for hexamethylene urea groups. At room temperature for
all segmented copolymers, the n* is around three orders of magnitude higher
compared to the values in the melt. Thus, a fast solidification of the printed MEW
constructs is expected.
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Figure 2. Complex melt viscosity (n*) versus temperature, shown are the first cooling curves
of copolymers 1, 2, 3, and 4. Values of n* at the MEW processing temperature of 100 °C are
listed also in the plot. (Conditions: oscillating shear rheology utilizing a plate-plate geometry

(25 mm) at 1 Hz with a cooling rate of 2 K min™).

While MEW is a multi-parametric manufacturing technology, which is typically
optimized for each polymer, here we aimed to process the four different copolymers
under similar conditions. When using identical processing parameters — applied
pressure and collector speed included — notably different jet behaviors resulted for
copolymers 1 to 4 (Figure 3 and Video S1, Supporting Information). The critical
translational speed (CTS) is when the collector speed matches the molten jet speed
and is determined experimentally as a straight line 3 of the polymer jet towards the
collector as seen for copolymer 3 (Figure 3C). Increasing the collector speed beyond
the CTS increases the lag of the jet, as observed for copolymer 1 and 2 in Figure
3A,B, and affects the accuracy of the printed constructs.*5 361 For copolymer 4, the jet
speed is slightly faster than the collector speed and a pronounced heel appears,

where the jet moves ahead of the nozzle (black arrow; Figure 3D).
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Figure 3. Jet behavior of four different copolymers using the same processing parameter
(100 °C, 1000 mm min~", 1 bar, and 3 kV, see red box on the graph). Copolymers 1 A), B) 2,
C) 3 have a typical jet lag which can be seen when the collector speed is faster or equal to
CTS, and the fibers are straight; however, copolymer D) 4 has a pronounced “heel” typical
when the collector speed is lower than the CTS, and it advances in front of the nozzle and
the fibers are non-linear (scale bar:1 mm) (see Video S1, Supporting Information). E) Effect
of pressure and collector speed on the fiber diameter for the copolymers 1 to 4 at 100°C of

melt processing temperature, 2.2 mm of collector distance, and 3 kV of applied voltage.

Parameters such as applied voltage (3 kV), collector distance (2.2 mm) and
melt processing temperature (100 °C) were kept constant for all four copolymers. The
influence of the applied pressure and collector speed was investigated and is shown
in Figure 3E. The thinnest fiber diameter, 7.6+3.0 ym, was achieved using 2800 mm
min~" collector speed and 1 bar for copolymer 1. The thickest fiber diameter was
obtained using a low collector speed of 500 mm min~' and 1 bar, which results in
59.0+12.5 ym for copolymer 4. In general, and in line with previous studies for other
copolymers,®1 the fiber diameter decreases with increasing collector speed due to
the mechanical stretching of the jet. An increase in the pressure also resulted in a

thicker fiber diameter due to increased mass in the jet.

The fiber diameter did not significantly reduce at speeds greater than 1500
mm min~"! for both applied pressures of 0.5 and 1 bar. The fiber diameter at 1 bar
resulted in fiber pulsing with long beading®¥ and substantially varied compared to 0.5
bar. Comparing the four copolymers, the viscosity and probably the ratio of PPO-
PEG-PPO segments in the copolymer appeared to affect the fiber diameter, with
copolymer 4 having the thickest fiber diameter. The CTS of copolymer 4 was also

higher than the CTS of the other copolymers. All copolymers generally printed well,
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and defined scaffolds could be readily fabricated. The stacking behavior of the fibers
was examined using square-shaped 10- and 20-layered constructs (Figure 4 and
Figure S1, Supporting Information). As previously reported, copolymer 1 has an
accurate and precise stacking behaviorl’®! while the copolymer 4 has lower shape
fidelity compared to other copolymers at the same processing parameters. All other
copolymers similarly stacked well; some defects begin occurring after 20 layers
(Figure S1, Supporting Information). The copolymers also stacked upon each other
with no observable deleterious interactions shown by Figure S2A,B, Supporting
Information, wherein copolymer 3 was MEW upon a square design scaffold of
copolymer 2. A rationale to research physically crosslinked polymers is that
increased self-healing for improved fiber fusion, important for overall mechanics. The
various swelling ratios or mechanical behaviors between different copolymers make
this of interest for soft robotics. Using similar MEW processing conditions help when
potentially switching between different copolymers while using a single nozzle — an
approach already adopted within for extrusion direct writing.[?® For the future
direction, the multi-material multi-nozzle 3D printing head could be used for MEW
and in combination with the adjustable properties of segmented copolymers, very tiny

voxelated soft matter can be generated.

Figure 4. SEM images of copolymers 1 to 4. A-D) Square-shaped MEW scaffolds with 500
pum inter-fiber distance presenting the accurate and precise MEW fibers on top of each other

for copolymer 1, 2, 3, 4 respectively (scale bar: 500 um). E—H) Well-stacked fibers on top of
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each other for copolymer 1, 2, 3, 4 respectively (scale bar: 20 ym), and I-L) showing the

smooth surface of the fibers for copolymer 1, 2, 3, 4 respectively (scale bar: 2 um).

2.3. Topographical Analysis of Fiber Surfaces

The influence of different segment ratios of the (AB)» and (ABAC)n segmented
copolymers on fiber topography was investigated using single layer MEW fibers with
20 um diameter for each copolymer. The fibers were printed between 800 and 2000
mm min~! with 3.0 kV, 1.0 bar, and 2.2 mm collector distance. The single layer,
straight and continuous copolymer fibers with a uniform diameter were used in the
study. The MEW fibers were extremely homogenous and exhibited a smooth fiber
surface for all the copolymers as seen by scanning electron microscopy (SEM)
(Figure 4l-L). Compared to other polymers investigated for MEW,['% 39 the
smoothness and roughness of the fiber surface are notable difference. Often,
morphological features such as spherulites!'? or striations®* indicating flow-induced
crystallization or microphase separation have been observed on the surface of MEW

fibers, when semi-crystalline polymers were processed.

It is well-known that the chemical structure, average molecular weight, polarity,
and volume fraction of the different segments strongly influence the morphology of a
copolymer.[*0: 411 Therefore, atomic force microscopy (AFM) was used to investigate
surface properties for the four different copolymers. AFM analysis suggests that the
ratio between the different copolymer components influences the topography of the
fiber surface (Figure 5). In particular, copolymer 4 fibers showed a rougher surface
topography compared to the other copolymers, with a root mean square deviation of
1.11£0.37 nm. In comparison, surface roughness of copolymers 1, 2, and 3 were
0.81+0.09, 0.44+0.04, and 0.42+0.04 nm, respectively. All surfaces have significantly
different roughness values compared to each other, except for the comparably
smooth surfaces of copolymers 2 and 3 (p < 0.005). Those roughness values are
smaller than MEW PCL.E®!
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Figure 5. AFM height images of the copolymers. Copolymer A) 1, B) 2, C) 3, and D) 4 (scale

bar: 200 nm). Height bar for all images shown on the right.
2.3. Inter-Layer Bonding Test

Bisurea segmented copolymers are also known for excellent bonding between
single layers, meaning that physical crosslinks re-assemble after breaking.l'”- 411 At
the MEW processing temperature, the bisurea segments disaggregate and reform
during fiber formation upon cooling, acting as physical crosslinks throughout the
polymer network. It is therefore expected that layers will strongly bond together at
intersection points. The inter-layer bonding of 20 ym MEW fibers from copolymers 1
to 3 are tested with Y-shaped constructs (Figure 6A). The design of Y-shaped
constructs is a fiber wall divided into two different walls to measure the strength of the
bonds between the layers. The constructs are bent backward by 180° and peeled
under uniaxial tensile loading condition shown in Figure 6B and C. Y-shaped
constructs of copolymer 1 are shown in Figure 6D before the test and of copolymer 3
after testing in Figure 6E. It is ensured that the bonded portion of the Y-shaped
constructs remains perpendicular to the applied force. Maximal force is calculated
using force—displacement curve (Figure 6F, G). During printing, collector speeds are
adjusted to achieve the same fiber diameters for all copolymers. However, such
different collector speeds will affect the jet cooling rate and therefore inter-layer
bonding. The collector speeds for Y-shaped construct are 800, 2000, and 2000 mm
min~" for copolymer 1, 2, and 3, respectively. All three copolymers have significantly
different maximum forces (Figure 6G), while copolymer 3 has the strongest inter-
layer bonding with 21+1 mN. The results show that the inter-layer bonding was
improved with the consisting of bisurea and PPO-PEG-PPO segments and the
increasing printing speed.[*?l The copolymer 4 could not be performed for this test
because this copolymer shows an adhesive behavior on the printed surface and
could not be removed without damage.
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Figure 6. The inter-layer bonding behavior of the copolymers at crossover junctions. A)
Rendered schematic of the test setup with two samples on metal pins. Inter-layer bonding
testing setup B) before starting the test and C) during the test for copolymer 3. D) SEM
pictures at crossover junction of copolymer 1 before the test and E) copolymer 3 after the
test (scale bar: 200 um). F) Force displacement and G) the average maximal force plot of the

copolymers 1, 2, and 3.

2.4. Contact Angle Measurement and Swelling Test

The surface hydrophilicity of the copolymers is examined on square-shaped
MEW 10-layer scaffolds with 200 uym inter-fiber distance. The scaffolds have 109 +
20°, 107£13°, and 9815° contact angles for copolymer 1, 2, and 3 respectively.
Copolymer 4 immediately dissolved, when the water droplet is placed upon it.
The swelling behavior of the MEW scaffolds is examined by measuring the difference
of the fiber width of 1-layer scaffolds and the area of 10-layer scaffolds, both with 500
pum inter-fiber distance, between in dry state and after the exposure to water for 3 h.
The fibers show a rapid swelling due to their small diameters. The maximum swelling
is reached immediately after the scaffolds were exposed to water (Figure S3,
Supporting Information). As expected, the degree of swelling increases with the
hydrophilicity of the copolymer from 1 to 4. Due to its hydrophobicity, copolymer 1
shows no swelling behavior. Swelling is investigated for copolymer 2 with 39% while
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copolymer 3 shows a swelling of 42% on fiber diameter; 3% and 22% swelling is

observed on 10-layer scaffold areas for copolymer 2 and 3, respectively.

2.5. In Vitro Cytocompatibility

Cytotoxicity of copolymers 1, 2, 3, and 4 is verified by elute test with L929
mouse murine fibroblast cells, as shown in Figure 7. Tissue culture polystyrene (PS)
is used as a negative control and normalization for cellular activity, while poly(vinyl
chloride) (PVC) is the positive control. The results of dsDNA amounts (Figure 7A),
metabolic activity (Figure 7B), and metabolic activity per cells (Figure 7C) were
normalized to negative control. Copolymers 1, 2, and 3 are non-cytotoxic. However,
the cytotoxicity of copolymer 4 is depending on the concentration, thus, the
copolymer displayed cytotoxicity in the range of 50-100%. The cytotoxicity of
copolymer 4 is attributed to the PPO-PEG-PPO segments, which behave as a

surfactant to the cell membrane.[43]
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Figure 7. Cytotoxicity tests of copolymer films using L929 murine fibroblasts A—C) and

viability of L929 murine fibroblast cells on MEW copolymers D-I). A) dsDNA amounts, B)
metabolic activity, and C) metabolic activity per cell determined via eluate testing using PS
and PVC as controls. Live/Dead staining (alive cells: green; dead cells: red) of attached L929
cells to MEW copolymers D—F) copolymer 1, 2, and 3 at day 1, G-I) at day 4, respectively.
The cell attachment is lower with the present of the PPO-PEG-PPO segments (scale bar:
100 um at (E-I), 50 pm at (D)).

Live/Dead staining is performed with L929 cells on MEW scaffolds (Figure 7D—
1), and cell viability is over 80% for copolymer 1, 2, and 3 at day 4. The attachment
and proliferation, as well as metabolic activity of L929 cells on the MEW scaffolds,
are determined via dsDNA content and metabolic cell activity at days 1 and 4 (Figure
S4, Supporting Information). The results of PicoGreen assay indicate that dsDNA
amounts are increased at day 4 compared to day 1 (Figure S4B, Supporting
Information). However, the cell attachment is lower on copolymer 3 at day 1
compared to copolymer 1 and 2 due to the bioinert nature of PPO-PEG-PPO

segments. Also, there is significantly less adhesion on the copolymer 3 scaffold
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compared to copolymer 1 and 2 at day 4. The metabolic cell activity on MEW
scaffolds is increased at day 4 except for copolymer 3 (Figure S4A, Supporting

Information). Copolymer 4 is not investigated due to its immediate dissolution.

3. Conclusion

In conclusion, (AB)» and (ABAC)n segmented copolymers are well compatible
with MEW at similar processing conditions. Smooth, well-formed fibers could be
formed across different chemical compositions that ranged from hydrophobic through
to hydrophilic. The fiber deposition can be well-controlled, enabling the fabrication of
complex and layer-by-layer structures. When in contact with cells, the scaffolds either
supported adhesion or dissolved without cytotoxic products at lower concentrations
indicating that this class of copolymers has broad physical properties. There are
several specialized areas such as capillary origami, microfluidic, flexible electronic
device, soft network composites, sacrificial materials where these copolymers could
have utility due to their unique surface properties, transparency, and adjustable
hydrophilicity.

4. Experimental Section

Materials

The (AB)» and (ABAC)n segmented copolymers (Figure 1) were synthesized
according to the previous work.['®17:331 Copolymer 1 is a hydrophobic (AB)n
segmented copolymer made of bisurea segments and PDMS segments. Copolymers
2 and 3 are amphiphilic (ABAC)» segmented copolymers consisting of bisurea
segments, hydrophobic PDMS segments, and hydrophilic PPO-PEG-PPO segments.
The ratios between bisurea, PDMS, and PPO-PEG-PPO segments are 13:80:7 wt.%
for copolymer 2 and 15:53:32 wt.% for copolymer 3. Copolymer 4 is a hydrophilic
(AB)» segmented copolymer and has bisurea segments and PPO-PEG-PPO

segments.
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Rheology

Oscillatory shear rheology experiments of the copolymers were conducted
using a Kinexus lab+ rheometer (Malvern Panalytical) at a cooling rate of 2 K min™"
and a frequency of 1 Hz. Samples with a thickness around 1 mm were investigated in
a 25 mm plate-plate geometry. First cooling cycle was recorded, whereas melting the

sample in the rheometer was considered as first heating.

MEW Device and Printing Parameters

All experiments were performed with a custom-built MEW printer as previously
described!"”! and syringes pressurized with N2 and regulated using a pressure gauge
(FESTO, Berkheim, Germany). Inside the MEW head, a 26-gauge nozzle with the
length of 5.4 or 7 mm (Unimed S.A., Lausanne, Switzerland) and a glass syringe
(FORTUNA® Optima, 3 mL, Poulten & Graf GmbH, Wertheim, Germany) with the
copolymer was heated by three ceramic electric heaters (Bach RS, Germany). The x-
y movement of the collector was controlled by linear stages and operated by G-code.
All MEW constructs were printed at an ambient temperature of 21.5£1.5 °C and
relative humidity of 35+2%. Furthermore, all copolymers were processed at 100 °C
and printability assessed using collector speeds ranging from 500 to 2800 mm min~’
for 0.5 to 1.0 bar. The scaffold printing ultimately was performed on between 800 and
2000 mm min~' at 1.0 bar.

Imaging

The average fiber diameters were measured by using a tabletop SEM
(TM3030, Hitachi High-Technologies Corporation, Mannheim, Germany) and a
crossbeam 340 SEM equipped with GEMINI e-Beam column (Carl Zeiss Microscopy
GmbH) with all samples imaged after platinum coating (Leica EM ACEG00, Wetzlar,
Germany). Video was recorded using a Nikon Z6 digital camera with Nikon ED 200
mm lens. Furthermore, the SEM FEI Quanta FEG 250 (Thermo Fisher Scientific) was
used for imaging the surface of the constructs. The untreated constructs were placed

in the sample chamber of the FEI Quanta FEG 250, and the measurements were
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conducted in the low vacuum mode (water pressure of 40 Pa in the sample

chamber).

Atomic Force Microscopy (AFM)

AFM imaging was performed in air on a Molecular Force Probe (MFP) 3D
system (Asylum Research, Oxford Instruments). Samples were scanned at 2.5 ym
s—1 in amplitude modulation mode using AC240 AFM probes with nominal resonance
frequency of =70 kHz and spring constant of 2 N m-1. Images were recorded at a
resolution of 1.95 nm pixel-1. Surface roughness values are given as averages from
8 to 14 different surface areas of 250 nm x 250 nm in at least two 1 ym x 1 um
images from independent fiber positions per sample and were measured as root
mean square height variations using the MFP software (Asylum Research, Oxford

Instruments).

Contact Angle Measurement and Swelling Tests

For the surface wettability test, MEW scaffolds with 10 layers with 200 um
inter-fiber distance were used. The measurement was performed with deionized
water using a static contact angle measurement instrument (Contact Angle System
OCAZ20).

For the swelling experiment, a 1-layer and a 10-layer MEW scaffold with 500
pum inter-fiber distance from every copolymer was exposed to deionized water at
ambient conditions. The swelling was monitored and recorded by microscope (Nikon
Dualphot 300). Pictures were taken for 3 h with a magnification at 10x. The fiber

diameter and scaffold size change were determined by using ImageJ.
Inter-Layer Bonding Test

The Y-shaped constructs and mechanical setup allowed to test fiber bonding
between layers shown in Figure 6A. Additional G-codes are provided in Supporting

Information. The inter-layer bonding was measured with an ElectroForce 5500 test

instrument (TA Instruments, USA) using a 250 g load cell, previously described.[44]
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Eluate and Direct Cell Cytotoxicity Testing

Eluate tests were performed according to ISO 10 993-5 applying L929 (ATCC,
Rockville, USA) cells. Copolymer films were incubated in cell culture media
consisting of Dulbecco's modified Eagle's medium, GlutaMax, 1%, 1 M HEPES, 1%
penicillin—streptomycin, and 10% FCS. Cytotoxic PVC platelets were used as a
positive control. Elution medium without any incubated material served as a negative
control while eluates prepared by material incubation for 48 h at 37 °C. Then,
suspended sediments were centrifuged and the supernatant was referred to 100%
eluate. Both 50% and 25% eluates were prepared by dilution with fresh cell culture
medium. WST-1 and PicoGreen assays were performed to determine metabolic L929
cell activity and DNA amount, respectively after 2 days of incubation. All samples
were tested at least in triplicates.

Cell adhesion experiments were performed with L929 cells, where a total of
500 000 cells were seeded on MEW 10-layer scaffolds with 500 or 250 ym inter-fiber
distance. Live dead staining, PicoGreen, and WST-1 assays were performed on day

1 and 4 according to manufacturer's instruction.

Statistics

One-way analysis of variance was performed for statistical analysis. Statistical

significance is defined as p < 0.05.
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3.2. Summary of manuscript Il

This work fabricated a 3D printed radial device that systematically determines the
matrices promoting cell growth and migration. The study is the first time that MEW has been
used to fabricate 3D in vitro tools rather than fabricate scaffolds. The radial device has eight
chambers, and four different Matrigel concentrations are distributed into chambers U87
glioblastoma cells are seeded into the cell depot. The cell growth and migration were
screened throughout all chambers for eight days. U87 cell growth and migration were
promoted by 6 and 8 mg mL"" Matrigel concentrations. Also, the effect of design and process

parameters on the printing accuracy of radial devices was systematically investigated.
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3.2.1. Manuscript Il

matrix 2

migration

matrix 3

Melt Electrowritten In Vitro Radial Device to Study Cell Growth and Migration
First published: 02 September 2020 at Wiley Advanced Biosystems
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Abstracts

The development of in vitro assays for 3D microenvironments is essential for
understanding cell migration processes. A 3D-printed in vitro competitive radial
device is developed to identify preferred Matrigel concentration for glioblastoma
migration. Melt electrowriting (MEW) is used to fabricate the structural device with
defined and intricate radial structures that are filled with Matrigel. Controlling the
printing path is necessary to account for the distance lag in the molten jet, the applied
electric field, and the continuous direct-writing nature of MEW. Circular printing below
a diameter threshold results in substantial inward tilting of the MEW fiber wall. An
eight-chamber radial device with a diameter of 9.4 mm is printed. Four different
concentrations of Matrigel are dispensed into the radial chambers. Glioblastoma cells
are seeded into the center and grow into all chambers within 8 days. The cell
spreading area demonstrates that 6 and 8 mg mL™"' of Matrigel are preferred over 2
and 4 mg mL™'. Furthermore, topographical cues via the MEW fiber wall are
observed to promote migration even further away from the cell seeding depot.
Previous studies implement MEW to fabricate cell invasive scaffolds, whereas here it

is applied to 3D-print in vitro tools to study cell migration.
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1. Introduction

Tissue regeneration, inflammation, and cancer progression are being
considered as the frontline in several tumor and tissue engineering paradigms, and
cell migration is an essential part of these scenarios.[' Migration is influenced by
chemotactic, topographical, and mechanotransductive cues from the extracellular
matrix.l?l Moreover, cell migration in the context of cancer metastasis is a complex

and important factor for understanding tumor progression.!

The most aggressive form of a primary brain tumor is glioblastoma multiforme
(GBM) which are highly invasive heterogenous tumors with a very low survival
rate.[ Surgical resection and chemo- or radiotherapy is commonly used for patient
treatment, however, tumor recurrence is very frequent. Importantly, GBM cells invade
and migrate along white matter tracts and brain blood vessels which promote tumor
dissemination.®’ Hence, it is critical to understand the basic process of tumor
migration and progression in order to develop new therapeutic drugs and treatment

regimens.

While therapeutic approaches that minimize GBM migration are logical,
another approach focuses on guiding these cells away from the tumor into
biomaterial reservoirs with the goal to reduce tumor size.[®l This diversional approach
is based on the placement of a tube filled with a matrix and oriented substrate that
provides topographical guidance cues at the tumor site. This results in the attraction
and guidance of migration of GBM cells into the tube, effectively reducing overall
tumor size. Therefore, in line with this study and the fact that GBM cells have an
affinity for white brain matter and blood vessels, it is important to develop new 3D in
vitro cell culture models to determine the optimal matrix composition that drives GBM

migration.

Novel research methods and tools provide an opportunity to study cell
migration during cancer metastasis!’! where loss of cell adhesion from the primary
tumor along with increased cell motility and invasion occurs. There is evidence from
3D microfluidic devices and microchips that matrix stiffness influences the migratory

and invasive capabilities of tumor cells through the structure characteristics.[!
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There have been significant advances to understand the process of cell
migration using in vitro models, which are cost-effective and easier to use compared
to in vivo studies. With existing in vitro assays, cell migration conditions are well-
defined, with many based on the traditional 2D cell culture methods.®! While simple

to use, they are challenged to recapitulate the 3D in vivo microenvironment.

Many assays have been developed to provide additional information, such as
the response of cells to biochemical, adhesive, topographical,'- and
mechanicall''l cues. The scratch assay, used widely for migration analysis, consists
of analyzing the movement of a monolayer of cells after a pipet tip is dragged along
the surfaces.['? Although this method is simple to use, scratch assays are not always
comparable to the physiological conditions. In contrast, 3D migration environments
would provide a better realization and analysis of cell migration by incorporating
chemotactic stimuli or topographical cues.['l The benefits of developing a
competitive in vitro migration assay are to test a spectrum of different

microenvironments at the same time.

Recent progress in additive manufacturing (AM) provides new fabrication
opportunities for in vitro migration models in terms of reproducibility, precision,
minimal volume of materials, well characterized microenvironment, and quantifiable
gradient generation.'"AM technologies such as fused deposition modeling,
stereolithography, and melt electrowriting (MEW) facilitate faster prototyping, short
times for manufacturing, and lower manufacturing cost.'y MEW is an AM technology
that uses sub-micron to micron scale diameter fibers as a building block while
controlling their orientation,!'®l generating structures with precise placement of fibers
and high surface to volume ratio.['’! Depending on the laydown pattern and inter-fiber
spacing, MEW scaffolds with different porosities and pore designs can be
fabricated.['® The fabrication of MEW structures with an increased build height might
be applicable for in vitro systems. The current maximum thickness of fabricated MEW

scaffolds is 7 mm.[19

For MEW, a molten polymer is delivered to a nozzle and stretched into low-
micron diameter fibers by applying an electrical field. The fiber size depends on
several parameters such as nozzle diameter, pressure, and collector distance, which

is the distance between the nozzle and the collector.l'®! The collector speed can
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affect the lag in the electrified molten jet and is therefore an important variable to
control the accuracy of MEW fiber placement. The threshold collector speed that
incorporates these parameters was named critical translational speed (CTS).2% The
vast majority of MEW scaffolds have been fabricated above the CTS mostly as
straight fibers and box-like structures, as it is difficult to predict where the fiber will
land when the collector is changing directions. Herein, we systematically investigated
the influence of collector speed and number of layers on the accuracy of circular-
shaped constructs to extend the design perspective for MEW. The goal of this
investigation was to create a MEW in vitro competitive 3D radial device toward the
rapid screening of different hydrogels and/or hydrogel concentrations/stiffness to test
cell migration of the human glioblastoma cell line U87. This 3D radial device could

also be adapted with different hydrogels and other cell types for future testing.

2. Results and Discussion

The structural frame of the competitive 3D in vitro radial culture device was
made using MEW of poly(e-caprolactone) (PCL). The small dimensions that we
aimed to use were not currently possible with conventional extrusion-based
technologies, or stereolithography, which have lower resolutions than MEW.
However, since most MEW research is based on linear fiber deposition, fiber
placement in this study is affected by continual changes in the direct-writing direction.
Due to the need to control the molten jet lag, fiber placement under these
circumstances was especially exacerbated by fiber pulsing phenomenon (Figure 1A).
Therefore, very stable printing parameters (Table S1, Supporting Information) were
necessary to achieve MEW fiber placement accuracy. The MEW printing conditions
used here resulted in a fiber diameter of 17.55+0.87 ym and the collector speed used
was 1.4xCTS to print the structural frame of the competitive 3D in vitro radial culture

device.
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Variable Lag  Maximum Lag Minimum Lag /

Cell Depot

——— .Matrigel

Figure 1. Overview of the competitive in vitro radial culture device. A) Schematic of the MEW
jet with the blue circle demonstrates a Taylor cone of the molten polymer and the
implications of fiber pulsing on jet lag (adapted under the term of Creative Commons 3.0
License.[20] Copyright 2016, The Authors, published by De Gruyter and adapted under the
term of Creative Commons 3.0 License.?"! Copyright 2018, The Authors, published by
IntechOpen.). B) Overview of the radial device design with the cell depot in the center (light
blue) surrounded by eight chambers used for matrix testing. In the present study, different

concentrations of Matrigel (red) were used.

Glass slides were coated with star-shaped NCO-poly(ethylene oxide-stat-
propylene oxide) (sP(EO-stat-PO)) except for a 3 mm circle at the center of the
device. This coating ensured the adhesion of the fibers during consequent washing
and handling. Each radial device was composed of a central cell depot (which was
devoid of the hydrophilic sP(EO-stat-PO) coating) and radially expanding matrix

chambers (Figure 1).

One general limitation of MEW addressed in the current design was that fiber
direct-writing is a continuous process and starting/stopping of the jet mid-print was
not practically implementable. A continuous path (Figure 1A) was developed so that
each printed layer had a similar height to the next. Several different design
reiterations using a continuous printing path (Figure S1, Supporting Information) were
investigated. The placement of cells in the central depot sealed the containers and
allowed different matrices to be dispensed and form a hydrogel within each chamber

of radial culture device (Figure 1B).

A 3D structure is produced by stacking the printed single fiber in a layer-by-
layer approach. Since the collector speed is 1.4xCTS, the electrified molten jet lands
on the collector behind the nozzle position. The designed radial culture devices
contain multiple direction changes, so it is critical to compensate the jet lag to attain

final reproducible structures. Therefore, we investigated the influence of collector

60


https://onlinelibrary.wiley.com/doi/full/10.1002/adbi.202000077#adbi202000077-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adbi.202000077#adbi202000077-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adbi.202000077#adbi202000077-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adbi.202000077#adbi202000077-fig-0001

speed and the number of printed layers (i.e., wall height) on accuracy, precision, and
dimensional consistency of the radial migration device. The determination of the
dimensional differences in printing path, actual fiber placement, and the build height

was therefore required.

The printing accuracy (Dacc) indicates how the actual maximal circular
diameter (Da) approximates the printing path of the nozzle, or the designed diameter
(Dp). To determine the printing accuracy, a series of circular structures with a
diameter size from 2 to 16 mm was printed and assessed at different speeds
(Figure 2). There was a clear improvement in the printing accuracy with larger
circular paths (Figure S2A,B, Supporting Information) as well as with reduced
collector speed close to the CTS (Figure S2C, Supporting Information). The accuracy
of a 20 layer circular structure at 1xCTS, 2xCTS, and 3xCTS with the groups from 2
to 12 mm exhibited significantly different Dacc values for each speed (Figure 2B).
The accuracy of the circles was inversely proportional to the collector speed due to
the growing lag between the nozzle and the jet contact point. In contrast, circles with
a 16 mm diameter did not show any significant difference at these different speeds
(p1xcTs-2xcTs =0.967, p3xcts-1xcts =0.069, p3xcrs-2xcts = 0.127). Dacc values for 16 mm
were 94.6+2%, 94+1%, and 93.1£1% at 1xCTS, 2xCTS, and 3xCTS, respectively.
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Figure 2. Effect of collector speed and construct height on geometrical accuracy. A)
Schematic of MEW circular structure. B) Diameter accuracy of the circle size 2 to 16 mm at
different collector speeds for 20 layers (pixcts-2xcTs, PixcTs-3xcTs, Paxcts-3xcts<0.0001 for 2 mm;
PixcTs-2xcTs, PixcTs-3xcTs<0.0001, paxcrs-axcts=0.960 for 4 mm; pixcrsaxcTs, PixcTs-3xcTs, P2xcTs-
3xc15<0.0001 for 8 mm; pixcrs-2xcts, P1xcTs-3xc1s<0.0001, paxcrs-axcts = 0.915 for 12 mm; pixcrs-
2xc15=0.967, pixcts-3xc1s=0.069, poxcrs-axcts=0.127 for 16 mm). C) Different number of layers
for 2xCTS (p10L-20.=0.696, p10L-30.=0.261, p20L-30.=0.933 for 2 mm; pior-20L, P20L-30.<0.0001,
P1oL-30.=0.142 for 4 mm; p1oL-20.=0.021, p1oL-30.=0.283, p20L-30.<0.001 for 8 mm; p1oL-20L, P2oL-
30.<0.0001, p1oL-30.=0.157 for 12 mm; p1oL20.<0.01, p1oL-300.=0.287, p2oL-30.<0.001 for 16 mm).
D) The inward tilting index (T;) at different collector speeds at 20 layers (pixcrts-2xcts=0.177,
PixcTs-3xcTs, P2xcTs-3xc1s<0.0001 for 2 mm; pixcrs-2xcts, PixcTs-3xc1s<0.0001, paxcrs-axcts=0.001
for 4 mm; pixcrts-2xcts=0.101, Pixctsaxcts<0.0001, paxcts-axcts<0.001 for 8 mm; paxcrs-
2xc15=0.445, pixcts-axc1s=0.962, paxcts-axcts=0.306 for 12 mm; and pixcts-2xcts=0.230, pixcrs-
axc1s=0.991, paxcrs-axcts=0.283 for 16 mm). E) T; of circle size from 2 to 16 mm on different
diameter layers at 2xCTS (p1o.-200=0.078, pior-30, P20.-30.<0.0001 for 2 mm; pior-20L, PzoL-
30.<0.001, p10-30.<0.0001 for 4 mm; p1or-200=0.130, p1oL-30.<0.01, p2or-300=0.221 for 8 mm; p1oL-
200=0.434, p1oL-30.=0.625, p2or-300=0.493 for 12 mm; and p1oL-200.=0.089, p1oL-30.=0.953, p2oL-30L

=0.158 for 16 mm). F) Relative error of height of 10 mm circle diameter at 1.4xCTS and
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2XCTS (p10.=0.0727; p20.<0.0001; p30.<0.001). All the experiments have been performed
with three independent samples (n = 3) (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).

The effect of increasing the number of layers on the Dacc at 2xCTS was also
investigated for 10, 20, and 30 layers (Figure 2C). The 2 mm diameter of circular
structures exhibited no significant difference on the Dacc with increased layers. The
accuracy, however, of 4, 8, 12, and 16 mm diameter circles was significantly different
at 20 layers compared to 10 and 30 layers (Figure 2C). Interestingly, the small
diameter circles were cone-shaped, especially at higher collector speeds (Figure 2A).
At collector speeds above the CTS, the inward tilting of the fiber wall was previously
observed for sinusoidal MEW structures.??l However, the previous study did not
investigate the effect of the printing speed and the number of layers on inward tilting
of walls. Such inward tilting of the wall into a cone shape can be measured by
comparing the diameter of the first printed layer to the diameter of the top printed
layer. The variability of different diameters was calculated using the following formula
(1) in order to compare the inward tilting of the circular structures.

Ti=>2=22 x 100 (1)

where Tiis the inward tilting index, Da is the bottom, and Dr is the top layer diameter.
Figure 2D shows the influence of the collector speed on Tifor different circle
diameters using 20 layers printed at 1xCTS, 2xCTS, and 3xCTS, where Ti decreased
with increasing circle diameter. Tivalues were 22+2%, 6.9+1%, 1.4£0.9%, 1.6£1%,
and 1.07+0.7% at 1xCTS for 2, 4, 8, 12, and 16 mm circles. No significant differences
were observed between Tivalues at 1xCTS, 2xCTS, and 3xCTS of circles with a
diameter of 12 and 16 mm. Next, the consequences of decreased and increased
layers of the circular structures and the printing speed on dimensional accuracy were
evaluated (Figure 2E). Ti values revealed no significant differences between 10, 20,

and 30 layers for 12 and 16 mm diameter circles.

The height of a MEW construct is expected to correspond to the number of
layers multiplied by the fiber diameter. However, we found that fiber layers fuse
differently depending on the collector speed. Concomitantly, the jet lag increased and

affected jet cooling. As a consequence, fiber layer fusion led to decreased construct
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height compared to the expected height. The relative error of the expected height
versus the actual height for 10 mm diameter circular structures at 2xCTS and
1.4xCTS for 10, 20, and 30 layers is presented in Figure 2F. An increase in the
number of fiber layers resulted in a larger difference between the expected and
actual heights at least for a collector speed of 1.4xCTS. For the ten-layer group, the
relative error of height of circular structures at 2xCTS is similar to 1.4xCTS. However,
the relative error of the circles for 20 and 30 layers at 2xCTS is significantly lower
than 1.4xCTS. The relative error of 10 mm scaffolds at 2xCTS is 10.2+2% and
9.9+4% for 20 and 30 layers, respectively. Since the collector distance does not
change during printing, it is possible that with increased build height melting of the
upper layers might occur due to increased proximity to the MEW head. Recently,
Wunner et al. elaborated that the distance between the top layer and printing head
can be kept constant by adjusting the z-axis while increasing the voltage!' to
produce superior layering. Adopting such parameters to our approach might preserve
the electrostatic force, improve fiber stacking, and prevent excessive fusion between

layers.

For the cell assay, three different groups (10 layers, 20 layers, 30 layers) of
migration devices were characterized and compared (Figure 3). Representative
scanning electron microscope (SEM) images of the three different scaffolds with their
turning points created by the MEW jet for different layers are shown in Figure 3A-I.
Based on the printing outcome and in line with the goal to minimize the size of the
migration device, the final cell culture system had a diameter of 9.4+0.1 mm, a wall
height of 30 layers (around 350 um), and a wall thickness of 17+1 ym. Additionally,
the internal reference rings were introduced every ten layers at a spacing of 2 mm
apart to provide a visual guide and prevent the dispensed cells from being drawn into
the chambers due to surface tension (Figure 4A and Figure S2D, Supporting

Information).
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20 Layers 10 Layers

30 Layers

device. A,D,G) show 10, 20, and 30 layers (green box) and its effect on B,E,H) the point of
the wall where fibers double back upon themselves (red box) and C,F,l) integrated corners

(blue box). Scale bar in A-l is 200 um. J) is a composite SEM image of a 30 layers radial

culture device. Scale bar represents 2 mm.
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Figure 4. Glioblastoma cells prefer Matrigel concentrations of 6-8 mg mL™". A) SEM image
of a radial device. B) Fluorescent staining of U87 cells for B-actin (green) and nuclear DNA
(4',6-diamidino-2-phenylindole, blue) at day 8 after seeding. C) 3D reconstruction. D)
Schematic overview of a radial device showing the calculated cell growth areas in Matrigel at
various concentrations (2 mg mL™", pink; 4 mg mL™", violet; 6 mg mL™", light blue; 8 mg mL™",
light green) at indicated time points (days 1, 4, and 8). Values were obtained from six
independent experiments (n=6). The bar diagrams (right) show the relative cell growth in
different Matrigel concentrations at day 8. D4, D2, and Ds demonstrate the representative
images of U87 cell growth at days 1, 4, and 8. The pink and blue dotted lines show the
printed rings after 10 and 20 layers which help for orientation of cell growth. The red arrow
points to densely packed tumor cells growing from the bottom to the top of the Matrigel. E)
Mean area of cell growth from all experiments. Note, cells prefer stiffer matrices of 6 and
8 mg mL™" of Matrigel. Values of significance *p=0.044 for 6 mg mL™' compared to 2 mg
mL™". F, G) Calculation of the cell invasion front at day 8 (schematic view in (F)). G) Mean
distances to the invasion front at day 8 in different Matrigel concentrations (five data points

obtained for each concentration of Matrigel; six independent experiments were
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analyzed, n=6). The distance to the invasion front is significantly enhanced at 6 mg

mL~" compared to 2 mg mL™" (*p =0.037).

A human glioblastoma cell line, U87, was used to assess the competitive 3D in
vitro radial culture device with respect to cell growth and migration. Different Matrigel
concentrations within separate chambers facilitated U87 cells to determine a
preferred matrix for migration and growth. A total of 30 000 cells in 4 mg mL™" of
Matrigel were seeded as a droplet into the center of the pre-warmed MEW device
(Figure 4A) to seal off the chambers. Four increasing concentrations (2, 4, 6, and
8 mg mL™") of cell-free Matrigel were added into the eight surrounding chambers of
the radial devices (Figure 4D), and U87 cells were cultured for 8 days. At day 8, the
cytoskeletal protein B-actin and the nuclei of the U87 cells were stained and then
reconstructed into 3D images (Figure 4B and Video 1, Supporting Information). U87
cells formed a dense cellular network as shown in an example from a chamber
containing 6 mg mL~" Matrigel (Figure 4C). Each matrix has a neighboring chamber
with an identical matrix concentration, where the MEW fiber wall could be assessed
for topographical migration. The areas of cell distribution were monitored at days 1, 4,
and 8 (Figure 4D-D3,E). The lowest percentage of cells was present in 2 mg mL™" of
Matrigel (14+2.8%, Figure 4E). The calculated areas of U87 cells at different days
after seeding from six independent experiments (n = 6) showed a strong preference
toward 6 and 8 mg mL™" of Matrigel (33+6.3% for 6 mg mL™", 31.2+8.4% for 8 mg
mL~", Figure 4E). The mean values demonstrate a significant increase of tumor cell
growth in 6 mg mL™' compared to lower Matrigel concentrations of 2 mg mL™" (p <
0.05; Figure 4E). It is notable that there is also some topographical guidance of the
cells due to the MEW fiber walls, Figure 4D1-D3).

The importance of matrix stiffness for brain tumor growth has been shown in
various reports.[?3l For glioblastoma, it has been demonstrated that matrix stiffness
influences morphology, proliferation, and migration.l? Similar effects on morphology
and proliferation have also been described for primary cells of the brain, e.g.,
microglia and astrocytes.[?®l The matrix used in the present study, up to 8 mg mL™" of
Matrigel, is very soft as determined previously!?®l (66+4.4 Pa for 8 mg mL™"and
31+5.6 Pa for 4.5 mg mL™"). The elastic modulus of 6 mg mL~' Matrigel was assigned
with 48+9.2 Pa; n=3) and is similar to values reported for the normal brain, whereas

tumors have been found to prefer material with a stiffness above
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100 Pa.l?l Enhanced growth and migration of the glioblastoma cell line U87 noted at
higher Matrigel concentrations (6 and 8 mg mL™") is reflected in our radial culture
device, although biochemical signals also play a role. The calculation of the invasion
front at different Matrigel concentrations reflects the data from cell growth. The
furthest distance (in mm) where cells have migrated/proliferated from the center in 8
days was observed at 6 mg mL~" Matrigel (3.2+0.4 mm compared to 1.9+0.2 mm with
2 mg mL™", *p<0.05; 2.4+0.5 mm for 4 mg mL™", and 2.6+£0.4 mm for 8 mg mL~", both
did not reach significance compared to 2 mg mL™"). The use of our radial device
together with differential extracellular matrix densities and compositions in future
experiments—especially defined matrices with immobilized cues!?® 2°l—will allow the
identification of formulations which either further increase or decrease the tumor
migration behavior. The encouragement of GBM cells to migrate was part of certain
biomaterial-based paradigms to reduce brain tumor volume in vivo.l! To enhance
spatio-temporal resolution of the cellular processes, a combined approach using
automation of the matrix dispensation in the radial device together with real-time
measurements to study the migratory capability of the cells®dand a quantitative
approach to investigate changes in gene expression profiles are needed to better
understand tumor cell dynamics. Besides dissecting cell-matrix interaction, the radial
device is further suitable to investigate the migratory behavior of cells upon co-

culturing with other cell types present in the in vivo situation.i?® 31

MEW remains a young AM technology, that is currently focusing on the
fabrication of scaffolds or matrix-reinforcing structures for tissue engineering® or
biofabrication.!*3 However, MEW could also be used for the fabrication of precise and
advanced in vitro systems. The limits of MEW resolution in this context reported here
give insight where this AM technology can potentially contribute to establishing
improved 3D in vitro assays, including radial migration. With further automation and
experiment digitization, this newly developed MEW 3D in vitro radial cell culture
device may be suitable to investigate cellular migration and could facilitate rapid
screening and reiteration of different hydrogels in a competitive manner. The
presented methodology has applicability to other cell types to study individual cell

migration parameters such as cell trajectories, accumulated distance, and speed.

Initially, our in vitro model provides a tool for analyses of glioblastoma

migration in 3D environments composed of different hydrogels, encouraging future
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studies with co-cultures or other applications such as drug screening. Due to the
ability of soluble cues to migrate between chambers, however, future designs would
include matrices (or fibers) with tethered bioactive molecules,**so that clear

distinctions between chambers are easier to elucidate.
3. Conclusion

In this study, MEW was used to fabricate a 3D radial migration device in order
to establish a competitive assay for glioblastoma cell migration. Fabricating such a
radial migration device using MEW, however, required a constant change in the
printing path for MEW, while maintaining a continuous fiber during the printing
process. With the current design of the radial device, we determined the printing
effects on the radius of the final dimensions. Moreover, we showed the influence of
the collector speed and wall height to the fabrication accuracy. The radial device was
successfully established and functionally tested using a glioblastoma cell line
implementing different matrix concentrations. Such a competitive migration device is
applicable for other cell types and we predict that, when further automated, it could

represent a useful tool to screen a spectrum of different matrices.

Experimental Section

Materials

Pellets of medical-grade PCL (Corbion Inc., Netherlands, PURASORB PC 12,
Lot#1712002224 05/2018) were used after appropriate storage.! The chemically
reactive macromer, six-armed star-shaped NCO-terminated sP(EO-stat-PO) was
provided by DWI Leibnitz Institute for Interactive Materials (Aachen, Germany) with a

molecular weight of 12 000 g mol™.

NCO (sP(EO-stat-PO))-Coated Glass Slides

MEW constructs for the radial device were printed onto a glass slide coated
with a chemically reactive surface based on sP(EO-stat-PO) as previously
described,® except for the center (3 mm in diameter) of the radial device. Briefly,
glass slides were cleaned by acetone, distilled water, and isopropanol for 5 min
followed by air drying. Then, the slide was activated with oxygen plasma treatment in

the plasma generator (Pico low pressure plasma system; Diener electronic,
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Ebhausen, Germany) in a vacuum of 0.3 mbar for 20 min. Afterward, slides were
placed in a desiccator with 3-aminopropyl-trimethoxysilane for surface activation.
Slides were then removed and 10 mg mL™" sP(EO-stat-PO) in 10% tetrahydrofuran
solution in MilliQ water was loaded onto the glass slides and distributed with
rotational spin coating homogenously at 2500 rpm for 40 s.

Design Optimization and Printing of the MEW Radial Device

The structural frame of the radial migration device was printed using an in-
house built MEW machine [37] which was based on a x-y slide system and controlled
via a G-code (A3200 Motion, version 4.09.000.0126, Aerotech Inc., Pittsburgh, USA).
An electrical heater was utilized that contained a 22-gauge nozzle with Luer Lock
(Carl Roth, Germany) and a syringe filled with PCL. The final parameters were a
melt-temperature of 90 °C, an applied voltage of 5.5 kV, a pressure of 0.4 bar, and a
collector distance of 3 mm. A pressure control valve (SMC, Germany) was operated
with air for delivering the molten polymer to the nozzle. The structural MEW-frames
were printed onto sP(EO-stat-PO)-coated glass slides except for the center of the cell
depots using parameters previously described for circular constructs, combined with
a collector speed of 1.4xCTS. Internal reference rings were introduced into the G-
code at a spacing of 2 mm apart smaller circles every ten layers. The CTS was
determined at 90 °C for a single-layer circular pattern. Circles were MEW between
1xCTS and 3xCTS with 2, 4, 8, 10, 12, and 16 mm diameters at 10, 20, and 30
layers to determine the printing accuracy. The actual diameters and heights were
exhibited using the stereomicroscope software (Zen 2.3, Discovery V20, Carl Zeiss
Microscopy GmbH, Gottingen, Germany). For each circle, five lines were drawn
through the center. The average determined from five lines was used as the actual
diameter of the circle. The effect of layer number on the height of the printed
structures was investigated. Images of the different structures harboring different
numbers of layers (10, 20, 30 layers) were taken by using stereomicroscope. The
height of the printed structures was determined using the stereomicroscope software
(Zen 2.3). For every circle, perpendicular lines were drawn of which the average was

used as the mean height of the structures.
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Imaging of Radial Cell Culture Devices

A stereomicroscope (Discovery V20, Carl Zeiss Microscopy GmbH, Goéttingen,
Germany) and a Crossbeam 340 scattering electron microscope equipped with
GEMINI e-Beam column (Carl Zeiss Microscopy, Goéttingen, Germany) were used for
imaging the printed samples. Prior to SEM, the samples were first sputter-coated with
4 nm platinum (Leica EM ACEG600, Wetzlar, Germany).

Rheology

Viscoelastic measurements of Matrigel Lot #9021355 at a concentration of
6 mg mL~" were performed with a Physica MCR 301 rheometer (Anton Paar, Graz,
Austria). Using a 25 mm diameter parallel plate configuration with 0.5 mm gap size,
0.5 mL of pre-chilled Matrigel samples were dispensed onto a 4°C-cooled lower
plate. After elevating the temperature to 37 °C for 45 min to crosslink the Matrigel,
the linear viscoelastic (LVE) region was determined through an amplitude sweep
from 0.01% to 100% strain at 1 Hz. The oscillatory frequency sweep was performed
within this LVE (0.1% strain; 0.1-100 Hz) to observe the dynamic rheological
behavior at 37 °C. All rheological experiments were performed in triplicates using a
fresh sample each time. The gel region was monitored below 10 Hz (G'> G") for all

concentrations.

Migration Device Assembly and Cell Seeding

The U87 cell line was obtained from ATCC (HTB-14; ATCC - Global
Biosource Center, Manassas, VA, USA). U87 cells were grown in Minimum Essential
Media (MEM, Life Technologies, Darmstadt, Germany). The medium was
supplemented with glutaMAX (200 x 10-3 M) and sodium pyruvate (100 x 10-3 ™),
penicillin (50 U mL™")/streptomycin (50 ug mL™"), and 10% fetal calf serum. Cells
were grown in an incubator at 37 °C and 5% COz2. Cells were split twice a week using
trypsinization with accutase (A1110501, Thermo Fischer Scientific, Darmstadt,
Germany).

Prior to seeding, radial devices were subjected to UV light for 20 min and
washed once with 70% ethanol and afterward with dH20. A total of 30 000 cells were
mixed with Matrigel (Corning, NY, USA) (final concentration 4 mg mL~") and placed
as a drop into the center of the radial device in a total volume of 6 pL. The cell-laden
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droplet was allowed to polymerize for 2 min at 37 °C. Following polymerization of the
cell-laden droplet in the center of the radial device, Matrigel (6 uL for each chamber)
at four different concentrations (2, 4, 6, 8 mg mL™") was dispensed in eight different
chambers surrounding the cell plaque and incubated at room temperature in the cell
culture hood for 2 min to allow polymerization at 37 °C. Following polymerization, the
device was filled with 7 mL of MEM medium. The growth of the cells was

documented within each chamber at days 0, 1, 4, and 8 after seeding.

Immunocytochemical Staining

Cells were fixed using 2% paraformaldehyde for 20 min at 21°C. Following
three washing steps with phosphate-buffered saline (PBS), cells were permeabilized
by PBS, 5% bovine serum albumin (BSA), 0.1% Triton-X-100. Cells were incubated
with ActinGreen 488 ReadyProbes reagent (1:50 in PBS, 5% BSA, R37110, Thermo
Fischer Scientific, Darmstadt, Germany) for 2 h at 21 °C. Cells in the radial device
were washed three times with PBS. Stained cells were mounted using ProLong
Glass Antifade Mountant with NucBlue (Thermo Fischer Scientific, Darmstadt,
Germany). Images were taken with an Olympus microscope (Fluoview ix1000,
Olympus, Hamburg, Germany). Merged image stacks of 1 um (62 total) were used to
prepare a video of U87 cells in the 3D surrounding. Imaris 7.7.2 was used for 3D
reconstruction (Oxford Instruments, Abingdon, UK).

Experimental Design and Statistical Analysis

MEW radial devices: Dacc and Ti values of the circles were compared using
the Tukey's multiple comparisons test (one-way analysis of variance (ANOVA))
(Origin Pro, 2018b, OriginLab Corporation, Northampton, MA, US). Unpaired t-test
was performed to compare the relative error of the height between different speeds.
The three different independent samples were printed and a total of 15 diameter
measurements were performed for each speed. Statistical significance was
determined using a one-way ANOVA test (p-values below 0.05 were considered

significant).

Experiments including cells were performed in six independent biological
replicates (unless otherwise stated). The number of experiments for analyses were

presented in the legends to the appropriate figures.
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Microscopy, image acquisition: Images from grown cells were taken using a
Leica DM IL LED (Leica, Wetzlar, Germany) microscope together with a Samsung
mobile device 16 Megapixel (CMOS), F1.9-Blend. For analyzing cell spreading, the
radial device was divided into nine areas: the center and eight radial sections
containing different concentrations of Matrigel. From each section, a picture was
taken. The combined images gave rise to an entire radial device at the timepoints
investigated (days 1, 4, and 8). The images were further developed and organized by
Adobe Photoshop and lllustrator software (Adobe) or Corel Draw (Corel Draw X6).
Image analysis for quantification: processing of images using ImageJ.[38]

For each quarter (two chambers contain the same Matrigel concentration) of
one radial device, the total size was measured by framing the quarter manually with
the area selection tool. The pixel number of one quarter was set to 100%. Within
each quarter, the area containing cells were measured by framing (area selection
tool). The corresponding number of pixels was taken to calculate the percentage

compared to the total area (relative cell growth [%]).

The cell invasion front was determined by the distance from the center to the
farthest point that cells were migrated/proliferated at day 8 after seeding. The parallel
dimension tool (Corel Draw X6) was used to calculate the distance (in mm). For each
quarter (with two chambers always containing the same Matrigel concentration) of
one radial device, a total of five measurements were performed (see Figure 4F). The
mean value for the invasion front was further calculated using GraphPad Prism
Software. Quantification of data obtained from cell distribution analysis and invasion
front determination within the radial devices were compared using the unpaired two-
tailed t-test (GraphPad Prism, GraphPad Software, San Diego, CA, USA) with a
probability of error of p < 0.05 was considered significant.
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3.3. Summary of manuscript Il

Many people worldwide suffer from neurological diseases. Changes in the
brain microenvironment accompany neurological disease progression, and
approaches that adequately reproduce these biochemical, biophysical, and cellular
alterations are critical for evaluating repair outcomes or progressive degeneration.
Biofabrication may be utilized to create in vitro models to understand better how the
brain microenvironment influences disease progression of neurological diseases. In
the present study, we established in vitro models to investigate the influence of 3D
printed scaffolds design and preference of coated peptides on two different cell
types, astrocytes, and glioblastoma U87 cells terms of theirs phenotypic changes.
Box and triangle-shaped MEW scaffolds were coated with peptides such as RGD and
IKVAV, peptide sequences of extracellular matrix proteins such as fibronectin or
laminin, to simulate their complex microenvironment. The results showed that

scaffolds design and biochemical cues affect the cellular shape.

78



3.3.1. Manuscript Il

Altering the cell morphology on surface-functionalized melt electro-
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Abstract

Changes in the brain microenvironment accompany neurological disease
progression, and techniques that effectively replicate these biochemical, biophysical,
and cellular changes are important to assess repair outcomes or progressive
degeneration. In vitro models that recapitulate the brain microenvironment is one
such approach. This study uses a high-resolution three-dimensional (3D) printing
technology to provide a structural and topographical framework or scaffold that can
be peptide-modified to identify phenotypic alterations in astrocytes and glioblastoma
cells. The 3D-printed scaffolds have a 0/90° and 0/45/90/135° laydown pattern that
provides box- and triangle-shaped pore morphologies. Furthermore, these scaffolds
are coated with RGD and/or IKVAV peptides to simulate sequences in fibronectin and
laminin, respectively. Both the scaffold design and peptide sequence were found to
affect the cellular area and eccentricity. Furthermore, scaffolds with a 200 ym
interfiber spacing and peptide coating, especially RGD and IKVAV coated scaffolds,
results in increased cell area than non-coated scaffolds. The results established
some fundamental aspects that may be expanded upon to understand better the
function of scaffold architecture and biochemical cues on cells that originate in the

brain.

81



1. Introduction

Neurological disorders affect millions worldwide, including traumatic brain
injury, stroke, primary and metastatic brain tumors, and neurodegenerative diseases
[1]. In 2016, there were around 70 million cases of traumatic brain injury, 3,000
central nervous system cancers, and 8 million stroke cases in the world every year
[1, 2]. These diseases are predicted to rise due to their prevalence among the elderly
and increased population life expectancy. The severe and often terminal nature of
these diseases underscores the urgent need to develop new experimental tools as
disease models and therapeutic strategies to stop disease progression or predict
improved regeneration outcomes. It is known that changes in the brain
microenvironment accompany disease progression, although it is unclear how these
biochemical, biophysical, and cellular aspects contribute to repair results or ongoing

degeneration [3].

Biofabrication technologies have been utilized to create several in vitro models
to understand better how the brain microenvironment contributes to processes
associated with neurological diseases and constructions that promote healing and
regeneration in vivo [4]. Melt electrowriting (MEW) is one fabrication technology used
for in vitro models of non-neural tissue due to its accurate and precise characteristics,
combined with a high porosity [5]. In addition, MEW is a fabrication technique that
can be combined with other techniques, such as electrospinning and/or extrusion-
based bioprinting, to control the microscale structures [6]. The modification of fibers
with different biochemical cues further provides MEW scaffolds with properties well
suited for 3D culture systems [7]. To increase the biomimetic properties, several
strategies were used to modify MEW constructs with different biochemical cues using
polydopamine, Oz treatment, and sP(EO-stat-PO) [7-9].

To determine the feasibility of in vitro models, cellular phenotypes are a vital
identifier as this is influenced by many intercellular mechanical processes,
interactions with other cells, and the surrounding extracellular matrix. Therefore, cell
morphology represents the integrative effect of many distinct processes and signaling
pathways across different scales and is a valuable identifier for function, disfunction

or migration, and cancer progression [10]. For instance, a recent study by Hu et al.
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demonstrates that astrocytes exhibited different morphology when the culture was
grown at different hydrogel stiffnesses [11]. Another recent study investigated cellular
morphology as an indicator of cell genotypes and phenotypic responses [12].
Therefore, cellular phenotypes may contribute as an indicator and identifier for
characterizing cell-material interactions. However, the quantification of cell-material
interactions is challenging to interpret. Moreover, the complex biomaterial
microenvironment can also contribute to the heterogeneous nature of cell shape
responses. New analytical tools must be developed that consider both multi-
parametric complexity and biological heterogeneity to identify and combine key

cellular shape features correlated with biological outcomes [13].

In this study, we developed an in vitro model to study the effect of MEW
scaffold design and biochemical cues on phenotypes changes of astrocytes as
primary cells of the central nervous system and glioblastoma U87 as human tumor
cells containing the disease state. Two different MEW laydown patterns were used
for the scaffold design, which are 0/90° and 0/45/90/135°, and named box and
triangle-shaped MEW scaffolds, respectively. The box and triangle MEW scaffolds
were modified with biochemical cues, including RGD and IKVAV peptides, to mimic
the complexity of their microenvironment. Here, we used a six-arm, star-shaped
isocyanate-terminated poly(ethylene oxide-stat-propylene oxide) (NCO-sP(EO-stat-
PO)) macromer to coat poly(e-caprolactone) (PCL) MEW scaffolds. The MEW
scaffold morphology was initially characterized by scanning electron microscopy
(SEM) then the hydrophilicity and coating stability were investigated. Human
glioblastoma U87 and primary murine astrocytes were then cultured on the scaffolds
and monitored for phenotypical differences through cellular area and eccentricity.

2. Results and Discussion

2.1. Scaffold characterization

Box and triangle-shaped MEW scaffolds were produced from 3.7£0.4 pm diameter
fibers, as shown in Figure 1. The box-shaped scaffold (Figure 1A) is a standard
morphology that creates a cube-shaped void as the pore [14], while the triangle-
shaped pore is a result of a 0/45/90/135° laydown pattern (Figure 1B, C). Such a
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“triangle” lay-down pattern has been reported previously for MEW, and aligning the

fibers; however, they intersect to form identical triangle pores is especially

challenging [15, 16].

Figure 1. Different scaffolds design A) box-shaped scaffold B) triangle-shaped scaffold with
50 um fiber spacing C) box-shaped scaffold D) triangle-shaped scaffold with 200 um fiber

spacing.

MEW normally allows for precisely controlled material design, and MEW
scaffolds have been shown to facilitate cell adhesion, proliferation, and infiltration due
to porous architecture and pore interconnectivity [13]. Most previous studies,
however, use substantially larger fiber diameters that are produced here [17].

The fiber diameter used here is especially small for MEW and is accompanied
by a fast jet speed, measured as 950 mm min~'. Therefore, this high speed can
provide challenges in accurately placing fibers for triangle pores made with a
0/45/90/135° laydown pattern (Figure 1B) due to jet lag at turns [5, 18]. The small

fiber diameter is also utilized for reaching 50 um fiber spacing without any fiber
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bridging [19, 20]. However, it is especially pertinent to use such small diameter fibers

as they have been previously shown that they can affect the cell phenotype [21].

Contact angle measurements showed that scaffolds became more hydrophilic
when they were coated with NCO-sP(EO-stat-PO). The contact angle was 111+5° for
PCL scaffolds, and 15+3° for NCO-sP(EO-stat-PO) coated scaffolds. In previous
studies, NCO-P(EO-stat-PO) was combined with biodegradable hydrophobic
synthetic polymers to create bioactive scaffolds and address many aspects of tissue
engineering, such as adjustable cell adhesion, neural cell guidance, basal membrane

mimicking, and inflammatory modulation [22].

As previously described, the as-printed PCL scaffold was first treated with a
NaOH solution (Figure 2A). The NaOH-treated scaffolds were incubated NCO-
sP(EO-stat-PO) for 10 min were tested to the presence of peptides on scaffolds with
a solution of a FITC dye, conjugated to a short cysteine-containing peptide sequence
(Cys-Gly-Gly-Lys(FITC)) overnight. After extensive washing with water, confocal
microscopy confirms the presence of the FITC dye on the scaffolds on incubated
NCO-sP(EO-stat-PO). The fluorescent dye was used to demonstrate the reactivity of
NCO-sP(EO-stat-PO) (Figure 2B, C).

The scaffolds were coated with RGD (PCL + RGD), IKVAV (PCL + IKVAV),
and RGD and IKVAV (PCL + RGD + IKVAV) via NCO-s(PEO-stat-PO). SEM and
FITC dye confirmed the presence of NCO-s(PEO-stat-PO) on PCL fibers. The
amount of bound peptide on PCL scaffolds showed a higher concentration of
adsorbed peptide compared to pure PCL after four days of incubation in PBS. The
amount of peptides for the scaffolds were 179.12+27, 18311, 209.19+24 ug for PCL
+ RGD, PCL + IKVAV, PCL + RGD + IKVAYV scaffolds, respectively.
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A Pre-treatment with NaOH 2.0 wt.-%, NCO- sP(EO-stat-PO) Peptide incubation
in H,O for 10 min in PBS for overnight
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Figure 2. Peptide coating protocol and characterization of s(PEO-stat-PO) coating A)
peptide-coating protocol B) confocal images of FITC-conjugated peptides on PCL fibers C)
FITC conjugated peptide on NCO-s(PEO-stat-PO)-PCL fibers after overnight incubation and
extensive washing with water D) SEM images of s(PEO-stat-PO) coated MEW scaffolds,
indicating some pore-filling.

Similar to previous reports that used s(PEO-stat-PO)-coated MEW scaffolds
[7], small bridging hydrogel coatings filled some of the pores between fibers. While
this is slightly altering the morphology, it was considered minimal compared to the

overall printed structure.
2.2. Cell morphology analysis

The major challenge in neural tissue engineering is identifying the in vivo
microenvironment of the brain and the necessary components for achieving the
repair or regeneration. Our approach has focused on carefully defined astrocytes and
U87 glioblastoma cells population and their response to different control parameters
inside the engineered microenvironment. For this purpose, U87 cells and primary
murine astrocytes were seeded on the box, and triangle-shaped MEW scaffolds and
peptide-coated scaffolds (Figure 3, 4). The triangle-shaped with 200 um fiber spacing
MEW scaffolds were coated with RGD, IKVAV, and a mixture of RGD and IKVAV
peptides. After cell seeding, the cellular morphology was observed on day 2 and day
7 for U87 and primary astrocytes, respectively. The culture time was 2 days for U87
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due to their high proliferation rate. Cellular area and eccentricity were defined by
CellProfiler software. In addition, the results highlighted changes in cell shape among

cell populations on different MEW scaffolds types.

The morphological difference of U87 cells on the box and triangle-shaped
MEW scaffolds with 50 and 200 pm fiber spacing was observed. The scaffold
designs and the size of fiber spacing significantly affect the cellular area (Figure 3).
However, scaffold design and coating did not have any significant influence on the
eccentricity of cells. The largest U87 cellular area was observed on triangle-shaped
scaffolds with 200 um fiber spacing (Figure 3l). In contrast, on the box-shaped MEW
scaffolds with 200 um fiber spacing, the cells mainly adhered to the fiber wall and
formed clusters (Figure 3C). Triangle-shaped MEW scaffolds with 200 um fiber
spacing were coated with different peptides. It was clear that cellular areas on
peptide-coated scaffolds were increased compared to non-coated triangle-shaped
MEW scaffolds (Figure 3J). Thus, there were significant differences between non-
coated and RGD coated scaffolds. The filopodia and lamellipodia protrusions from
cells were also observed by SEM and confocal imaging to reveal their invasion
through the MEW fibers (Figure 3A-H). The nucleus of the U87 cells was located at
the rear of the cell, opposite the direction of movement or protrusion. This
morphology was previously shown in our collaborative work about cell migration on

MEW align fibers culture system.
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Figure 3. U87 glioblastoma cells exhibited different cellular morphology dependent upon
MEW scaffolds. SEM images of A) box-shaped scaffold B) triangle-shaped scaffold with 50
um fiber spacing C) box-shaped scaffold D) triangle-shaped scaffold with 200 um fiber
spacing. The confocal images of E) non-coated only PCL scaffold F) RGD (PCL+RGD) G)
IKVAV (PCL+IKVAV) H) RGD+IKVAV (PCL+RGD+IKVAV) coated triangle-shaped MEW
scaffold with 200 ym spacing. (Red: f-actin, blue: DAPI |- K) Size and shape-related metrics
of the cells on different scaffold design (Label code: 50box: Box-shaped scaffold with 50 pm
fiber spacing, 50tri: Triangle-shaped scaffolds with 50 um fiber spacing, 200box: Box-shaped
scaffolds with 200 uym fiber spacing, and 200tri: triangle-shaped scaffold with 200 fiber
spacing. PCL: non coated MEW scaffold; scaffolds are called PCL+RGD, PCL+IKVAYV, and
PCL + RGD+IKVAYV refer RGD, IKVAV, a mixture of RGD and IKVAV coated MEW scaffolds,

respectively.

Depending on their origin and developmental stage, astrocytes represent
heterogeneous populations in the brain with different morphologies, functionalities,
and biochemical profiles [23, 24]. The morphology of the astrocytes was controlled
using scaffold designs and biochemical cues. The phenotypic changes of primary
murine astrocytes were observed on MEW scaffolds regarding cell area and
eccentricity (Figure 4). The largest cellular area was seen on triangle-shaped MEW
scaffolds with 200 um spacing. There was a significant difference between cellular
areas of the box and triangle-shaped MEW scaffolds in both fiber spacing (Figure 4l).
The eccentricity of the scaffolds differed significantly from each other; however, the
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design of scaffolds in the same fiber spacing did not have any significant difference.
The mixture of RGD and IKVAV coated scaffolds showed the largest cellular area
and were significantly different from the other peptide-coated scaffolds (Figure 4K).

Primary astrocytes on box-shaped MEW scaffolds with 200 ym fiber spacing formed

cell clusters on the cross-section of the MEW fibers.
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Figure 4. Primary astrocytes exhibited unique cellular morphology on MEW scaffolds. SEM
images of A) box-shaped scaffold B) triangle-shaped scaffold with 50 um fiber spacing C)
box-shaped scaffold D) triangle-shaped scaffold with 200 um fiber spacing. The confocal
images of E) non-coated only PCL scaffold F) RGD (PCL+RGD) G) IKVAV (PCL+IKVAV) H)
RGD+IKVAV (PCL+RGD+IKVAV) coated triangle-shaped MEW scaffold with 50 ym spacing.
(Green: beta-actin, blue: DAPI) I- K) Size and shape-related metrics of the cells on different
scaffold shape (Label code: 50box: Box-shaped scaffold with 50 ym fiber spacing, 50tri:
Triangle shaped scaffolds with 50 um fiber spacing, 200box: Box-shaped scaffolds with 200
um fiber spacing, and 200tri: Triangle shape scaffold with 200 fiber spacing. PCL: non coated
MEW scaffold, scaffolds are called PCL+RGD, PCL+IKVAV, and PCL+RGD+IKVAV refer
RGD, IKVAV, a mixture of RGD and IKVAV coated MEW scaffolds, respectively).

Our results showed that the design of the scaffolds and the presence of the
peptides are essential microenvironmental factors that influence the phenotypic
transformation of astrocytes and U87. These data suggested that the cells have
different characteristics that may reflect functional differences in the bioengineered
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microenvironment due to the scaffolds' mechanical, biochemical, and topographical
properties. Previous studies from Eichholz et al. showed that MEW scaffold designs
affect cell morphology and it causes changes in the cellular activity of human skeletal
stem cells. The study showed that the cells on the MEW scaffold patterned at 90°
increased mineral production and ALP activity angles more than those angled at 45°
or 10° or randomly oriented fibers [25]. Tourlomousis et al. used fibroblast as a model

for yielding high cell shape homogeneity on MEW scaffolds [10].

Furthermore, several solution electrospinning studies showed that fiber
surface topography could influence astrocytes' elongation and morphology changes
[26, 27]. The fiber surface characteristics provide an additional tool to control and
optimize astrocyte morphology. Based on these outcomes, many different MEW
scaffold designs and peptide combinations can further study neurological diseases.
In addition, more functional and mechanical analysis should be investigated for
further evaluation of the study, such as mechanical analysis of scaffolds, gene and
protein expression analysis, and immunofluorescent staining with specific markers

such as glial fibrillary acidic protein for cells [28].

In contrast to triangle-shaped pores, astrocytes seeded into a box-shaped
MEW scaffold with 200 um spacing look more neurosphere-like structures, likely due
to increased fiber spacing. The U87 cells on all the scaffolds showed migratory
phenotypes on the fibers similar to a previous study [29]. There is an ongoing effort
directed to fabricate in vitro models that provide insight into material-cell interactions
to achieve phenotypic control and analysis [30]. The combination of biofabrication
techniques and data analysis tools facilitates a new approach to tissue engineering
that leads to uniform and predictable cell responses for many biomedical applications
[31]. Precise control of in vitro models can overcome the challenges of translation to
the clinic. For instance, cell interaction with the microenvironment control various cell
cycles, differentiation, and function. Furthermore, cellular response changes are
strongly influenced by the mechanical and topological properties of the matrix [32,
33]. Therefore 3D printing technologies facilities different design windows to alter the
cell phenotypes which can improve to produce more in vivo like cell phenotypes in

vitro.
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3. Conclusion

This study developed an in vitro model using a flexible design option using
small-diameter MEW fibers surface-coated with biological cues. A glioblastoma cell
line and primary astrocytes were cultured on various MEW scaffolds to determine
changes in the cell morphology, known to change depending on their
microenvironment. The findings establish some base concepts that can be further
developed to understand better the role of scaffold design and biochemical cues on
brain cells. Furthermore, such in vitro outcomes could potentially be converted into a
therapeutic approach in vivo for controlling tumor progression or glial scar formation

following injury.

Experimental Section

Astrocytes and U87 cell culture

The glioma cell lines U87 (ATCC®) was cultured in MEM (Gibco™, Thermo
Fisher Scientific, Waltham, MA, USA) with 10 % fetal bovine serum (Gibco™), 1 % L-
glutamine, 1 % 1 M HEPES Buffer (Gibco™) and 1 % non-essential amino acids
NEAA (Gibco™). Cells were incubated in a humidified atmosphere with 5% CO2 at
37°C. Cells were passaged at 70-80% confluency using 0.025 % Trypsin (Gibco™).

Primary astrocytes were isolated at PO-P3 from CD1 mouse pups. Briefly,
cortices were homogenized and put through a 70 uym cell strainer. Cells were
counted, seeded in dishes, and cultured in DMEM supplemented with 10% fetal calf
serum, 2 x 10-3 M GlutaMAX, 1 x 10-3 M sodium pyruvate, and 50 U mL™"
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, United States) at 37 °C
and 5% CO2. The astrocytes were seeded on scaffolds one week later after first
passaging. Experiments were authorized by the local veterinary authority and
Committee on the Ethics of Animal Experiments (Regierung von Unterfranken).
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MEW process

A custom-built MEW printer was used to fabricate scaffolds as previously
described [18]. MEW was performed using medical-grade PCL (PURASORB PC 12,
Lot#1712002224, 05/2018 Corbion Inc, Amsterdam, Netherlands) at 21+3°C and
humidity of 35£12%. The parameters were used: 77°C; 2 bar of air pressure; 30
gauge nozzle; 4 kV voltage applied across a 1.4 mm collector distance for the
scaffolds. The scaffold designs were named box and triangle-shaped MEW scaffolds,
which related to laydown patterns, 0/900 and 0/45/90/135°, respectively.

SP(EO-stat-PO) coating of MEW scaffolds

PCL scaffolds were coated with RGD and IKVAV via NCO-sP(EO-stat-PO)
monomer. The water and 100% ethanol were used for the pretreatment of the PCL
scaffolds. Then scaffolds were kept in 1 M sodium hydroxide (NaOH) for 30 min, and
they were incubated in 2% (wt%) sP(EO-stat-PO) solution for 10 min and kept in 2.5
mM cysteine-containing peptide solutions overnight. After that, the scaffolds were
washed with PBS 5 times.

Contact angle measurements

Contact angle measurements (OCA 20, Dataphysics Instruments GmbH,
Filderstadt, Germany) were performed to observe hydrophilicity changes with the
coating. Briefly, 3 yL of water was placed on a 50 ym spacing scaffold, and then the
shape of drops was analyzed using SCA 20 software (Dataphysics Instruments
GmbH, Filderstadt, Germany).

Assessment of the peptide coating
To quantify the peptide bounding on the PCL fibers, the Pierce™ peptide
assay (Thermo Fisher Scientific, Waltham) was performed according to the

manufacturer’s instructions with some modifications. Briefly, the scaffolds were

incubated with 200 yL of working reagent in 1.5 mL reaction tubes for 30 min at
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37°C, and immediately before measurements, the supernatant was transferred into a
96-well plate.

The reactive sP(EO-stat-PO) were incubated in a solution of a FITC dye,
conjugated to a short cysteine-containing peptide sequence (Cys-Gly-Gly-Lys(FITC))
to observe the presence of peptides on the scaffolds after several washing steps. All

the confocal images were taken using the identical laser power and gain.

Scanning electron microscopy

MEW scaffold samples were imaged using a Crossbeam 340 SEM equipped
with GEMINI e-Beam column (Carl Zeiss Microscopy, Goéttingen, Germany). Before
imaging, the samples were sputter-coated with a 3.5 nm platinum layer (Leica EM
ACEG600, Wetzlar, Germany).

U87 glioblastoma cells and primary astrocytes were fixed with 6%
glutaraldehyde for 15 min on ice after incubation for 2 and 7 days, respectively. The
samples were then incubated 2 times PBS on ice before being dehydred with a
graded ethanol series (from 70% to 100%). Following hexamethyldisilazane, air
drying was performed. Then cells were sputter-coated with a 3.5 nm platinum layer

before SEM imaging.

Actin staining of U87 and astrocytes

For cell morphology analysis, U87 cells were cultured on the MEW scaffolds
for two days and fixed with 4% formaldehyde for 1 h at room temperature (RT). The
samples were washed with PBS, then permeabilized with 0.1 % Triton X-100,
blocking with 2% bovine serum albumin in PBS for 15 min at room temperature (RT).
Cells were stained with Phalloidin-iFluor 555 Reagent (Abcam, Cambridge, U.K.) for
30 min at RT. Subsequently, samples were washed with PBS and mounted with a
mounting medium containing DAPI (Dianova, Hamburg (Germany)). Astrocytes were
stained with ActinGreen™ 488 ReadyProbes™ reagent. Astrocytes were cultured for
7 days on MEW scaffolds. At day 7, cells were fixed with 4% formaldehyde at RT for
15 min and blocked 1 h in PBS containing 3% goat serum and 0.1% Triton X-100.
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The beta-actin stain was performed for 30 min in a blocking solution. Consequently,
the constructs were washed with PBS Cells were stained with DAPI. Images were

captured via confocal microscopy (TCS SP8, Leica, Wetzlar (Germany)).

Cell morphology analysis

The CellProfiler software was used to quantify cellular morphological features
automatically. At least 50 cells were analyzed for each scaffold types. The z-stack
images were pre-processed in ImageJ.

Statistical analysis

The determination of the statistical significance was performed by one-way
analysis of variance (ANOVA). Results were considered significant at a p-value
below 0.05 (*), below 0.01 (**), below 0.001 (***), below 0.0001 (****).
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4. Discussion and future perspectives

A significant challenge in the clinical translation of potential therapies for
various diseases is the difference between in vitro observations and in vivo efficacy
of the treatment [204]. Traditional 2D in vitro models often have difficulties accurately
recapitulating the native or diseased tissue microenvironments. This issue is well-
addressed by 3D in vitro models, which improve the investigation of the translational
potential of drugs and treatments. Recent studies have shown that 3D in vitro
models, such as spheroids, hydrogels, fiber constructs, and microfluidic organs on-
chip, better mimic the cellular microenvironment than 2D in vitro models [205].
However, traditional in vitro 3D models cannot reproduce the dynamic, multicellular,
and functionally complex architectures of tissues and organs. Therefore, it is critical
to establish tissue-like miniatures with similar structural and functional properties to

natural tissue for realistic 3D representations [3].

Biofabrication and its use of 3D printing offers a modern approach to design
and fabricate complex tissue structures in vitro, enabling design flexibility, mass
customization, multi-material fabrication, and advanced geometry [206]. Furthermore,
it allows for the integration of different combinations of living cells in supporting
matrices with precise control, resulting in the engineering of various tissues with
promising biomedical applications. For example, MEW was used to produce neural
cell elongation on suspended fibers [207], laser-based bioprinting was utilized to
develop 3D coculture models of the interaction between cancer and endothelial cells
[208]. In addition, each 3D technology has different strengths and weaknesses in
resolution, fabrication time, and material windows [209]. Thus, it is beneficial to
combine different biofabrication technologies to replicate the native tissue
heterogeneity, with the capillary featuring integrated vascularization necessary for
tissue development, maturation, and biological propagation. Recently, the group of
Ozbolat has introduced a new hybrid bioprinting approach named aspiration-assisted
bioprinting (AAB), which uses aspiration forces and allows printing a wide range of
biologics (spheroids) with a range of dimensions (80pm - 800 um) in precise control
with minimal cell damage in/on a gel substrate [210, 211]. The combination of AAB
technology with a second printing technology allows exploring different tissue-tissue
and tissue-material interactions. Also, combining different extrusion-based

technologies allows the production of multiphasic scaffolds, which is essential for
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mimicking many tissues' hierarchical structures [212]. Therefore, hybrid biofabrication
can be advantageous when designing and fabricating engineered tissue in vitro
models [16]. However, these systems must go through several processing steps and
optimizations for biomedical applications. Therefore, future research will enhance
digital technologies such as artificial intelligence and machine learning [213] [214]. It
is possible to use machine learning algorithms at various steps during the fabrication
process [215]. For instance, machine learning algorithms can be used in patient
imaging data searches to discover tissue structures that can be optimized for
bioprinting, in drug discovery to find previously tested or failed trials for therapy, in
precision medicine to develop in vitro models with individual genotypic and
phenotypic characteristics, in material design to optimize printability requirements
and more [216-218]. Using in silico simulations and digitalization in conjunction with
developing in vitro systems will make biomedical research more human-relevant than

using gold-standard animal models [219].

This doctoral thesis provides insight into the high-resolution 3D printing
technology, MEW, and 3D printed in vitro models from material and bioengineering
perspectives. For this purpose, the thesis has investigated expanding the MEW
polymer library, improving the accuracy and precision of the MEW constructs using
different process parameters, and improving the biological properties of MEW
scaffolds to have more reproducible in vitro systems.

In contrast to many other biofabrication technologies, MEW has a unique
resolution, design, precision, and excellent repeatability properties. Electrospinning
and extrusion 3D printing have resolution limits for the fiber positioning and diameter,
respectively [220, 221]. Depending on the printing parameters and polymer
characteristics, the fiber diameters can be tailored between =0.8 and =100 um with
MEW [42]. The variety of polymers applied in this technique is still limited, with PCL
being the current gold standard [129]. However, different applications require varying
mechanical and biological properties of the materials. Therefore, an extended

polymer library of MEW is crucial.

In the first manuscript, potential new materials for expanding the MEW

polymer library were studied [222]. This study includes the processing of copolymers
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based on hydrophilic PPO-PEG-PPO and hydrophobic PDMS segments. Such
copolymer compositions provide tunable material properties, including wettability,
surface roughness, mechanical properties, and cytotoxicity, depending on the
content ratio of segments. The influence of different MEW processing parameters on
fiber diameter was investigated for each copolymer. In this context, the results
showed that each copolymer has different fiber morphology and surface properties
depending on the ratio of hydrophobic and hydrophilic segments. In addition, the
cytotoxicity of the copolymers was determined. The study revealed that increasing
the number of hydrophilic segments increases the cytotoxicity of the copolymers.
Furthermore, these copolymers have unique properties compared to other polymers
reported for MEW, including thermal reversibility, a smooth surface, transparency,
strong interlayer bonding between fibers, and tunable hydrophilic and hydrophobic
behavior. It was shown that copolymers could be printed upon each other with good
fiber fusion. This hybrid printing approach can be used for folding scaffolds for
printing or capillary origami applications due to their adjustable wettability for future

applications.

In the second manuscript, MEW was used to fabricate an in vitro device for
rapid screening of glioblastoma cell migration [148]. PCL was utilized for the
fabrication of the device. In the fabrication process, we investigated the influence of
collector speed and the number of printed layers (i.e., wall height) on the accuracy,
precision, and dimensional consistency of the radial migration device. A printing
speed close to the CTS resulted in more accurate MEW constructs. Otherwise, the
printing accuracy of the circle shape with MEW might be low due to the inward tilting
of the walls and jet lag. In the literature, the researchers overcome inward tilted walls
by modifying the G-codes [150]. According to our optimization process, the final
radial migration device had a diameter of 9.4+0.1 mm, a wall height of around
350 um, and a wall thickness of 17£1 ym. A human glioblastoma cell line, U87, was
used for the competitive 3D in vitro radial culture device regarding cell growth and
migration. Four different Matrigel concentrations within separate chambers facilitated
U87 cells to determine a preferred matrix for migration and growth. The cells
migrated through the 6 and 8 mg mL"' Matrigel concentrations. This device offers
several possibilities to test different matrices easily with minimal volume in a

competitive manner before performing a large experiment, which is essential for cost
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and time efficiency. Furthermore, it is applicable for other cell types, and it could be a
valuable tool to screen a spectrum of different matrices with additional automation for

future direction.

The third manuscript includes MEW scaffolds which were used as models for
studying the impact of the design and dimensions on phenotypes of glioblastoma
cells and astrocytes. The results showed that MEW scaffolds with different designs
and spacing affected the shape of cells. In addition, the MEW scaffolds were coated
with different peptides such as IKVAV and RGD to investigate the effects of the
biochemical cues. In the current study, we hypothesized that the culture of
glioblastoma U87 and astrocytes in a manner that maintains phenotype depends on
the substrate's designs and biochemical properties. To test this, we first screened
different MEW scaffold designs and peptide coatings. The results showed that
engineering a biomimetic substrate with mechanical and ECM-like properties
promotes different phenotypes of glioblastoma U87 cells and astrocytes during in
vitro culture. It is essential because it shows the ability to use physical and
biochemical cues to expand both cells types, which could provide a potential pathway
for generating large numbers of cells for future therapeutic applications. The next
step could be to produce well-established in vitro models that provide insight into cell
interactions to reach phenotypic control and analysis. Combining hybrid biofabrication
techniques and data analysis tools facilitates a new tissue engineering approach
leading to uniform and predictable cell responses for many biomedical applications
[223]. Precise control over the in vifro models can overcome the challenges
associated with a translation to the clinic using machine learning. For example, it has
been shown that cell interaction with the ECM controls cell cycle, differentiation, and
function for various cell types. The changes of cells are strongly influenced by the
mechanical and topological properties of the matrix. Biofabrication can provide this
precise chemical and mechanical microenvironment for cells, which is essential for a
potentially homogeneous and reproducible cellular microenvironment for future
translational research. The analysis data using different machine learning algorithms
help to predict an ideal microenvironment without the necessity of performing a high

number of experiments [200, 224].
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Furthermore, surface modification is a common tool to improve the
microenvironments of the cell-material interface to support an adhesive surface.
Several surface modification approaches, including biomolecule loading, plasma
treatment, and surface graft copolymerization, were utilized to improve MEW
scaffolds' properties [78, 80]. MEW scaffolds were coated with signaling molecules,
growth factors, peptides, and small molecules, resulting in more in vivo like cell
morphologies in vitro. Furthermore, surface-modified scaffolds can be served as
drug-loaded scaffolds for the local release of the drug, and the possibility for homing

and differentiating stem cells.

Taken together, this thesis highlights essential avenues for the fabrication of in
vitro models using high-resolution 3D printing techniques, MEW, including 1)
extension of the polymer library for MEW, 2) design considerations, 3) hybrid

approach, and controllable microenvironment for cell response.
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5. Conclusion

This doctoral thesis has explored the potential of the MEW technology for in
vitro models in various tissue engineering applications. The introduction reviewed the
literature about in vifro models fabricated by the high-resolution 3D printing
technology, MEW. The motivation of the thesis is highlighted, which is developing
materials and in vitro models that can mimic the cellular microenvironment and be
used for high-throughput analysis. The material and bioengineering approaches were
used to address essential aspects: 1) extending MEW polymer library, 2) developing
in vitro models to evaluate cell growth and migration toward the different matrices,
and 3) studying the effect of scaffold designs and biochemical cues of

microenvironments on cells.

In the first manuscript, a variety of amphiphilic segmented copolymers were
melt electrowritten. All copolymers showed outstanding processability with MEW and
unique properties, including thermal reversibility, a very smooth surface,
transparency, strong interlayer bonding between fibers, and adjustable hydrophilic
and hydrophobic behavior. The copolymers can extend the usage of MEW in different

biochemical applications, including microfluidics, sensors, and devices.

In the second manuscript, MEW is used to fabricate 3D in vitro tools instead of
fabricating scaffolds for the first time. We developed a 3D-printed radial device for
determining the matrices that promote cell migration and growth. There are eight
chambers in the device, and four different Matrigel concentrations are distributed
among them. U87 glioblastoma cells are deposited into the cell depot. Cell growth
and migration were monitored for eight days in all chambers. U87 cell growth and
migration were promoted by 6 and 8 mg mL-" Matrigel concentrations. Moreover, we
systematically studied how design and process parameters affect the printing
accuracy of radial devices. The results showed that collector speeds, design
diameter, and the number of layers affect the accuracy and precision of the radial

devices.

In the third manuscript, MEW scaffolds were precisely fabricated and coated

with peptides using NCO-(sP(EO-stat-PO)). The influence of design and biochemical
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cues on glioblastoma and astrocytes cell shapes were examined. The peptide
coating using NCO-(sP(EO-stat-PO)) is simple. These results suggested that MEW
scaffolds can be used as in vitro systems to understand the complex in vivo behavior
of U87 cells and astrocytes. The adjustable properties of the MEW construct, such as
fiber diameter, scaffold architecture, and the capacity to modify the fiber with different
biochemical cues, enable to mimic cellular microenvironment in health and diseased

conditions.

In summary, this thesis provides new aspects of using 3D printing-MEW to
fabricate in vitro models for rapid screening for cell migration and manipulating cell
shape through surface functionalities and scaffold architecture. These aspects have
future potential to be used as a tool with data science to fabricate more tissue-like
structures using hybrid biofabrication approaches.
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