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Scope of the thesis



Chapter 1

Additive manufacturing (AM), also known as 3D printing, is a computer-
controlled process that allows the creation of complex three-dimensional (3D)
constructs in a layer-by-layer fashion based on digital models. The manufacturing
process is comparable to the generation of a 3D computer tomography model from
single 2D images. In AM, existing digital models are sliced into 2D print-patterns
defining the print path for the manufacturing device. These slices are sent to the
printer and, by assembling and joining each slice sequentially, complex 3D structures
are created exploiting for example a localized solidification or melting of the material
used to generate the constructs.” The main benefits of AM are the high flexibility of
the process and the enormous freedom in geometrical design; it allows the creation
of constructs not able to be manufactured by conventional, subtractive manufacturing
techniques. Because of these benefits, AM is considered to be a leading technology
for a new industrial revolution.? Although this revolution is just starting, 3D printing
has already changed some niches of industrial production that strongly rely on
flexibility and freedom in geometrical design such as prototyping and medical
applications, especially where patient specific implants are needed. One example for
such patient specific implants are already clinically applied metallic hip-implants?
created by a AM process called selective laser sintering. Besides using purely
inorganic materials, one could also imagine fabricating fully organic constructs made
from biologically interesting or even living materials. Combined with the freedom of
design accompanying 3D printing, constructs mimicking the complex geometry and
the hierarchy of human tissues could be fabricated one day.* These constructs could
for example be used to generate functional tissue replacements or better tissue

analogues for in vitro drug testing.

These considerations are strongly related to the definition of a new research field
called biofabrication, where additive manufacturing processes are used to fabricate
“biologically functional products with structural organization from living cells,

bioactive molecules, biomaterials, cell aggregates”.> Such products, created by



Chapter 1

automated processes like 3D printing, can generally be divided into cell-free and cell-
containing constructs, based on the approach how the functional tissue is generated.
In the case of cell-free structures, the combination of material and construct geometry
must support tissue maturation towards hierarchical constructs after seeding cells
onto it. In the case of cell-containing structures, the cells can for example be directly
placed in a structure mimicking the natural hierarchy of human tissue. Both
approaches, cell-free and cell-containing, can lead to artificially created tissue
replacements but there is still a long way to go and biofabrication must first prove
that it can achieve this ambitious goal. As a first step towards this goal, the automated

processes and the materials used need to be tested and improved.

Within this thesis, two such automated processes are explored and advanced to
create 3D constructs following the principles of biofabrication. These processes are
melt electrospinning writing (MEW) and extrusion-based bioprinting (also called
robotic dispensing). As the process temperature used for MEW was above 37 °C in
order to obtain the polymer melts, only cell-free structures could be generated. In
contrast, extrusion-based bioprinting was performed between ambient temperature

and 37 °C and thus cell-free as well as cell-containing constructs were realized.

In Chapter 2 a general introduction into the field of biofabrication is given and
the two main printing techniques used for scaffold generation in the scope of this
thesis, MEW and extrusion-based bioprinting, are described. Their current status of

development is revealed by a comprehensive literature overview.

Chapter 3 is focusing on using MEW to create tubular constructs from thin
polymer fibers (roughly 12 pm) in a cell-free approach. In contrast to most of the work
done within the field of MEW, here instead of collecting material onto a flat collector
the material is deposited onto rotating cylindrical collectors. This enables printing of
tubular constructs having potentially numerous applications in scaffold based TE like
blood vessels or peripheral nerves. Within this chapter, first the general behavior of

the molten, charged material (also called jet) impinging on a round collector is
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studied. Further, the impact of the diameter of the collector on the collected
structures, both for stationary collectors and collectors that only rotate, is shown. In a
second step, the collectors are rotated and translated to generate predefined
structures as shown in a previous publication.® In contrast to the previous work, the
tube diameter is reduced from the cm to an mm range. Using a 2 mm diameter
collector, it is possible to print constructs with winding angles between 5° and 60°.
The printed samples can be generated with very high repeatability and control of fiber

deposition.

For the cell-free approach discussed in Chapter 4, extrusion-based bioprinting
is used to process hydrogel inks. Hydrogels are 3D cross-linked hydrophilic polymer
networks that can swell (up to 99%’) but do not dissolve in water. They can be loaded
with drugs or bioactive substances that can induce tissue maturation towards a
desired tissue by influencing the cellular behavior when seeded with cells. This
chapter explored the possibility to mix printable hydrogel inks with mesoporous silica
nanoparticles (MSN) that can, upon release from the hydrogel, deliver drugs directly
to cells after being taken up by them.? Hereby, the release kinetics are a crucial part
that could be altered by varying the charge of the particles. As the ink that contained
hyaluronic acid reveals a negative charge, likely charged MSN functionalized with a
carboxy-group (MSN-COOH) were released faster than positively charged MSN
functionalized with an amino-group (MSN-NHz). In the case of structures composed
of sub-structures made from inks containing either MSN-COOH or MSN-NH; an effect
of the construct geometry on particle migration and mixing within the strands is
discovered. It is shown that in the case of a construct with direct contact between the
different sub-structures, the MSN-NH. could migrate faster into the structure
previously only containing MSN-COOH than in the case of constructs with no direct

contact between the sub-structures.

In Chapter 5 a cell-containing approach was performed using hydrogel inks from

spider silk produced by a biotechnological process. Biotechnology uses for example
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living organisms to generate reproducible and predesigned molecules.? In this case,
bacteria (Escherichia coli) is modified to produce proteins. The proteins, so-called
recombinant proteins, mimic sequences that are present in the dragline silk of the
European garden spider (Araneus diadematus). It could be shown that hydrogels
made from recombinant spider silk are printable without the need of thickeners or
post process cross linking. Furthermore, cells (human fibroblast cell line) can be mixed
with the material and printed without affecting the print fidelity enabling the
fabrication of 3D structures. In addition, it was possible to change the cell material
interactions with the hydrogel by modifying the proteins with RGD-sequences the

cells could interact with.
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Chapter 2

Chapter 2.1:  Biofabrication for tissue engineering and regenerative

medicine

With biofabrication being a rapidly growing research field, more and more
attention has been placed on it and the number of publications has significantly
increased over the last years. Nevertheless, biofabrication is still a very young field of
research and was first defined only about eight years ago.”® Due to this, the
terminology within the literature published on the topic is not consistent, calling for a
“Need for Definitions & Norms”." The International Society for biofabrication recently
addressed this need, revising the definition of biofabrication.® Groll et al. suggested
the following definition focusing on biofabrication for Tissue Engineering and

Regenerative Medicine:

Biofabrication is “the automated generation of biologically functional products
with structural organization from living cells, bioactive molecules, biomaterials, cell
aggregates such as micro-tissues, or hybrid cell-material constructs, through

Bioprinting or Bioassembly and subsequent tissue maturation processes.">

This definition shall be discussed in more detail, starting with the term
“automated generation”. It shows the importance of additive manufacturing (AM) in
the research field of biofabrication. In contrast to other fields such as Tissue
Engineering, which is increasingly utilizing AM techniques to improve control over
construct architecture and reproducibility, their application in biofabrication is crucial.
Furthermore, this importance gets even more evident at the end of the definition by
reducing the AM techniques to two classes, bioprinting and bioassembly. Bioprinting
was defined by Guillemot et al. in 2010 as “the use of computer-aided transfer
processes for patterning and assembling living and non-living materials with a
prescribed 2D or 3D organization in order to produce bioengineered structures
serving in Regenerative Medicine, pharmacokinetic and basic cell biology studies” ."?
As an example, robotic dispensing, that will be explained in more detail in Chapter

2.2 and Chapter 2.3, belongs to the group of bioprinting. The second class of AM
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techniques used within the definition is bioassembly and was defined as “the
fabrication of hierarchical constructs with a prescribed 2D or 3D organization through
automated assembly of preformed cell-containing fabrication units generated via cell-
driven self-organization or through preparation of hybrid cell-material building blocks,
typically by applying enabling technologies, including microfabricated molds or
microfluidics”.> Because it is beyond the scope of this work, bioassembly will not be
described in more detail and the interested reader is referred to a recent and excellent
review on this topic by Schon et al.’* Examinations of the reappraised definition of
biofabrication reveal that not only the methods used to create constructs but also the
aim to create “biologically functional products with structural organization™
distinguishes it from other research fields. The aim conveys the central hypothesis on
which biofabrication is based. Namely, the rationale that using printed structures with
a biomimetic, hierarchical spatial orientation improves the development of the
constructs into biologically functional products. Especially because the materials were
not restricted to more than “living cells, bioactive molecules, biomaterials, cell
aggregates such as micro-tissues, or hybrid cell-material constructs” this part of the
definition gets even more important because it also allows to separate biofabrication
from other research areas such as scaffold-based Tissue Engineering. For example,
constructs fabricated using AM that are seeded with cells post-fabrication can only be
declared as biofabricated if they induce a tissue-equivalent structure. Another crucial
point defining biofabrication is the inclusion of the “tissue maturation process” itself
which follows construct fabrication. Although this process is crucial, it was not
specified more closely and “may occur either in vitro with a culture phase — typically
adopting the use of bioreactor technology — or conceivably in vivo after

transplantation” >

Due to the definition just described, biofabrication can have more facets and

two of them will be described in the following sections:
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1. Cell free approaches: using MEW to generate designed scaffold architectures
potentially influencing cells maturating towards tissue equivalent structures
and applying robotic dispensing to generate or induce structural organization

2. Cell-loaded approaches: using robotic dispensing to print cells embedded
within an ink allowing for structural organization by directly placing the cells

into different areas of the designed constructs

Chapter 2.2:  Melt Electrospinning Writing — a new tool for

Biofabrication

Mainly by getting affordable for private users due to open source projects like
RepRap or Fab@Home, fused deposition modeling (FDM) is one of the most common
AM techniques. In FDM, a filament made of thermoplastic material is melted in a
heater and, on demand, pushed through a fine nozzle. 3D structures are built in a
layer-by-layer fashion, exploiting the solidification of the extruded material by the
temperature drop experienced by the material when it leaves the nozzle. The design
for the print path of each layer is generated from 3D computer aided drawings that
are sliced into 2D subunits (layers). This procedure is similar to obtaining 3D images
from 2D computer tomography slices. The resolution of FDM systems is mainly limited
by the nozzle diameter and typically lies in the range of about 400 pm, taking into
account desktop-based private user devices. Melt Electrospinning Writing (MEW) is
related to FDM but in addition to material extrusion a high voltage in the range of
several kV is connected to the nozzle. This voltage charges the polymer melt and leads
to stretching and thus thinning of the dispensed molten polymer (this process is called
Melt Electrospinning). Due to the electrical potential, Melt Electrospinning (ME) allows
the reduction of the filament diameters to the sub-micron range.' By collecting the
filament onto a moving, computer-controlled collector, it is possible to deposit the
material along a predefined path and thus generate constructs in the same way as

FDM (layer-by-layer). This mode of ME is called MEW.
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Figure 1 shows an overview of the different setups of ME used for MEW devices.
The setup used within this work is marked by the underlined components. Generally,
all systems have five zones in common which shall be discussed in the following part

of this chapter from both a general process-based and a device-based view:

1. material feed/supply zone,
melting/heating zone,
electrical charging/jet initiation zone,

spinning zone,

a W N

material collection zone.

The supply zone is needed to generate a material feed through the spinneret -
in electrospinning that is the general term used for the capillary or orifice the material
is dispensed though.”™ The most important task within this zone is to generate a
constant material supply and researchers mainly use pressurized air'® or mechanical
extrusion, either using a syringe pump'-'* or a stepper/servo motor-based system.?*
Some groups also used screw-based systems for extrusion to generate the melt feed
needed for the process.??? All setups generate material feeds suitable for melt
processing and thus there is no preferred mode. Nevertheless, extrusion-based
systems are, from a manufacturing point of view, the most complex setup and
compared to other hardware, such as a syringe pump, more expensive and therefore

less common.
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Mechanical Feed
Motor Driven  Syringe Pump

— Supply Zone
Electric Needleless
Heating Zone
_ ) : Jet Initiation Zone
Circulating Spinning Zone
Fluid T N

Air Pressure  Screw Extruder

Material Collection Zone

‘@ ¥

Il\lhm.‘mmm—
- ;r'—n
Tubular Collector X-Y Collector

Figure 1: Melt electrospinning setups. The underlined parts have been used within this work.
A color code is used to display the possible modifications within the different zones. Adapted
with permission from . Copyright (2016) Elsevier.

The second important zone of ME is the heating zone. Here, circulating fluids?#
or electrical heating systems' 481 are mainly used to melt the material. Using an
electrical heater is more complex in terms of insulating the charged spinneret from
other components but handling is much easier and the response to temperature
changes is usually faster making it the most common setup in ME. The most
challenging demand on a heating unit is to generate temperatures that are not only
high enough to melt the material but also to generate a viscosity that allows pressing

the material through a fine spinneret. Because of the high viscosity of polymer melts,

especially the latter can be difficult and requires temperatures above the melting or
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glass transition temperature of the polymer used, taking into account that usually the
viscosity of the polymer decreases with increasing temperature.® As an example,
poly(&-caprolactone) (PCL) was used in this thesis and melted to a process
temperature that was 30-40 °C above the melting point of PCL (about 60 °C) using a
resistance heater. At this point, it is important to note that not all materials will tolerate
the printing process that can take up to several hours at elevated temperatures.
Materials such as polylactic acid (PLA) tend to degrade at temperatures above their
melt temperature and thus can be challenging to process." In addition, materials with
high melt temperatures such as poly propylene (PP) may require temperatures as high
as 320-360 °C'™># making processing challenging from an engineering perspective.
Furthermore, it is important to mention that from an engineering point of view,
matching the temperature set on the device and the temperature of the polymer melt
can be difficult. Depending on where the temperature is measured (e.g. within the
heating elements or the polymer melt), strong differences can be observed, making
the heater and the processing temperature one of the least reliable processing
parameters due to the high susceptibility towards errors in measuring and

comparability between different systems.

As reviewed by Brown et al.”>, most setups used in laboratory scale ME utilize
flat-tipped, metallic hypodermic needles as spinnerets. In this electrical charging/jet
initiation zone, the metallic needles are connected to a high voltage, and thus the
polymer is charged. To protect other components from the high voltage the spinneret
itself and the charged material need to be insulated from all other parts of the device.
Although other modes are possible, for example Hacker et al.?® proposed using a
needless approach containing 64 nozzles to increase throughput in ME, most
scientists prefer the ease of purchasing flat-tipped hypodermic needles. Furthermore,
many researchers apply positive voltage to the spinneret and ground the collector. In
only in a few cases, the voltage is applied to the collector and the feed unit is

grounded. This is mainly preferred if the setup used does not allow applying voltage
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to the spinneret, as in case of Mota et al.?> who used a screw extruder to feed the
material. In all cases, ME is based on charging the molten polymer resulting in
repulsive interactions (Coulombic forces) between likely charged carriers. For most
polymers, it requires the generation of carriers by the electrical field. This can happen
either by injection of electrons into the polymer melt or by its counterpart, the
extraction of electrons into the electrode called ion emission.? Both carriers can be
generated within the polymer and are mobile. If the Coulombic force resulting from
the external electrical field in combination with the generated charge carriers
overcomes the surface tension, a Taylor cone builds up and a thin charged jet is
ejected from the tip of the cone.*® A phenomenological description of the Taylor cone
is depicted in Figure 2 and can be stated as following observation: The droplet that
is created by surface tension on the tip of the capillary material is slowly flowing

through deforms into a cone shape structure by an applied difference in potential.

Figure 2: Taylor cone formation by external electrical field. A) shows a dissolved polymer
exiting the tip of a cannula with no voltage applied to the tip and B) with a high voltage
applied to the tip accompanied by the formation of a Taylor cone. Reproduced with
permission from 3'. Copyright (2015) John Wiley and Sons.

Increasing the voltage first deforms the jet until at a critical value®?, a thin jet of

charged polymer melt is ejected from the apex of the Taylor cone. On its way to the

16
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collector, this jet is within the spinning zone where the repulsive electrical forces lead
to stretching of the jet and a reduction of its diameter. This zone is crucial for ME and
strongly depends on material properties and process parameters. The crucial process
parameters within the spinning zone are the electrical potential and the distance
between spinneret and collector. At a given potential, the distance will influence the
electrical field and thus the forces leading to stretching and jet thinning as well as for
a given potential and distance the time the jet needs to reach the collector. Taking
into account that most systems do not control the temperature within the spinning
zone™, the solidification/quenching of the jet will also be strongly dependent on the
spinneret to collector distance. In general, increasing the potential at a given distance
will lead to increased stretching of the jet and to jet acceleration. The shorter the
travelling time, the less the material can cool and the hotter it will be when it reaches
the collector; it is necessary to take into account that by reducing the jet diameter the
surface to volume ratio is changed which is also influencing cooling. Increasing the
distance at a given potential will decrease the electrical field but increase the time the
material can thin. If the material does not solidify or if the viscosity still allows the
Coulombic forces to stretch the jet, the jet diameter will be reduced with increasing
the collector to spinneret distance. Moreover, the spinning process is dominated by
a complex interplay of different variables and is difficult to predict. To suppress
bending and buckling instabilities®® leading to a less focused material deposition on
the collector, the distance between collector and spinneret cannot be too big when
working in MEW mode. This is why the distances in MEW usually are in the range of
several cm to mm."™ As mentioned before, not only do the process parameters
influence the behavior of the jet within the spinning zone, but the material properties
also contribute, whereby viscoelastic and electrical properties of the material are most
important. The viscoelastic properties of a polymer melt are mainly dictated by the
molecular design of the polymers. Furthermore, the molecular weight (Mw) and its

distribution influence the melt temperature dramatically. They need to be balanced
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in a way that the melt resists jet-breakup but still enables adequate thinning. As
reviewed by Brown et al.™, for PCL, the most prominent material in MEW, My ranges
between 45 and 80 kDa and the processing temperatures between 70 and 120 °C. In
regards to electrical properties, one can imagine that if a polymer melt is non-
conductive and does not allow to induce charge carriers, the electrical field will not
lead to jet thinning. If the conductivity is too high, stretching will be very effective and
the jet will most likely break and once it touches the grounded collector it can lead to
a short circuit. Due to this, the conductivity of polymer melts used for electrospinning
typically rages between 10° and 10® S/m.?* The considerations discussed within this
section display the interplay between different parameters, process and material
based, that are necessary to generate fibers by ME. Furthermore, it is important to
match a balance between the different zones meaning that. For example, for a given
temperature and material the feedrate must be adapted to the electrical field drawing
the material from the spinneret to the collector. Only if this balance is achieved, a
uniform jet can be generated and filament rapture or fiber pulsing, describes the
changes in fiber diameter if parameters do not match, be suppressed.** These
considerations illustrate the importance of understanding the process and the

interplay between the zones.

Another crucial zone that strongly influences this interplay is the material
collection zone. In conventional ME, material is typically collected onto a stationary,
flat, grounded collector. When spinning onto stationary collectors®, first the material
will be collected on a focused spot around the midline (depicted in Figure 3A)
between the spinneret center and the collector. The orientation of the fibers is random
and focused as shown in Figure 3B (indicated by the pink circle border). After the
thickness of this layer overcomes a critical value, fibers start to deposit around that
inner circle and generate spirals/circles of oriented fibers around the previously

deposited part. If collection continues and the circle reaches a certain value, fibers
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start to deposit on the previous structures resulting in a construct with a conical shape

(Figure 3C).

A spinneret
[

[}
1_1

fiber :/
|

collector

midline

sample

point of contact

Figure 3: Collecting melt electrospun fibers onto a flat static collector. Reprinted with
permission form *. Copyright (2014) Elsevier.

This observation can be explained* as follows: Initially the material is deposited
randomly onto the collector and the viscoelastic properties of the jet in combination
with the external electric field lead to a focused deposition. In case of intense thinning,
the randomness can be caused by buckling and bending instabilities known from
solution electrospinning but even if thinning is not that drastic, the fact that viscous
materials will buckle as they impinge on a surface® leads to unpredictable
orientations. This is a common effect and can be illustrated through a common
everyday experience of pouring honey onto bread. As the liquid honey stream
touches the bread, it will buckle. As the material continues building up on the collector
this area gets less attractive for the next fibers due to the residual charge on the
deposited filaments. The jet is bent away from the midline and starts to spin around
the previously deposited material — the jet circles around it — because it is less
attractive than the grounded collector. Due to the viscoelastic properties and the
external field trying to reduce bending of the jet, the diameter of the deposition area
is limited and the generated forces overcome the benefit of the material to be
deposited on the collector. As a result, material starts to spin on top of the disc.* This
observation nicely describes how previously deposited fibers influence the next layers

due to residual charge. The deposited material can be considered an electret™ and
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the residual charge can dissipate over time depending on the material used, the
dissipation process, and the ambient conditions. In case of polymers, the predominant
charge dissipation mechanism' is connected to the mobility of the polymer chains

and thus highly dependent on conditions such as ambient temperature.

Getting familiar with material deposition onto a static collector is a crucial part
of understanding deposition in MEW where moving collectors are used. One of the
most important observations is the residual charge that will limit the thickness and the
quality of the constructs generated the thicker they get. In case all other parameters
are given and stable, the collector velocity is a key to generate reproducible
constructs in a layer-by-layer fashion. At very low velocities, the collected fibers are
coiled and deposit randomly within the circumference described for the static
collector. Increasing the collector speed will change deposition into repeating
structures as shown in Figure 4B until, at a critical velocity known as the critical

translation speed (CTS), is reached and straight fibers can be generated.

Increasing Collector Velocity

Figure 4: Influence of collector velocity on fiber deposition. Adapted with permission from *°.
Copyright (2016) De Gruyter.

If the collector velocity is increased further, the jet gets mechanically stretched,
as shown in Figure 5. The higher the velocity the more the point of deposition will be
shifted from its origin, directly below the spinneret. The jet will, in addition to the
thinning induced by the electrical field, be mechanically drawn resulting in smaller

fiber diameters.®* Although the fiber diameter can be reduced, the control over
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deposition is limited and the quality of the constructs will also be limited, especially

at turning points or edges.

Figure 5: Collector speeds exceeding the critical translation speed. The higher the speed
(collector velocity increasing from A to D) the more the deposition point of the fiber lags
behind the needle tip as indicated by the red lines. Adapted with permission from .
Copyright (2016) De Gruyter.

At velocities above the CTS, but not exceeding it too much, the jet will be
deposited close to the midline (see Figure 3A) between spinneret and collector. If the
spinneret is now moved in the x-y-plane at these velocities, it enables direct writing
because the point of deposition will follow the spinneret. Being able to influence the
collection paths in combination with a computer-controlled stage movement is the
key for generating predesigned structures in a layer-by-layer fashion. In addition, with
MEW it is possible to produce fiber diameters reaching dimensions of cells (um range)
making the process very promising for analyzing cell construct interactions in
biomedical applications.”™* Moreover, the resolution accompanied by micron-scale
fibers in combination with the AM approach is very promising for biofabrication where
it might help generating hierarchical constructs or inducing tissue maturation towards
the desired one by printing adapted, predesigned geometries. During the last years
the research on MEW has been intensified and especially by improving device setups

and process properties, the quality of constructs has been drastically enhanced.
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As indicated in Figure 1, the fibers can also be collected onto a rotating cylinder
as performed within this thesis. The phenomena just discussed for moving, flat
collectors mainly also account for cylinders. The CTS determines if a straight fiber is
collected and by combining rotation and translation of the cylinder predefined
winding angles can be generated. The main benefit is that collection on cylindrical
targets enables the generation of tubular structures that potentially have manifold
applications in the field of biofabrication such as replacement of blood vessels,
urethra, bone tissue regeneration or as nerve guides. Since MEW is a relatively new
field and most of the research was focused on flat collectors, the knowledge using

tubular collectors is very limited.

Chapter 2.3: Bioprinting
Chapter 2.3.1:  Bioinks for bioprinting

One of the major drawbacks in the field of biofabrication is finding compatible
materials. From a processing point of view, the most demanding material types are
so called bioinks. These are printable materials containing cells and are mainly either
cell containing building blocks or cell-laden hydrogels. Within this thesis, the focus
was on hydrogel-based bioinks. Printability of such inks is already a large hurdle that
needs to be overcome because the materials have to fulfill certain rheological
demands due to their innate structure and/or due to external stimuli.* These
rheological demands will be discussed more detailed in the following chapter and
can, simply put, be condensed to a fast solidification after deposition. Because the
most common fabrication techniques utilizing bioinks are nozzle-based, the materials
must be in a sufficiently liquid state to be readily dispensed through a fine nozzle and
they need to solidify rapidly when deposited to ensure shape fidelity. Depending on
the application, the shape fidelity needs to be guaranteed until no longer needed. In
addition, it is crucial for the solidification mechanisms to be non-toxic to ensure cell
survival. Besides being printable, the materials need to be biocompatible* and

support the encapsulated cells with nutrients as well as enable the removal of waste
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products. This can be ensured by an aqueous environment and adequate diffusion
properties making hydrogels the most promising candidates for cell-loaded inks.**
Ideal inks should further allow cells to proliferate and/or even guide them in
maturating the constructs towards the desired tissues. In case transplantation is
foreseen, the constructs should also not induce negative host reactions. Furthermore,
for most applications the materials used need to be biodegradable.* Ideally, they
should degrade as fast as the cells regenerate and replace the construct, or in a
controlled manner without generating negative byproducts. This means that the
degradation products should not induce toxic effects in the host by enabling the body
to metabolize them or rapidly clear them from the body. This controlled manner of
degradation leads to other important scaffold properties; their mechanical properties.
They need to be adapted to the tissue aimed at to be replaced, for example, bone
substitutes will need to be more stable than constructs used to replace skin, and

should not decrease unexpected.

Hydrogels are commonly suited to encapsulate cells and applied for bioinks. The
hydrogels used can be divided into natural and synthetic hydrogels. In terms of natural
hydrogels, such as gelatin or hyaluronic acid, the main benefit is their innate
bioactivity due to naturally occurring binding spots for cells.*® Furthermore, their
degradation products are more likely to be non-toxic. Their good biological
properties and the fact that some of them are readily available make them very
interesting for scientists working in the field of biofabrication and thus most
publications are based on these systems. Nevertheless, they also have downsides.
Most notably, they usually are not very well defined; the control over their molecular
weight and molecular weight distribution is limited and suppliers often encounter high
batch-to-batch variations. To improve their printability, many research groups modify
natural polymers. For example, gelatin is often functionalized with a methacrylic group
to enable UV or visible light-induced post process cross-linking.*! In contrast to

naturally occurring polymers used to generate hydrogels, synthetic polymers can be
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designed and are, from a molecular point of view, very well defined. Due to this, the
molecular weight and its distribution can be easily controlled and allow adaptations
to influence their rheological properties. In addition, they enable a higher control over
chemical and physical properties but functional groups improving their biological
response need to be added because they usually lack natural cell attachment sites.*
Furthermore, there are also hybrid concepts where functionalized synthetic polymers
are mixed with unmodified biopolymers. One example for such inks was described by
Stichler at el.* They used unmodified high molecular weight hyaluronic acid and
functionalized polyglycidols that are able to undergo a UV-induced thiol-ene click
reaction. The polyglycidols had, compared to the hyaluronic acid, a low molecular
weight and could not be printed without the addition of the high molecular weight
thickener that dominates the rheological properties.*> The same group could also
demonstrate that hybrid polymers from modified biopolymers and functionalized
synthetic polymers can be used to design printable bioinks.** They used a thiol-
functional hyaluronic acid and an ally-functional polyglycidol that can also undergo a
thiol-ene click reaction under the presence of a photoinitiator. Although a dual
printing approach where the hydrogel ink is printed within a thermoplastic scaffold
made from polycaprolactone was chosen to improve the print fidelity, the biopolymer

helped improving the biological properties of the bioink.*?

After this introduction to bioinks, two specific examples of established ink
systems shall be presented and discussed. One of them is alginate, a polysaccharide
that is mainly produced from brown seaweed or by bacteria.** Being a readily
available, low cost material in combination with a good biocompatibility, it is a popular
source for scientists working in biofabrication. The most important property
contributing to the establishment of alginate as a prominent bioink is its solidification
mechanism. Alginate can be cross-linked via a number of mechanisms including
calcium ions. The process is very fast and over the years, more and more ways to use

this property to ensure shape fidelity after printing have been exploited. As shown in
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Figure 6, scientists devised many ideas to exploit the solidification mechanism in a
favorable way. One of the first attempts was based on bioplotting,* where alginate
solutions were printed into a bath of a calcium-containing solution (see Figure 6A). In
contact with the solution, alginate solidifies and the solution further supports the
shape fidelity of the constructs by a buoyancy effect. Other methods exploit cross-
linking directly after the material leaves the nozzle it is dispensed through. Either by
using coaxial needles (Figure 6C),* where alginate is dispensed through the inner and
the calcium containing solution through the outer one, or by using a second nozzle
(Figure 6B) that sprays or deposits the cross-linker onto the exiting alginate, the
material can be cross-linked to keep its shape exploiting the fast solidification
mechanism. Furthermore, it is possible to print pre-cross-linked alginate solutions
(Figure 6D)* ideally by using a reservoir setting calcium ions free over time enabling
a window of printability where the material can be processed. Another possibility
especially used in more recent publications is the aerosol cross-linking process (Figure
6E). Here, a fume of ionic solution is sprayed on the deposited alginate cross-linking
it and thus improving shape fidelity.* This summary of possible printing methods to
improve printing fidelity of alginate demonstrates the efforts made by scientist to
optimize the printability of the material. As discussed before, shape retention is not
the only demand on an ink system. It further needs to support cells. Unmodified
alginate shows good shape fidelity but is strongly hydrophilic and thus cells are unable
to interact with it.* This leads to limited proliferation of encapsulated cells.* Scientists
also addressed this drawback by modifying alginate with RGD-sequences® or by
combining it with other materials such as gelatin.** The extensive research to make
alginate an established bioink demonstrates the interdisciplinary character of
biofabrication and mirrors the need to address the manifold demands accompanied

with bioink development.

25



Chapter 2

A) B)
crosslinker
bioink bioink
crosslinker~_ % | 7
, d
Z motion nozzle plotting crosslinker deposition/
medium

spraying system

bioplotting system

crosslinking process

Figure 6: Different ways to introduce ionic cross-linking of alginate. A) shows the principle of
bioplotting by directly printing into a bath filled with a calcium containing ionic solution.
Alginate is also cross-linked directly after leaving the nozzle using additional nozzles
dispensing or spraying ionic solutions onto the dispensed strands (B) or by using coaxial
needles (C). In case of using coaxial needles, alginate is dispensed through the core and the
cross-linker solution through the needle being further outward. Also printing pre-cross-linked
solutions (D) and spraying a fume of binder solution onto the constructs during printing (E) or
a combination of both are commonly applied. Partially reproduced with permission from *.
Copyright (2015) Elsevier.

Another established bioink system is based on gelatin. In contrast to alginate,
gelatin is derived from collagen, a material that is present in the human body and is
the most abundant protein in humans.*® Although gelatin sources are derived from
porcine or bovine collagen and gelatin itself is denatured collagen, it still contains
domains that can be recognized by cells leading to a good biological response.
Collagen is also considered to be biocompatible and biodegradable and thus a
popular source in 3D cell culture®® because it supports cell adhesion and
proliferation.®® Because gelatin is water soluble as well as thermoresponsive displaying
a reversible sol-gel transition, it can be used as a bioink. Having a critical solution

temperature in a range between 25 - 35 °C,*it is liquid at higher temperatures (above
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35 °C) and solidifies at lower temperatures (below 25 °C). This property is usually
exploited by printing material being stored in a cartridge at 37 °C onto a cooled
collector. Although its thermoresponsive properties would make the ink printable, it
is obvious that using a material that is liquid at body temperature is not ideal in terms
of transplantation or cell culture conditions. To enable the application of gelatin in
transplantable systems, further modifications are necessary. The most common one
introduces methacrylate groups by modifying the primary amines present in gelatin;
the modified material typically is abbreviated as gelMA.* This allows using free radical
polymerization to covalently cross-link gelMA. In one of the most frequently applied
systems ultra violet is used to set radicals free from a photoinitiator (Irgacure) resulting
in cross-linking and a permanent stabilization of the constructs. Due to this, printing
with gelMA exploits a two-step solidification; initial stabilization by temperature
decrease and a final stabilization by covalent cross-linking. Although gelatin shows
good biological properties combined with printability, it also has disadvantages that
are mainly related to poor mechanical properties and to concerns regarding its origin
that might lead to transmission of diseases or immunogenic reactions when
transplanted. Just as in the case of alginate, scientists are continuously seeking for
improvement of gelatin-based bioinks and recent advances lead to inks systems
combining different materials. One example was presented by Schuurman et al.> who
added hyaluronic acid to gelMA significantly improving its printability. As shown in
Figure 7, the addition of hyaluronic acid changed the rheological properties of the ink
making it dispensable as a strand by minimizing its ability to build droplets upon
exiting the nozzle. This resulted in a strongly improved print fidelity as shown in Figure
7D. Another example was presented by Melchels et al.>* where high molecular weight

gellan gum was used to improve gelMA based ink properties.
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Figure 7: Improving ink printability by addition of a thickener. A) and C) show dispensing of a
pure gelMA ink and a construct printed using this ink. In contrast B) shows a gelMA ink
substituted with HA being dispensed. The improved shape fidelity of the gelMA/HA ink is
shown in D). Reproduced with permission from 2. Copyright (2016) John Wiley and Sons.

The examples clearly display the direction towards which the field is developing.
By combining materials with different properties, ink systems are developed and
adjusted to the needs of the multidisciplinary nature of biofabrication. One recent
example displays this in a very evident way. Kang et al. developed a bioink composed
of hyaluronic acid, gelatin, glycerol, and fibrinogen. To improve the mechanical
properties of the constructs, the ink was deposited in between strands of a
biocompatible thermoplastic material (PCL).>* This example shows the complexity of
current bioink systems and biofabricated constructs making a general discussion more

difficult. Nevertheless, there are statements that account for all systems. The most
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important properties of bioinks in regard to their printability are their rheological

properties that will be discussed in the following chapter.

Chapter 2.3.2:  Rheological demands put on bioinks

From a rheological point of view, printing using nozzle-based systems can be
considered as material flow through a contraction followed by tube flow. After the
material is ejected and deposited onto the collector, it needs to undergo a fast phase
transition obligatory to preserve the shape and thus enabling fabrication of 3D
structures. Therefore, the rate of this phase transition is crucial for printing. After
discussing some fundamentals of liquid dynamics, the next sections will subsequently
increase the complexity of the regarded models approaching towards printable inks
highlighted with examples of applied ink systems. For further review on the topic of
liquid dynamics and polymer rheology the reader is referred to a by far not complete

list of excellent literature dealing with this topic.>>*°
Chapter 2.3.2.1:  Rheology of non-Newtonian liquids

Liquids can generally be divided in two categories: Newtonian and non-
Newtonian. For Newtonian fluids, the viscosity is independent of the shear rate
whereas for non-Newtonian liquids the viscosity tensor exhibits a shear rate-
dependent behavior (Figure 8). This dependence can be used to separate non-
Newtonian liquids mainly into the following types: shear thinning, shear thickening,
thixotropic and rheopectic. A complete list with example systems developing the
different properties can be found elsewhere.” As shown in Figure 8, shear thinning
materials show a decrease of viscosity with increasing shear rates. Despite very low
molecular weight materials, most polymer solutions show this behavior. Polymeric
liquids further usually exhibit a linear plateau at low shear rates called zero shear
viscosity (also low shear viscosity or first Newtonian plateau). Although not displayed
in Figure 8, shear thinning polymeric liquids usually evolve a second plateau called

high-shear viscosity or second Newtonian plateau.”® Since in most cases, this plateau
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is only slightly higher than the solvent viscosity, the second Newtonian plateau is not

relevant for printing processes.

shear thickening

o Newtonian
plateau

_________________ Newtonian

viscosity

shear thinning

shear rate

Figure 8: Viscosity against shear rate for Newtonian and different non-Newtonian fluids.
Reprinted with permission from *. Copyright (2016) American Chemical Society.

Another interesting phenomenon observed for non-Newtonian fluids is
thixotropy. Especially when analyzing only limited shear rate ranges, viscosity against
shear rate plots of thixotropic materials are often similar to those of shear thinning
materials. But there is a very distinct difference: thixotropy is time-dependent whereas
shear thinning is not. This becomes evident when the viscosity is plotted against time
for a constant shear rate. For shear thinning fluids, the viscosity will be constant but
for thixotropic materials it will decrease with time. A detailed discussion of thixotropy
and also the hysteresis that can be examined by measuring material properties during
increasing and decreasing shear rates is not within the scope of this thesis and
described elsewhere.®’4? In terms of printing, the time-dependent viscosity exhibited
by thixotropic materials is important and must be considered as it can contribute to

inhomogeneous dispensing.

Shear thickening (see Figure 8) is the opposite effect to shear thinning and is
characterized by an increase of viscosity with increasing shear rates. Also, just as shear

thinning has shear thickening as counterpart, rheopectic materials display opposite
30



Chapter 2

characteristics to thixotropy. It is obvious that these behaviors both are not favorable

for printing applications.
Chapter 2.3.2.2:  Important aspects of the printing process

As mentioned above, a very important property for printable hydrogels and a
crucial parameter to take into account during ink development is the recovery rate of
transition to the solid state after printing. In order to achieve shape fidelity, the
material must undergo a rapid structural change and keep its shape after dispensing.
The faster the material gelifies after ejection, the higher the resolution of the resulting
structure will be. In the case of recovering materials, the interactions between the

molecules will strongly influence the transition and the time it takes after flow stops.

Summarizing this discussion, from a rheological point of view an ideal ink for

hydrogel printing combines the following characteristics:

e Physical gel formation before printing with a shear thinning but not thixotropic
behavior down to a viscosity that allows printing with the selected technology

e Rapid regelation after printing for shape fidelity at high resolution

If cells are part of the formulation, the viscosity before printing must allow mixing
and homogeneous 3D distribution of cells throughout the printing process without
affecting viability. Cell sedimentation that might lead to nozzle clogging and/or
uncontrolled inhomogeneous cell distribution through the printed construct must be
avoided. Also, shear forces cannot exceed limits tolerable for cell survival.®3¢* Hence,
cell aggregation during the timeframe of printing is usually not beneficial as it affects

shear rate sensitivity.
Chapter 2.3.2.3:  Underlying molecular concepts - colloidal solutions

In the following sections, some basic particular and molecular concepts and the
ideas gained from discussing non-Newtonian fluids shall be introduced. One of the

simplest models able to depict non-Newtonian fluid behavior is a so-called hard-
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sphere system. This can be considered as monodisperse suspension of spherical
particles in a Newtonian fluid not experiencing interparticle and particle-liquid
interactions. Although there are few real model systems showing all necessary
properties,®>* there is some general knowledge one can gain from that model, such
as the fact that non-Newtonian characteristics will only be developed when

concentrations are high enough.

When interparticle interactions are additionally taken into account, these
interactions are manifold and they will strongly influence rheological properties of the
particulate systems inducing suspensions to be able to depict all known non-
Newtonian behavior.®® The general character of interparticle interactions can be
distinguished using the concept of interaction potential energy®” that helps describing
the resulting forces and relevant length scales. Roughly, these interactions can be
categorized into electrostatic, steric, electrosteric and structural. Discussing relevant
length scales of these interactions underlines why the properties of suspensions will
be concentration dependent. At low solid loadings, the particles will not alter the
linearity of the Newtonian fluid because the distances between particles are much
bigger than the length scales of interactions. Increasing the loading, interactions will
more likely appear. If interparticle interactions dominate over Brownian motions so
called rest structures can form.?® In case of repulsive interactions, this will result in
pseudo-lattice structures whereas in case of attractive interactions the particles will
aggregate. When shear is applied to those systems and is slowly increased these
structures will first withstand the generated forces and then be rearranged due to the
reversible character of the interactions. Depending on the interaction properties, this
can lead to a macroscopic shear response comparable to a first Newtonian plateau or
even induce yield stress. A further increase in shearing results in permanent
disintegration of the aggregates and non-restored arbitrary particle distribution after
shearing. The shear-induced velocity gradient leads to orientation of the particles that

enables them to more freely move over each other. That in turn leads to shear thinning
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or, in case of attractive interactions, also to thixotropy.®” Generally, such systems will
depict a second Newtonian plateau if all particles show the orientation and, by
disruption of those layer orientations, show shear thickening with further increasing
shear rates. If shearing stops, the particles will return to a rest structure.® Of course,
these descriptions are very pictorial and there are theoretical models that represent
the properties of suspension more adequately.”®¢¥° Furthermore, scientific
descriptions of colloidal suspensions are also discussed in specialized literature.®>*’ In
the next section, an example of how colloidal systems can be exploited for ink

development shall be given.

As described, particle interactions are crucial for the properties of suspensions
and thus need to be considered when designing colloidal inks as shown by the Lewis
Lab. Jennifer Lewis and coworkers transfer knowledge from ceramics science to
develop concentrated colloidal gel-based inks for direct writing applications.”” Over
the last years, they have generated inspiring work’>7* continuously improving their
inks by analyzing and controlling interparticle forces. Here, one of their earlier
systems’” shall be discussed as it comprises a model system containing monodisperse
silica microspheres that displays their meticulous scientific work on developing
printable colloidal inks. Coating the colloids with poly(ethylenimine), they exploited
the concept of electrosteric® interparticle forces to tailor the viscoelastic properties
of the system. Electrostatic interactions between negatively charged silica particles
and positively charged poly(ethylenimine) induced strong ionic interactions between
the two species. In addition, changing the pH of the solution they were able to vary
the zeta potential of the coated particles and found the point-of-zero charge to be at
a pH of about 10. At this pH, the absence of electrostatic repulsion between the
colloids led to a system strongly flocculated by van der Waals forces and thus to a
fluid-to-gel transition. Finally, they added cellulose as thickening agent to increase ink

viscosity and reduce flocculation kinetics even enabling fabrication of unsupported
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spanning structures that are considered to be the most difficult structures to print

using robotic dispensing systems.

Describing ceramic colloid systems for a non-expert it might seem strange that
there are only few real systems displaying properties of the hard sphere model. But
due to surface charges, even uncoated rigid ceramic particles will depict an interaction
potential energy longing for a classification as soft-sphere system.®> Taking into
account that spheres can also be deformable will be the next step approaching
towards the description of polymeric systems. As outlined before, low concentrations
of hard spheres in a solution will not change the Newtonian characteristics of the liquid
in which they are suspended in. Nevertheless, they will increase the viscosity by
deviating the fluid flow lines.®® By shear induced shape adaptation deformable
particles will lead to less deviation and thus to a less pronounced viscosity increase
considering shear.®® For higher concentrations, this will result in more pronounced
shear thinning. This effect contributes to the extraordinary properties of blood.”
Under shear, red blood cells will deform’” enabling blood to flow even through the
tiniest capillaries in the human body. For synthetic systems, the particle elasticity also
has a major impact on rheological properties as reviewed by Vlassopoulos et al.”® They
pointed out that colloid elasticity not only has an impact on flow induced material
response but also on the zero-shear viscosity of colloidal suspensions and that the
decrease of zero shear viscosity with increasing particle deformability is generally
more pronounced at higher volume fractions. The models they considered for their
review contained polymer coils and star polymers evolving the lowest elasticity of the
discussed systems. Singh et al.”” performed computer simulations of ultrasoft colloids
under linear shear flow showing that star polymers deform due to shearing. Further,
Huang et al.?%8" used simulations calculating that linear polymers will depict shear
induced decoiling and stretching accompanied by orientation along the flow
direction. Huber et al.#? visualized tumbling dynamics of semiflexible polymers under

shear conditions imaging fluorescently labeled actin molecules.
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Chapter 2.3.2.4:  Underlying molecular concepts — polymer solutions

Using polymers as model systems for soft colloids leads to the field of polymer
solutions. Just as for the hard sphere model, the concentration will be crucial for the
rheological response of such systems. At very low volume fractions, the distance
between polymer chains will be larger than their size. These systems are called dilute.
As already discussed for hard and deformable spheres, at very low concentrations,
solvent properties will not be altered significantly. Increasing the concentration results
in coil overlap and leads to semidilute solutions. Although the solvent will occupy
most of the volume, the coils will overlap and have a considerable impact on the
rheological properties. Being able to overlap clearly distinguishes polymeric systems
from the suspensions discussed before. Raising the solid loading further will lead to
concentrated solutions dominated by coil interactions.*® Printable hydrogels will
usually depict concentrations either in the semidilute or concentrated regime and thus
for the following discussions only these systems will be considered. Even early models
describing semidilute systems, not taking into account other interactions than
topological, dealt with coil overlap and with the concept of entanglements.®
Although used in one context it shall be mentioned that overlap and entanglement
should not be put on one level. Semidilute and concentrated solutions are defined by
coil overlap but do not need to be entangled.® For the chains to entangle they will
need to be long and sufficiently flexible. Experimental results have shown that there
is a critical molecular weight for the formation of entanglements that depends on the
flexibility of the polymer backbone.®®¢¢ Entanglement can, however, only occur in
semidilute or concentrated solutions. If chains are separated from each other they will
not be able to interact. To some extent, these findings are related. The longer the
chains are, the bigger their interaction potential will be and the higher the number of
entanglements at the same concentration. Connecting the entanglement density to
rheological properties the concept of entanglements drastically changed the scientist

understanding of polymers. Accompanied by the model of reptation researchers were
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able to relate macroscopic polymer properties to the microscopic behavior of single
molecules. Due to that, the concept of entanglements is an excellent example of how
theoretical models can enrich and evolve general understanding. As the focus here
should not be on models, the interested reader is referred to excellent reviews dealing
with this topic®®# and the argumentation describing general factors influencing the

properties of semidilute and concentrated polymer solutions shall be continued.

Aside of entanglements and the movement of polymer chains within
semidilute/concentrated solutions, intermolecular interactions have to be taken into
account. In general, an increase of concentration will increase the amount of
interactions and thus polymer concentrations in solutions will have an influence on the
rheological properties. As shown in Figure 9, a general observation dealing with
polymer solutions is that with increasing concentration the zero-shear viscosity is
raised and the onset of shear thinning is shifted towards lower values.®” With
increasing load volume, the viscoelastic properties will be more pronounced and lead
to a bigger difference between first and second Newtonian plateau values.>® Another
aspect is the influence of the molecular weight distribution on rheological properties
of polymeric liquids. Generally, it can be observed® that increased polydispersity
influences the transition from Newtonian to non-Newtonian behavior. Solutions with
a broader molecular weight distribution will exhibit non-Newtonian properties at
lower shear rates but shear thinning will not be as pronounced. The decrease of

viscosity against shear rate will be shifted to higher shear rate values.

Recently, researchers have exploited this concept for designing printable
materials. Although using materials with a broader molecular weight distribution was
not the only aspect influencing the rheological behavior of the inks, they could also
tune the flow properties of their systems by either mixing batches of different
molecular weight distributions of identical materials’* or by combining two types of
materials with different distributions.>® These examples show that modern inks usually

are, from a rheological point of view, complex systems. The complexity is mainly
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introduced by interactions between the molecules and by molecule liquid
interactions. Due to the huge number of interactions, a closer rheological discussion
is outside the scope of this thesis. It was rather intended to present and analyze
simplified basic views of rheological concepts aiming for a more generalized
understanding of the possible system variations allowing controlling the rheological

properties.

high ¢

low ¢

viscosity
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Figure 9: Viscosity against shear rate for high and low polymer concentrations ¢ of a
homopolymer solution in a good solvent. Reprinted with permission from *. Copyright (2016)
American Chemical Society.

Chapter 2.3.3:  Fabrication techniques for bioink-based biofabrication

There is a variety of technologies that enable structuring hydrogels, which
represent one of the most prominent bioink types, into 3D constructs. Two very
interesting processes capable of fabricating complex 3D objects from hydrogels are
two-photon polymerization (2PP) and stereolithography (SLA). They both use light to
induce spatially limited polymerization and can be used to create well-defined
structures. For both processes, the construct is mainly generated by light-induced
radical polymerization within a monomer reservoir or light-induced cross-linking of a

photopolymer. In 2PP, a femtosecond laser is focused onto a spot within this reservoir,
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releasing radicals from a photoinitiator on its path. These radicals start a
polymerization/cross-linking reaction leading to solidification of material along the
laser track. Usually a drop of material, enclosed between two microscopy glass cover
slips with spacers in millimeter range defining the construct thickness, is used as
reservoir. Relating the reservoir size to cover slips and taking into account that prints
usually are much smaller than the overall size of the slips gives an indication of the
producible sample size. Although object size is limited, 2PP offers the possibility to
produce constructs with spatial resolutions as small as 100 nm and is thus especially
interesting for analyzing cell-construct interactions.® SLA enables overcoming the size
limitations of 2PP prints easily generating constructs with dimensions in the centimeter
range. Although compared to 2PP, the resolution is decreased it still is as high as 80-
125 pm.#” In SLA, the objects are produced in a layer-by-layer fashion. The most
frequently applied setup is the bottom-up system where a laser scans and solidifies
the top layer of a reservoir. After one layer is created a movable platform lowers the
construct further into the resin covering it with the next material layer. Although it they
enable the production of geometrically complex structures, the main disadvantage of
the light-induced processes introduced in this section is the limited number of suitable
resins. Especially when printing structures from cell-containing hydrogels, emphasis

needs to be put on cytotoxicity of the photo-initiator.®

Due to the large variety of fabrication systems available, the choice of the
method mainly depends on the material that shall be processed and the structure
(size, architecture, resolution) that needs to be created. As will be discussed, each
method has limitations and none of the approaches can be considered better than
another one. Because this thesis focuses on bioprinting and biofabrication, the
attention shall be put on the three most important and best-established technologies
for printing of hydrogels under cell-friendly conditions: laser-induced forward transfer,

inkjet printing and robotic dispensing. These techniques will be described in detail

38



Chapter 2

and compared to each other in the following sections, with particular emphasis on

robotic dispensing as the primary method used in this thesis.
Chapter 2.3.3.1:  Laser-induced forward transfer

The reviews of Chrisey et al.,?? Ringeisen et al.”? and Schiele et al.”” give excellent
summaries of laser-induced forward transfers (LIFT) techniques used for cell printing
and also show examples of structures being produced with these methods. For
biomedical applications, mostly modified-LIFT techniques are applied. Generally, all
these systems have the same setup in common and are comprised of three main
components; the first is a pulsed laser, the second a donor slide (ribbon) from which
the material is propelled and the third is a receiving substrate. The laser is focused
onto a laser-absorbing layer evaporating the material and generating a high gas
pressure propelling material towards the substrate. By controlled movement of donor
and/or substrate, it is possible to build up 2D and 3D structures from material
droplets.?% For processing biological materials, two different versions of modified-
LIFT are utilized: matrix-assisted pulsed laser evaporation direct writing (MAPLE-DW)
and absorbing film-assisted laser-induced forward transfer (AFA-LIFT). The main
difference between these two techniques can be found in the donor slide setup. In
the most frequently used MAPLE-DW setups, the donor slide comprises two different
layers, a laser transparent support layer and a laser absorption layer. If the printing
material itself is not absorbing light efficiently it needs to be mixed with a matrix that
will adsorb light and transfer the energy. In case of cell printing this matrix usually is a
hydrogel, cell media with addition of glycerol or extracellular matrix.”® In contrast to
that in AFA-LIFT and its related versions like biological laser printing (BioLP), the donor
contains three different layers, a laser transparent support layer, a laser absorption
layer, and a layer with the deposition material (Figure 10A). The laser adsorption layer
in general is a thin (about 100 nm) metal coating that absorbs the laser light leading
to evaporation of the coating. This evaporation leads to a high-pressure bubble

expanding towards the surface and finally to material deposition. Although not
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obligatory”” the receiving substrate in modified-LIFT processes for biomedical
applications is mainly coated with a thin (20-40 pm) hydrogel layer that prevents the
deposited material from drying and in case of printing cells cushions the impact.® In
the following section, AFA-LIFT and MAPLE-DW shall be compared in regards of

printing hydrogels for biomedical applications.”

A energy absorbing layer
laser pulse

[ donor slide
L,

Figure 10: Laser-induced forward transfer (LIFT) A) Schematic drawing of the process. B)
Close-up view of the jet generated by the incident laser pulse. C) Cell pattern printed with
LIFT. Reprinted with permission from **. Copyright (2016) American Chemical Society.

As discussed, the main difference between MAPLE-DW and AFA-LIFT is the
ribbon. In MAPLE-DW, the light-absorbing matrix is mixed with the biomedical
material. The heating within this layer and the irradiation with light might cause
problems when printing sensitive materials but as many researchers could prove it did
not seem to have negative effect on cell viability.”'% AFA-LIFT and BiolLP use an
additional light-absorption layer mainly from Au, Ti or TiO,.741919 This layer protects
the underlying biological layer from radiation-induced damage but being evaporated
will contaminate the printed material. It could be shown that by using an energy
conversion layer the reproducibility and resolution is enhanced (Figure 10C shows a
2D pattern printed with LIFT). Furthermore, this additional layer increases the

selection of possible printing materials.?
Chapter 2.3.3.2:  Inkjet printing

The process of inkjet printing is well known from desktop applications. Many
private users have printed 2D graphical printouts and maybe even refilled cartridges
unwittingly gaining experiences potentially useful for biofabrication. The first printers
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used modified desktop setups and especially have cleaned and reused cartridges
originally produced for desktop applications.’® This straightforward approach, in
combination with the accessibility for printers, led to a profound understanding of the
inkjet printing process for biomedical applications. The following section gives a basic
overview of the different setups. For more detailed discussion of inkjet printing the
reader is referred to a variety of excellent reviews dealing with the inkjet technology

and material properties for inkjet printing.'®'""

Inkjet printing can generally be operated in two modes. In continuous inkjet (CIJ)
processes, the on-going generation of drops creates a jet. Usually, these drops are
individually charged and deflected by a second pair of electrodes for printing.
Droplets that are not needed for printing are collected in a gutter and can be reused.
ClJ is primarily used as a fast process for marking and coding of products. The second
inkjet printing mode is drop-on-demand (DOD) printing. Here, drops are only
generated when needed for printing. DOD is the setup well known from consumer
inkjet printers used for 2D graphical printouts. The working principle is based on an
actuator generating triggered pulses leading to the ejection of a defined material
volume from a reservoir. Ideally on its way to the substrate the ejected material will
transform into a single drop being collected on a predefined position on the
substrate. As shown in Figure 11A, there are two common driving forces for pulse
generation applied for DOD printing. In thermal inkjet printers, a heater is used to
evaporate its surrounding ink generating a vapor bubble that leads to ejection of
material. Simply put, the droplet generation is triggered by an electrical pulse leading
to temperature increase in the heater accompanied by ink evaporation and material
ejection. Material is also expelled from the reservoir using piezoelectric actuators.
Here, the applied voltage will generate a distortion of a piezoelectric crystal leading
to triggered ejection of material. In the next two sections, the benefits and
disadvantages of the different inkjet printing methods described above shall be

discussed with a focus on hydrogel printing for biomedical applications.
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Figure 11: Inkjet printing A) Schematic drawing of the process. B) Example for propelled
material after ejection at different time points using a drop-on-demand printer. C) Surface
profile of a linear pattern printed with inkjet-printed PLGA; D) and E) Different patterns of
PLGA printed with a piezoelectric inkjet. Reprinted with permission from ¥. Copyright (2016)
American Chemical Society.

The main disadvantage of CIJ for laboratory scale and biomedical applications
is the high material throughput accompanied by the continuous stream of drops.
Compared to other printing methods used for these applications, more material is
needed and concerns regarding sterility and potential material property changes due
to processing might arise when the material is reused. In contrast, the DOD process
is using material very efficiently and can also handle small batch sizes making it highly
interesting for small-scale and non-industrial applications. In addition, the spatial

resolution of DOD inkjet printers is higher than ClJ systems.'%

In thermal inkjet printers, the temperature of the heated resistor can reach about
300°C." Nevertheless, Xu et al."’? and other groups, as reviewed by Boland,'® were
able to print viable cells using thermal DOD printers. It is believed that the short
duration of heating pulses in the range of several microseconds only leads to a slight
temperature increase (a few degrees) of the bulk material not negatively influencing
cell viability."? Setti et al.””® could also print enzymes with negligible loss of activity
using a thermal inkjet. As identified by Saunders et al.,'’® further research on the
influence of thermal damage while printing biomolecules needs to be undertaken to

establish thermal inkjet printing in the field of biomedicine. Due to these concerns,
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most researchers working with inkjet printers for biomedical application use
piezoelectric DOD inkjet systems to avoid ink property changes by heat exposure.
Another important benefit of piezoelectric actuators in contrast to thermal is that it
allows for an easy change of the piezoelectric crystal distortion and thus in the pulsing.
This again enables controlling the ejected material volume and velocity of the created
drop making the process more flexible to parameter adjustment depending on

material characteristics.'®

Chapter 2.3.3.3:  Robotic dispensing

Especially during the last years, a large number of great reviews dealing with
technologies applied in biofabrication were published.*"*'? All of these reviews also
discuss the process of robotic dispensing displaying how promising this comparatively
new technique is for the field of biofabrication. This is mainly due to the fact that
robotic dispensing facilitates the production of 3D objects with sizes and dimensions
relevant for biomedical applications in short processing times. In the following section,
an introduction to the different setups (Figure 12A) used for biomedical applications

termed robotic dispensing is given.

Robotic dispensing is primarily used for printing 3D constructs from continuous
filaments. Material is loaded into a reservoir and dispensed through a nozzle. By
automated movement of the nozzle relative to the build plate constructs can be
generated in a layer-by-layer fashion. The driving mechanism of dispensing can
generally be either pneumatic or mechanical. In the most frequent pneumatic-driven
setup, the valve triggering material ejection is placed between the inlet of the
pressurized air and the material. Mechanically driven dispensing is mainly screw- or
piston-based. Piston-based systems eject material triggered by controlling the linear
displacement of a plunger. The displacement of the piston can directly be related to
the dispensed volume. In screw-driven systems, rotation of the screw transports the
material to the nozzle and is thus responsible for dispensing. The material feed cannot

only be controlled by screw rotation speed but also by screw design.'” All robotic
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dispensing systems share the common process of material dispensing through a fine
nozzle determining the resolution of the process.”® Consistent with industrial
dispensing applications, the design of the nozzle has a big effect on the dispensing
homogeneity. Because most printer setups for biomedical application use disposable
and interchangeable needles, it is important to choose the right needle with respect
to given ink properties. In their latest review, Dababneh et al.""? stated that further
improving nozzle design might be necessary in the field of bioprinting. Combining
the fundamentals of the work of Yan et al.,®* who mathematically modeled the forces
cells experience during printing with nozzle design, dependent shear stress analysis
during dispensing might help improving cell survival. In the next section the different
robotic dispensing modes explained above shall be described focusing on processing

of hydrogels for biomedical applications.
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Figure 12: Robotic dispensing A) Schematic drawing of robotic dispensing showing the
different mechanisms of ejection. B) Magnified view showing material dispensing from the
needle and collection onto a substrate; C) Stereomicroscopic image of a printed Pluronic
F127 construct. Reprinted with permission from **. Copyright (2016) American Chemical
Society.

Utilizing a concept known from thermo-polymer extrusion, screw-driven systems
are the most favorable choice for processing high viscosity materials because they are
able to generate high pressures for material dispensing. Tailoring the screw design
helps adjusting the process in regards to feedrate and dispensing homogeneity.
Having the most complicated setup, in addition to being able to generate the highest
shear stresses, makes screw driven systems the least applied approach in

biofabrication. From an engineering point of view, pneumatically driven systems have
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the easiest setup. Nevertheless, applying high pressures typically makes
pneumatically driven systems more suitable for processing higher viscosity materials
than piston driven systems."® Being able to deal with a broad range of pressures and
thus with a broad range of material viscosities makes pneumatic dispensing the most
versatile robotic dispensing mode. Using pressurized gas to apply dispensing force
also implies its biggest disadvantage. The gas used for dispensing is compressible
what will result in a delay between material flow start/stop signal and actual
dispensing start/stop. This problem can be addressed either by applying a time delay
before reaching printing position and a vacuum to stop dispensing or by using a valve
sitting just in front of the orifice. Piston driven systems have the most direct control
over dispensing. As described above, the linear piston displacement directly leads to
material ejection. Because most printers use disposable syringes made from plastics
the maximum dispensing pressure is limited by the stability of the piston and the
quality of the sealing between piston and barrel. Taking into account that at laboratory
scale dealing with small batch sizes might be necessary, piston and pneumatic
systems using disposable barrels that can be emptied nearly entirely are preferential

to screw driven systems where material will remain in the system.

Robotic dispensing puts specific demands on material properties. In contrast to
inkjet printing, where single droplets are required, in robotic dispensing collecting of
a continuous strand is crucial (Figure 12). The material properties need to be designed
in a way that avoids strut break-up.'® Schuurman et al.**> could influence drop
formation of low-viscous gelatin methacrylamide solutions by introducing high
molecular weight hyaluronic acid. Using 20 % w/v gelatin methacrylamide solutions
resulted in drop formation at the needle tip. Adding 2.4 % w/v hyaluronic acid
changed the viscoelastic properties of the ink and strands could be generated highly

improving printing fidelity. As mentioned by Lewis, ™'

printing functional 3D structures
using robotic dispensing places high demands on the inks. Ideally the inks should

even self-support when spanning features need to be printed. When it comes to
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building 3D construct layer-by-layer the interaction of substrate and the first layer is
crucial and wetting behavior needs to be adjusted. This can be done by choosing the

right material combination, the right ink composition,* or by surface modification.
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Chapter 3.1: Introduction

There are various routes to the manufacture of tubular structures for biomedical

124

engineering.’?*'3  Extrusion, molding,'®'?  dip-coating'” and  solution

electrospinning''# are all common approaches for making tubes while lesser used

130 131

techniques such as centrifugal casting,’ lithography™' and more recently
biofabrication? have also been established. Tubes are key structures for many tissue
engineers as they mimic the various anatomical constructions (e.g. blood vessels,

133

urethra,’ intestine,™* larynx'®*) of the body."* Furthermore, they are employed in

clinical strategies, such as stents,'” bone defects,'®

and nerve guides.”™ Each
manufacturing process has its strengths and limitations, from their biological efficacy

to challenges in gaining regulatory approval for translation into the clinic.

Solution electrospinning has been one recent processing technique subject to
extensive research as a method for design and fabrication of scaffolds for a variety of
tissue engineering (TE) applications, including tubes.’*'*>'% To produce a tube by
solution electrospinning, a fast-rotating cylindrical collector is commonly
implemented to the spinning instrument, and an electrospun mesh is removed after
a period of collection time. Due to the dynamic bending instabilities of the solution
electrospun jet, the tube walls typically have a random fiber orientation, unless the
rotational speed is sufficiently high or an alignment process is used to minimize
whipping in one of the planes.’®** Nevertheless, collecting fibers on a rotating
mandrel is a common approach to produce electrospun tubular scaffolds for research

in TE and many workgroups gained initial promising results.’>"/

Melt electrospinning writing (MEW) can produce both straight and coiled fibers,
depending on the translation speed of the collector. It was previously shown that
straight fibers can be melt electrospun written onto cylindrical collectors larger than
6 mm diameter for applications in bone TE, when the collector speed is faster than

the speed of the jet.
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In this chapter, melt electrospinning onto different diameter collectors is
performed, and the collector is rotated both below and above the critical transition
speed that results in straight fibers. The morphology and structures generated under
these conditions are investigated and the dimensions of the fabricated structures are
analyzed. Via combining cylinder translation and rotation, tubes with different
morphologies and mechanical properties are produced. The aim of this chapter is to
identify and analyze the main parameters influencing fiber orientation and structure

of tubular melt electrospun scaffolds over a broad range of processing conditions.

Chapter 3.2: Materials and methods

Materials

Medical grade poly(g-caprolactone) (PCL, Purasorb PC 12) was sourced from
Purac Biochem (Gorinchem, NL). The polymer was selected due to its biomedical
history, biodegradability and processing capacity. Moreover, the surface properties
of PCL as well as its degradation kinetics can be tailored by physical, chemical and

biological modifications.*®

Electrospinning device

A custom-made MEW device was used to fabricate the structures reported in
this study (overview shown in Figure 13A). The medical grade PCL pellets were heated
in a glass syringe (Hamilton, Reno, USA) with an electrical heater (Watlow Electric
Manufacturing Company, St. Louis, USA) mounted to a tailor-made polyether ether
ketone (PEEK) housing. A high voltage of 11.5 kV (EMCO High Voltage Corporation,
Sutter Creek, USA) was applied and directly measured with a high voltage probe
(Tenma Instruments, Springboro, USA). The high voltage was applied to the flat tip of
a spinneret and the polymer flow was regulated by a syringe pump (World Precision
Instruments, Sarasota, USA) with a feed rate of 15 plL/h. Aflat tipped 23 G hypodermic
needle was used as the spinneret. The distance between the spinneret and surface of

the rotating collector was 20 mm. The melt electrospinning components were
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enclosed in a Perspex box fitted with a magnetically coded interlocked door to

prevent accidental electrical shocks.
Electrospun melt preparation

The as-received medical grade PCL pellets were placed into a 5 mL syringe
and heated up to 100 °C for 2 h to ensure a homogeneous polymer melt. Before
sample preparation the material was collected for 30 min on a grounded plate in order

to establish a constant and stable jet.
Electrospun fiber collection

Steel piano leadwire (Albion Alloys Ltd, Bournemouth, UK) was used as a
rotating cylindrical collector, with different diameters (0.5, 1.0, 1.5, 2.0, 3.0, 4.76 mm).
This high-carbon steel was chosen due to its consistent diameter and excellent
mechanical properties particularly important for the low diameter collectors. The
grounded collectors were rotated by a DC motor (Leadshine Technology Co. Ltd.,
Shenzhen, China) (Figure 13B) mounted on top of a linear slide (Velmex Inc,
Bloomfield, USA). The translation and rotation of the collector was controlled and
automated by G-code based CNC software (Mach3, ArtSoft, Newfangled Solutions
LLC, Fayette, USA). Collections with rotation only (no translation of the collector) were
performed (n=5) with up to four different rotational speeds on one collector (Figure

14B).
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Figure 13: A) Overview Melt Electrospinning Device. A syringe pump was used to dispense
the molten material through a spinneret mounted to a heated syringe. The high voltage was
applied to the spinneret and the collector was grounded. B) The rotating collector was
connected to a computer-controlled DC motor mounted onto a stage and a linear slide. C)
The collection was performed with three different modes and varying parameters. The first
mode was stationary. No rotation and/or translation was applied. For the second mode the
collector was rotated only. For the third mode rotation and translation along the x-axis was
undertaken. Reprinted with permission from . Copyright (2017) John Wiley and Sons.
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Figure 14: Collection with rotation only. A) The jet of molten polymer was collected onto a
rotating rod. After the sample was finished the stage was translated and the next sample was
generated. B) Samples with up to four different rotational speeds could be collected in
quintuplicates onto one rod. Before collection with a different rotational speed material was
collected for two minutes to ensure an adjustment of the jet to the new conditions. Scale bars
are 6 mm. Reprinted with permission from 8. Copyright (2017) John Wiley and Sons.

Visualization of tubular structures

Samples were mounted on SEM aluminum stubs and gold coated with a sputter
coater (Leica Microsystems EM SCDO0O05, Leica Microsystems GmbH, Wetzlar,
Germany). Then scanning electron microscopy (SEM) was performed with an FEl
Quanta 200 Environmental SEM (FEI Company, Hillsboro, United States) at a voltage
of 10 kV and a tabletop SEM (TM3000, Hitachi, Tokyo, Japan) at a voltage of 15 kV.
Optical images were taken with a SteREO Discovery.V20 Stereomicroscope (Carl
Zeiss, Oberkochen, Germany). Images were prepared and processed using

Photoshop CS5 12.1 (Adobe, San Jose, USA).
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Fiber diameter, orientation and tube width measurement

SEM images were imported into Image J software (National Institute of Health,
USA). The fiber diameter for each line was measured at 10 random locations. Similarly,
the tube width and the length of the stationary collections were measured using a
square drawn along the edges of the tubes to define the outer bounds. The
orientations of the fibers were also analyzed drawing lines along the fibers and
detecting the angle between the lines at 10 random positions. The calculated errors

correspond to the standard deviation of the measurements.

Chapter 3.3: Results and discussion

Results

The polymer and instrument conditions used in this study produced a straight
electrified jet that had minimal or no bending instabilities (often described as
“whipping”) (Figure 14A). Instead the electrified molten jet moved directly towards
the collector with fiber coiling due to buckling instabilities associated with a
viscoelastic liquid impinging onto a solid surface. For all experiments, if the voltage
to the spinneret is turned off, then the molten electrified jet would break down and

fiber collection would stop.
Stationary fiber collection

The fiber preferentially deposits along the flat part of a stationary cylindrical
collector (along the length of the cylinder). The deposited fiber loops back to the mid-
line once it reaches a certain distance from the mid-line, due to the viscoelasticity of
the molten PCL jet. This back and forth fiber deposition along the collector is

continuously repeated and the result is a stacked object (Figure 15).
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Figure 15: Melt electrospun PCL after 60 s of collection onto stationary collectors of varying
diameter. The largest diameter collector (4.8 mm) produced an oval shaped collection (A)
with many fibers not stacking well upon each other. The side-view (E) reveals a collected mesh
with numerous dangling fibers. This is also seen for the 3.0 mm collector (B/F), however for
the 1.0 mm (C/G) and the 0.5 mm (D/H) there was far more accurate stacking. The collected
mesh became longer and the accuracy of the fiber stacking improved, until a certain height
after which dangling fibers can be seen coming from the sides of the object. Reprinted with
permission from 8. Copyright (2017) John Wiley and Sons.

The melt electrospun fiber morphology, but not the fiber diameter (Figure
16B), is influenced by the collector diameter. The collected material (Figure 15) has
dimensional differences that reflect the effect of collector curvature on the deposition
behavior. All collections are anisotropic and have an oval shape when viewed from
above. As the collector diameter increases, the length of the deposited construct
decreases. As shown in Figure 16A the length of the constructs decreased from
1.99 = 0.13 mm for the 0.5 mm collector diameter to 1.22 = 0.04 mm for a 4.8 mm
diameter. Furthermore, the deposited material width increases with collector

diameter (Figure 15).
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Figure 16: A) Construct length of samples collected under static conditions (no rotation, no
translation). With increasing collector diameter, the length of the constructs decreases. B)
Fiber diameter in dependence of the transverse speed for the collector diameters 1.00 mm,
3.00 mm, and 4.76 mm. Within the errors of the measurement there is no difference of the
fiber diameter according to the collector diameter and the tangential speed. Reprinted with
permission from 8. Copyright (2017) John Wiley and Sons.

Rotational velocities below the critical translation speed

When the collector is rotated without stage translation in the x direction (Figure
13C), the melt electrospun fibers were produced as a “ring” that could be readily
removed from the collector. These structures had morphologies that were dependent
on the rotational velocity. Figure 17 and Figure 18 show the trend of changes for
4.8 mm and 3.0 mm diameter collectors. While not as defined, the same
morphological trend could be observed for 1.0 mm and 0.5 mm diameter collectors
(Figure 19). There appear to be two distinct phases within the fiber morphology if
processed below the critical translation speed. The first, observed at low rotational
speeds is the “figure of eight” looping (Figure 17 and Figure 18 lines A and B), where
the rotation is slow enough to allow translation along the collector to occur. The next
phase is a sinusoidal fiber pattern which occurs as the collector rotational velocity
increases towards the critical translation speed of the fiber and the forces on the fiber

due to rotation are increased (Figure 17 and Figure 18 lines C and D).
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Figure 17: Effect of rotation speed on the collected material. Collector diameter 4.8 mm. Each
line shows samples collected under the same conditions from different views. The rotational
speeds starting from line A to line E are: 0.4 rpm, 4.2 rpm, 8.2 rpm, 16.8 rpm, 25.2 rpm,
42.0 rom. Each column shows samples collected at different rotational speeds from the same
view. The views starting from left to right are: stereomicroscopic image with overview from
the side, SEM image with close up view on the sample from the side, stereomicroscopic image
from the top, SEM image with close up view on the sample from the top. Scale bars are
500 pm, 100 pm, 500 pm and 100 pm for each column starting from left to right. Reprinted
with permission from '®. Copyright (2017) John Wiley and Sons.
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Figure 18: Effect of rotation speed on the collected material. Collector diameter 3.0 mm. Each
line shows samples collected under the same conditions from different views. The rotational
speeds starting from line A to line E are: 0.7 rpm, 6.7 rpm, 13.3 rpm, 26.7 rpm, 40.0 rpm,
67.0 rom. Each column shows samples collected at different rotational speeds from the same
view. The views starting from left to right are: stereomicroscopic image with overview from
the side, SEM image with close up view on the sample from the side, stereomicroscopic image
from the top, SEM image with close up view on the sample from the top. Scale bars are
500 pm, 100 pm, 500 pm and 100 pm for each column starting from left to right. Reprinted
with permission from '®. Copyright (2017) John Wiley and Sons.
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Figure 19: Effect of rotation speed on the collected material. A-D show magnifications of
samples collected onto 1.0 mm diameter rods from the top. The rotational speeds from A-D
are 2 rpm, 20 rpm, 80 rpm and 200 rpm. Images E — H show samples collected onto a 0.5 mm
collector with rotational speeds from E - H of 4 rom, 40 rpm, 160 rpm, 400 rpm. Scale bar is
100 pm. Reprinted with permission from 8. Copyright (2017) John Wiley and Sons.

Rotational velocities above the critical translation speed

At higher angular velocities, the critical translation speed is passed and the
electrified molten jet is deposited as a linear fiber onto the collector (Figure 17 and
Figure 18 line E). However, the stacking of fibers occurs very rapidly, and the structure
is built very quickly. This is reflected in Table 1 where the dimensions of the collected
“ring” material are displayed. There is a substantive reduction in the width of the ring
as speeds are increased and stacking occurs (Table 1). Surprisingly, and as shown in
Figure 15B the fiber diameter did not decrease even for constructs collected above
the critical speeds. The increased mechanical drawing of the fiber is therefore
believed to increase the mass flow to the spinneret, and in the course of this inquiry

the fiber diameter is maintained.
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Table 1: Width of collected rings. This table shows the measured width of the rings collected
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with rotation only for different collector diameters and different tangential speeds.

tangential 1.00 mm 3.00 mm 4.76 mm
speed collector diameter collector diameter collector diameter
[mm/min] [mm] [mm] [mm]
62.8 1.56 +0.12 1.23 +£0.08 1.27 £ 0.09
125.7 1.61 = 0.09 1.16 = 0.13 1.13 £ 0.11
251.3 1.49 £0.13 1.04 +£0.12 0.70 = 0.10
377.0 1.25+0.16 0.71 £0.08 0.62 = 0.06
628.3 0.38 £ 0.06 0.51 £ 0.06 0.50 = 0.06

Combining rotation above the critical translation speed with collector movement

To produce defined tubes with linear filaments, the x-direction translation was
performed in combination with collector rotation. As shown in Table 2 for a 2.0 mm
diameter collector the winding angle could be varied between 6 = 1° and 61 + 6° by
changing the combination of translational and rotational speed. Within the errors, all
calculated angles corresponded to the measured winding angles. When the
rotation/translation of the collector was controlled so that the fiber is predicted to
deposit evenly across the surface, then a defined tubular structure could be formed
(Figure 20). Increasing the rotational speed in combination with low translation speeds
even further results in a compact tube with low porosity (Figure 21). These dense
walled tubes were tightly wound around the 1.5 mm collector, however could be
readily released from the metal collector by using 70% ethanol. The tubes had an
outer diameter of 2.13 = 0.06 mm and an inner diameter of 1.43 + 0.03 mm,

corresponding to an average wall thickness of 0.35 + 0.04 mm. The maximum length
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of the tubes produced was 60 mm, and the average fiber diameter was

11.19 £ 0.77 pm.

Table 2: Parameters for created tubes. Tubes were collected with different combinations of
rotation and translation of the collector. Each combination resulted in a calculated winding
angle that, within the errors, corresponded to the measured angle.

collector calculated effective rotational tangential translational measured

diameter  angle velocity speed speed speed angle
[mm] [degrees] [mm/min] [rpm] [mm/min]  [mm/min] [degrees]
2.0 5 600 8 52 598 6+ 1
2.0 15 600 25 155 580 16 +3
2.0 30 600 48 300 520 302
2.0 45 600 68 424 424 46 + 3
2.0 60 600 83 520 300 61 +6
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Figure 20: Collection with rotation and translation. The image shows a tube collected onto a
2.0 mm diameter rod. The calculated winding angle was 5°. The tube was created by
repeatedly stacking one continues fiber on top of itself using translation and rotation of the
collector. The white arrows indicate the incoming and outgoing fiber. A) Overview image of
the tube. B) Magnification of the center part of the tube. C) Magnification of one of the edges
of the tube. Reprinted with permission from . Copyright (2017) John Wiley and Sons.
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Figure 21: SEM images of a melt electrospun tube manufactured at high rotations speeds
(6600 rpm) onto a 1.5 mm diameter collector. A) Overview image of the tube. B) Magnification
of the tube showing fiber alignment. C) Top view image and D) magnification image of the
top view showing oriented fibers compacted into a dense wall. E) Cross-section and
F) magnification of the tube showing fusion between the oriented fibers. Reprinted with
permission from 8. Copyright (2017) John Wiley and Sons.
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Discussion

In the context of this study, it is important to emphasize that the electrified jet
takes a direct path from the spinneret to the collector, with minimal deviation from
the mid-line (until right at the collector). The resultant coiling is therefore due to the
buckling of a viscoelastic liquid (the molten jet) as it impacts the collector, similar to
how other viscoelastic materials (such as honey) coil and buckle as they land onto a
surface.' When this electrified viscous, molten jet is moved across a surface with
increasing speed, the coiling is reduced until it produces a straight fiber.?® However,
when deposited upon a stationary, flat surface for a period of time, the collection is
typically circular in shape, often with fibers collected in rings forming radially outwards

from the center.®
Stationary collection

The fiber deposition onto a stationary cylindrical collector is significantly
different from that of a flat surface. The fibers will tend to deposit along the length of
the cylinder due to electrostatic forces attracting the jet to the highest point on the
collector. Once the deposited fiber reaches a certain distance away from the mid-line,
retractile forces in the electrified jet draw back the filament along the collector to the
midline. At the point of retraction, the fiber makes a small loop on the collector,
indicated in Figure 15. When at the mid-line the depositing fiber continues to the
opposing side of the collector, along the length of the cylinder until retractile forces

cause the fiber to loop again and return to the mid-line.

It was observed that larger collectors have more oval shaped collections, while
the smallest diameter collectors produce a “fin” that is built via a series of stacked
fibers. By measuring the length of the collected constructs, it could be shown that as
the diameter of the collector increases the length of the constructs decreases (Figure
16A). SEM images taken of the side of the sample show that stacking of the fiber is

more pronounced at smaller collector diameters, fibers often failed to deposit upon
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each other and so “draped” themselves on the side of the collected material (Figure

15).
Rotating the collector only

The surface of the collector, when rotated, allows the viscous jet to be collected
in a more controlled manner. At low rotation speeds, the fiber is now pulled in two
axes (x-y) rather than the x axis only. Similar to the stationary collection, the diameter
has an effect on the morphology of the melt electrospun material when the collector
is rotating. To analyze this effect, experiments with the same tangential speed of the
collector surfaces in relation to its rotational axis were performed. For all investigated
collector diameters increasing the speed led to linear stacking of the fibers. As
previously mentioned, moving the collector at tangential speeds lower than the
critical translation speed led to “figure of eight” looping (Figure 17 and Figure 18
lines A and B). Increasing the speed further resulted in a sinusoidal pattern for the
collected fibers. When the rotation speed is such that one full rotation of the collector
led to an inversely phased deposition of sinusoidal fibers, cylindrical pores resulted
(Figure 17C). Collecting fibers with tangential speeds higher than the critical
translation speed led to aligned and stacked fibers. Increasing the speed lead to more
aligned fibers and thus to a decrease in the width of the collected ring (Table 1).
Comparing the structures made with the same tangential speed on collectors with
different diameters shows that below the critical translation speed an increasing
collector diameter decreases tube width. This observation also fits to the observations
made for stationary collections. The influence of the collector diameter becomes
particularly prevalent when comparing the structures where the tangential speed
generates sinusoidal fibers. The smaller the collector diameter, the bigger the
amplitude of the sinusoidal fibers (Figure 17 and Figure 18 lines C and D, Table 1
tangential speeds 251.3 and 377.0 mm/min) due to the electrostatic forces that drive
the fibers to the highest point of the collector. This allows a limited control of the self-

orientation of the fibers into shapes and structures. Comparing the tube width for the
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smallest tangential speeds listed in Table 1 for each diameter respectively show no/or
only small reduction in tube width. Here the rotational speed was too small to force
the fibers in y-direction (Figure 13C) to a level where the tube width is reduced
significantly. Comparing e.g. Figure 18 lines A and B that correspond to the tangential
speed of 62.8 and 125.7 mm/min for the 3.0 mm mandrel in Table 1 shows that while
the values for the tube width are similar, the morphology of the rings changes
significantly. At a velocity of 125.6 mm/min the “figure of eight” shape was distinct;
more fibers stacked upon each other rather than next to the previous layer due to the
increased tangential speed compared to 62.8 mm/min. At tangential speeds
underneath the critical translation speed the deposition of fibers is not forced in a
distinct direction but by changing the conditions (collector diameter, tangential
speed) during collection it is possible to gain control over the shape and structure of
the rings. The change of conditions shows clear trends illustrated by the conversion
of the shapes could also be seen when using smaller diameter collectors (0.5 and 1.0
mm) (Figure 19). The “figure of eight” shapes where not as distinct as for the bigger
diameter collectors (3.0 and 4.8 mm) because the electrostatic forces made the fibers
tend to deposit along the length of the cylinders for longer. When rotating slowly
fibers preferentially stacked on top of each other suppressing the clear “figure of
eight” collection. Nevertheless, a conversion into sinusoidal (Figure 19 C and G) and

linear shapes was observed (Figure 19 D and H).

Figure 22B shows a magnification of a construct collected onto a 2.0 mm
diameter collector rotated at 10 rpom (Figure 22A). It can be seen that the collected
fibers were still molten and could fuse with the underlying fibers. This fusion increased
the stability of the constructs and helped preserve their shape. Hierarchical effects can
also be seen in Figure 22C and D. Both constructs were collected under the same
conditions and are shown from the same perspective. The construct shown in Figure
22C was collected for 60 s whereas the construct in Figure 22D was collected for

approximately 30 min. These experiments were performed under a constant rotational
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speed, and the tangential speed increased during collection with increasing construct
thickness. To suppress these additional influences the collection time was adapted to

the collector diameter ensuring that the mandrel rotated the same number of times

for each diameter and initial tangential speed.

Figure 22: Collection onto 2.0 mm diameter collectors with rotation only. Image A and B show
different magnification of a tube collected at 10 rpm. As visible in magnification B the fibers
can melt together after being collected on top of each other. C and D show images of
constructs collected at a rotational speed of 20 rpm for different times. C was collected for
60 s while D was collected for about 30 min. Reprinted with permission from '8. Copyright
(2017) John Wiley and Sons.

Rotation and translation of the collector

If the tangential speed of the tube was reduced relative to the translational

speed by reducing the rotational speed, as shown in a previous work® different
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combinations of rotation and lateral translation speeds of the tube resulted in a varied
effective velocity vector, comprised of a winding speed and winding angle (i.e. the
angle between the fiber direction and the axis of collector rotation). Table 1
demonstrates for a 2 mm diameter tube with a programmed length of 15 mm that
different combinations of rotational and translational speed could be used in order to
achieve a desired effective winding angle, for tubes fabricated using a 16 + 2 pm
diameter fiber. In contrast to previous work,® it was possible to adapt the real tube
width to the measured one by laying down the fibers at effective speeds that are just
as high as the translation speed (about 600 mm/min). Further, it was demonstrated
that the design and fabrication of tubular scaffolds via direct writing in a melt
electrospinning mode is viable with significantly reduced fiber diameters (from 60 pm
down to 16 pm) and for smaller structures (tubular construct diameter reduced from
6 mm to 2mm), where tailoring of the pore architecture to suit a specific TE

application is maintained.

The permutations of combining rotation/translation are considerable and their
full characterization is beyond the scope of this chapter. However, melt
electrospinning at high tangential speeds and low translational speeds results in fiber
orientations that are almost perpendicular to the rotational axis. Figure 21 shows the
cross section of a tube with 350 + 40 pm thick walls fabricated at high rotating speeds
to create aligned fibers. In this case the structure has been melt electrospun on a
1.5 mm diameter tube, where the rotational speed of the tube (6600 rpm) is
significantly higher relative to the translational speed 1500 mm/min of the tube. The
high rotational speeds lead to a mechanical drawing of the fibers that have been
wound closely together to create a tightly packed structure that would likely limit the
penetration of cells/tissue. For such tubes, the inner diameter of the tube was

1.43 £ 0.04 mm.

69



Chapter 3

Chapter 3.4: Conclusion

While MEW has primarily been performed on flat surfaces, in this investigation
cylindrical collectors were used. The deposition behavior of the melt electrospun
fibers onto cylinders differs from that typically seen with solution electrospinning. In
particular, the fiber will tend to deposit along the length of the collector due to
curvature of the cylindrical collector. Using a static collector (no rotation or translation),
fibers can be readily observed to align along the length of the cylinder. This effect is
seen for all the cylindrical collectors used in this study, from 0.5 mm up to 4.76 mm.

In comparison, fibers collected upon flat surfaces will form a circular deposit of fibers.?

Slowly rotating the collector results in a “figure of eight” morphology, which is
believed to be assisted by the surface curvature. Increasing the rotational speed
further induces a sinusoidal pattern within the collected material. A further increase to
rotational speeds that exceed the critical translation speed of the jet leads to aligned
fibers. It could be shown that the diameter of the cylindrical collector has a significant
influence on the collected rings. The large collector diameters resulted in thinner
rings. The width of the rings further decreased with increasing rotational speeds. At
tangential speeds above the critical translation speed (experiments run at
628.3 mm/min) the tube width started to equilibrate due to the collection of linear

fibers (see Table 1).

When translating the collector during rotation at medium speeds it was
possible to adjust the winding angle between 6 = 1° and 61 = 6°. Collecting at
effective velocities about the critical translation speed of the jet enabled building
constructs with different mesh geometries predefined by the winding angle. Further
increasing the rotational speed led to fibers that were aligned almost perpendicular
to the axis of rotation. The resultant constructs were wound closely together creating

tightly packed structures.
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In summary, it was possible to influence the structure of tubular constructs by
changing the rotational speed of the collector, by additionally translating the
collector, and by choosing the correct collector diameter. The resulting tubular
structures had a unique architecture not previously described and have potential to

be studied in different areas of TE such as bone, vascular and nerve regeneration.
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Chapter 4.1: Introduction

Nanoparticles can be used to deliver drugs directly to cells. As shown by
Wiltschka et al.,™ cells can take up mesoporous silica nanoparticles (MSN) that are
loaded with drugs and the MSN can then release the drugs directly into the cells. The
same group could further prove that the released drug can influence the cellular
behavior as shown by Mamaeva et al.,? where enhanced glucose uptake by tumor-
initiating cells, in this case breast cancer stem cells, was used to address the uptake
of glucose functionalized MSN. The particles were further loaded with Notch activity
inhibitors, y-secretase inhibitors, that were released after uptake based on recognition
of the particles by glucose receptors present in glycolytic cancer cells. Mamaeva et al.
also show that these MSN reduced the cancer stem cell pool in vivo. Although this
example shows an elegant method of controlled delivery and release of bioactive
molecules, the controlled temporal release of drug vectors still remains a challenge in

the field of Nanomedicine.

This challenge is addressed within this chapter where differently charged MSN -
used as model systems for drug vectors — were combined with a printable hydrogel
system containing negatively charged hyaluronic acid. This ink was synthesized as
described in literature.*? Within this work, it was shown that the electrostatic
interactions between the nanoparticles and the hydrogel can be used to control the
temporal release of MSN. Furthermore, the electrostatic interactions also changed the
diffusion/migration properties of the particles within the hydrogel ink and thus
enabled a control of particles species concentrations based on direct contact of
printed strands and thus on the geometry. It was proved that the geometry of the
constructs made from differently charged particles could be used to control particle
concentrations within the strands and thus the printability of the materials offers an
additional control over release kinetics. Because charged nanoparticles are known to
alter rheological properties of hydrogels,'"'*2 a crucial part of this chapter was also

the rheological evaluation of the MSN-loaded ink systems and the analysis of the
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impact of the particles on the ink’s printability. Maintaining the printability of MSN
loaded inks is also highly interesting for the field of biofabrication where it could be
used to generate gradients of different particle and drug concentrations introducing
a hierarchy and potentially altering the tissue maturation properties. Printability in
combination with controlled release of drug vectors could further help developing
inks that determine post-printing fate of cells that are either within the ink or

influenced by the released particles and drugs.

Chapter 4.2: Materials and methods

The MSN were produced by Bernhard Baumann as described in Baumann et
al.»*® The silica particles had an average diameter of about 400 nm at a mesopore
diameter of about 3 nm. They were functionalized either with carboxy- or with
ammino-groups covalently coupled to the inorganic particles. The MSN-COOH had a
zeta-potential of -21 mV and the MSN-NH; a potential of +20 mV measured in 25 mM
phosphate-buffer saline (PBS) solution. Furthermore, covalently label particles were
produced. Both MSN-types were labeled with ATTO dyes, ATTO 488-NHS and ATTO

647N-NHS, for fluorescence analysis.

The polymers were synthesized and characterized by Simone Stichler as
described previously.'® The two synthesized polymers, linear Poly(allyl glycidyl ether-
co-glycidyl) (P(AGE-co-G)) and thiol functionalized poly(glycidol) (PG-SH), enable a UV
induced cross-linking via thiol-ene click reaction in the presence of a photoinitiator

(Irgacure 2959).

For the ink preparation, the MSN were suspended in PBS at a concentration of
10 mg/mL. The first half of the suspension was mixed with P(AGE-co-G) and the
photoinitiator (final concentration of 0.05 wt.-%). Then, PG-SH was added to the other
half of the MSN suspension. Afterwards, both solutions were mixed together and
3.5 wt.-% hyaluronic acid (1.36 MDa) was added as purchased to adjust the ink

viscosity and thus to increase shape fidelity for printing. The amount of polymer
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needed for the thiol-ene click reaction added to the final ink was adjusted to result in
an equimolar functional group ratio and was 17 wt.-%. Using this method three
different MSN-inks were prepared: an ink containing MSN-COOH only, one

containing only MSN-NH, and one containing both species.

Printing of the MSN-inks was performed with a 3DDiscovery bioprinter
(regenHU). The device was equipped with two print heads enabling processing of
hydrogel inks. One of them works on a time-pressure principle (syringe dispenser, DD-
135N) and was equipped with a flat tipped precision needle (0.33 mm inner diameter,
23 G, 6.35 mm length, Nordson EFD). The pressure used to dispense the material was
set to be 1.5 bars. The other print head was an electromagnetic valve dispenser (cell
friendly print head, CF-300N/H) dispensing material through a 0.30 mm flat tipped
needle (regenHU). Printing was performed at valve opening times of 800 ps, a dosing
distance of 45 pm, and a feed pressure of 3.4 bars. Both print heads were operated
at 15 mm/min and the syringe dispenser was only used in case of two component
constructs. Cross-linking of the deposited material was achieved by irradiating the
dispensed material with UV-light using an hénle UV source at 60 % intensity (bluepoint
4, 320-390 nm filter). The illumination pulses had durations of 2 sec and were applied
7 times per construct during printing. Shape fidelity was analyzed with a Carl Zeiss
SteREO Dicsovery.V20 optical microscope post-fabrication. More detailed shape
fidelity analysis via 3D reconstruction as well as particle release and migration within
the two component constructs was performed by confocal microscopy using a Leica

TCS SP8 STED.

The rheological properties of the different MSN containing inks were analyzed
and compared to the particle free ink system measuring them with an Anton Paar
Physica MCR301 rheometer in a cone-plate setup (60 mm diameter, 0.5°, gap
0.058 mm). A solvent trap was used to minimize evaporation and material changes

during testing at room temperature. To acquire detailed information about the
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material, both rotating and oscillating measurements were performed. Following tests

were performed on each ink-system:

e viscosity versus shear rate in a range from 0.01 to 10 s (at the beginning
and after all experiments to detect possible changes during
measurements),

e rotational recovery tests with alternating (each 100 sec) high (5s) and
low shear rates (0.01 s),

e amplitude sweep (at 10 Hz from 0.01 to 10 % strain),

e frequency sweep (at a strain of 1 % from 0.1 to 1000 Hz),

e oscillating recovery tests with alternating (each 100 sec) high (100 %) and

low strain (0.01 %).

Chapter 4.3: Results and discussion

One of the primary research questions of this chapter was if the nanoparticles
will influence the printing properties of the ink when combined. To test this, MSN
containing inks were prepared as described in Chapter 4.2 and rheological tests on
them were performed. It is important to mention that the experiments were
performed with inks that were not cross-linked and did not contain the photoinitiator
to ensure that the samples do not change during testing. For characterization, MSN-
inks were tested and compared to a non-MSN containing ink with the same
composition. Both, oscillation and rotational experiments were performed to ensure

complete characterization.

Based on an amplitude sweep shown in Figure 23A, the deflection for the
frequency sweeps was chosen to be 1% because this value was in the linear
viscoelastic region. The frequency sweeps shown in Figure 23B revealed that the
material was viscoelastic. At low frequencies, the viscous properties dominated elastic
properties of the material. After a cross-over point at about 1 s, the elastic properties

began to dominate. This revealed that at low deflections, no permanent changes
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occur to the material, the inks showed a time dependent behavior. The differences
between the MSN loaded inks and the particle-free reference were very small showing
that the differently charged particles do not drastically change the viscoelastic
material properties over the whole tested frequency range from 0.1 to 800 s during
cyclic loading. Further, the response of the material to alternating high deflection
(100%) and low deflection (0.1%) was tested over a period of 18 cycles. Based on the
experience with particle-free inks, the deflection of 100% is not in the linear
viscoelastic region and thus in contrast to the low deflection, leads to changes in the
material. Due to this, these tests reveal how the material recovers after being exposed
to oscillating structural changes. As shown in Figure 23C the materials recovered
quickly and the plateau levels for storage and loss modulus did not change even over
a period of 18 cycles indicating self-healing properties of the material after cyclic

loading.

In contrast to most oscillating rheological experiments, rotational experiments
mainly induce structural changes and are therefore better suited to mimic the
conditions the materials are subjected to when dispensed. Therefore, rotational
experiments were used to characterize the materials when exposed to various
rotational velocities and different shear rates. Measuring the viscosity over a shear rate
interval from 0.01 to 5 s, it was possible to show that the materials were shear
thinning. As shown in Figure 24, MSN-containing inks lead to a small shift in the curve
but did not alter the shear thinning properties of the materials. One possible
explanation for this shift would be Coulomb interactions between the charged
particles and the polymers in the ink. The main component influencing the viscoelastic
properties in a non-cross-linked state is the hyaluronic acid. It contains COOH groups
leading to a negative charge. Due to this, hyaluronic acid is charged the same way as
the MSN-COOH and has the opposite charge as the MSN-NH: (zeta-potentials in PBS
were measured in Ulm '3). One would expect that likely charged components lead to

repulsive forces and thus to a decreased viscosity whereas differently charged
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components attract each other and thus increase the viscosity. Furthermore, the
viscosity versus shear rate graph should show a sign of attractive interaction breaking,

for example a change in the slope, in case of differently charged particles.
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Figure 23: Oscillatory rheological analysis of 10 mg/mL MSN-inks compared to the no-loaded
hydrogel component of the ink. A) shows an amplitude sweep, B) shows the data of the
frequency sweep, and C) shows the modules for alternating low and high strains. The legend
covers all graphs. (A) and B) Reprinted with permission from '33. Copyright (2018) John Wiley
and Sons.)

As shown in Figure 24, the particles did not change the shape of the curves compared

to the non-MSN-ink and the shifts are opposite from what would have been expected
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based on the charge considerations. This leads to the assumption that the silica
nanoparticles do not influence shear thinning properties strongly. To support this
conclusion, different concentrations of particles were also tested. Figure 24 only
considers concentrations of 10 mg/mL MSN in the PBS stock solution. Figure 25A and
Figure 25B further show concentrations of 0.1 and 1.0 mg/mL. Nether MSN-NH: nor
MSN-COOH containing inks displayed a trend and in combination with the
experiments of the 10 mg/mL, it can be concluded that the MSN did not change the
shear thinning properties of the ink. To simulate the recovery of the materials after
being dispensed, crucial for shape fidelity of printed constructs, experiments with
alternating high (5 s™') and low (0.01 s™) shear rates were performed as shown in Figure
26. These experiments clearly demonstrate that the materials recovered quickly and
for at least 3 cycles, the plateau values did not change. The differences between the
MSN-containing and MSN-free inks were small and thus support the conclusion that

the particles do not alter the rheological properties of the ink.
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Figure 24: Viscosity over shear rate for MSN-containing and MSN-free inks. Reprinted with
permission from 3. Copyright (2018) John Wiley and Sons.
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Figure 25: Viscosity over shear rate for MSN-inks and particle free inks. A) depicts viscosity
measurements for different concentrations of MSN-COOH containing inks, B) shows MSN-
NH, inks.
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Taking into account all rheological experiments, one would not expect that the
nanoparticles change the printability of the material. Nevertheless, a critical
consideration shall be given. A primary concern in terms of testing the MSN-inks can
be related to the air bubbles which could not be eliminated completely. An example
of the influence of air bubbles is given in Figure 27. It shows the viscosity over shear
rate for hyaluronic acid only. One sample was centrifuged to eliminate air bubbles,
the other one was tested as prepared with air bubbles. There was a shift but no
change in the profile of the curve, indicating the error of the rheological experiments.
Although larger air bubbles were destroyed using a spatula before testing, smaller air
bubbles could not be eliminated because the centrifugal forces may have influenced
the particle distribution within the ink and also influenced the following experiments.
Therefore, this could not be performed during printing and it was decided to accept
this drawback and the discussion was made in a very qualitative way. Intentionally, no
values were named and also quantitative comparison between the inks was waived.
A second critical concern is based on literature reviews as indicated by Jungst et al.*’
Because there is no accordance for testing printable materials it is difficult to compare
rheological results between the different researchers and even more difficult to decide
if a material is printable based on rheological data only. Nevertheless, rheological
testing is important and the experiments and conclusions strongly relevant for the

characterization of the material.
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Figure 27: Air bubbles influencing rheological measurements. Viscosity over shear rate for
centrifuged and non-centrifuged pure hyaluronic acid (HA).

By printing the material, it was proved that the differences seen in rheological
pre-testing did not alter the print properties. Both inks could be processed using the
same parameters and also the shape fidelity was not influenced by the MSN.
Furthermore, cross-linking via UV light preserved the construct architecture over at
least 6 weeks in PBS without excessive swelling or shrinking. It was possible to print
constructs as big as 12x12x3 mm?3, 16 layers in total, with a strand-center-to-strand-
center distance of 3 mm as shown in Figure 28A. Using a 0.30 mm inner diameter
nozzle, it was possible to print strands with a diameter of 627+31 ym, as analyzed
based on stereomicroscopic images as shown in Figure 28B. Further, inks containing
labeled particles were printed and the constructs were imaged with a confocal
microscope. A 3D reconstruction of a section from a printed two-component construct
is shown in Figure 29. MSN-NHz-inks are shown in red and MSN-COQOH-inks in green.
The figure clearly demonstrates the high print fidelity and the ability to print two-
component structures with a precise and predesigned localization of ink/particle

types. Nevertheless, this image also reveals one of the limitations that need to be
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addressed in future experiments. The dark spots visible within the printed strands
correspond to air bubbles within the ink. They were small enough to prevent strand
break-up but could limit the ability to print smaller strand diameters and thus limit the
achievable resolution. The standard procedure to eliminate air bubbles, centrifugation
of the reservoirs before printing, could not be performed because of a possible

segregation of particles. In future, other methods will need to be examined in case

printing resolution has to be increased.

Figure 28: Printed constructs A) shows a construct with an overall size of 12x12x3 mm? (16
layers). B) shows a stereomicroscopic image of a top view on a 4-layer construct with a
footprint of 12x12 mm? and a strand-center-to-strand-center distance of 2.0 mm. Reprinted
with permission from 3. Copyright (2017) John Wiley and Sons.
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Figure 29: Two-component construct. MSN-NH. were labeled in red and MSN-COOH in
green.

After the MSN-inks proved to be printable, the question whether the particle
distribution within the constructs will be homogeneous or if they will be agglomerated
and unevenly distributed arose. To reveal this an examination was performed by using
high-resolution confocal microscopic images of stained particles in combination with
a tile function combining the single images to a large overview without limiting the
resolution. As shown in Figure 30, for a mixed sample containing both particles
species, a homogeneous particle distribution all over the cross-section of a printed
construct was shown. There was no sign of higher particle densities at the exterior, in
the center of the printed strands or around air bubbles. Nevertheless, under further
examination areas with bigger agglomerates and areas with smaller agglomerates

were observed. The distribution of these areas was random and thus the particle
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distribution could be considered homogeneous. Further, this conclusion could be
supported by observations during microscopy (not shown here) and by the 3D
reconstructs shown in this chapter. It revealed that the preparation was sufficient and
that no segregation of particles occurred. Based on the results, one would not expect

differences between printed samples ensuring comparability and reproducibility

regarding particle release.

Figure 30: Confocal image of a section through a printed construct. The magnifications show
the labeled COOH-functionalized particles (green) the labeled NH-functionalized particles
(red) and both signals in one image. Reprinted with permission from 3. Copyright (2018) John
Wiley and Sons.

Particle release was investigated by printing two component structures in

different geometries. One geometry was a cross-over of MSN-COOH and MSN-NH;
86



Chapter 4

containing inks and the other one was two parallel strands that did not touch each
other. The experiment is illustrated in Figure 31. The constructs were stored in PBS
and measured after time periods of 1 day, 3 weeks, 5 weeks, and 6 weeks. Depicted
are only time points of 1 day after printing and 6 weeks after printing. For each of the
time points, the PBS was exchanged. During printing, each strand type only contained
one particle type but over time a migration of MSN was observed. The images
correlated to overview 1 show the cross section and the upper pictures in Figure 31
are divided into the different signals. As shown after 1 day, the ATTO488 labeled
MSN-COOH could just be found in the strand that was printed with this particle
species only. In contrast, the ATTO647N labeled MSN-NH: could also be found within
the strand initially containing the opposite species. After 6 weeks, the migration of
the MSN-NH; particles was slightly stronger but more interestingly there were still no
or only little MSN-COOH visible in the MSN-NH: strand. Overview 2 in Figure 31
shows the same experiments but for the parallel geometry. The left strand initially only
contained ATTO647N labeled MSN-NH, the right strand ATTO488 labeled MSN-
COOH. At day 1 after printing, neither of the strands showed the opposite particle
type. 6 weeks after printing, some COOH particles could be found in the NH.. After
this time period, the signal of the MSN-NH; in the MSN-COOH was stronger than the
other way. These experiments clearly revealed that the geometry had a huge impact
on the particle release and that the release kinetics for both particle types were
different and geometry dependent. Due to the charges of the particles in combination
with the hydrogel being mainly negatively charged, because of the high hyaluronic
acid content, this behavior could be explained by electrostatic forces between
particles and hydrogel. The COOH-functionalized particles in combination with the
likely charged hyaluronic acid will reveal a stronger negative potential than the strand
containing NH: functionalized particles and hyaluronic acid. Due to this, the positively
charged MSN-NH. will be attracted by the COOH containing ink and thus migrate

into these strands. The smaller the distance, as in the cross-over constructs, the higher
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the attractive force and the faster the migration as revealed by the experiments just
discussed. In contrast to the MSN-NH,, the MSN-COOH will rather be released into
the PBS than into the printed strand containing MSN-NH. because the likely charged
hyaluronic acid still present in the printed strand must still be less attractive than the

PBS.

ATTOA488 1 day ATTO647N ATTO488 6 weeks ATTO647N

overview 1

overview 2

ATTO488 1 day ATTO647N 6 weeks ATTO488 6 weeks ATTO647N

Figure 31: Particle migration into hydrogels with and without direct contact. Images
correlated to overview 1 show a cross made of two strands each containing only one particle
species directly after printing. 1 day after printing, the amino-functionalized particles migrated
into the strand containing carboxy-functionalized particles whereas no COOH-functionalized
particles could be found in the NHx-functionalized particle containing strand. After 6 weeks,
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the results were even clearer and only a few COOH functionalized particles could be found in
the strand with the other particle type. The images below overview 2 show two parallel strands
with no direct contact. Compared to the construct with direct contact 1 day after printing,
there were no particles found in the stand with the other particles species. 6 weeks after
printing, particles migrated into the strand that was not containing the other species whereas
the signal of the ATTO647N label attached to the NH.-functionalized particles was brighter
in the carboxy-functionalized particle containing strand than vice versa. Reprinted with
permission from 3. Copyright (2018) John Wiley and Sons.

Chapter 4.4: Conclusion

This chapter describes an analysis where two established systems, MSN and
bioinks based on polyglycidols and hyaluronic acid, were combined to gain temporal
and spatial control of particles release. Using thorough rheological testing with
oscillating and rotating setups it was possible to show that the particles did not
influence the rheological properties of the inks. Neither the shear thinning properties
of the printable ink nor the recovery were negatively influenced. This was an
interesting observation because the particles were fluorescently stained and modified
with COOH and NH: to change their charge. Taking into account that the ink itself is,
due to the hyaluronic acid that also dominates its rheological properties, negatively
charged, one could expect charge-based alterations. Furthermore, the ink printability
was not changed by the particles and it was possible to print constructs as big as
12x12x3 mm?3 (16 layers) without structural collapse using extrusion based bioprinting.
The printer setup enabled the fabrication of two-component constructs. This way two
different geometries could be printed using ink loaded with MSN-COOH and MSN-
NH2: One with direct contact between the different materials and one without direct
contact. Tracking the printed geometries while being stored in PBS, showed that in
case of direct contact the MSN-NH: were able to quickly (< 1d) migrate into the strand
that initially only contained MSN-COOH. In contrast, in case of a geometry without
direct contact even after 6 weeks only few MSN-NH; could be found in the strands
which previously only contained MSN-COOH. For both geometries even over a
timeframe of 6 weeks no MSN-COOH could be found in the MSN-NH: containing

strands. These observations showed that charge had an effect on particle release and
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migration because positively charged MSN-NH; were attracted by the high negative
net charge generated by MSN-COOH and MSN-NH: and, in case of direct contact,
migrated into those strands. In case of no direct contact the potential of the
surrounding liquid was more attractive than the MSN-NH: containing strands and thus
the MSN-COOH were released into the solution. This experimental setup proved that

the geometry had an impact on particle migration and release.
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Chapter 5.1: Introduction

This chapter describes the aim to address one of the main bottlenecks of
biofabrication: the need for novel materials. Although this bottleneck was highlighted
within recent reviews*'"”, most research groups continue working with, and further

%% and gelatin-based systems.> The

improve, established materials such as alginate
traditional approach to biofabrication (see Figure 32) involves using either materials
to obtain structures that elicit biological response or materials maintaining certain
shape fidelity. Therefore, it is crucial to shift this window of biofabrication towards
novel material systems employing both a good shape fidelity and a good biological
response by introducing novel strategies.”” A promising material class to fulfill this
transformation was developed by the group of Prof. Scheibel in Bayreuth,

recombinant spider silk proteins. They proved to be non-immunogenic,

cytocompatible, and are physically cross-linked.">

As demonstrated in this chapter, the material was dispensable without the need for
additional thickeners or post-process cross-linking and it was possible to print cell-
containing structures revealing good shape fidelity, making a first step towards the
shift of the window of biofabrication. The following chapter focuses on testing and
improving the printability of a new class of bioinks for robotic dispensing. Primarily
the printer and the codes used to generate constructs and assure good shape fidelity
at minimal material loss had to be set up and adjusted. Furthermore, the cell-material
interaction was tested with human fibroblasts by seeding them onto printed
constructs. The constructs were generated using recombinant spider silk hydrogels
with and without a modification by RGD sequences. By printing inks containing viable

cells, also the “prime discipline” of biofabrication was challenged.
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shape fidelity

novel
strategies fabrication

traditional
biofabrication
window
s,

cell culture

polymer concentration,crosslink density, stiffness

Figure 32: The window of biofabrication. Materials currently applied for biofabrication match
the traditional biofabrication window and represent a compromise between properties
optimized towards fabrication and thus high print fidelity and properties optimized for cell
culture and thus biological response. This window needs to be shifted towards novel
strategies implying shape fidelity and excellent biological response by developing new
material systems. Reprinted with permission from ''". Copyright (2018) John Wiley and Sons.

Chapter 5.2: Materials and methods

The recombinant spider silk protein hydrogels were prepared and pretested by the
group of Prof. Scheibel.™® 3D printing was performed using robotic dispensing and
two different types of scaffolds, cell-free and cell-loaded, were generated with a
bioprinter (3DDiscovery, regenHU). This device allows dispensing of hydrogels

through two different approaches described in the following: the first print head (DD-
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135N “syringe dispenser”) operates based on a time-pressure principle. The valve
controlling dispensing sits between the inlet of the pressurized air and the piston of
the syringe (3cc syringe, Nordson EFD) that presses the materials towards the nozzle
(interchangeable standard luer-lock precision needle, Nordson EFD). In the second
approach, another print head (CF-300N/H “cell-friendly” print head) contains a
special electromagnetic valve located just in front of the needle. A constant pressure
on the piston of the syringe (3cc syringe, Nordson EFD) allows very precise dispensing
compared to the other print head just described, with highly-limited delay between
material flow and the according command sent to the printer as well as between the
according command and the stop of dispensing. Working in a sterile environment is
facilitated by the printer being located in a laminar-flow cabinet and by the possibility
to autoclave all components in direct contact with the bioink. Further, dispensing was
performed at room temperature. After fabrication, the constructs were imaged with a

stereomicroscope (SteREO Discovery.V20, Carl Zeiss) to analyze the printing fidelity.

Cell-material interactions between fibroblasts and cell-free constructs were
evaluated by seeding cells onto constructs composed of two layers of ink. The human
fibroblasts (patient dermal fibroblast cells, G12660) were cultivated on the scaffolds
using densities of 75 000 cells cm2. Further details for cell culture can be found in the
literature.”™ To create cell-laden bioinks, the fibroblasts were added to highly
concentrated (3 % w/v) spider silk solutions at densities of 1.2 million cells mL" and
were gelled overnight at 37 °C and 95% relative humidity. Analysis of cell viability
after seeding and printing was performed using a live/dead assay. The cells were
stained using calcein A/M and Ethidium Homodimer | (both Invitrogen).'™® The green
fluorescence of the viable cells and the red fluorescence of the dead cells were
quantified upon analysis of the images taken with a fluorescence microscope (Carl
Zeiss Axio Observer.Z1) and a confocal scanning microscope (Leica TCS SP8 STED)

by Matthias Schweinlin.
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Chapter 5.3: Results and discussion

The recombinant silk (€ADF4(C16)) chosen for printing mimics the core sequence
of the dragline silk of a European garden spider (A. diadematus). To be able to
influence cell material interactions, also a version of recombinant silk hydrogel

containing a RGD sequence covalently coupled to the protein (eADF4(C16)-RGD) was

used.’™

It could be shown that the material was printable independent from which print
head was used. During pretesting, it was found that the “cell-friendly” print head
equipped with the electromagnetic valve generated constructs with a higher printing
fidelity because it was possible to generate strands with more consistent diameters.
In robotic dispensing, discrepancies in the diameter of the dispensed filament can
lead to disrupted strands. Due to the layer-by-layer assembly, an error within one layer
will influence the quality of the following layers. Only if materials can span over gaps,
which, from a printing point of view, is one of the most difficult features an ink can
perform,* this phenomenon can be overcome. As displayed in Figure 33, the spider
silk ink did not span between the strands but bigger errors could be bridged

indicating the good printing properties of the ink.

Figure 33: Filament disruption reducing print quality. A) shows a side view on a printed
construct composed of 16 layers. Due to a disrupted strand the following layers were
influenced resulting in a hole in the construct. B) shows a magnification of the hole marked
with the red box in A).
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Figure 34: Printed construct. 16 layers were stacked on top of each other to generate this
construct. Reprinted with permission from ™. Copyright (2018) John Wiley and Sons.

Due to the viscoelastic properties enabling the ink to overcome bigger voids, it
was possible to generate constructs as large as 12x12x3 mm (length x width x height)
with a strand-center-to-strand-center distance of 2 mm, composed of 16 layers, not
showing collapse of the pores generated in the z-direction (see Figure 34). The
diameter of the nozzle used to dispense the ink was 0.3 mm and the pressure needed
was 1.0 bar. Applying these parameters combined with a valve opening time of 700 ps
resulted in filament diameters of 626 = 8 ym. Based on the good printing fidelity of
the generated constructs, it was decided to test the materials for printing
anatomically-relevant geometries. A model mimicking a human ear was designed and
printed as shown in Figure 35. Figure 35A shows the design comprised of three levels
gaining height with the blue color getting darker. It was possible to closely reproduce
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the model with a size of 42x23x4 mm. Furthermore, the porosity and the surface
smoothness of the construct was influenced by changing the pressure during printing
(increased by 0.3 bar). Interestingly, the material did not need post-process treatment
or thickeners to be printable. As described in the introduction, established materials
such as gelMA or alginate need UV irradiation, temperature changes, or ionic post
process cross-linking to ensure the shape fidelity after dispensing and over longer
periods of cell culture. In contrast to this, the recombinant spider silk inks developed
and used in this collaboration were cross-linked by physical interactions (mainly B-
sheet structures and hydrogen bonds) simplifying printing and handling of the

constructs.’®®

A)

Figure 35: Printing of a construct mimicking a human ear. Based on a computer aided design
file (A) a construct with a size of 42x23x4 mm was printed (B). By changing the pressure, the
surface properties could be varied. At lower pressures (C) the filaments kept their shape, at
higher pressures (D) a smoother surface and a construct with less porosity could be generated.

Based on these pretests, constructs were printed using the parameters
mentioned above and cells were cultured on top of them. It was possible to print the
constructs directly into é-well-plates helping to ensure sterility as well as simplifying

155 where murine cell

handling and cell culture. In contrast to the cell culture pretests,
types were seeded onto disk like samples, here human derived fibroblast cells were
cultured onto structured constructs to test cell-material interactions and the influence
of the addition of RGD sequences on cellular behavior. As shown by live/dead staining
after 24h of culture in Figure 36 the adhesion of fibroblasts was better on eADF4(C16)-
RGD (Figure 36B) constructs than on those from eADF4(C16) (Figure 36A). To ensure
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that the imaged cells were on the constructs and not underneath, further images with
the focal plane being at the bottom of the well plate (Figure 36A" and B") were
implemented. The live/dead assay also stained the construct itself in red. To prove
that dead cells were still visible and thus it was possible to analyze them due to their
brighter appearance dead cells were marked in Figure 36B and B" with arrows
indicating their position. To analyze if cells were able to infiltrate the constructs, 3D
reconstructs of the samples were taken by confocal imaging. As shown in Figure 36C

and C’ cells were not able to grow into the structures after 24h of cell culture.

Figure 36: Human fibroblasts cultured on printed spider silk constructs. A and A’) show
fluorescent microscopy images of a seeded eADF4(C16) construct after 24h of culture (A)
focus on construct, A") focus on well plate). B and B’) show fluorescent microscopy images of
a seeded eADF4(C16) construct after 24h of culture (B) focus on construct, B") focus on well
plate). C and C’) show confocal 3D reconstruction of a printed eADF4(C16)-RGD sample after
48h of cell culture from different perspectives. Reprinted with permission from '*>. Copyright
(2018) John Wiley and Sons.

To further analyze the suitability of the recombinant spider silk hydrogels as a
novel ink system for biofabrication, cells were encapsulated at densities of
1.2 million cells mL™" within the constructs and were printed. Here it is worth
mentioning that this is the most difficult aspect in biofabrication and printing viable,
encapsulated cells is one of the most challenging approaches in the field of

biofabrication. It was noticed that the addition of cells did not influence the printing

100



Chapter 5

fidelity of the bioink and the printing parameters using the “cell-friendly” print head
only had to be varied slightly to receive comparable prints: The pressure had to be
raised from 1.0 to 1.1 bar and the valve opening time had to be increased from 700
to 900 ps. Analysis of the cell viability was performed using live/dead assays after 24h,
48h, 72h, and 7d of culture. Figure 37A and B show florescent microscope images of
live/dead stainings after 48h of culture. The construct depicted in Figure 37A shows
cells within a printed construct whereas Figure 37B was taken with a not-printed
reference. It was found that the cells were distributed homogeneously within the
printed constructs. Furthermore, a detailed analysis revealed that only 70.1 + 7.6 %>
of the cells were viable 48h after printing. Compared to established ink systems such
as alginate (about 90 % viability'*) and gelMA (approximately 98 % viability'¢), these
values seem to be significantly smaller. Nevertheless, taking into account the high
printing fidelity and the fact that, when compared to the not-printed reference,
printing itself did not significantly alter cell viability, the 97% relative survival of the
cells is a very good starting point for further development of recombinant spider silk
bioinks.™ As shown in Figure 37A" and B’, cells remained viable in the printed
construct (Figure 37A") as well as in the non-printed reference (Figure 37B’) over a
culture period of at least 7d. To get a better feeling for the morphology of the cells
embedded in the gels for 48h, confocal images were taken. Figure 37C and C” show
two of these confocal images (only one plane, not a 3D reconstruction) from a printed
eADF4(C16) construct at different magnifications. It further displays the homogeneous
distribution of the cells within the construct and especially at the higher magnification
(Figure 37C") were the spherical shape of the cells is clearly visible. This may be an

indication for a dense polymer network where the cells cannot penetrate or alter.
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Figure 37: Human fibroblasts encapsulated in recombinant spider silk proteins. The figure
shows fluorescent microscopy images of a printed eADF4(C16) construct after 48h (A) and 7d
(A) of culture. B and B’) show fluorescent microscopy images of a non-printed eADF4(C16)
reference after 48h (B) and 7d (B") of culture. C and C’) show confocal images of a printed
eADF4(C16) sample after 48h of cell culture at different magnifications. Reprinted with
permission from *°. Copyright (2018) John Wiley and Sons.

Chapter 5.4: Conclusion

Within this chapter, one of the known bottlenecks in biofabrication, the limited
amount of suitable materials, was addressed. Hydrogels from recombinant spider silk
proteins could be printed. Although the quality of the prints was better using the “cell-
friendly” print head equipped with an electromagnetic valve, the inks could also be
processed with the “syringe dispenser” operating based on a time-pressure principle.
Using needles with inner diameters of 0.3 mm and filament diameters of 626 = 8 um,
the material could be dispensed. Furthermore, it was possible to generate constructs
with different shapes in a layer-by-layer fashion. To test the influence of a RGD
sequence coupled to the recombinant proteins on the behavior of human fibroblasts,
non cell-loaded constructs were printed and cells were seeded on top of them. Cell
attachment on structured, printed constructs was improved by the RGD sequence.

Further, the potential of the material as novel bioink for biofabrication was tested by
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printing  recombinant spider silk protein  hydrogels containing cells
(1.2 million cells mL"). Although the cell survival of 70.1 = 7.6 % was not as high as
within established ink systems, the material also mastered this “prime discipline” of
biofabrication. Based on these results, further experiments will be performed on the
system to improve cell viability and to even further improve the printing fidelity. A
crucial step will be the analysis of the impact of printing on the cells as analyzing the
viability of cells using live/dead assays does not fully prove that cells can survive the
process of printing without being altered. It will be important to test if they maintain
normal function after fabrication by prolonged cell culture periods and in depth
biological evaluations. Further, it will be important to test other cell types and match

them to the applications envisioned for the final constructs.
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Chapter 6.1: Summary

Biofabrication is an advancing new research field that might, one day, lead to
complex products like tissue replacements or tissue analogues for drug testing.
Although great progress was made during the last years, there are still major hurdles
like new types of materials and advanced processing techniques. The main focus of
this thesis was to help overcoming this hurdles by challenging and improving existing
fabrication processes like extrusion-based bioprinting but also by developing new
techniques. Furthermore, this thesis assisted in designing and processing materials
from novel building blocks like recombinant spider silk proteins or inks loaded with

charged nanoparticles.

A novel 3D printing technique called Melt Electrospinning Writing (MEW) was
used in Chapter 3 to create tubular constructs from thin polymer fibers (roughly 12 pm
in diameter) by collecting the fibers onto rotating and translating cylinders. The main
focus was put on the influence of the collector diameter and its rotation and translation
on the morphology of the constructs generated by this approach. In a first step, the
collector was not moving and the pattern generated by these settings was analyzed.
It could be shown that the diameter of the stationary collectors had a big impact on
the morphology of the constructs. The bigger the diameter of the mandrel (smallest
collector diameters 0.5 mm, biggest 4.8 mm) got, the more the shape of the
generated footprint converged into a circular one known from flat collectors. In a
second set of experiments the mandrels were only rotated. Increasing the rotational
velocity from 4.2 to 42.0 rpm transformed the morphology of the constructs from a
figure-of-eight pattern to a sinusoidal and ultimately to a straight fiber morphology. It
was possible to prove that the transformation of the pattern was comparable to what
was known from increasing the speed using flat collectors and that at a critical speed,
the so called critical translation speed, straight fibers would appear that were precisely
stacking on top of each other. By combining rotation and translation of the mandrel,

it was possible to print tubular constructs with defined winding angles. Using
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collections speeds close to the critical translation speed enabled higher control of
fiber positioning and it was possible to generate precisely stacked constructs with

winding angles between 5 and 60°.

In Chapter 4 a different approach was followed. It was based on extrusion-based
bioprinting in combination with a hydrogel ink system. The ink was loaded with
nanoparticles and the nanoparticle release was analyzed. In other words, two systems,
a printable polyglycidol/hyaluronic acid ink and mesoporous silica nanoparticles
(MSN), were combined to analyze charge driven release mechanism that could be
fine-tuned using bioprinting. Thorough rheological evaluations proved that the
charged nanoparticles, both negatively charged MSN-COOH and positively charged
MSN-NH;, did not alter the shear thinning properties of the ink that revealed a
negative base charge due to hyaluronic acid as one of its main components.
Furthermore, it could be shown that the particles did also not have a negative effect
on the recovery properties of the material after exposure to high shear. During
printing, the observations made via rheological testing were supported by the fact
that all materials could be printed at the same settings of the bioprinter. Using theses
inks, it was possible to make constructs as big as 12x12x3 mm? composed of 16 layers.
The fiber diameters produced were about 627431 pm and two-component constructs
could be realized utilizing the two hydrogel print heads of the printer to fabricate one
hybrid construct. The particle distribution within those constructs was homogeneous,
both from a microscopic and a macroscopic point of view. Particle release from
printed constructs was tracked over 6 weeks and revealed that the print geometry had
an influence on the particle release. Printed in a geometry with direct contact between
the strands containing different MSN, the positively charged particles quickly
migrated into the strand previously containing only negatively charged MSN-COOH.
The MSN-COOH seemed to be rather released into the surrounding liquid and also
after 6 weeks no MSN-COOH signal could be detected in the strand previously only

containing MSN-NH,. In case of a geometry without direct contact between the
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strands, the migration of the positively charged nanoparticles into the MSN-COOH
containing strand was strongly delayed. This proved that the architecture of the
printed construct can be used to fine-tune the particle release from nanoparticle

containing printable hydrogel ink systems.

Chapter 5 discusses an approach using hydrogel inks based on recombinant
spider silk proteins processed via extrusion-based bioprinting. The ink could be
applied for printing at protein concentrations of 3 % w/v without the addition of
thickeners or any post process crosslinking. Both, the recombinant protein
eADF4(C16) and a modification introducing a RGD-sequence to the protein
(eADF4(C16)-RGD), could be printed revealing a very good print fidelity. The RGD
modification had positive effect on the adhesion of cells seeded onto printed
constructs. Furthermore, human fibroblasts encapsulated in the ink at concentrations
of 1.2 million cells per mL did not alter the print fidelity and did not interfere with the
crosslinking mechanism of the ink. This enabled printing cell laden constructs with a
cell survival rate of 70.1+7.6 %. Although the cell survival rate needs to be improved
in further trials, the approach shown is one of the first leading towards the shift of the
window of biofabrication because it is based on a new material that does not need
potentially harmful post-process crosslinking and allows the direct encapsulation of

cells staying viable throughout the print process.
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Chapter 6.2: Zusammenfassung

Die Biofabrikation ist ein junges und sehr dynamisches Forschungsgebiet mit viel
Potential. Dieses Potential spiegelt sich unter anderem in den ambitionierten Zielen
wieder, die man sich hier gesetzt hat. Wissenschaftler in diesem Gebiet wollen eines
Tages beispielsweise funktionale menschliche Gewebe nachbilden, die aus
patienteneigenen Zellen bestehen. Diese Gewebe sollen entweder fiir die Testung
neuer Arzneimittel und Therapien oder sogar als Implantate einsetzt werden. Der
Schlissel zum Erfolg soll hier die Verwendung automatisierter Prozesse in Verbindung
mit innovativen Materialien sein, die es ermdglichen, die Hierarchie und Funktion des
zu ersetzenden natlrlichen Gewebes nachbilden. Obwohl in den letzten Jahren grof3e
Fortschritte gemacht worden sind, gibt es immer noch Hirden, die lberwunden
werden mussen. Ziel dieser Arbeit war es deshalb, die derzeit eingeschrankte Auswahl
kompatibler Materialien fiir die Biofabrikation zu erweitern und bereits etablierte
Verfahren wie den extrusionsbasierten Biodruck noch besser verstehen zu lernen.
Auch neue Verfahren, wie etwa das Melt Electrospinning Writing (MEW) sollten

etabliert werden.

In Kapitel 3 dieser Arbeit wurde das MEW dazu verwendet, tubulare Strukturen
zu fertigen, die sich aus Polymerfasern mit einem durchschnittlichen Durchmesser von
nur etwa 12 pm zusammensetzen. Die mit Hilfe von Druckluft in Verbindung mit einer
hohen elektrischen Spannung aus einer Nadelspitze austretende Polymerschmelze
wurde hierbei auf zylinderférmigen Kollektoren mit Durchmessern zwischen 0.5 und
4.8 mm gesammelt. Auf diese Weise wurden réhrenformige Faserkonstrukte
generiert. Das Hauptaugenmerk lag auf dem Einfluss des Durchmessers, der
Rotations- und Translationsbewegung des Kollektors auf die Morphologie der
Faserkonstrukte. Hierzu wurden die Fasern erst auf unbewegten Kollektoren mit
unterschiedlichen Durchmessern gesammelt und die entstehenden Muster analysiert.
Es zeigte sich, dass das Fasermuster mit zunehmendem Durchmesser des Kollektors

mehr den symmetrischen Konstrukten mit runder Grundflache glich, die auch von
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flachen Kollektoren bekannt sind. Je kleiner der Kollektordurchmesser wurde, desto
ovaler wurde die Grundflache der Muster, was den Einfluss der Krimmung deutlich
machte. In weiteren Experimenten wurden die zylindrischen Kollektoren mit
Geschwindigkeiten von 4,2 bis 42 Umdrehungen pro Minute um ihre Langsachse
gedreht. Die von flachen Kollektoren bekannten Ubergénge der Fasermorphologie
konnten auch fir runde Kollektoren bestatigt werden. So anderte sich die
Morphologie mit zunehmender Geschwindigkeit der Oberfliche von einer
achterféormigen Gestalt Uber eine sinusformige Ausrichtung der Fasern hin zu einer
geraden Linie. Der Einfluss des Kollektordurchmessers wurde auch hier deutlich, da
sich etwa die Amplitude der bei Rotationsgeschwindigkeiten im Bereich sinusférmiger
Ausrichtung abgelegten Fasern mit abnehmendem Radius erhohte. Im néachsten
Schritt wurde neben der Rotation der Kollektoren auch eine Translation induziert.
Durch geeignete Kombination von Rotation und Translation konnten Konstrukte mit
definiertem Wickelwinkel hergestellt werden. Es zeigte sich, dass die Wiedergabe des
vorher kalkulierten Winkels unter Verwendung von Oberflachengeschwindigkeiten,
die nahe am Ubergang zur geraden Faserausrichtung waren, am besten war. Im
Rahmen dieser Arbeit konnten Winkel zwischen 5 und 60° mit hoher Prazision
wiedergegeben werden. Im Falle von sich wiederholenden Mustern konnte auch in
Bezug auf die Stapelbarkeit der Fasern aufeinander eine hohe Prézision erreicht

werden.

Kapitel 4 dieser Arbeit befasste sich mit dem extrusionsbasierten 3D-Druck. Das
etabliere  Verfahren ~ wurde  auf eine  bisher = wenig  untersuchte
Materialzusammensetzung von Nanopartikeln-beladenen Hydrogeltinten aus-
geweitet. Die Tinte bestand aus einer Kombination von funktionalisierten
Polyglyzidolen und einer unmodifizierten langkettingen Hyaluronsaure. Dieser
wurden mesopordse Silika-Nanopartikel mit unterschiedlicher Ladung zugesetzt und
deren Freisetzung aus gedruckten Konstrukten mit einstellbarer Geometrien

untersucht. Da die Hyaluronsaure selbst negativ geladen ist, wurde erwartet und auch
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gezeigt, dass aminofunktionalisierte Partikel mit positiver Ladung langsamer
freigesetzt werden als carboxylfunktionalisierte Partikel mit negativer Ladung.
Interessanterweise anderten die Partikel nicht die rheologischen Eigenschaften der
Tinte und es konnten Hydrogele, die mit positiv geladenen Partikeln beladen waren,
bei den gleichen Druckparametern verdruckt werden, wie Hydrogele, die mit negativ
geladenen Partikeln beladen waren. Die guten Druckeigenschaften der Tinten
erméglichten die prézise Fertigung von Konstrukten mit einer GroéBe von
12x12x3 mm?3, also von Konstrukten mit bis zu 16 aufeinanderfolgenden Lagen. Die
Strangdurchmesser betrugen hierbei 627+31 um und die Verteilung der Partikel
innerhalb der Strange war sehr homogen. Zudem konnten auch Strukturen gedruckt
werden, bei denen beide Tintenarten, mit positiven und mit negativen Partikeln
beladene Hydrogele, in einem Konstrukt kombiniert wurden. Hierbei zeigte sich, dass
die Freisetzung der Partikel, die GUber 6 Wochen hinweg untersucht wurde, auch stark
von der Geometrie der zwei-Komponenten-Konstrukte abhing. Insbesondere die
Auswirkung des direkten Kontakts zwischen den Komponenten innerhalb eines
Konstruktes war hier sehr deutlich. Wurden die Strange Uber Kreuz aufeinander
abgelegt und hatten direkten Kontakt an den Kreuzungspunkten, konnte beobachtet
werden, dass die positiv geladenen Partikel aus ihrem System in das mit den negativ
geladenen Partikeln wanderten. Wurden die Strange ohne direkten Kontakt parallel
nebeneinander abgelegt, wurden die positiv geladenen Partikel in umgebendes
Medium freigesetzt, konnten aber selbst nach 6 Wochen nicht in den Strangen mit
den negativ geladenen Partikeln nachgewiesen werden. Dies verdeutlicht, dass
Geometrie und Ladung der Partikel einen Einfluss auf die Freisetzung der Partikel
hatten und sich die Freisetzung der Partikel durch eine geschickte Kombination beider

Parameter steuern lasst.

In Kapitel 5 dieser Arbeit wurde eine neue Materialklasse als Biotinte fiir den
extrusionsbasierten Biodruck untersucht. Bei dem Material handelte es sich um

Hydrogele auf Basis rekombinanter Spinnenseidenproteine. Diese konnten ab einer
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Proteinkonzentration von 3 % Gew./Vol. ohne die Verwendung von Verdickungsmittel
oder anderen Additiven und auch ohne eine nachtragliche Vernetzung verdruckt
werden. Sowohl Hydrogele auf Basis des rekombinanten Proteins eADF4(C16) als
auch eine mit einer RGD-Sequenz versehene Modifikation (eADF4(C16)-RGD)
konnten mit einer hohen Formtreue verdruckt werden. Die RGD-Sequenz zeigte einen
positiven Effekt auf das Anhaften von humanen Fibroblasten, die auf gedruckte
Konstrukte ausgesat wurden. Zudem konnten mit Hilfe der Hydrogele auch
zellbeladene Konstrukte gefertigt werden. Hierzu wurden die Hydrogele mit einer
Zellsuspension so vermengt, dass eine finale Konzentration von 1,2 Millionen
Zellen/ml erreicht wurde. Die beladenen Gele wurden verdruckt und es konnte eine
Uberlebensrate von 70,147,6 % nachgewiesen werden. Das in diesem Kapitel
etablierte Materialsystem ermoglichte zum ersten Mal das Verdrucken lebender
Zellen in einer neuen Klasse von Tinten, die weder die Beimengung von
Verdickungsmittel noch einen zusatzlichen Nachhartungsschritt fir die Herstellung

zellbeladener stabiler Konstrukte bendtigt.
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