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Abstract

This study aimed to develop and establish a modular system for the 3D cultivation of pri-
mary neuronal cells, with the desirable tuneability in mechanical and chemical properties, while
enhancing the cell viability for long-term studies. It could be shown that the novel Collagen-
PVP-co-GMA3mol% biohybrid hydrogel promote physiological development of functional corti-
cal networks. Primary cortical cells had been transfected with GCaMP6f to record spontaneous
neuronal activity over 40 days in vitro. Network dynamics had been estimated based on gen-
eralized transfer entropy (GTE), showing the development of a functional network of balanced
segregation and integration, with a strong emerging ability for resilience over 40 days in culture.
Synchronous network activity could be observed already at day in vitro (DIV) 8-9 in absence
of external stimuli. Further, a correlation of network maturation as well as functional develop-
ment with increasing molecular weight of PVP could be shown. With decreasing polymer chain
length, neurite outgrowth and network maturation are significantly promoted. The addition of
PVP to collagen was demonstrated to not only support network functionality and growth, but
also prevent the degradation of the hydrogel.
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Zusammenfassung

Ziel dieser Dissertation ist die Entwicklung und Etablierung eines modularen Systems mit der
gewünschten Abstimmbarkeit der mechanischen und chemischen Eigenschaften, zur Langzeitkul-
tivierung von primären neuronalen Zellen. Es konnte gezeigt werden, dass das neue biohybride
Gel aus Kollagen-PVP-co-GMA3mol% die physiologische Entwicklung funktioneller kortikaler
Netzwerke fördert. Zellen wurden mit GCaMP6f transfiziert, um die spontane Aktivität über 40
Tage in vitro (DIV) zu beobachten. Die Netzwerkdynamik wurde basierend auf der "generalized
Transfer Entropy" (GTE) berechnet. Dabei konnte die Entwicklung eines funktionalen Netzwerks
mit ausgewogener Segregation und Integration sowie der Ausbildung einer starken Widerstands-
fähigkeit gegen äußere Beeinträchtigungen gezeigt werden. Eine synchrone Aktivität der Zellen
konnte bereits an DIV8-9 ohne die Reizung durch externe Stimuli beobachtet werden. Desweit-
eren zeigte sich eine negative Korrelation der der morphologischen und funktionellen Netzwerken-
twicklung mit zunehmendem Molekulargewicht des PVP. Mit abnehmender Polymerkettenlänge
werden das Neuritenwachstum und die Netzwerkreifung signifikant gefördert. Außerdem wurde
gezeigt, dass die Zugabe von PVP zu Kollagen nicht nur die Netzwerkfunktionalität und das
Netzwerkwachstum unterstützt, sondern auch den Abbau des Hydrogels verhindert.
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1. Introduction

Figure 1.1.: Schematic representation of different levels of human brain organization. Brain icons are
modified from [1, 2].

The human brain is the most complex organ in the human body, consisting of about 86 billion
neurons, and is probably one of the least understood organs. [3] The brain is spatially and func-
tionally organized in different levels (see fig. 1.1), and can be classified into three main parts: (1)
the cerebrum, (2) the cerebellum and (3) the brain stem. The cerebrum again separates up into
two hemispheres, each consisting of four lobes. These lobes comprise different areas, specialized
in their function. The networks, comprised in these areas, are optimized in performance based
on subdividing into interconnected clusters. Special cell types within these communities affect
the networks’ ability for fast and specialized processing (see chapter 2.5, p.17).

In neurodegenerative diseases, dysfunctions of these complex organized networks are caused.
Fifty neurodegenerative diseases are assigned to dementia, such as Alzheimer, which is the most
abundant and incurable form. In Germany every year about 200.000 new infections add.[4] Cer-
tainly, the repair of neurodegenerative diseases is still challenging. The characteristic neural loss
causes ataxia and dementia. Neurons in the central nervous system (CNS) cannot replace them-
selves naturally due to cell-secreted molecules that inhibit regeneration.[5] So far, treatments
of such diseases include a detailed disease pathogenesis and a long-term prevention of further
tissue damage.[6] Current research focuses on the understanding of the molecular and cellular
reasons of neuronal dysfunction, injury but also understanding physiological functionalities.
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1. Introduction

From literature it is known that cell adhesion molecules (CAMs) affect intracellular signaling
pathways.[7] At that point CAMs can display properties way beyond the simple adhesion of cells
to their surrounding matrix and other cells.[8, 9, 10, 11] For example, ECM and integrin aberra-
tions are thought to cause synaptic dysfunctions in Alzheimer and also Epilepsy.[12, 13, 14] Sheng
et al. obtained the indirect activation of Ca2+ channels by CAMs.[7] Calcium is a secondary sig-
naling messenger, regulated by voltage gated ion channels in the neuronal cell membrane.[15]
The influx of calcium ions into the cells is known to initiate the release of neurotransmitters, in
order to transmit action potentials to the next neuron (see section 2.2, p. 4). One of the most
well-known neurotransmitters are gamma-aminobutyric acid (GABA) and Glutamate.[16] How-
ever, the majority of common neurological or psychiatric drugs act on other signaling molecules,
without even knowing their way of transmission.[3]

Although 2D cell cultures revealed essential knowledge about the functionalities of neurons,
there is a growing demand for experiments of higher complexity, as present in vivo. During the
past years, researchers came up with different approaches of three dimensional (3D) models of
the human brain (see chapter 2.3, p.7).[17] Hydrogels, as a powerful tool to mimic the natural
ECM (see chapter 2.3, p. 7), facilitate the physiological development of neuronal networks. They
became the most prominent and versatile used scaffolds in tissue engineering, i.a. due to their
high-water content and physiological promoting characteristics. These include e.g. the support
of cell survival, differentiation, and proliferation due to tissue like properties, which are based
on the chemistry of the chosen polymer.[18]
Other approaches, such as spheroids or organoids, also support the physiological growth and

function of neuronal networks, almost without the need of scaffold support (see chapter 2.3, p.7).
Nevertheless Hydrogels entail the possibility of specifically designing the desired environment.
The presented work focuses on the development of a biohybrid hydrogel system, which is tun-

able in the desired chemical and rheological properties. The established model allows the growth
of physiological functioning primary neuronal networks over 40 days in vitro (DIV). Thus en-
abling studies on drug development, and permitting clinical relevant research. The present study
shows the improvement in persistence of networks grown in natural hydrogels by the addition of
the synthetic polymer polyvinylpyrrolidone (PVP). Besides the ability for long-term cultivation,
also physiological network development could be shown and analyzed using calcium imaging tech-
nology. Furthermore, it allows specific modification by biofunctionalization of the gel. Thereby
e.g. distinct adhesion ligands and their influence on signal processing can be evaluated. Also
applications beyond neurobiological research may be of great interest. For instance hydrogels
used as coatings for chronically implanted devices make full use of the potential revealed by the
presented new biohybrid hydrogel (see chapter 10, p. 83).
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2. Background

2.1. The extracellular matrix of the central nervous system

Generally, the human brain’s extracellular matrix (ECM) consists of water ions, glycoproteins,
proteoglycans, hyaluronic acid and fibrous proteins, [19] and comprises 10-20% of the brains
volume [20, 21, 22]. It is secreted from a complex network of proteins and glycans, serving
as structural and chemical support of cells. Structural promotion is defined by cell adhesion
points and allowing the formation of distinct CNS regions. Chemical support instead provides
cell guidance by various molecular signals which also improves viability and functionality of the
network.[23] According to Lau et al. the structure of the CNS ECM consists of three compart-
ments (see fig. 2.1): the basal lamina, perineural nets and the neural interstitial matrix.

Figure 2.1.: ECM compartements of the central nervous system. Figure from [23].
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2. Background

Basal lamina
The basal lamina is the functional link between endothelial cells and the CNS parenchymal
tissue, spanning the pial surface of the CNS. Its main components are collagen, laminin-nidogen
complexes, fibronectin, dystroglycan and perlecan.
Perineural nets (PNNs)
PNNs are mesh structures surrounding neuronal cell bodies and proximal dendrites. Its main
components are hyaluronan, link proteins, chondroitin sulfate proteoglycans and tenascin-R.[24,
25, 26, 27] It has been shown that these complex matrices play a substantial role in the control
of CNS plasticity. According to several research groups, PNNs surround highly active neurons,
are emphasizing its functional support features.[28, 29, 30, 31]
Neural interstitial matrix
The neural interstitial matrix represents the matrix between cells in the CNS. It is composed
of proteoglycans, hyaluronan, tenascins and link proteins. Besides small amounts of fibrous
proteins, such as collagen and elastin, adhesive glyco- proteins like laminin and fibronectin are
present.[23]

2.2. Basics of neuronal communication

Neurons are the functional elements of the nervous system and can be divided into three main
parts: the axon, cell body and dendrites (see fig. 2.2). The electrical excitability allows the
transmission of information, as action potentials (APs), between neurons via synapses. Dendrites
gather most of synaptic input with respect to its degree of arborization. From the dendrites the
information is transferred through the cell body, containing the nucleus and organelles, to the
axon hillock for further processing. According to the level of depolarization, an AP is generated
and transmitted to the axon terminals. Synapses allow to pass the information from an axon
terminal to the dendritic process of another neuron using neurotransmitters. Incoming APs cause
the influx of calcium ions through voltage gated ion channels and Ca2+ binds to the soluble N-
ethylmaleimide-sensitive-factor attachment receptor (SNARE) complex. Thus, neurotransmitter
filled vesicles merge into the presynaptic membrane and empty into the synaptic cleft. Released
neurotransmitter diffuse towards the postsynaptic membrane and bind to ion channel gated
receptors, causing a depolarization, termed postsynaptic potential.[32]

Figure 2.2.: Schematic structure of a neuron. A neuron is a polarized cell, composed of dendrites on one
side and an axon on the other. Dendrites receive information and transmit the action potential through
the axon to the axon terminals. There signal is transmitted to the following neuron via synapses. Figure
from [33].
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2.2. Basics of neuronal communication

2.2.1. Action potential

Neurons communicate via the transmission of changes in the membrane potential. In resting
state an electrical potential, resting potential, of about -70 mV is caused by a concentration
gradient between intra- and extracellular space. The rise of an action potential (AP) requires
a sufficient voltage change to overcome the threshold of about -55 mV in the cell membrane.
Once the threshold is exaggerated, a membrane depolarization occurs. Voltage gated sodium
channels open and sodium ions enter the neuron according to the concentration gradient, until
overvalue the relative potassium efflux. The AP peak is reached and the sodium channels close
and the phase of repolarization begins. Sodium channels close and potassium channels open,
allowing K+ influx right up to a membrane hyperpolarization. The resting potential then will
be restored by a sodium/potassium pump. After an AP occurred the neuron is in a state of
almost non-excitability, the refractory period (RP). While an absolute RP precludes a further
excitation, a relative RP allows APs in case of stronger stimuli appearing.[32]

Figure 2.3.: Schematic of an action potential. Details given in text. Figure from [33].
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2. Background

2.2.2. Chemical synapse

At a chemical synapse, the electrical AP is transformed into a chemical signal via the release
of neurotransmitters into the synaptic cleft. The synaptic cleft is defined as a narrow region,
of about 20µm, between an axon terminal of the presynaptic neuron and the dendrite of the
postsynaptic neuron. Incoming AP cause the influx of Calcium ions by activating voltage gated
ion channels. These Ca2+ ions bind to the SNARE-complex, which is responsible for the fu-
sion of vesicles with the membrane. Synaptic vesicles comprise neurotransmitters, as GABA or
Glutamate, which are then released into the synaptic cleft. These neurotransmitter diffuse to
the dendritic membrane of the postsynaptic neuron and bind to ion channel coupled receptors.
These channels open, causing a depolarization and probably an AP.[34, 32]

Figure 2.4.: Schematic of a chemical synapse. At the chemical synapse the electrical action potential is
translated into a chemical signal and transferred from the axon of the presynaptic cell to the following
postsynaptic dendrite. Details are given in text. Figure adapted from [34].
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2.3. Mimics of the human brain

2.3. Mimics of the human brain

Over the last decades 3D cell cultures became of great interest, as depicted in figure 2.5, showing
the increased number of publications on 3D cultures.[35] The focus on 3D environments, rather
than traditional 2D cell cultures, arises from the growing interest for more clinical relevant
studies. Nonetheless 2D cell cultures revealed substantial knowledge about basic functionalities
of the human brain. Mina J. Bissell presented a major milestone with emphasizing the crucial role
of the ECM, surrounding tissues and organs, in her work published in the Journal of Theoretical
Biology, 1982.[36] Roughly eleven years later, the concept of tissue engineering emerged and PEG
hydrogels had been used for cell cultures.[37, 38, 39] Since then, constantly new approaches of
3D cell cultivation methods and materials are developed. Of these numerous methods around,
the three main ones will be introduced in the following, in respect to neuroscientific applications.

Figure 2.5.: Schematic showing the growing urge for more complex and physiological relevant environ-
ments in vitro, by depicting the number of publications on 3D cultures. Figure from [35].

2.3.1. Organoids

Organoids are in vitro mimics of organs derived from stem cells with addition of specific growth
factors to the medium at certain time points. Prof. Dr. Hans Clever, of the Hubrecht Institute in
Utrecht, the Netherlands, invented these 3D constructs in 2009. For this purpose Toshiro Sato
used Matrigel as initiating growth scaffold, facilitating the de novo development of intestinal
crypt tissue.[40] This breaking through discovery was the inspiration for Prof. Dr. Madeline
Lancaster, of the MRC Laboratory of Molecular Biology in Cambridge, UK, to use Matrigel for
developing cerebral organoids.[41]
Her work, published 2013 in Nature, impelled organoid research in neuroscience. The grown

cerebral organoids exhibited distinct regions similar to the developing human brain. Even the
development of retinal tissue could be shown. Furthermore they could model some aspects
of the neurological disease microcephaly, defined by a dramatic loss of neural tissue volume.
Subsequently there was a significant increase in research published on brain organoids.[42]
Inevitable leading to the question: "How well do brain organoids capture your brain?"[43] This

question is the caption of a recently published critical view on the scientific relevance of brain
organoids, by Kim et al. in iScience - CellPress. They formulate challenges and potentialities

7



2. Background

of brain organoids from various aspects, regarding the applicability of research results onto
medical issues. Figure 2.6 graphically shows limitations and similarities with the human brain
of current brain organoids. To conclude, brain organoids, at the current stage, are a powerful
tool to investigate early stage development and modeling neurological diseases emerging at early
stages. Future work needs to scope especially gyrification and the lack of a fully functional micro-
environment, among others. For a more detailed review the reader is referred to the publication
of Kim et al. (2021).[43]
In order to overcome topographic limitations, a method of organoid fusion was invented re-

cently. Therefore, separate organoids, patterned for specific brain regions are grown and then
merged.[44] Applications in neuroscience, such as brain organoid vascularization and brain tumor
research, already showed promising potentials of this new method.[44]

Figure 2.6.: Comparability of brain organoids with the human brain. Details given in text. Figure from
[43].
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2.3. Mimics of the human brain

2.3.2. Spheroids

Spheroids are commonly scaffold-free 3D cell cultures, originating from self-assembly (see fig. 2.7).
In this case, cells in suspension innately form loose aggregates due to integrin-ECM interactions.
This causes an upregulation of cadherin expression and accumulation. Finally, cadherin-cadherin
bindings cause the formation of strong aggregates, termed multi-cellular spheroids (MCS). The
cell-ECM interaction can be supported by the addition of a hydrogel. The formation of spheroids
requires a low adhesion environment, e.g. via repellent culture plates or the popular hanging
drop model.[45]

Figure 2.7.: Schematic of spheroid formation. The formation of spheroids can be distinguished into two
phases: (1) cell aggregation and (2) spheroid compaction. Figure from [45].

Figure 2.8 depicts the spatial organization of spheroids into different metabolic zones. These
zones are significantly influenced by the size of the aggregate. The necrotic core is commonly
a hypoxic area, due to insufficient nutrient and oxygen supply. The lack of vasculature causes
a reduced diffusion of substances towards the core, initiating with a size of about 1 to 2 mm.
Instead cells at the outer zone have a high oxygen and nutrient supply, enhancing growth and
proliferation. The establishment of this metabolic zones make spheroids to the most powerful
tool to mimic the physical tumor microenvironment.[46]

Figure 2.8.: Spatial organization of a spheroid. Spheroids can be distinguished into three metabolic
zones: (1) necrotic core, (2) quiescent zone and the (3) proliferation zone. Figure from [46].
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2. Background

In neuroscience, spheroids are used as a tool to mimic partial tissue components. Herein,
commonly the forebrain or cerebral development is investigated.[47, 48, 49, 50] Also applications
in disease modeling and drug screening had been reported.[51, 52, 53]
As well as organoids, spheroids highly suffer from heterogeneity and reproducibility. A huge

lack constitutes the varying sizes of aggregates, leading to distinct stages of cell differentiation
and cell types within one batch.[17]

2.3.3. Hydrogels

Compared to previously introduced biologically driven approaches, hydrogels reflect the more
engineering way of mimicking the ECM in vitro. Hydrogels are a beneficial environment to build
a matrix close to the native tissue, due to its high water content similar to biological tissues.[54]
Furthermore they comprise a high biocompatibility owing to it’s native origin. The latter also
promotes a good biodegradability, important for many regenerative basic approaches. Also they
share mechanical properties with soft tissues.

Figure 2.9.: Hydrogel classification by its sources, showing their advantages and disadvantages.

Hydrogels can be classified into three major groups: naturally and synthetically derived scaf-
folds, and hybrid materials (see fig. 2.9). Synthetic Hydrogels generally promote strong
rheological properties. Their main advantage is the controllability in their mechanical and
chemical properties. Besides, the fabrication is mostly more cost-effective compared to natu-
ral polymers derived from animal or human sources.[55] Most popular synthetic polymers are:
polyvinylpyrrolidone (PVP), polylactic adid (PLA), polyethylene glycol (PEG) and polyvinyl
alcohol (PVA). Despite the compelling advantage of controllability, synthetic hydrogels also
carry some disadvantages. Especially, they inherently show low cell adhesiveness.[55] Function-
alization with adhesive motifs can enhance cell attachement, thus increasing cell viability and
functionality.
Naturally derived hydrogels are able to mimic the components of the native ECM and

enhance the cell viability due to a larger cell-surface contact area. They are usually based on
proteins (e.g. collagen, fibrin, gelatin) or polysaccharides (e.g. chitosan, alginate, hyaluronic
acid) of the native ECM.[56] Besides biofunctionality these hydrogels possess biocompatibil-
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2.3. Mimics of the human brain

ity, degradability and low cytotoxicity.[56] Additionally cell adhesion is provided through inte-
grin binding domains.[57] Well investigated scaffold materials are alginate, chitosan, fibrin and
collagen.[58, 59, 60, 61, 62, 63] Also decellularized tissue is used as natural matrix especially in
tissue engineering applications.[64, 65, 66]
Hybrid hydrogels combine the advantageous properties of natural and synthetic polymers.

While the latter increases the mechanical strength of the hydrogel, natural polymers contribute
great cell adhesiveness.[67]

As the brain lacks the capacity of self-regeneration, hydrogels are attracting widespread in-
terest in fields of CNS repair and neuroprotection. Thereby its main application is as a reservoir
of i.a. neurotrophic factors or drugs.[68] Neural tissue engineering faces four strategic cate-
gories: "(a) incorporation of guidance cues, (b) factors to promote cell adhesion and prolifer-
ation, (c) drug delivery components, and (d) electrical conductivity of the tissue supporting
matrix".[69] Also the ordinary modeling of neurodegenerative diseases, such as Alzheimer’s dis-
ease and epilepsy, generated considerable research interest in hydrogel-based cultivation systems
in vitro. The investigation of neuronal network communication exposed to higher complexity,
became of great interest during the past years.
Also the presented work aims the development of a proper cultivation environment for the

investigation of complex neuronal networks in vitro, of a higher biological relevance. The follow-
ing section elaborates requirements and challenges related to the development of hydrogel-based
cultivation systems, which have to be faced in neuroscience.
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2. Background

2.4. Requirements and challenges of Hydrogels for neuroscience

This section will introduce the requirements and challenges that have to be faced in engineering
hydrogels for neuroscientific applications (see fig. 2.10). Thereby, only physiological relevant
issues will be discussed. Environmental properties in diseases can significantly differ from healthy
tissue, as e.g. in brain tumors.[70, 71]

Figure 2.10.: Schematic showing the main requirements of hydrogel engineering for neuroscientific
applications.
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The design of a hydrogel can drastically affect the health and functionality of the underlying
cell culture. Aside from biological functionality, such as cell adhesiveness, also physical char-
acteristics play an important role in tissue function and structural integrity in the CNS. Cells
sense and react to mechanical cues, a process called mechanotransduction.[72] Thereby, me-
chanical force is translated into biochemical signals, affecting tissue specific differentiation and
homeostasis.[73]The rodent and human brain is assumed to be a viscoelastic material with a
Poisson’s ratio of 0.5 and an elastic modulus ranging from 0.1 to 16 kPa.[74] Recently it has been
shown that physical and chemical cues of a scaffolds can control cell viability, differentiation,
outgrowth and function. These include mechanical properties, topography, surface chemistry and
biological ligands.[75] In order to convey and maintain a physiological behavior of the cultured
cells, it is a crucial step to mimic their natural environment at best.
Therefore, the careful design, individually tailored for the tissue of interest, is of high impor-

tance. The presented work aims to mimic the environmental conditions of the CNS, likewise
remaining variable in chemical and mechanical properties. Figure 2.10 shows schematically the
requirements and inputs, affecting the network growth and functionality for various applica-
tions. Mechanical behavior, such as elasticity, can be influenced by the type of cross-linking
(see fig. 2.11). Chemical cross-linking is formed by covalent bonding, which is known to support
elasticity. Instead, physical cross-linking emerges from non-covalent interactions, resulting in
viscoelastic behavior (see fig. 2.11).[18] Photopolymerization became an attractive method for
regenerative medicine, in particular for hydrogels which are cross-linked directly in the body.
Advantage of this method is the fast polymerization time and homogeneous hydrogels formed.
Nevertheless, the photoinitiator has to be chosen carefully, as some are highly toxic.[76]

Figure 2.11.: Chemical and mechanical properties of hydrogels. Hydrogels can be distinguished by its
type of cross-linking. Chemical cross-linking is formed by covalent bonds, while physical cross-linked by
molecular entaglement and non-covalent bonds. Figure adapted from [18]. Besides chemical categorization,
also mechanical properties characterizes hydrogels. Natural polymer show viscoelasticity, as well as native
tissue. Figure from [77].
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2. Background

Figure 2.12.: Scale of varying stiffness between tissues. The brain is one of the softest tissues in the
human body. Depending on the measurement, it’s stiffness ranges from 0.1 to 16 kPa.[74] This behavior
arises from different mechanical loads affecting the tissues. While bones experience high mechanical loads,
the brain is a mechanical static tissue. Figure from [78].

Figure 2.13.: Influence of environmental stiffness on cell behavior. Stiff substrates promote the differ-
entiation of hMSCs into osteogenic cells, and soft environment supports the differentiation of hMSCs
into neuronal cells. (left) Figure from [79]. Astrocytes prefer, contrary to neruons, stiffer environments to
grow. (right) Figure from [80].
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The human brain is known to be one of the softest organs in the human body (see fig. 2.12).
Depending on the method applied, the stiffness of the human brain varies between 0.1 and
16 kPa.[74] As the main component of the CNS’ ECM is non-fibrillar, the elastic modulus is
decreased.[71] Up to now, most cell cultivation environments of neuronal cells did not con-
sider both, stiffness and viscoelastic properties, leading to opposing cell behavior compared to
in vivo.[81]

Numerous experiments have shown that neurons are highly sensitive to their surrounding en-
vironment. The drastic effect of matrix stiffness on cell behavior was shown most imposing by
the pioneering work of Engler et al..[79] Human mesenchymal stem cells differentiated sponta-
neously into neuronal cells on soft substrates, while moderate stiffness supported muscular cell
growth and stiffer environments promoted the differentiation into osteogenic cells (see fig. 2.13,
left).[79, 81] With increasing stiffness, cell viability, differentiation, migration and axonal length
are enhanced. In comparison, astrocytes show opposing behavior (see fig. 2.13, right). With in-
creasing substrate stiffness, astrocytes show more physiological morphology and growth.[80]This
controversy makes it challanging to find the proper balance of mechanical propterties, suitable
for multi-cellular cultures in hydrogels. Nevertheless, astrocytes are important feeding cells for
neuronal networks.[82] It was clearly shown, that neurons in the presence of astrocytes, show
enhanced cell viability and functionality.[83, 84]

A straight forward way to increase the mechanical strength of a hydrogel, is to increase the
degree of cross-linking or the molecular weight of the polymer.[81]Thereby, the handling of
the hydrogel system should also be covered regarding the application of interest, as extremely
soft hydrogels tend to be very fragile. Hydrogels designed for e.g. on-chip evaluation should be
considered to promote a strong adhesiveness to the substrate coating, rather than a floating
culture. In case of dynamic medium flow, e.g. supported by a pumping system, hydrogels should
provide sufficient mechanical strength to withstand the shear forces generated in the cultivation
environment.

The cross-linking degree also affects the viscoelastic properties of a hydrogel, as the stress
relaxation time increases with stronger cross-linking.[81] As previously mentioned, the brain
exhibits strong viscoelastic behavior. Many naturally occurring polymers share this proper-
ties, making e.g. collagen a widely recognized polymer in neuroscience.[81] Comparable to stiff-
ness, viscoelasticity positively influences neuronal cell growth. It was shown, that with con-
stant stiffness and enhanced viscoelasticity, cell spreading, proliferation and differentiation are
supported.[81, 85] However, it has to be noted that most literature mainly rely on viscoplastic
substrates instead of viscoelastic materials.[85] Viscoplasticity, contrary to viscoelasticity, does
not fully recover from deformation (see fig. 2.14, top).[86]
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2. Background

Figure 2.14.: Viscoelasticity and mechanical confinement. Charts of viscoelasticity and viscoplasticity
(top). Schematic illustration of dynamic cell behaviors and mechanical confinement (bottom). Figures
from [85, 86].

However, some cellular processes are restricted by mechanical confinement, which is regulated
by the matrix pore size, viscoplasticity and degradability (see fig. 2.14, bottom). The porosity of
a hydrogel has influence on diverse issues of a healthy cell culture. A high porosity enhances the
diffusion of nutrients and oxygen. Pores smaller than 10 µm restrict cell movement and nega-
tively influence cell viability. Another issue affecting diffusion, is the size of the substrate. It was
shown in organoids, that sufficient nutrient and oxygen supply, without the support of a dynamic
medium flow, is limited by 1 to 2 mm.[87] Matrix degradability plays a key role in those cellular
processes, especially in case of rigid or elastic pores [85], providing a dynamic environment. It
was shown that matrix remodeling is a key property in maintaining the stemness of neuronal pro-
genitor cells.[88] Further, Schultz et al. (2015) revealed the mechanical importance of dynamic
hydrogel environments. They observed the change of an elastic hydrogel into a viscoelastic fluid
by cellular remodeling.[85, 89] Changes in viscoelasticity are known to be a key regulative fac-
tor in many diseases, such as Alzheimer’s disease.[90, 91] However, a detailed understanding of
mechanotransduction and developmental cellular behavior in viscoelastic materials is limited.[85]
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2.5. Network analysis and graph theory

2.5. Network analysis and graph theory

Graph theory became the conventional mathematical tool for the description of complex real-
life brain networks. It is based on the distinction between nodes and edges. Depending on
which scale (macro-, meso- or microscale) we consider the brain network, the definition of nodes
and edges is different. In the presented work, the mesoscale network functioanlity was examined.
Therefore nodes are defined as single neurons and edges, also called links, are characterizing the
connection between two different nodes. Graphs can be classified as weighted or binary and
directed or undirected graphs (see fig. 2.15). While weighted graphs preserve information
about the presence or absence of connections, as well as their strength, binary graphs miss the
latter information.[92] Further complexity can be reached by adding the preferred information
flow direction, called directed graphs (see fig. 2.15).

Figure 2.15.: Schematic showing the difference between binary directed and undirected and weighted
directed and undirected graphs. Figure from [93].

When analyzing complex network behavior, one has to carefully differentiate the underlying
network types. The definition of network connectivity is highly influencing the interpretation
of analysis. Anatomical or structural networks reflect the physical characteristics of re-
gional information. In contrast functional networks are defined by cross-correlations between
spike time-series of different nodes. Effective networks, instead, reflect causal dependencies
between two neurons, where the activity of a neuron directly affects another network component
(see fig. 2.16).[92, 94]
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2. Background

Figure 2.16.: Differentiation of structural, functional and effective connectivity. Figure from [94].

2.5.1. Functional connectivity estimation

Complex network activity can be described and estimated by so called connectivity matrices.
These matrices reflect the dependency of two neurons in a network with values ranging from
zero to one. Correlations of one imply a connectivity of node i and j in a network. As described
in the previous section 2.5, it is important to define the type of network to be analyzed. In this
project functional connectivity was of interest. Figure 2.17 depicts the most common algorithms
used in literature. The computation of functional connectivity can be divided into model-free
and model-based methods, relating to their type of estimate.[95, 96] This thesis focuses on
directed estimates, while introducing the most commonly used model-based and model-free
method respectively.

Figure 2.17.: Most common methods used to estimate functional connectivity and it’s differentiation.
Figure adapted from [95].

One of the most well-known statistical, model-based approach is Cross correlation (CC),
whereas Transfer Entropy (TE) is the most widely established information theoretic, model-free
estimate of functional connectivity. Both methods will be briefly introduced in the following.
Exemplary matrices shown below had been computed using a sample data set with simultane-
ously high synchronized and single events (see fig. 2.18), for illustrative purposes. The eventual
data analysis will be presented in section 8, p.59 .
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Figure 2.18.: Rasterplot of sample data used for testing different approaches to infer functional connec-
tivity.

Cross correlation (CC) is a modification of the Pearson’s correlation coefficient (PCC),
which denotes the time-domain linear measure of two random nodes. CC finds the maximum
correlation between two time series of which one has the lag τ as a function of τ [96, 97, 98],
giving a connectivity matrix with the weighted connection strength between two given nodes
(see fig. 2.19). A high correlation value indicates a strong functional connectivity between two
given nodes.

Figure 2.19.: Connectivity matrix derived from pearson’s correlation (left) and cross correlation(right).

Although CC, as a causal indicator, is able to imply the direction of connectivity, it suffers
from indirect connections and external inputs.[96] Furthermore the range of τ , taking the maxi-
mum value, can be different for each node.[96] The coincidence index (CI) approaches this issue
by using a coincidence interval and different ranges of τ , indicating a higher reproducibility with
increasing CI value.
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Transfer Entropy (TE)measures the directed causal relationship between two signals, while
considering both linear and non-linear information flow [97], as it is a model-free approach. This
implies that the model is not dependent on any assumptions about the underlying network inter-
connectivity, setting it apart from other model-based approaches for computing connectivity. The
eventuated matrix ranges between zero and one (see fig. 2.20), while high values denote a strong
causal relationship and low values vice versa.

Figure 2.20.: Transfer Entropy connectivity matrix according to Schreiber et al.[99] The diagonal rep-
resenting auto-correlation of nodes was removed, resulting in a value of zero instead of one.

Drawback of this method is the unknown true topology of a given network, leading to uncer-
tainties in reconstruction quality.[97] The missing ground-truth topology can be substituted
by well-known simulated network connectivities, also named surrogates. Thereby the qual-
ity of the computed network connectivity can be determined by comparison to the defined
topology results.[97] Surrogate data are usually characterized by similar properties as the ex-
perimental data. Light scattering artifacts and noise is added to make the surrogates more
realistic.[97, 100, 101]

TE was originally formulated by Schreiber et al.in 2000 [99]. Thereupon the field of neuro-
science discovered this approach utilized in different experimental designs. In this way TE found
its application in multimodal functional neuroimaging like e.g. fMRI and EEG/MEG.[102] But
also in vitro cultures of neuronal networks made good use of this approach.[103] Stetter et al. re-
fined TE to be more suitable for calcium imaging data sets by two additional features and named
it generalized transfer entropy (GTE) [97], giving it a further boost in laboratory applica-
tions. The two main challenges of calcium imaging tackled are the difference of low frame rates
and synaptic activity by using same bin interactions, as well as changing dynamical states of the
network by introducing a thresholding variable.[97] Although GTE has huge advantages over
common approaches regarding calcium imaging data, not trivial uncertainties, besides lacking
the true topology, of this method will be specified in section 5 (p. 41).
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2.5.2. Network Measures

Different levels of network modularity and functionality can be described by distinct measures. A
detailed description of more network measures was written by Rubinov et al..[92] In the following
only the measures used in this project will be introduced.
Network development can be distinguished straight forward through morphological changes.

In simplified terms, a higher connectivity to neighbored neurons indicates an eventual devel-
opmental phase. The measure of a node’s degree reflects the number of connected links to a
given node. Thus depicting a consistent measure of network development when examining the
mean degree, also named density or total wiring cost. The weighted variant is termed strength.
Another version of the degree is the within-module z-score, reflecting the number of nodes
connected within the module to the given node.
Besides the general peculiarity of simple connectivity, complex networks preserve distinct

manifestations of the ability for local specialized information processing, functional segre-
gation, and the fast combination of specialized information globally, functional integration.
Integration and segregation enable sophisticated communication of the brain, as a result of rapid
classification of huge amounts of incoming signals and the capability of allocating information
into specialized communities (see fig. 2.21).[92, 104] It was shown that during childhood the
human brain increasingly specializes, developing from an integrated towards a more segregated
system (see fig. 2.22)[105], remaining in a balanced condition. In psychiatric disorders, the bal-
ance between integration and segregation in a brain can differ from its physiological state[104],
affecting physiological functionality. For example, increased segregation is an indicator for focal
epilepsy.[106]

Figure 2.21.: Schematic showing segregation
(specialized processing) and integration (effi-
cient processing). Figure from [104].

Figure 2.22.: Developmental behavior of seg-
regation and integration. Figure from [105].
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With the help of graph theory it is possible to measure these traits, as introduced in the
following. Modularity describes the level of network subdivision into non-overlapping clusters,
termed modules or communities. High values of modularity emphasize the prevalence of segre-
gation in the observed network.[92] Initial drivers of modularity are connector hubs, which
play a key role in integration and inter-modular segregation, since they access communities
and transmit information between sub-populations (see fi.2.23).[92, 104] In contrast provincial
hubs, also local hubs, are crucial for segregated processing. High connectivity within their own
module yields specialization, which can cause definite functional loss after injury.[104] Graph
theoretic measures are able to characterize different hub types. The most common measures are
the node degree/within-module z-score or strength (see p.21), centrality and the participation
coefficient.[92] Betweenness centrality (bc) describes the fraction of all shortest paths that
pass through a given node. Thus important nodes with a high value of bc participate in a huge
number of shortest paths, indicating a hub cell. The participation coefficient (Pcoeff) instead
reflects the inter-modular connectivity.[92] Minor roles are taken over by peripheral hubs with
on average low degree, bc and Pcoeff.[92]

Figure 2.23.: Depiction of the classification of hubs into: provincial, peripheral and connector hubs in
community structures. Figure from [104].

Besides the presence of specific hub types, integration and segregation can be measured by
further variables. Segregation e.g. is, in addition to a high modularity, indicated by an increased
transitivity.[92] Transitivity is a variant of the clustering coefficient, which reflects the average
degree of clustered connectivity around individual nodes. Unlike the mean clustering coeffi-
cient, transitivity is globally normalized which prevents the negative influence of low degree
nodes.[92] Whereas functional integration needs traits enhancing the network’s efficiency. Func-
tional short paths between communicating nodes improve the performance of a information flow.
The characteristic path length is an estimate of the average shortest path length occurring
in a network. In comparison the global efficiency (Eglob), which is the inverse of it, is not
misproportioned by disconnected nodes, leading to infinite large contributions. Another mea-
sure of efficiency is the local efficiency (Eloc), which is simply the Eglob computed on the
neighborhood of the given node.[92]
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The balance of integration and segregation in the healthy human brain is known to show
small-worldness behavior.[107] Small-worldness is defined by significantly high clustering, com-
pared to random networks, while having roughly the same characteristic path length.[92]
These networks are in an optimal balance of local and global efficiency (see fig. 2.24).

Figure 2.24.: Schematic showing the balance of small-world networks and its relation to efficiency.
Figure adapted from [107].

As depicted in figure 2.24, efficiency can be described by regular and random networks. [104,
107] While regular networks follow an ordered lattice behavior, where each node connects to
an equal number of other nodes. Instead, random networks equal disordered graphs, where
randomness decreases integration due to shorter path lengths.[104, 107]
This balance is exceedingly important for healthy brain functionality. Epileptic seizures for

example cause an excess of integration. An aberrant number of brain regions begin to fire
synchronously, leading to an inefficient information processing.[104]
Another important feature of the human brain is the ability for network resilience.[92, 93]

As explained above, special hubs assume particular tasks in a network, enabling e.g. special
behaviors or functions. In case of an injury, it is possible that hubs take over the function of
damaged hub nodes. This resistance of a network against damage of such nodes can be measured
by assortativity.[93] Figure 2.25 depicts the difference between an assortative and dissortative
network. While the performance in an assortative network can be maintained by a strong inter-
modular connectivity, a dissortative network is not able to sustain functionality due to excessive
modularity.

Figure 2.25.: Schematic of an assortative and dissortative network. Figure adapted from [93].
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3. Materials and Methods

3.1. Natural Hydrogels

3.1.1. Fibrin

Fibrin is a natural polymer with versatile applications in tissue engineering and contributes
significantly to wound healing, angiogenesis, inflammation and many more. [108, 109] The poly-
merization of fibrinogen is initiated by thrombin, forming fibrin.
The ability to extract fibrinogen from patients blood, where it occurs at 2 - 4 g/L, made it

famous as an autologous scaffold. [58, 110] Besides, it is often used in tissue engineering due to its
high biocompatibility, biodegradability and cell binding affinity. [57, 58] Cells in direct contact
to a fibrin matrix progressively degrade fibrin and replace the scaffold by a mature extracellular
matrix. Its ability to behave as a reservoir of growth factors enhances the tissue-specific matrix
development. [57]
Fibrin is well known in wound repair as a sealing agent. But also in other clinical and bio-

engineering applications fibrin scaffolds acquires renown, e.g. skin tissue, vascular tissue, heart
valve replacements as well as drug delivery, cell delivery and differentiation.[57, 111] Further-
more in neuroscience fibrin-based matrices fade into spotlight. Especially in the research of
spinal cord injury fibrin caught recently close attention. It was shown successfully that aligned
fibrin fibers promote the regeneration of spinal cord injuries and support locomotion function
recovery.[75, 112, 113]

In the presented work, human derived fibrinogen (plasminogen-, vWF- and fibronectin-depleted,
Milan Analytica AG) was used in a stock solution of 40 mg/mL in 1xPBS. Initially, 5.8% v/v CaCl2
(50 mM)(Carl Roth GmbH + Co.KG) and 19.3% v/v 1xPBs were mixed. Afterwards 3% v/v
of 40 mg/mL fibrinogen were added and 69.7% v/v of the cell suspension was re-suspended. As
fibrinogen starts to spontaneously polymerize after some time at RT, it is necessary to store it
on ice and reduce the working time as much as possible. Subsequently, 2.2% v/v human plasma
derived thrombin (20 U/L)(Sigma-Aldrich) was added to initiate the polymerization. After the
addition of CaCl2 and thrombin, gelation occurs fast, presuming a fast practiced working. Since
polymerization starts promptly, it is important to add the cell suspension prior the addition of
Thrombin.
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3.1.2. Collagen

Collagen is the most abundant protein in connective tissue and native extra cellular matrix of liv-
ing animals, comprising 25% of the total protein in vivo.[114, 115] Thus, being the most occupied
protein intissue engineering applications.[116] It is an already well proven biomaterial in medical
applications like bone or cartilage reconstruction, wound healing, drug delivery and cell encap-
sulation in scientific applications. Its main advantages are the ability of storing large amounts
of water molecules, its high biocompatibility, and biodegradability. Although Collagen does not
occur naturally in the brain it has shown various positive effects on neurons. Besides collagen
type I is present in the dura mater [117], which is surrounding the CNS, it promotes neuronal
cell attachment, axonal outgrowth, proliferation, and guidance during development.[118]
Collagen fibrils can be formed by type I, II, III, V and XI collagen, whereby collagen I is

the most prevailing scaffold material in biomedical applications.[114] It is mainly produced
by fibroblasts and can be extracted from e.g. tendon or tails.[119, 120] Usually, collagen I is
solubilized in acidic solution and mostly derived from rat tail tendon. In the human brain
collagen IV is a component of the basal lamina and the neural interstitial matrix.[23] In in vitro
cultures collagen IV was shown to provide cell attachment and neurite outgrowth capacities.[121]

Figure 3.1.: Schematic of collagen fiber formation, influenced by pH variation. Figure from [122].

Hydrogel formation is commonly performed by increasing the temperature and pH to physio-
logical values, thus initiating collagen-fibril self assembly.[123] Solubilized collagen, in an acidic
environment, shows characteristic viscous properties, due to loose hydrogen bonds formed be-
tween fibrils. Collagen gel formation is initiated by neutral pH, while non-pesinized collagen form
an in vivo-like, strong cross-linking and vice versa (see fig. 3.1).[122] Despite its high biomimetic
properties, collagen has some major drawbacks. For example, the degradability by matrix met-
alloproteinases (MMPs; cell mediated proteases) and its low stiffness, which is usually below
1 kPa.[124]
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Also collagen got of particular interest in neurological research, beside outstanding success as
injectable hydrogel in e.g. cartilage, bone tissue or CNS repair.[125, 126, 127] For instance Gil et
al. used collagen type I hydrogel constructs for the study of axonal regrowth and migration
of embryonic mouse CNS tissue.[128] Furthermore collagen was shown to promote the differen-
tiation of CNS stem and progenitor cells into neurons forming a functional network in vitro.[129]

In the presented work rat tail collagen type I (GibcoT M Fisher Scientific GmbH) was used. At
first, 38.6% v/v Dulbecco’s Buffered Saline (DPBS) and 7.1% v/v HEPES (Carl Roth GmbH
+ Co.KG) were mixed. Then 17.1% v/v of 3 mg/mL collagen and 11.4% v/v of Milli-Q was
added. Eventually, 25.7% v/v of the cell suspension was re-suspended. Unlike aqueous solutions,
the collagen mixture does not mix itself by diffusion. Therefore it is crucial to properly mix the
hydrogel solution. As Collagen is highly sensitive a proper buffering system is necessary after
increasing the pH for gelation. The stock solution of collagen has a pH of 3.5. The optimal pH
for polymerization lays at about 7 (6.5 to 7.5). Moreover it is important to protect collagen from
light and reduce the working time as much as possible. To prevent eventual polymerization of
collagen, it is necessary to work on ice.

3.2. Biohybrid Hydrogels

Using reversible addition−fragmentation chain-transfer (RAFT) polymerization, PVP-co-GMA
was synthesized by the working group of Prof. Dr. Pich of the DWI (Leibniz-Institut für Interak-
tive Materialien e.V., Aachen). They developed a fibrin-based composite hydrogel, as depicted
in fig. 3.2 on the left.[130] Based on the work of Peng et al.[131], they used polyvinylpyrrolidone-
co-glycidyl methacrylate (PVP-co -GMA-Copolymers) to enhance the mechanical properties of
fibrin-based hydrogels (see fig. 3.2, right). The glycidyl methacrylate (GMA) is conjugated to
the amine groups of the lysines, and thiols of cystein and methionine, on the fibrinogen. In the
presented work, PVP-co-GMA3mol% was diluted in 1xPBS at a concentration of 1 mg/mL. In
order to examine the proper biohybrid hydrogel conditions for the successful encapsulation of
primary neuronal cells, different molecular weights of PVP were tested: 6662 g/mol, 8118 g/mol,
11100 g/mol and 65000 g/mol.

Figure 3.2.: Schematic of the polymerization of Fibrin-PVP-co-GMA and its rheological properties.
Figure adapted from [130].
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3.2.1. Fibrin-PVP-co-GMA3mol%

As fibrinogen is spontaneously polymerizing after some time at room temperature, it is neces-
sary to hold this component on ice. All components were aliquoted and thawed in the fridge
prior usage. For the synthesis of Fibrin-PVP-co-GMA3mol%, 14.5% v/v of 40 mg/mL human
fibrinogen (plasminogen-, vWF- and fibronectin-depleted, Milan Analytica AG) was mixed with
4.3% v/v CaCl2 (50m mM)(Carl Roth GmbH + Co.KG), which is needed for the activation of
thrombin. Following, 8.5% v/v of 1 mg/mL PVP-co-GMA3mol% and 70.9% v/v of cell suspension
were added and carefully re-suspended. The Polymerization was then initiated by the addition
of 1.8% v/v thrombin (20 U/L)(Sigma-Aldrich). After the addition of thrombin, polymerization
is directly initiated, requiring fast work. Therefore, the cell suspension should always be added
prior thrombin. Complete polymerization was then allowed at 37◦C in the incubator for about
20 min. Next, medium was added and changed the following day.

3.2.2. Collagen-PVP-co-GMA3mol%

Collagen-PVP-co-GMA3mol% requires the entire hydrogel synthesis on ice. Therefore also all
components were pre-chilled, to avoid too early polymerization (see section 3.1.2, p. 26). Cold
neurobasal medium (NB, 52.4% v/v)(Life Technologies GmbH) was mixed with 7.1% v/v of
0.1 M sodium hydroxide (NaOH). Following, 17.1% v/v of 3 mg/mL collagen was added, while
making sure that collagen was properly mixed, as collagen is not mixing itself by diffusion
(see section 3.1.2, p.26). Then 11.4% v/v of 1mg/mL PVP and 11.9% v/v of the cell suspension
were added. Complete polymerization was then allowed at 37◦C in the incubator for about 50
min. Then NB medium was added and changed the following day.

3.3. Cell culture

Primary rat cortical cells of E18 Wistar rat embryos were used to engineer 3D neuronal net-
works in vitro. Therefore cortices were isolated from the brain in Hank’s Balanced salt Solution
(HBSS, GibcoT M ). Following, cells were dissociated by incubating the tissue in 0.05% Trypsin
Ethylenediaminetetraacetic acid (EDTA)(Life Technologies GmbH) for about 15 min at 37◦C.
The suspension was centrifuged and cells counted.
In this study, cell concentrations close to the physiological densities in the CNS were aimed.

The maximum cell density feasible was about 11 820 cells/mm2. In comparison the human
neocortex comprises about 20 000 cells/mm2. The maximum possible cell desnities, in respect
to the used hydrogels, are listed in table 3.1.

Table 3.1.: Cell densities in respect to hydrogels.

Hydrogel final cell density [cells/mm3]
Fibrin 11.615

Collagen 11.615
Fibrin-PVP-co-GMA3mol% 11.820

Collagen-PVP-co-GMA3mol% 8.503
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3.4. Cell viability

Hydrogels were cultivated in ibidi dishes containing 2 mL Neurobasal medium (NB, Life Tech-
nologies GmbH) at 37◦C, 5% CO2 and 95% humidity. The NB medium was supplemented with
1% heat inactivated fetal bovine serum (FBS, Life Technologies GmbH), 2% B-27 (Life Tech-
nologies GmbH) and 1% N2 (Thermo Fisher Scientific GmbH) were used. B-27 is a serum-free
supplement, known to enhance neuronal cell viability.[132] N2 is associated to enhance neuronal
cell growth, and was added to support long-term studies.[133] In order to prevent contamination,
0.5 mM L-glutamine (Life Technologies GmbH) and 50 µg/mL gentamicin (Sigma-Aldrich) were
added. In case of fibrin-based hydrogels, Tranexamic Acid (TA) has to be added, in order to
prevent matrix degradation. The medium was changed completely, twice a week.

3.4. Cell viability

Live/dead stainings were performed using Calcein-AM (ThermoFisher Scientific Inc.) and Ethid-
ium Homoder-1 (EthD-1, ThermoFisher Scientific Inc.). Both agents were used in a concentration
of 1:1000 diluted in NB medium. Prior staining, the culture medium was removed. Following,
the samples were incubated for 15 min at 37◦C. Afterwards the gels was rinsed carefully 3 times
for five minutes each. In total ten images were taken from all samples, while N=3 for each DIV.
The live/dead ratios were evaluated with the help of ImageJ.

3.5. Immunostaining

Cell morphology was explored by fluorescent labeling of cellular structures via antibodies at dif-
ferent maturational stages (at about DIV9, DIV22, DIV41). Prior fixation, hydrogels were rinsed
carefully three times with pre-heated 1xPBS, for five minutes respectively. Networks were then
fixated with 4% paraformaldehyde (Sigma-Aldrich) in 1xPBS for 15 minutes at 37◦C, 5% CO2

and 95% humidity. Subsequent rinsing (3x 5 minutes) with 1xPBS stopped the fixation process.
Permeabilization of the cell membrane was initiated by the incubation of 0.1% Triton x-100
(Sigma-Aldrich) for 6 hours at room temperature (RT), again followed by 3x rinsing for 5 min-
utes each. Following, unspecific binding sides were blocked by the incubation of 5% bovine serum
albumin (BSA, GibcoT M ) in 1xPBS for 3 hours at RT or over night at 4◦C. Neuronal dendrites
and somata were stained with the primary antibody β-III-tubulin (rabbit, CellSignaling Technol-
ogy) at a dilution of 1:500. Astrocytes were visualized using glial fibrillary acidic protein (GFAP,
mouse, CellSignaling Technology) at a dilution of 1:500. Primary antibodies were incubated over
night at 4◦C. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, 2.5 mg/mL, Life
Technologies) at a dilution of 1:1000. As secondary antibodies Alexa Fluor anti-rabbit 546 and
Alexa Fluor anti-mouse 488 (Invitrogen) were incubated over night at 4◦C, with a dilution od
1:500.
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3. Materials and Methods

3.6. Microscopy

3.6.1. Confocal imaging

As described in section 3.5 (p.29), cell morphology was studied at different maturational stages:
early (DIV9), intermediate (DIV22) and advanced (DIV41). Hydrogels were imaged at the Insti-
tute of Biological Information Processing (IBI), Mechanobiology (IBI-2) at Forschungszentrum
Jülich (Germany). Microscopy was done using a confocal laser scanning microscope (LSM 710;
Carl Zeiss MicroImaging GmbH) equipped with an argon ion laser (488 nm) and a red helium-
neon laser (633 nm).

3.6.2. Calcium imaging

Calcium imaging is one of the most popular approaches to record neuronal network activity
in vivo and in vitro since protein based calcium indicators (GCaMP) had been established.[134,
135, 136] Based on rapid changes of intracellular free calcium during action potentials (see
section 2.2, p.4), the activity of neuronal populations can be visualized using fluorescent calcium
indicators. With the introduction of the green fluorescent calcium indicator GCaMP6 by Chen
et al.[137], calcium imaging reached a new qualitative level due to its high temporal sensitivity.
Before, protein-based indicators could not compete with common synthetic ones, as e.g. Oregon
Green Bapta-1-AM (OGB1-AM), owing to low sensitivity and slow kinetics.[137] GCaMP6f,
developed by Chen et al., became apparent to be the fastest calcium indicator with a comparable
sensitivity to OGB1-AM.
A variant of this genetically-encoded indicator was used in this project, purchased from

Addgene (USA). The cells were transduced with adeno-associated viruses (AAVs) containing
Syn.GCaMP6f.WPRE.SV40 at a concentration of 104gc/cell. AAVs were added to the cell sus-
pension prior encapsulation. Before start imaging, fresh medium should be prepared for the
ongoing culture of the hydrogels after imaging. Medium was changed directly after recordings.

3.7. Data processing

This section addresses the steps of data processing used to characterize the developing neuronal
networks and raises the critical view on the selection process of suitable algorithms. The pre-
sented evaluation sequence can be divided into four different parts: (1) Signal extraction and data
preprocessing (2) connectivity estimation (3) network analysis and (4) functional reconstruction.

3.7.1. Signal extraction and data preprocessing

The recorded calcium imaging movies are analyzed using parts of the Suite2p pipeline (ver-
sion: v0.9.2)[138], regarding cell detection and signal extraction. Suite2p was established by M.
Pachitariu and C. Stringer et al. in 2017 and is continuously being optimized. It is capable of
detecting 10,000 neurons simultaneously and offers an individual customizable classifier that
detects cells by weighting properties, based on biological structure and microscope optics [139].
The classifier can be trained by manual adjustment of detected real cells. After running the
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3.7. Data processing

classification manually for a few data sets, a new optimized classifier can be build and applied
to the given data, while manual interventions are remain possible.
As input Suite2p takes the raw calcium imaging movie as e.g. TIFF formatted file. The

graphical user interface (GUI) enables the adjustment of different settings according to the
given data before running the pipeline. All settings can be found in the following figure 3.3.

Figure 3.3.: Screenshot of the settings used in Suite2p.

Furthermore Suite2p detects signals originating from neuropil, which can severely contaminate
the signals from regions of interest (ROIs).[138] Neuropil are defined as the amorphous mesh in
the central nervous system, located between the cell bodies, composed of dendrites, axons and
glial processes.[140] These areas lead to diffuse signals of the average fluorescence activity of
out-of-focus dendrites and axons. In 3D recordings, cells, assumed as the only structure in focus,
can be negatively influenced in its recorded activity, by neuropil signals. This effect relies on
the microscopic acquisition characteristics, which displays the average signal of several microns
across the z-direction. Despite other common approaches, M. Pachitariu and C. Stringer et al.
account a neuropil correction, considering these signals as potentially high correlative with
the cell’s activity.[138] As Output Suite2p gives six different arrays ([139]):

1. array of fluorescence traces (ROIs by timepoints)

2. array of neuropil fluorescence traces (ROIs by timepoints)

3. array of deconvolved traces (ROIs by timepoints)

4. array with a list of statistics computed for each cell (ROIs denoted by 1)

5. array with options and intermediate outputs (dictionary)

6. array that specifies whether an ROI is a cell, first column is 0/1, and second column is the
probability that the ROI is a cell based on the default classifier
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While the array of fluorescence traces already implements the neuropil correction. For a more
detailed description of the Suite2p pipeline please check out: https://suite2p.readthedocs.

io/en/latest/index.html. The entire code is available on GitHub: https://github.com/

mouseland/suite2p.
Further preprocessing steps have been performed in MATLAB R2020b (licensed by RWTH

Aachen). As a next step, the raw signal traces were normalized. Therefore, the baseline cor-
rection by P. Patel et al. was adjusted to the given data. The relative fluorescence change ∆F/F
was calculated using the common percentile method. Therefore, a five second sliding window
was used to categorize the fluorescence trace into sections and subtract the mean of the lower
50% of the preceding five second section.[141]
Finally, to extract further information about the underlying network functionality, peak de-

tection based on MinPeakHeight and MinPeakProminence was performed. Previously, the data
was smoothed using a butterfly filter with a 7 Hz cutoff frequency and a filter order 5. Then, a
threshold was calculated according to the absolute median deviation, in order to get the min-
imum peak height and prominence necessary for peak detection. ROIs without any detected
activity had been excluded from further processing.

3.7.2. Network analysis

Section 2.5.2 (p.21) already introduced the network measures applied in this project. All func-
tions had been used from the ‘Brain Connectivity Toolbox (BCT)‘ established by Rubinov et
al.[92] The detection of hub cells was applied according to Karrer et al..[142] Thus nodes need
to fulfill at least two of the following criteria to be defined as a hub cell: above average nodal
strength, betweenness centrality and/or local efficiency. A further classification is thresholded
through the participation coefficient (Pcoeff). While connector hubs usually show an above aver-
age Pcoeff, provincial hubs are characterized by a below-average value.[101] Beside the previously
mentioned network measures, also the average number of active cells, the mean network firing
rate and synchronicity was observed. As a measure of synchrony, the frobenius norm of the
connectivity matrix was calculated.

3.7.3. Cross-correlation

The corss-correlation was calculated by applying the standard function ‘xcorr‘, using the nor-
malization option ‘coeff‘, of MATLAB.[143]

3.7.4. Statistical evaluation

Statistical significance was tested using one-way ANOVA with bonferroni multicomparison for
normal distributed data. In case of a non-normal distribution a kruskal-wallis test was applied
instead of ANOVA. P-values of 0.001(***), 0.01(**) and 0.05(*) had been used as significance
levels.
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4. Engineering of a suitable hydrogel system for
primary neuronal cell encapsulation

This chapter discusses the development of the eventually used hydrogel formulations from the
more engineering point of few. Herein emerging issues and requirements, some of which had been
already introduced in section 2.4 (p.12), and possible solutions are revealed.

4.1. Commercial hydrogels

There are many commercially available hydrogel kits for 3D cell cultivation. However, as de-
scribed in section 2.3 (p.7) neurons are highly sensitive to their surrounding environment.
The most well known hydrogel isCorningT M MatrigelT M , which is derived from Engelbreth-

Holm-Swarm mouse sarcoma. It is mainly composed of Laminin, making it a favorable scaffold
for various cell types.[144] The probably largest drawback about Matrigel is its inconsistency
from batch to batch. The exact composition of proteins is never known. Nevertheless, due to
its high biocompatibility and adhesive properties, Matrigel remains to be the state of the art.
Therefore, it was also considered as environment for the cultivation of primary neuronal cells
in the presented work. Further, the alternative ECM Gel (e1270), purchased from Sigma-
Aldrich, was tested. ECM Gel is also derived from Engelbreth-Holm-Swarm mouse sarcoma,
however, having a relatively low protein concentration of about 8-12 mg/mL compared to Corn-
ing Matrigel matrix, which is also available with 18-21 mg/mL.[144, 145]
Different concentrations had been evaluated, as shown in table 4.1. Initially without cells to

spot good cross-linking gels, before including a cell suspension with a high cell density of about
33 000 cells/µL.

Table 4.1.: Neuronal cell viability in commercial available hydrogels.

Matrigel I Matrigel II ECM
Concentration 5 mg/mL 10 mg/mL 8-12 mg/mL

Viability 79% 90% 74%

Working with Matrigel/ECM requires the constant execution of each step on ice to prevent
spontaneous polymerization, as it is a temperature sensitive material. Additionally, all labware
working with, has to be pre-chilled. Thermal polymerization of ECM is initiated at 20-40◦C,
instead Matrigel is already polymerizing at temperatures above 4◦C, according to the suppliers
notes. Both solutions should be thawed over night in the fridge and then vortexed, to ensure a
complete, homogeneous thawed and mixed substance. A final dilution below 4 mg/mL should
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4. Engineering of a suitable hydrogel system for primary neuronal cell encapsulation

be avoided, as polymerization is limited due to protein content. Further, as Matrigel/ECM is
a very high viscous material, a positive displacement pipet should be used to avoid distorted
volumes used. It is important to note, that Matrigel and ECM should be stored in the very back
of the freezer to ensure a constant temperature, as good as possible.[146]
Figure 4.1 shows exemplary grown neuronal networks in different concentrations and sources

respectively. Living cells are labeled green fluorescent, by Calcein-AM, and dead cells are labeled
red, using Ethidium-Homodimer (see section 3.4, p.29).

Figure 4.1.: Live/dead images of neuronal cells cultured in5 mg/mL and 10 mg/mL Matrigel, and ECM
at DIV7. (green:vital cells, red:dead cells)

Another commercially available hydrogel tested, was VitroGel3D (TheWell Bioscience), an
xeno-free polysaccharide hydrogel system.[147] According to the suppliers notes, it is room tem-
perature stable, thus not requiring the consequent work on ice. Additional features are neutral
pH, transparency and good permeability.[147] Nevertheless, this hydrogel, at that date (2018),
was not tested with primary neurons before. The fabrication of cell encapsulated hydrogels was
performed following the provided standard protocol by TheWell Bioscience.
Figure 4.2 shows exemplary bright field images of cells grown in VitroGel. The cell encapsula-

tion had been very bad, as many cells had not been captured by the gel. Further, all hydrogels
showed inhomogeneous gel topography, as seen in figure 4.2 (left). Additionally, cells highly tend
to form clusters and died already at DIV2.

Figure 4.2.: Bright field images of primary neuronal cells cultured in VitroGel at DIV2. VitroGel shows
inhomogeneous gel topography and enhances cell clustering.
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4.2. Natural hydrogels

To conclude, all commercially available hydrogel kits tested, did not satisfy the aim of the
presented study. Insecurity about the detailed composition of Matrigel and ECM, as well as
bad reproducibility within and throughout batches, outweighed advantages mentioned earlier.
VitroGel, although owing very good transparency and easy handling, suffered from bad cell via-
bility and inhomogeneous gel topography. Therefore, the engineering of an individual hydrogel,
with mechanical and chemical controllability, as well as a promotive environment for long-term
cultivation was aimed.

4.2. Natural hydrogels

As mentioned in section 3.1.1 (p.25), fibrin is a well-known polymer in biomedical applications..
Fibrin hydrogel polymerization is a straight forward process, initiated by thrombin. Also mechan-
ical properties can be easily influenced, by varying the fibrin, thrombin or CaCl2 concentration.
Lee et al. (2019) showed the strong dependency of hydrogel stiffness with the fibrin concentration
(see fig. 4.3). With increasing fibrin concentration, also the Young’s Modulus rises.[148]

Figure 4.3.: Graph showing the dependency of the fibrin concentration on the Young’s Modulus. Figure
from [148].

While keeping the fibrin concentration constant and increasing the thrombin concentration,
thin fibers are formed and vice versa.[149] Resulting pore sizes affect the diffusion of nutri-
ents and oxygen, as well as cell movement. Stiffness was shown to be strongly correlated with
the fibrin and thrombin concentration, while high stiffness is associated with increased fib-
rin concentrations.[149, 150] Another factor influencing the stiffness, is fibrinolysis. Collet et
al. (2000) observed faster degradation of fibrin hydrogels, composed of thin fibers, compared to
hydrogels out of thick fibrin fibers.[151] In the presented work fibrinolysis was prevented by the
addition of tranexamic acid (TA) into the medium (see section 3.3, p. 28).
The effects of different fibrinogen concentrations on cell viability and morphology are dis-

cussed in section 6.1 (p.45).

Another well known polymer in biomedical applications is collagen. As described in sec-
tion 3.1.2 (p.26), the collagen used is derived from rat tail tendon and solubilized in acidic
acid. The decision to use rat tail collagen rather than bovine derived collagen was accounted for

35
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various compelling advantages. These benefits are, besides a fast gelation, which ensures cell en-
capsulation during gelation, also the high purity. This is achieved by non-pepsinized extraction
of collagen, as described earlier see section 3.1.2 (p.26), leading to the formation of a more in
vivo-like hydrogel.

Polymerization is initiated by increasing the pH to physiological values. Thereby temperature
plays a critical role regarding the hydrogel architecture. In order to get a collagen hydrogel with
thick fibers, it is necessary to incubate all solutions previous to temperature rise, in order to allow
molecular assembly.[152] Thick fibers had been associated with increased cell survival of human
mammary fibroblasts.[152] However, temperature rises above 38.5◦C should be avoided, as colla-
gen will denature. Jansen et al. (2018) extensively studied the influence of network architecture
on the mechanical properties of collagen gels.[153] They also showed the significant dependence
of fibril formation on polymerization temperature (see fig. 4.4). Accordingly, physiological tem-
perature (37◦C) promotes the formation of homogeneous and less bundled networks. Further
they observed the significant decrease in fiber diameter with increasing temperature (∼300 nm
at 22◦C and ∼150 nm at 37◦C). Also the collagen concentration, at a constant polymerization
temperature of 37◦C, influences the network topography (see fig. 4.5). Therefore, they evalu-
ated collagen concentration ranging from 0.2 to 4 mg/mL. Thus, showing a constantly more
homogeneous and dense network formation with increasing collagen concentrations.[153]

The choice of medium should be considered carefully, as divalent cations may act as flocculants.
Experiments had shown, that a high cell concentration, of about 8 503 cells/µL (see section 3.3,
p.28), in CaCl2 containing medium does not significantly affect the gelation, as the cells take most
of the volume. Instead, when fabricating collagen hydrogels for e.g. rheological measurements
without cells, it is of high importance to use divalent ion-free medium or a proper buffer, as
e.g. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), in order to ensure full and
homogeneous gelation. Another issue affecting gelation quality is the behavior of collagen in
solution itself. Unlike aqueous solutions, collagen requires careful mixing prior to usage, as it
does not mix itself by diffusion. The detailed analysis of cell growth and functionality in collagen
hydrogels can be found in chapter 6.2 (p.48).
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4.2. Natural hydrogels

Figure 4.4.: Micro-structural analysis of collagen hydrogel formation, in dependence of temperature,
using SEM. With increasing temperature, fiber thickness decreases and a homogeneous network formation
is supported. (scale bar upper rows 20 µm, bottom row 200 nm) Figure from [153].

Figure 4.5.: Collagen hydrogels, polymerized at 37◦C, show a strong dependency on collagen concen-
tration regarding network topology. Higher concentrations promote dense and homogeneous network
formation. (scale bar 20 µm) Figure from [153].
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4.3. Biohybrid hydrogels

The development of presented biohybrid hydrogels was conducted in close collaboration with
the group of Prof. Dr. A. Pich of the DWI Aachen, as part of an ERS seed funded project
(OPSF412). Miriam Al-Enezy Ulbrich (PhD candidate) developed and investigated the Fibrin-
PVP-co-GMA3mol% hydrogel published in [130], which was the basis for presented further devel-
opments. The engineering of Collagen-PVP-co-GMA3mol% had been part of an external research
project of Nicole Terefenko (DWI Aachen, RWTH Aachen). Chemical and rheological charac-
terizations of the established polymers had been performed by Miriam Al-Enezy Ulbrich and
coworkers (Nicole Terefenko, Shannon Jung).

Biohybrid hydrogels had been fabricated using PVP-co-GMA3mol% as synthetic polymer, and
fibrin and collagen respectively, as biological component. The hydrogel synthesis is the same for
fibrin and collagen. The epoxid group of GMA reacts with the amino group of the biopolymer
(see fig. 4.6). However, both systems are completely different in their handling and behavior, as
described in the following.

Figure 4.6.: Schematic of the biohybrid hydrogel synthesis.

The most obvious difference between both variants is the temperature during hydrogel prepa-
ration, and the final gelation time required for a proper cross-linking. Fibrin-based hybrid hydro-
gels had been fabricated at RT, Collagen-based gels required the entire work on ice, as discussed
earlier (section 4.2 p.35). The final polymerization process was performed at 37◦C for both
variants. Herein, fibrin-based hydrogels needed a significantly shorter time of 20 min for full
gelation, compared to collagen-based gels with 50 min. The different cell behaviors in respect to
the hybrid hydrogel systems mentioned, is discussed in chapter 7 (p.51).

Al-Enezy Ulbrich et al. showed the dependency of Fibrin-PVP-co-GMA copolymer con-
centration on the fibrin hydrogel stiffness (see fig. 4.7). With increasing copolymer concentration
up to 2wt %, the amount of inter-fiber cross-link rises, as well as the storage modulus. Further,
physiological characteristic strain stiffening can be induced by varying the molecular weight of
the copolymer.
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4.3. Biohybrid hydrogels

Figure 4.7.: Rheology: Fibrin-PVP-co-GMA shows mechanical dependency on copolymer concentration
and molecular weight. Figure adapted from [130]

Also the morphology of the biohybrid hydrogel can be tuned by the copolymer concentration.
A high concentration of copolymer induced thicker fiber formation, and vice versa (see fig. 4.8).
Additionally, they showed a good biocompatibility, despite the presence of epoxy groups in the
copolymer structure.[130]

Figure 4.8.: Analysis of the topography of Fibrin-PVP-co-GMA gels by SEM. Fiber formation in bio-
hybrid hydrogels show a strong dependency on the copolymer concentration. Figure from [130]

However, Collagen-PVP-co-GMA3mol% showed completely different behaviors. In this con-
text the main issue had been the adjustment of the pH level during polymerization. Basic
cross-linking evaluations had been performed without cells. Therefore the volume of cell suspen-
sion needed to be replaced. As mentioned earlier, the amount of CaCl2 containing medium is
influencing the hydrogel polymerization. Therefore different buffering systems and NB/Buffer
ratios were evaluated at the DWI (Aachen) and the pH of resulting hydrogels was measured
(see tbl. 4.2). HEPES revealed to be the best buffering system.
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Table 4.2.: Buffers tested for cross-linking of Collagen-PVP-co-GMA gels.

Volume ratio (NB:Buffer) [µL] Morality [mM] Buffer pH
- - Water 12

9.5:85.1 25 HEPES 8
37.8:56.7 25 HEPES 7
9.5:85.1 15 HEPES 11
37.8:56.7 15 HEPES 11
9.5:85.1 10 PBS 10
37.8:56.7 10 PBS 11
9.5:85.1 - DPBS 12
37.8:56.7 - DPBS 12

As well as the investigation of Fibrin-PVP-co-GMA3mol%, collagen-based biohybrid hydrogels
were screened for mechanical properties influenced by copolymer concentrations or molecular
weight. No influences of PVP polymer chain length and copolymer concentration on the me-
chanical behavior of collagen-based biohybrid hydrogels, could be observed
However, significant differences compared to Fibrin-based biohybrid hydrogels could be ob-

served in the cellular behavior, discussed in chapter 7 (p.51) and chapter 8 (p.59).
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5. Implementation of generalized transfer
entropy (GTE) and its pitfalls

As described in section 2.5.1 TE estimates the directed causality between two nodes, while the
GTE is fitted to the challenges of calcium imaging. In the following, some issues regarding differ-
ent TE estimation methods will be addressed briefly and the chosen algorithm will be depicted.
In order to test the method, the same sample data as described previously was used (see 2.18,
p. 19). The implementation of GTE was evolved with countenance of Prof. Dr. M. Pieper, FH
Aachen.

The execution of GTE is accompanied by challenges of probability estimation and binning
methods. Hlavácková-Schindler et al. [154] and Lee et al. [155] showed previously that each
method can lead to significantly different results, making a straight comparison with literature
data difficult, without a detailed revision of used algorithms. Further, the screening of data
processing in depth is difficult - if not often impossible - as provided information about data
processing pipelines are not that profound, if published at all.

Nonetheless, GTE was the algorithm of choice in this project, due to compelling advantages
mentioned earlier (see section 2.5.1). GTE was implemented according to Stetter et al. [97] by
means of the calculation method according to Lee et al. [155], including ordinal sampling and
quantization. Furthermore, GTE was applied to all networks having more than five active nodes.

Here, the histogram method was applied, which is the most common approach with low
computational cost.[154] The data are quantized into fixed bins (b), with a defined width.
Stetter et al. recommends a bin width close to twice of the standard deviation of the fluorescence
signal.[97] Figure 5.1 depicts the importance of choosing a proper bin width. While setting b too
low, small fluctuations in the fluorescence signal might get lost. However, in this study a fixed
bin of four was evaluated as being recommendable for the underlying data.
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Figure 5.1.: Influence of the binning width onto the quantization quality.

In order to make the algorithm robust against outliers and sparse regions, ordinal sampling
was added previously to quantization of the signal, as implemented by Lee et al..[155] Ordinal
sampling describes the ranking and sorting of the original signal according to their magnitude
of order. In detail, the data trace is first sorted from min to max, resulting in a vector IX
(see fig. 5.2). Then, a new data vector X is computed by assigning the data values according
to their ranks (X(IX)). Figure 5.3 shows the original filtered signal compared to the ordinal
sampled data X as a function of IX.

Figure 5.2.: Ordinal sampling depicted by stages.
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Figure 5.3.: Signal trace before and after ordinal sampling and quantization.
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6. Natural hydrogels lack long-term cultivation
properties

This chapter focuses on the evaluation of the biocompatibility and morphology of the encapsu-
lated cells in natural hydrogels. The natural polymers of choice were fibrin (see section 3.1.1,
p. 25) and collagen (see section 3.1.2, p. 26).

6.1. Fibrin concentrations in hydrogels affect cell viability

As has been stated before, polymer concentrations have major influence on the mechanical
behavior of hydrogels, affecting cell viability and functionality (see section 2.4, p. 12). Therefore,
different fibrinogen concentrations were evaluated (5 mg/ml, 2.5 mg/ml and 1.25 mg/ml), to
figure out the most suitable hydrogel composition for encapsulated primary neuronal cell culture
(see section 3.1.1, p. 25). Results presented in this section were part of a bachelor thesis completed
by Joscha Graeve (RWTH Aachen, March 2018).

Biocompatibility was tested with a simple live-dead staining, using Ethidium Homodimer
(EthD) and Calcein-AM. This assay was applied at DIV8, 15 and 22. Figure 6.1 clearly shows
the negative influence of increasing fibrinogen concentration on the cell viability. The lowest
concentration, of 1.25 mg/mL, outstandingly supported a viability of about 85% over three
weeks.
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Figure 6.1.: Viability of primary neuronal cells cultured in fibrin hydrogels over three weeks. (N=3,
p ≤ 0.05o, p ≤ 0.01+, p ≤ 0.001∗; error bars denote the standard deviation.)

Increasing fibrinogen concentration is known to enlarge the substrate stiffness, whereby the
axonal outgrowth is attenuated.[156] These findings are in complete agreement with the ob-
served results. As shown in figure 7.2, with increasing fibrinogen concentration, neurite length
decreased (exemplary indicated by arrows) beyond an intensive clustering behavior respectively.
This could be explained by the decreasing porosity of fibrin hydrogels with increasing concen-
tration [156], combined with the high cell density used. High cell densities initiate attraction of
cells to each other, before being distributed. As the accumulation of cells decreased with the
fibrinogen concentration, causes of cell dissociation can be excluded, due to consistency within
cell batches. Another reason could be an inconvenient culture environment, although the most
common problem is a lack of cell adhesion points. This should not be the case here, as fibrin
hydrogels provide Arg-Gly-Asp (RGD) groups as binding sites for the cells. However, in the
latter case, cells take more advantage of forming a cluster for the purpose of maintenance of
viability. Interesting observations were reported by Lee et al., who introduced a new measure to
quantify the rate of cell adhesion to hydrogels. They hypothesize that on the microscopic scale,
the biopolymer fiber chain flexibility highly influences the cell adhesion behavior. Since fibrin
possesses more flexible chains it is more difficult for the cells to keep adhesion points.[148] This
hypothesis further emphasizes the behavior of cell cluster formation observed.

46
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Figure 6.2.: Bright-field images of neuronal networks cultured in hydrogels with different fibrinogen
concentrations. Cells in higher concentrations are more likely to cluster, while neurite growth is enhanced
in lower fibrinogen concentrations. Scale bar 10 µm.

Further suspicious behaviors are depicted in figure 6.3. Cells started to escape from the hy-
drogel (exemplary indicated by arrows) by DIV22, thus implying an adverse cultivation envi-
ronment, as the cells favored to grow on an even stiffer cell culture plate surface than a hydrogel
offering greater amounts of cell adhesion points.

Figure 6.3.: Bright-field images at DIV22 depicting escaping cells from fibrin hydrogels. Scale bar 10 µm.
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6.2. Collagen hydrogels enhance neuronal cell viability

Primary neuronal cells were encapsulated in collagen (see section 3.1.2). As shown in figure 6.4
the cell viability decreased significantly from about 73% ± 18.2 at DIV8 to 50% ± 12.2 at
DIV37. This decreasing trend in viability is in common with results shown by O’Connor et al.,
who also reported a significant drop in viability through the first five days in culture with an
ongoing declining trend.[157]

Figure 6.4.: Viability of primary neuronal cells cultured in collagen hydrogels over five weeks. (N=3,
p ≤ 0.05∗, p ≤ 0.01∗∗, p ≤ 0.001∗∗∗; error bars denote the standard deviation.)

Figure 6.5 shows representative confocal microscope images of cultured networks in collagen
hydrogels at DIV8. A complex network of neurons could be observed in the presence of supportive
astrocytes. Both cell types showed physiological morphology.[158, 159] Results imply a good
cell-material interaction, as network formation was allowed by dynamical cell migration and
neurite outgrowth. The low amount of present astrocytes imply a low stiffness of the material,
as astrocytes favor to grow on stiff substrates.[160] Besides, figure 6.6 shows representative the
homogeneous distribution of neuronal cells throughout the hydrogel.
Xie et al. described that cell spreading, proliferation and migration is highly correlated with

fibrillar micro-architectures.[161] The structure of collagen hydrogels can be influenced by the
polymerization temperature, polymer concentration or pH as described previously in section
3.1.2 (p.26). With increasing polymerization temperature and constant polymer concentration,
it is known that the collagen stiffness is decreasing.[148, 161] Further Xie et al. showed that lower
fiber stiffness enhances cell spreading dynamics, completely in agreement with results observed
in this study.
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6.2. Collagen hydrogels enhance neuronal cell viability

As introduced previously in section 6.1 (p.45), Lee et al. showed the influence of fiber chain
flexibility on the cell adhesion. Thus, cells are more likely to adhere to semi-flexible chains, as
the case for collagen hydrogels.[148] Due to the low collagen concentration (see section 3.1.2,
p.26) and a polymerization at 37◦C, it can be assumed that same behaviors, as described above
by Lee and Xiu, can be applied here.

Figure 6.5.: Network maturation in collagen hydrogels at DIV8. Scale bar 20 µm. (DIV8, red:ß-III-
tubulin, green:MAP-2, blue:DAPI)

Figure 6.6.: Networks in collagen hydrogels show a homogeneous cell distribution throughout the hy-
drogel. (DIV8, red:ß-III-tubulin, green:MAP-2, blue:DAPI)
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7. Biohybrid hydrogels enhance physiological
development for long-term cultivation

Objective of this project was the development and establishment of a modular system with the
desirable tuneability in mechanical and chemical properties. In the following, the two hybrid
hydrogel systems: Fibrin-PVP-co-GMA3mol% and Collagen-PVP-co-GMA3mol%, will be in-
troduced and examined. It has to be noted that PVP polymers with 65000 g/mol suffer from
inconsistencies in fabrication. Thus, the exact molecular weight is not known and may vary a
lot.
In contrast to the considered natural hydrogels introduced in the previous section, exper-

iments presented in the following aim for long-term cultivation. Therefore experiments were
elongated to about 40-41 days of culture. In order to examine the morphology of cultured net-
works, immunostainings will be shown (see section 3.5, p. 29). The hybrid hydrogels evaluated
are based on the work of Miriam Al-Enezy Ulbrich, who established the previously introduced
Fibrin-PVP-co-GMA3mol% hydrogel.[130] They showed that the addition of PVP to fibrin hy-
drogels increase the stiffness and prevents the degradation of the hydrogel. Also they showed
the successful cultivation of human mesenchymal stem cells for seven days in vitro. It has to be
noted that the presented work applied cell encapsulation, while Miriam Al-Enezy Ulbrich et al.
applied cell cultures on top of the biohybrid hydrogels.
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7. Biohybrid hydrogels enhance physiological development for long-term cultivation

7.0.1. Fibrin-PVP-co-GMA3mol%

According to observations elaborated by Miriam al-Enezy Ulbrich et al., different molecular
weights of PVP were tested. Resulting from observations described in section 6.1 (p.45), a
fibrinogen concentration of 1.25 mg/ml was chosen for further experiments.

Deviating from reported prevention of degradation by the addition of PVP-co-GMA, tranex-
amic acid had to be included in the cell culture medium (see section 3.3, p. 28). This might be the
reasons of the direct cell encapsulation inside the hydrogel (mixing with cells previous to gela-
tion), compared to subsequent addition [130], and/or the significantly higher cell concentration
used.

However, the cell viability at DIV8 is similar in all tested polymer chain length: 6662 g/mol
52% ± 11, 8118 g/mol 64% ± 7, 65000 g/mol 66% ± 12 (see fig. 7.1). In comparison to simple
fibrin hydrogels, there was no improvement in cell viability, if not even slightly diminished.

Figure 7.1.: Viability of primary neuronal cells cultured in Fibrin-PVP-co-GMA3mol% hydrogels of
different polymer chain length over six weeks. Error bars denote the standard deviation.

Similar to results obtained for simple fibrin hydrogels, Fibrin-PVP-co-GMA3mol% suffered
from escaping cells in low molecular weight gels (see fig. 7.2 and fig. 7.3). In contrast, a high
polymer chain length kept the cells entrapped, while forming a ‘cell-free border ‘at the edge of
the gel (indicated by arrow). Besides, the neuron morphology changed from a physiological to a
stellar-like appearance with increasing polymer chain length (fig. 7.2 bottom row).
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Figure 7.2.: Influence of the different molecular weights on the cell growth dynamics. Varying polymer
chain length 6662 g/mol (left), 8118 g/mol (middle) and 65000 g/mol (right) show significant influence
on the neuronal network formation. Scale bar 20 µm.

Immunostainings showed that both neurons and astrocytes escape from the hydrogels (see fig.
7.3). Besides, in case of the highest molecular weight, rod-like formations of astrocytes was ob-
served at the edges of the hydrogel (fig. 7.3, bottom row). This was thought to be based on the
relatively slow polymerization time and probably faster settling of the cells due to gravitation.
Therefore, polymerization was carried out upside down after half time of polymerization and
from the beginning, without any beneficial effects. Also the addition of OptiPrepT M (Stemcell
Technologies) did not solve the problem. The cause of this phenomenon lies elsewhere. Literature
reports effects of leaking cells in case of insufficient adhesion points offered to the cells or disin-
tegration of the hydrogels structure.[162, 163] As a portion of the cells grow inside the hydrogel,
this hypothesis was discarded. Further analysis of the network was carried out, as described in
the following.

Figure 7.3.: Neuronal cells escape from Fibrin-PVP-co-GMA3mol% hydrogels of polymers with different
molecular weights at DIV9. Scale bar 20 µm. (red:ß-III-tubulin, green:MAP-2, blue:DAPI)
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7. Biohybrid hydrogels enhance physiological development for long-term cultivation

Figure 7.4 shows the network dynamics from early to advanced matured networks inside the
hydrogels. It is noticeable that for lower molecular weights strong neuronal networks established
in comparison to the sparse network in 65000 g/mol hydrogels. On the contrary, astrocytes
showed a consistent growth in all testes hydrogels. This implies an excessive stiffness of the
hydrogels for neurons, as astrocytes prefer higher stiffness environments.[160] These findings are
in accordance with reported results of Al-Enezy Ulbirch et al., who showed an increased stiff-
ness of hydrogels with increasing molecular weights.[130] Nevertheless, no significant differences
in astrocyte ratios among different molecular weights could be observed. On the other hand
at DIV41, networks in all molecular weights slightly declined, correlated with the decreasing
viability described earlier.

Figure 7.4.: Network maturation in Fibrin-PVP-co-GMA3mol% hydrogels of different molecular weights
over time. Scale bar 20 µm. (red:ß-III-tubulin, green:MAP-2, blue:DAPI)

Moreover, it was observed that astrocytes and neurons tend to separate within Fibrin-PVP-
co-GMA3mol% hydrogels (see fig. 7.5). While astrocytes preferably grew at the bottom of the
gel, neurons sprouted at the top. This phenomenon may arise from the porous structure of
the hydrogel, since cell bodies of astrocytes comprise a diameter of around 10 to 20 µm, while
neurons instead have cell body diameter of about 20 to 30 µm. In order to better understand
the observed cell behaviors, cryo-field emission scanning electron microscopy (cryo-FESEM)
images were taken at the DWI, Aachen (see fig. 7.6). It could be observed, that Fibrin-PVP-co-
GMA3mol% hydrogels preserved a high porous structure of large pores, composed of walls with
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even smaller pores, without any significant differences between polymer chain length. Addition-
ally, an increased structural order with increasing molecular weight was examined.

Figure 7.5.: Neurons and astrocytes separate into regions when cultured in Fibrin-PVP-co-GMA3mol%.
Scale bar 20 µm. (DIV22, red:ß-III-tubulin, green:MAP-2, blue:DAPI)

Figure 7.6.: Cryo-FESEM images of the pore structure and distribution of different molecular weights
of Fibrin-PVP-co-GMA3mol%
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7. Biohybrid hydrogels enhance physiological development for long-term cultivation

7.0.2. Collagen-PVP-co-GMA3mol%

As fibrin is rarely present in the ECM of the CNS, collagen was evaluated as the biopoly-
mer component. According to the distinct results presented in the previous section different
molecular weights were tested, with addition of 11100 g/mol. The latter showed better repro-
ducibility during fabrication and outstanding results in the application of human mesenchymal
stem cells.[130]

A significant increase in viability was observed with the exchange of fibrinogen with collagen
(see fig. 7.7), and in comparison with simple collagen hydrogels. Besides, higher molecular weights
negatively influenced the cell viability over time. Especially in 11100 g/mol, cells died already
after DIV22. In contrast, networks cultured in lower polymer chain length showed a constant
viability of about 66-75%.

Figure 7.7.: Viability of primary neuronal cells cultured in Collagen-PVP-co-GMA3mol% hydrogels of
different polymer chain length over six weeks. (N=3, p ≤ 0.05o, p ≤ 0.01+, p ≤ 0.001∗; error bars denote
the standard deviation)

Figure 7.8 shows the network development over time cultured in hydrogels with different
polymers of different molecular weight, while distinct behaviors were observed. Whereas low
polymer chain length supported a balanced growth of neurons and astrocytes, in high molecular
weight gels no specific astrocyte labeling could be observed. The latter can be a consequence of
poor aliquots of antibodies. The complex network growth of neurons already at DIV8-9 imply
physiological development, if comparing to observations of organotypic cultures.[164]
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Figure 7.8.: Network maturation in Collagen-PVP-co-GMA3mol% hydrogels of polymers with different
molecular weights over time. Scale bar 20 µm. (red:ß-III-tubulin, green:MAP-2, blue:DAPI)

Significant differences in neurite morphology were observed for 11100 g/mol chain length.
Neurites showed wormed-like appearance in comparison to cultures in other hydrogels. A change
of porosity (size or structure) might be a plausible explanation of this phenomenon. This can
also be a reason for the reduced network development in higher molecular weight gels.

Figure 7.9.: Neurons in Collagen-PVP11100g/mol-co-GMA3mol% exhibit wormed neurites. (DIV9,
red:ß-III-tubulin, blue:DAPI)
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7. Biohybrid hydrogels enhance physiological development for long-term cultivation

In contrast to Fibrin-PVP-co-GMA3mol% hydrogels, collagen-based gels exhibited a homo-
geneous distribution of cells throughout the gel (see fig. 7.10), implying a more favorable envi-
ronment for both, neurons and glial cells.

Figure 7.10.: Neurons and astrocytes homogeneously distribute in Collagen-PVP-co-GMA3mol% hy-
drogels. The figure shows exemplary network behavior in 8118 g/mol, while being representative also
for 6662 g/mol and 65000 g/mol hydrogels. Scale bar 20 µm. (DIV9, red:ß-III-tubulin, green:MAP-2,
blue:DAPI)

7.0.3. Conclusion

Within this chapter the development of suitable hybrid hydrogels for primary neuronal cell
culture was described and evaluated. It was shown that collagen is advantageous over fibrin
as biopolymer of choice. Outstanding results shown by Collagen-PVP-co-GMA3mol% have to
be further analyzed regarding the micro-structural influences of hydrogel properties by e.g.
rheological measurements. However a distinct behavior of PVP added to collagen in comparison
with fibrin can be clearly stated. Beside the prevention of degradation and superior viability of
long-term cultures, complex network maturation is enhanced by Collagen-PVP-co-GMA3mol%
hydrogels.
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8. Development of spontaneous network
activity over time

This chapter will discuss the development and differences of grown network functionality over
a time period of about six weeks and within different environmental conditions (see section 3.2,
p. 27), based on spontaneous network activity. First, an introduction to methods used is given.
This includes general remarks about calcium imaging and the experiment setup, as well as an
introduction into network analysis using graph theory. Then the final data processing flow will
be presented in section 3.7 (p. 30), and applied approaches will be described. Remarks about
the process of choosing the proper algorithm for the given data sets will be addressed. Finally,
the development of spontaneous network activity over different maturation stages as well as the
influence of different bio-polymers and polymer chain lengths will be compared and discussed.
Spontaneous network activity was recorded at three different stages of development: DIV8-9

(early), DIV22-23 (intermediate) and DIV40 (advanced). Also different polymer chain length
were evaluated according to the significant differences of earlier results using fibrinogen as
biopolymer (see section 7.0.1, p. 52). Instead, this section will scope the evidence of collagen-
based hybrid hydrogels. Additionally to the previously tested molecular weights (6662 g/mol,
8118 g/mol, 65000 g/mol), a further PVP with 11100 g/mol was included, due to its compelling
characteristics showed in the study published by Al-Enezy-Ulbrich et al..[130]
The development of the proper composition of the Collagen-PVP-co-GMA3mol% was estab-

lished in collaboration with Miriam Al Enezy-Ulbrich and Nicole Terefenko of the DWI Aachen.
A table with all results are presented in section A.1(p. 90). Details about the calcium imaging

experiment can be found in section 3.6.2 (p. 30).
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8. Development of spontaneous network activity over time

8.1. Influence of different molecular weights of PVP on spontaneous
network activity development

As introduced in section 5 (p.41), generalized transfer entropy was applied to networks with more
than five spontaneously active neurons. It is known that neuronal activity occurs already at early
developmental stages.[165] GTE was applied to networks consisting of on average 34 to 122 active
cells in early networks. The polymer chain length of 8118 g/mol provided an outstanding number
of active neurons compared to the others (see fig. 8.1), getting close to numbers observed in organ-
otypic cultures of 310 ± 127 cells.[166] Also the highest molecular weight showed an increased
number of functional neurons, although it has to be mentioned, that this polymer chain length
suffered from a bad reproducibility regarding its molecular weight during fabrication. There-
fore, the results of this longest polymer chain length are shown, but viewed as not trustworthy.
With time, the amount of spontaneously active cells decreased for all polymer chain lengths.
A significant drop between early and advanced matured networks was observed for Collagen-
PVP8118-co-GMA3mol%, with an approximately 6.4-fold drop in spontaneously active neurons.
As already described in section 7.0.2 (p. 56), neurons within Collagen-PVP11100-co-GMA3mol%

died already after DIV22, whereby spontaneous activity in intermediate matured networks could
be observed in just one of six cultures. Opposing results were obtained by Downes et al., who
reported a relative constant number of active cells during development, whereas it should be
noted that they measured 2D cell cultures.[167]

Another basic measure of network characteristics is the synchronous activity, here displayed
in figure 8.2 as the frobenius norm of GTE (see section 2.5.2, p. 21). Also cross-correlation
and phase synchronization estimates of connectivity were considered using the frobenius norm
(for exemplary results see section A.2, p. 97), without any significant differences noticeable.
According to Chiappalone et al., rodents show first synchronized spontaneous activity in 2D cell
cultures at about two to three weeks recorded from micro-electrode arrays (MEAs).[168] It is
known that early synchronization of spontaneous activity in a network triggers the functional
maturation by influencing neurogenesis, synaptogenesis, myelination and many more.[165][169]
This happens not only in the cortex but also in a variety of other regions of the brain, such as
e.g. the hippocampus.[170][169]
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8.1. Influence of different molecular weights of PVP on spontaneous network activity
development

Figure 8.1.: Average number of spontaneously active cells observed in Collagen-PVP-co-GMA3mol%
hydrogels at different phases of maturation. Significant differences are depicted by stars (*** for p 6
0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure 8.2.: Synchrony, depicted as the frobenius norm of GTE, of spontaneously active cells observed
in Collagen-PVP-co-GMA3mol% hydrogels at different phases of maturation. Significant differences are
depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard
deviation.
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8. Development of spontaneous network activity over time

Synchrony was observed within this study already in early maturated networks of all PVP
chain lengths. However, no significant changes could be observed over time, although a trend
towards a decreasing synchrony over time of spontaneous active networks can be presumed, as the
medians for Collagen-PVP8118-co-GMA3mol% slightly declined. Similar results were obtained by
Enright et al., who studied the influence of astrocytes and oligodendrocytes onto the spontaneous
network activity using multi-electrode arrays (MEAs).[16] Furthermore, it was reported that
young cultures of about two weeks can show low synchronization due to an imbalanced ratio of
exhibition and inhibition. However, literature also indicates a saturated state of synchrony after
some time of maturation. Previous findings suggest an advanced level of maturation already at
DIV8-9. In contrast, further network development may arise over time. Another cause can be
the presence of a not yet functional network due to an excitatory-inhibitory imbalance. It has to
be noted that GTE, as established by Stetter et al., was constructed to only detect inhibitory
connectivity, indicating that preceding assumptions might be applicable. Due to the parallel
visual inspection of recorded movies and raster plots, the assumption of a moderate to high
level of synchronization in observed networks is well-founded.

In contrast to the synchrony, the mean firing rate showed different trends in development
with increasing molecular weight. Instead, Collagen-PVP8118-co-GMA3mol% promoted a signifi-
cant increase in firing rate from early (0.1±0.03 Hz mean±SD) to advanced matured networks
(0.19±0.09 Hz). Remaining molecular weights, showed deviating results, with a roughly constant
firing rate over time. Merely networks grown Collagen-PVP6662-co-GMA3mol% revealed a drop in
the mean firing rate during the intermediate matured network stage. Low values at early matu-
ration can be explained by unorganized firing patterns and a low synaptic density.[168]Literature
shows similar mean firing rates of two weeks old cultures in the range of 7.1 events/min, increas-
ing to 12.9 events/min at three weeks old 3D in vitro cultures[171], comparable to Collagen-
PVP8118-co-GMA3mol%. Also in organotypic cultures mean firing rates of about 0.79 ± 0.65 Hz
could be observed.[166] Other studies report increases even higher than 0.5 Hz between DIV 20 -
30.[16, 172] It has to be noted that the presented results were computed from recordings of one
minute duration (see section3.6.2, p. 30). A critical view on the influence of recording time
on estimations of functional characteristics is described later in section 8.2, p.70. The limited
recording time is most probably the major reason of inconsistencies in firing rates observed.

In order to expand on the network developmental characteristics, previously introduced net-
work measures from graph theory can be used to estimate functional connectivity (see sec-
tion 2.5.2, p.21). As depicted in figure 8.4, the number of links connected to a node decreased
over time for all tested polymers. Especially Collagen-PVP8118-co-GMA3mol% denoted a sig-
nificant drop from early to advanced matured networks. By contrast the strength, a weighted
variant of the degree, implied a consistent progress. This behavior can be explained either by a
poor functional differentiation [167], or contrary by synaptic pruning as a result of development.
In order to study the underlying spontaneous network activity in more depth regarding network
development, further estimations have to be made, as described in the following.
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8.1. Influence of different molecular weights of PVP on spontaneous network activity
development

Figure 8.3.: Mean firing rate of spontaneously active cells observed in Collagen-PVP-co-GMA3mol%
hydrogels at different points of maturation. Significant differences are depicted by stars (*** for p 6
0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure 8.4.: Development of node degree and strength of spontaneously active networks in Collagen-
PVP-co-GMA3mol% hydrogels at different points of maturation. Significant differences are depicted by
stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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8. Development of spontaneous network activity over time

Healthy and physiological functioning networks are characterized by a balance of integration
and segregation, which is known to establish during development.[105] In order to characterize
the influence of different molecular weights on the development of cultured networks, these two
measures were considered in more detail. Short average path lengths are known to be linked
to efficient information flow [173], completely agreeing with the results presented. Figure 8.5
depicts three measures of integration (see section 2.5.2, p.21). For all tested polymers, the average
characteristic path length decreased with maturation of the network. Lower molecular weights
(6662 g/mol and 8118 g/mol) denoted significant drops between early and advanced matured
networks, whereas no significant differences between the tested polymers could be observed. As
expected, the local and global efficiency accordingly showed a significant increase with age.
Strong differences could be observed for measures of segregation between different molecu-

lar weights tested (see fig. 8.6). While transitivity implied an increasing trend with a signifi-
cant change from early towards advanced networks for small molecular weights, the modularity
seemed to stay constant over time, while increasing interquartile ranges were noticeable for 8118
g/mol polymers. Similar to Dingle et al. [171] and Shimono et al.[166], two to three communities,
or modules, could be observed during the whole culture time, indicating a relatively weak com-
munity structure.[171] These results are indicative for the ability of fast information processing,
as high clustering coefficients are known to support integration and resilience. [174, 175] In this
study, transitivity was chosen as a variant of the clustering coefficient (see section 3.7.2, p.32).
In contrast to the transitivity, the average number of cells participating in a community

decreased similar to the amount of spontaneously active cells (see p.75). Significantly higher
numbers could be observed in early matured networks of small and moderate polymer chain
length, compared to high molecular weights. The specialization of a network is thought to be
highly influenced by the underlying community structure. With an increasing modularity, a
higher level of segregation is associated, due to a strong inter-modular connectivity. This implies
a weak functional level of the networks observed.
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8.1. Influence of different molecular weights of PVP on spontaneous network activity
development

Figure 8.5.: Development of different measures of integration derived from spontaneously active networks
in Collagen-PVP-co-GMA3mol% hydrogels. Significant differences are depicted by stars (*** for p 6 0.001,
** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure 8.6.: Development of different measures of segregation derived from spontaneously active net-
works in Collagen-PVP-co-GMA3mol% hydrogels. Significant differences are depicted by stars (*** for p
6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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8. Development of spontaneous network activity over time

As previously described, modularity is driven by special nodes (see section 2.5.2, p.21). The
importance of a node in a network can be described by its measure of centrality. Figure 8.7
shows the most commonly used network measures to infer centrality. Betweenness centrality,
also a measure of information flow, stayed constant for all tested polymers with network develop-
ment. Similar behavior could be noticed for the within-module z-score, whereas the participation
coefficient may allow to imply a slight decreasing propensity.
Further distinctions between important nodes can be made by the classification into hub cells

and further into connector and provincial hubs. The explicit classification used, is explained
in section3.7.2, p.32, using previously described network measures. It is noticeable that the
proportion between nodes being defined as hubs and non-hubs was, over time and polymers,
roughly 1:1. The same applies for connector and provincial hubs. This implies a balance of
within and inter-modular communication. Nevertheless, an overall decreasing trend could be
observed, while Collagen-PVP8118-co-GMA3mol% was apparent regarding the amount of nodes
being detected at DIV8-9.
Hub cells had been reported to be central actuators in information exchange, although their

explicit role in shaping synchronous network behavior is still being investigated. Sun and cowork-
ers described the synergy of hub cells and core activity patterns in dissociated neuronal cell
cultures.[176] They found, that these core patterns are mainly driven by hub neurons, implicat-
ing the crucial role of hubs in spontaneous activity dynamics of developing networks. Opposing
to observed results, in this study, Sun et al. reported an increase of identified hub cells during
development. On the other hand, Dingle et al. was not able to detect any hub cells in untreated
cultures, explained by unspecialized networks in combination with reported low modularity.[171]
Reasons for diverging results in detected hub cells can be versatile. To mention some major

obstacles, focusing attention onto the chosen estimator of connectivity as well as the particular
definition of hub cells is necessary. Besides, also experimental conditions may influence confound
results, as it is e.g. known that cell density plays a major role in network maturation.
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8.1. Influence of different molecular weights of PVP on spontaneous network activity
development

Figure 8.7.: Development of different measures of node centrality derived from spontaneously active
networks in Collagen-PVP-co-GMA3mol% hydrogels. Significant differences are depicted by stars (*** for
p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure 8.8.: Emergence of of hub cells in spontaneously active networks cultured in Collagen-PVP-co-
GMA3mol% hydrogels at different phases of maturation. Significant differences are depicted by stars (***
for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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8. Development of spontaneous network activity over time

Another measure of network development is the small-worldness, as described in section 2.5.2,
p.21. Small-world networks are also known to be influenced by the presence of hub nodes.
Increasing amount of hub nodes had been reported to be correlated with small-world behavior,
contrary to observations of the presented study.[167]
Figure 8.9 depicts the change of the small world propensity (SWP) over time for different

polymers. It becomes apparent, that gels with smaller polymer chain length encouraged an
slight increase in SWP, while higher molecular weights imply a decrease or roughly steady
trend. Though no statistical significant differences could be observed. Nevertheless, these trends
confirm previous findings regarding integration and segregation, as well as being in agreement
with prevailing literature.

Figure 8.9.: Small-worldness of spontaneously active networks cultured in Collagen-PVP-co-GMA3mol%
hydrogels at different phases of maturation. Significant differences are depicted by stars (*** for p 6
0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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8.1. Influence of different molecular weights of PVP on spontaneous network activity
development

Besides the ability of a network to be in a balanced state of integration and segregation, a
network can be characterized by the ability of resilience. The measure of choice in this study
was the assortativity (see section 2.5.2, p.21). Biological networks are thought to generally show
negative assortativity[177], implied as dissortativity, as also showed by experimental results of
Wrosch et al..[100]

Figure 8.10.: Assortativity as measure of resilience in spontaneously active networks cultured in
Collagen-PVP-co-GMA3mol% hydrogels at different phases of maturation. Significant differences are de-
picted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard
deviation.

Within this study, interesting observations of assortative behavior during developing networks
in vitro could be reported. As depicted in figure 8.10 it could be differentiated between two be-
haviors. Networks cultured in Collagen-PVP6662-co-GMA3mol% showed in early matured stage a
dissortative behavior. This changed significantly at DIV22-23, by a fold change of 3.7, and then
equilibrate until DIV40. Also Collagen-PVP11100-co-GMA3mol% showed dissortativity in early
matured networks. On the other hand, networks within Collagen-PVP8118-co-GMA3mol% sup-
ported a significantly higher assortativity in early maturity and then extremely droped to a scope
close to zero, with a 4.5 fold change at DIV22-23. Subsequently, dissortativity changed to assorta-
tivity again until DIV40, although being ∼ 2.3 times lower than at DIV8-9. Bezel et al. reported
dissortative networks to gain an important role in network communication regarding informa-
tion transmission from a community towards other modules. Instead, assortative communities
are reflective for segregation.[178] If following this hypothesis, networks growing in Collagen-
PVP6662-co-GMA3mol% showed in early stages a dominantly integrative behavior changing to
segregation. On the other hand, networks cultured in Collagen-PVP8118-co-GMA3mol% showed
a strong potential of modularity at early maturation, followed by a significant change in network
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8. Development of spontaneous network activity over time

behavior towards preferential information transmission, to then remodel into a new community
structure. This behavior implies a change of in- and out-strength, which cannot be observed in
common with previously described behavior (see appendix A.3, p. 99). The cause of this phe-
nomenon might be the short recording time of one minute, discussed in the following section 8.2
on p.70.

8.1.0.1. Conclusions

This section scoped the influence of different polymer chain length in Collagen-PVP-co-GMA3mol%

on the development of spontaneous network activity. Thereupon, Collagen-PVP8118-co-GMA3mol%

can be evaluated as being the most favorable culture system of primary neuronal cells compared
to other molecular weights tested. Collagen-PVP8118-co-GMA3mol% outstandingly supports the
physiological network development in absence of any external stimulation of the culture. Intrin-
sically, networks with a balanced integration and segregation, consisting of diverse hub cells, as
well as an emerging resilient core, evolve over 40 days of culture.

8.2. Importance of recording times limited by setup possibilities

This section will scope the influence of recording times onto the presented results. It has to be
mentioned that the maximum recording time possible was limited due to the setup. A maximum
recording time of 5 minutes was possible (here denoted as long recording time), as the software
started to freeze for 10 to 15 minutes after each recording, which made it impossible to scale the
recordings. With increasing recording times the software would crash, also with reducing the
window size of the region of interest (ROI) and a reasonable frame rate. Therefore, recording
times of 1 minutes and 5 minutes were chosen to be the most sufficient settings. In the following,
only graphs with statistical significant differences will be shown. Remaining graphs can be found
in appendix A.5 (p. 103).

Significant differences could be observed for the mean firing rate (see fig. 8.11). While in
short recording times the firing rate slightly increased, long recordings showed a more constant
behavior over time with significantly lower median values. Figure 8.12 emphasizes the importance
of recording times regarding dynamical patterns being visible. Dynamical activity patterns or
core patterns were not possible to be visualized by short recording times. Even a recording time
of 5 minutes was not sufficient to capture repetitive patterns, making results highly variable
regarding the onset of the experiment. Literature shows a recording time of about 20 minutes
up to 1.5 hours for in vitro and in vivo calcium imaging recordings, which was not possible with
the given setup. However, a high number ob trials and recordings per gel made it possible to
get a first glance about the underlying network behavior, as visible if considering other network
measures evaluated.
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8.2. Importance of recording times limited by setup possibilities

Figure 8.11.: Difference of the mean firing rate of spontaneously active cells cultured in Collagen-PVP-
co-GMA3mol% hydrogels, derived from different recording times. Significant differences are depicted by
stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure 8.12.: Exemplary raster plots of spontaneous active networks cultured in Collagen-PVP-co-
GMA3mol% hydrogels. (pper row: short recording times, second row: long recording times.)
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8. Development of spontaneous network activity over time

While no significant changes could be observed in the average amount of active cells, synchrony,
degree and strength, as well as segregation, integration reveal distinct behaviors (see fig. 8.13).
Instead of a clear reduction of the average characteristic path length, a drop at DIV22-23 could
be observed. It has to be taken into account, that the number of trials at DIV22-23 for long
recordings was limited to three gels, due to contamination issues, which might enhance the
decreasing behavior at that point. Accordingly, the efficiency was increasing with decreasing
lambda.
In the case of resilience, a change in assortativity towards observed behaviors of short molec-

ular weight gels could be seen (see p.69). Instead of a drop at intermediate maturity stage,
networks showed dissortativity already at early time points for long recordings, with an as-
sortative trend with maturation (see fig. 8.14). Assortativity describes the correlation between
the strength of all nodes connected to a sharing link. By having a look at the degree, of both
short and long recordings, it is getting clear that the medians of shorter recording times re-
vealed medians shifted towards zero, while medians of longer ones seem to be steady. It could
be hypothesized that in case of short recordings, time windows of high activity had been cap-
tured, leading to a higher degree estimation. It is more likely that the real behavior of the
underlying network resembles results obtained by long recordings. During early maturation, less
connectivity was present, leading to a lower degree and a more dissortative characteristic. With
maturation, connectivity was established and assortativity rised due to increasing segregation.
During network specialization, functional connectivity was optimized, indicated by a significant
leap of assortativity.
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8.2. Importance of recording times limited by setup possibilities

Figure 8.13.: Comparison of the development of different measures of integration from spontaneously ac-
tive networks cultured in Collagen-PVP-co-GMA3mol% hydrogels, derived from different recording times.
Significant differences are depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error
bars denote the standard deviation.
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8. Development of spontaneous network activity over time

Figure 8.14.: Comparison of assortativity as measure of resilience in spontaneously active networks
cultured in Collagen-PVP-co-GMA3mol% hydrogels, derived from different recording times. Significant
differences are depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote
the standard deviation.

8.2.1. Conclusion

This section addressed the importance of recording times in functional connectivity estimation.
The comparison of short (1 min) and long (5 min) recordings showed the significance of the
recording time of choice in respect to the question of interest. An increase from one to five
minutes did not affect the results significantly for most of the network measures. Drawback of
the long recordings are the limited number of trials and inter-trial measurements due to setup
limitations.
Therefore and regarding the observed influences of longer observation times, in the following

only the short times will be evaluated. This will accomplish the needs to make a point about
the supportive characteristics of the developed hybrid hydrogel.
In further studies, it will be necessary to increase the observation times drastically to at least

30 min, for more detailed and profound evaluation of issue-specific leading questions of interest.
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8.3. PVP-co-GMA3mol% has a major influence on network development compared to simple
Collagen gels

8.3. PVP-co-GMA3mol% has a major influence on network
development compared to simple Collagen gels

This section will scope the comparison and advances of Collagen-PVP8118-co-GMA3mol%, ac-
cording to results described in section 8.1 on p.60, over simple collagen hydrogels.
The main and most compelling advantage of using collagen-PVP8118-co-GMA3mol% over sim-

ple collagen is the ability for long-term cultures, since networks cultured in collagen die after
DIV22-23 (see section 6.2, p.48). However, there was no significant difference between the number
of average active cells visible, emphasizing previous results of good biocompatibility of PVP-
co-GMA3mol% (see section 7, p.51). Same applies for further networks measures, wherefore this
section will concentrate on main developmental indicators as the balance of integration and
segregation, presence of hub cells and the ability for resilience. Remaining network measures,
as evaluated previously, can be found in appendix A.4 on p.100 and do not show statistical
significant differences in behavior.

Figure 8.15.: Comparison of the average spontaneous active cells cultured in Collagen-PVP-co-
GMA3mol% and collagen hydrogels. Significant differences are depicted by stars (*** for p 6 0.001,
** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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8. Development of spontaneous network activity over time

As described previously (section 2.5.2, p.21 and section 8.1, p.60), the balance of integra-
tion and segregation is an important characteristic of a healthy functioning network in the
brain. Figure 8.16 and 8.17 depict the well balanced behavior of networks cultured in Collagen-
PVP8118-co-GMA3mol% and collagen. While the ability of fast processing decreased, indicated by
a decrease of the characteristic path length and an increase of efficiency, the ability of specialized
processing was increasing, implied by an ascending transitivity. A weaker community structure
could be implied for networks growing in simple collagen, since the median values were showing
a clear inferior range. This could be confirmed by considering the number of communities in
detail. Collagen exhibited, at DIV8-9, 2 ± 0.33 communities (mean ± SD), dropping to 1 ± 0.27
modules at DIV22-23. PVP-co-GMA3mol% hydrogels promoted a solid community structure of
2 ± 0.48 for early and intermediate maturity staged, only ascending to 1 ± 0.51 modules at an
advanced maturity.
As the community structure of a network is thought to essentially influence the networks’

specialization, it can be hypothesized, that networks growing in Collagen-PVP8118-co-GMA3mol%

hydrogels support advanced specialization compared to simple collagen gels. Emphasized by a
greater variance of modularity and an overall increase of segregation and decreasing trend of
integration. A further confirmation of this hypothesis is the similarity of results in comparison
with organotypic cultures of Shimono et al., who reported on average two separate modules
developing into large integrated communities.[166]
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8.3. PVP-co-GMA3mol% has a major influence on network development compared to simple
Collagen gels

Figure 8.16.: Comparison of the ability for integration of spontaneous active cells cultured in Collagen-
PVP-co-GMA3mol% and collagen hydrogels. Significant differences are depicted by stars (*** for p 6
0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure 8.17.: Comparison of the ability for segregation of spontaneous active cells cultured in Collagen-
PVP-co-GMA3mol% and collagen hydrogels. Significant differences are depicted by stars (*** for p 6
0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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8. Development of spontaneous network activity over time

The ability of network resilience showed, as expected, two different behaviors (see fig. 8.18).
As discussed in section 8.2 (p.70) the reported progress of assortativity of short recording times
does most probably not reflect the real network behavior. In light of the fact that a comparison
between two different recording times would eventuate in misleading results, no profound com-
parison can be done at this point. A detailed comparison of long recording times of Collagen-
PVP8118-co-GMA3mol% and simple collagen gels is in preparation for publication and to be
submitted.

Figure 8.18.: Comparison of the ability for resilience of spontaneous active cells cultured in Collagen-
PVP-co-GMA3mol% and collagen hydrogels. Significant differences are depicted by stars (*** for p 6
0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

8.3.1. Conclusion

This section compared the autologous dynamic network development between a natural hydrogel
(collagen) and the established biohybrid hydrogel (Collagen-PVP-co-GMA3mol%).The results
obtained, clearly show the advantageous effect of PVP-co-GMA3mol% in collagen hydrogels. The
addition of the polymer allow, the long-term cultivation of highly spontaneous active neuronal
networks. These networks owe a stronger community structure and enhanced resilient core in
comparison with cultures growing in a simple collagen gel.
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9. Conclusion and scientific relevance

Objective of this project was the establishment of a modular system for the 3D cultivation of
primary neuronal cells, with the desirable tuneability in mechanical and chemical properties.
Biohybrid hydrogels present an optimal system to reach desired needs for brain-like tissue, as
naturally mechanical weak biopolymers can be tuned by synthetic polymers.[18] In cooperation
with Miriam Al-Enezy Ulbrich (DWI Aachen, AG Pich) it was possible to create the novel
Collagen-PVP-co-GMA3mol% biohybrid hydrogel, that promotes physiological development of
neuronal cells, both on the morphological and functional level. By comparatively evaluating the
respective simple biopolymer hydrogels, it was possible to spotlight the advances of the PVP
addition.
Initially, Fibrin-PVP-co-GMA3mol% had been in focus for a suitable candidate as culture

environment. It could be shown that neuronal cells dislike given conditions, observed by vari-
ous factors. Cell viability is negatively influenced, declining with the addition of the synthetic
polymer, although a great variety of porosity is given. Moreover cells escape from low molec-
ular weight Fibrin-PVP-co-GMA3mol% gels, as also for simple fibrin. Whereas long polymer
chain length promote the establishment of a cell free zone at the edges of the gel and non-
physiological stellar-like appearance of entrapped cells. Moreover neurons and astrocytes tend
to spatially separate withing Fibrin-PVP-co-GMA3mol% gels.
These phenomena could be abolished by the use of collagen instead of fibrin. Since fibrin

is not a natural component of the CNS’s ECM, collagen fade into focus, as it is (although
rarely) present in the ECM. Most conclusive its high biocompatibility, well known polymerization
and relatively straight forward coupling to PVP, as well as plenty applications in the field of
neuroscience.[179, 180, 181] Collagen-PVP-co-GMA3mol% showed outstanding results compared
to fibrin-based biohybrid gels. Most important advantage is the significantly increased viability
of cultured cells (about 75% DIV40 in hybrid hydrogels, about 50% at DIV40 in simple collagen
gels). Also the addition of PVP to collagen revealed great advantages, as by addition long-term
cultivation become possible. Besides, while adding PVP the necessity of using tranexamic acid
fades, as results imply the prevention of gel degradation (at least for the monitored culture period
of 40 days). Also no gel contraction could be observed as reported in some literature.[182] These
findings suggest a mechanical improvement of the hydrogel by addition of PVP, which has to be
proven by further rheological analysis.
However, different influences of molecular weights in Collagen-PVP-co-GMA3mol% could be

observed compared to Fibrin-PVP-co-GMA3mol%. Excepting high molecular weights (11100g/-
mol), Collagen-PVP-co-GMA3mol% promotes fast neurite outgrowth, showing complex network
formation already at DIV8-9 similar to organotypic cultures.[164] It was shown that networks
could be maintained for at least 40 days in culture, using low molecular weights (6662 g/mol,
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9. Conclusion and scientific relevance

8118 g/mol). Networks cultured in gels with long polymer chain length died after DIV22, while
showing already diminished activity at that point.

It could be shown that Collagen-PVP8118-co-GMA3mol% hydrogels promote the physiologi-
cal development of spontaneous network activity. Whereby an increasing polymer chain length
negatively influences the network morphology and functionality. The functional network devel-
opment and specialization was evaluated by characteristic measures described in section 3.7.2
(p.32). These network measures can be computed from connectivity estimates (see section 2.5).
In this project GTE was the algorithm of choice (see section 5, p. 41). As already mentioned
earlier, the direct comparison of results derived from GTE with literature data is not possible,
due to too many inconsistent variables depending on the way of implementation (see section 5, p.
41). However, it seems fair enough to compare biases along different estimates and computation
methods, in order to evaluate the given results.

Cortical network development can be graded into three phases: (1) over-connectivity, (2)
synaptic pruning and (3) reduction of connectivity.[183] Main actuator of this maturation is
known to be early synchronous network activity, as also observed in Collagen-PVP8118-co-
GMA3mol% hydrogels.[165, 169, 184] This early synchronization is thought to be a crucial step
in cortical development, observed similarly in rodents and humans [185], suggesting the im-
portance of clinical relevance of the presented culture system. Also the mean firing rates of
spontaneously active networks in Collagen-PVP8118-co-GMA3mol% show similar magnitudes as
reported in literature.[166, 168, 171] Further an average number of active cells close to observed
ranges in organotypic cultures could be shown, mainly due to the high cell concentration used
(see 3.1.2, p.26), being close to physiological density of e.g. the neocortex comprising about 20 000
cells/mm3. Emphasizing the meaningful advantage of 3D cultures over simple 2D systems.[167]

Collagen-PVP8118-co-GMA3mol% hydrogels appear to support the development of networks
with balanced integration and segregation. This balance is of main importance for healthy func-
tioning networks, revealing the ability for fast and specialized information processing at the
same time.[105] These findings could be confirmed by the small-world propensity, with an in-
creasing course during maturation. Small-worldness is known to be correlated with increased
presence of hub cells. Converse observations could be seen for the given hybrid hydrogel. Special
hub cells, as connector and provincial hubs, support the network in efficient information pro-
cessing. It could be observed that Collagen-PVP8118-co-GMA3mol% promotes the establishment
of an equilibrated ratio of connector and provincial hubs throughout the whole culture time,
although decreasing with maturation, being contra indicative for the state of network develop-
ment indicated previously. However, it has to be noted that the overall amount of active cells
is decreasing within the monitored culture period. Diverse observations can be also found in
literature. Dingle et al. could not detect any hub cells in primary cortical mouse cells cultured
Silk fibroin scaffolds. They coated the scaffold surface with PDL and laminin for proper cell ad-
hesion, which is not necessary using Collagen-PVP8118-co-GMA3mol%. Moreover they used a cell
density of about 1.2—1.3 x 106 cells/mm3, whereas in this project a comparably sparse amount
of about 8 500 cells/mm3 had been used. The high amount used by Dingle et al. would imply a
faster maturation of network, though they reported opposite results. In comparison, Collagen-
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PVP8118-co-GMA3mol% seems to support sophisticated maturation on the basis of underlying
observations.
Besides, modularity is one of the amplified characteristics, facilitating network specialization,

associated with increased segregation. A similar number of communities (2-3) could be observed
as reported in Literature [166, 171], with a constant modularity over the whole culture period,
indicating a weak community structure in combination with a decreasing transitivity. Instead,
a strong increase in the ability of resilience can be observed in developing networks cultured
in Collagen-PVP8118-co-GMA3mol%. Beginning with a dissortative behavior the network further
matures, gaining strong assortative properties in advanced matured networks (DIV40). Betzel
et al. states that dissortativity is essential for inter-modular communication, while assortativity
is indicative for increased segregation.[178] This would mean that the studied networks undergo
a known physiological development from integrated to balanced segregative complex functional
networks, similarly to the human brain development.
Although the cultured networks matured in the absence of external stimuli and had been

dissociated from E18 cortex, they had been able to intrinsically undergo a physiological develop-
ment de novo, enabled through the supportive properties of Collagen-PVP8118-co-GMA3mol%.[97,
171, 165] Recordings at even earlier maturation stages might be revealing about the de facto
functional condition of networks observed at DIV8-9 and older.
Comprising, this work lay the foundation for further profound studies of fundamental and

clinical relevant research, using Collagen-PVP8118-co-GMA3mol%. For instance the study of early
cortical development or the influence of external stimuli on the network maturation ,as well as
clinical relevant research as e.g. the modeling of neurodegenerative diseases or considering the
system as hydrogel coatings for the prevention of chronic implant inflammation, is facilitated.
The following section will scope some opportunities for future applications, some of which had
been already initiated.
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10. Applications and future perspectives

The developed Collagen-PVP8118-co-GMA3mol% biohybrid hydrogel represents a valuable tool
for 3D cell cultivation of higher biological relevance. The physiological development of neuronal
networks grown from primary rat cortical cells, could be observed. The chemical, as well as,
mechanical tuneability allows for various applications. This chapter will give an overview of
powerful future research. For certain applications the fundamental experiments were already
conducted.

10.1. Disease modeling and basic research

In the scope of the presented project it would be interesting to gather further recordings of
spontaneous network dynamics in extended recording times of at least 30 minutes. This would
allow a profound study of oscillatory behavior or distinct patterns. In order to better understand
the emergence and establishment of hub cells it would be interesting to monitor same regions
of the hydrogels at different stages of network maturation. This would reveal the behavior of
specific cells which might change change its task within a community or the whole network.
Furthermore Collagen-PVP8118-co-GMA3mol% allows the specific modification by biofunction-

alization of the gel. Influences of distinct adhesion ligands could be analyzed or diseases as e.g.
Alzheimer could be reconstructed.
The next level of complexity to the presented culture system could be reached by mimick-

ing the structural organization of cortical brain regions, as attempted by Tang-Schomer et al.
(see fig. 10.1).

Figure 10.1.: Schematic showing a cortical mimic by means of hydrogel supported 3D cultivation. Figure
adapted from [186]
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10.2. Interfacing with electrodes

10.2.1. Hydrogels as electrode coatings

Due to the hydrophobic nature of most chronic implants, the foreign body response (FBR)
is initiated, causing the deposition of inflammatory plasma proteins onto the surface of the
device.[187, 188] Besides the damage of the electronic device, the encapsulation by a fibrotic layer
lead to a loss of sensitivity, by physically separating it from the tissue of interest.[187, 188, 189]
The addition of a conductive layer with a cell-entrapped hydrogel, several issues can be addressed
within one device (fig. 10.2). So called biohybrid implants not only offer a softer sensation of
the electronic device, while impairing FBR, but also improve the interaction with host tissue,
enabling a better electronic coupling.[190]
Due to the compelling properties of Collagen-PVP8118-co-GMA3mol%, it would be particularly

suitable for such applications. The low stiffness and favorable environment for complex network
development may allow an advanced tissue electrode interface. However the conductive prop-
erties of Collagen-PVP8118-co-GMA3mol% need to be tested initially (this is part of a current
master thesis by Joscha Graeve (B.Sc.), RWTH Aachen).

Figure 10.2.: Schematic of a biohybrid Implant and it’s advantages and disadvantages. Figure adapted
from [190].

10.2.2. Different types of electrodes

For further functional connectivity exploration Collagen-PVP8118-co-GMA3mol% hydrogels may
be interfaced with electronics in vitro. Recently two different electrode devices had been es-
tablished at our institute (ICS-8, Forschungszentrum Jülich). Both approaches possess great
capability for functional evaluation of 3D cultures, as described in the following.
The Nano Neuro Net, investigated by Kireev et al., is characterized by it’s flexible mesh de-

sign, allowing the penetration of cells (see fig. 10.3). Within the presented project an customized
design of these N3-MEA probes was conceptualized (see fig. 10.4). Implementing the probe hor-
izontally into a culture dish, enables the entrapment of the device in a hydrogel system. By
using a tiered polymerization process (see fig. 10.4, schematic on the right), the electrode can be
placed in the center of the hydrogel, allowing an integrated development of a functional network
with an electronic device. In order to meet a cell culture suitable device, a small DIP connector
was designed by another doctoral researcher, K. Srikantharajah. However this approach requires
a mechanically strong and stable hydrogel. Pilot tests had been successfully performed using
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Fibrin-PVP8118-co-GMA3mol%, due to it’s substantial mechanical properties. Further modifica-
tions of Collagen-PVP8118-co-GMA3mol%, in means of further optimized polymer-biopolymer
ratio and probably introduction by a supportive pillar structure, will lead to equivalent results.

Figure 10.3.: Schematic of the ’Nano Neuro Net’ probe and examples of applications. Figure adapted
from [191]

Figure 10.4.: Cultivation device with integrated Nano Neuro Net, suitable for the long-term cultivation
of 3D hydrogel-based cell cultures.
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A similar approach has recently been published by McDonald et al., who successfully inter-
faced a mesh electrode with neuronal organoids (see fig. 10.5), addressing the growing need of
explorative devices of long-term cultivation.

Figure 10.5.: Schematic of a mesh micro-electrode array, interfaced with a cortical organoid, developed
at the NMI. Figure adapted from [192]

A further promising electrode device had been investigated by K. Srikantharajah, a doctoral
researcher of our institute. She developed michigan style Parylene-C based microelec-
trodes with a high potential for 3D interfacing of tissue-mimicks in vitro. In a pilot test cells in
Fibrin-PVP8118-co-GMA3mol% gels had been cultured by the support of pillar structures (fabri-
cated by S. Zips, TU Munich). These pillar structures were meant to increase the height of the
hydrogels to meet the active shank length and provide a defined surface. Electrophysiological
spiking activity could be recorded from neuronal networks at DIV 22, as shown exemplary in
figure 10.6.

The great potential of this device lies in the possibility to reproduce a recently published
work by Soscia et al., shown in figure 10.7. They introduced a ’3DMEA’ device, that enables
the simultaneous recording of electrodes of different spatial distribution. Moreover they showed
the successful cultivation of Human induced pluripotent stem cell (hiPSC)-derived neurons and
astrocytes for 45 days in culture, allowing profound study of the functional development of 3D
cultured tissue mimicks. [193]
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Figure 10.6.: Depiction of the insertion of flexible shank electrodes into a 3D hydrogel-based cultivation
and an exemplary electrophysiological recording.

Figure 10.7.: Depiction of a flexible 3-dimensional micro-electrode array developed by Soscia et al., for
the use of in vitro brain models. Figure adapted from [193]
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A. Supplemental figures and tables

A.1. Data table
 

 
C-PVP 

6662 g/mol 

 

 
DIV 

  

  8 22 40 

Active cells 55.5 ± 56.7778 35 ± 42.0165 23 ± 10.5917 

Firing rate (HZ) 0.1069 ± 0.0168 0.0359 ± 0.0247 0.1185 ± 0.0348 

Syncrhonity (GTE 
norm) 

1.2612 ± 0.8814 1.2981 ± 2.6502 0.67571 ± 0.8375 

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 

0.0022179 ± 0.0016 0.001512 ± 0.0012 0.013301 ± 0.0131 

Participation 
coefficient (Pcoeff) 

0.49892 ± 0.1202 0.49523 ±  0.0463 0.49445 ±  0.0799 

Within-module z-
score (Z) 

-1.7968E-16 ± 
6.1354E-16 

2.5905E-16 ± 
1.2642E-15 

-1.6653E-16 ± 
1.1440E-15 

D
eg

re
e 

Degree 109 ± 113.5556 68 ± 84.0331 44 ± 21.1834 

In-degree 54.5 ± 56.7778 34 ± 42.0165 22 ± 10.5917 

Out-degree 54.5 ± 56.7779 34 ± 42.0165 22 ± 10.5917 

N
o

d
e 

st
re

n
gt

h
 Strength 2.4057 ± 1.7220 2.4388 ± 5.2273 1.2707 ± 1.6476 

In-strength 1.2029 ± 0.8610 1.2194 ± 2.6137 0.63534 ± 0.8238 

Out-strength 1.2029 ± 0.8611 1.2194 ± 2.6138 0.63534 ± 0.8239 

H
u

b
s 

Hub cells 29 ± 26.6667 18 ± 24.3802 12 ± 6.5089 

No hubs cells 25.5 ± 30.5185 17 ± 17.7521 11 ± 4.1065 

Connector Hubs 20 ± 11.9630 16 ± 7.4545 8 ± 4.4734 

Peripheral Hubs 21 ± 17.2727 16 ± 25.3333 6.5 ± 2.6667 

In
te

gr
at

io
n

 

Lambda 46.4794 ± 14.7044 22.2634 ± 9.9819 28.8657 ± 11.3526 

Local efficiency 0.023105 ± 0.0051 0.045394 ± 0.0135 0.036628 ± 0.0131 

Global Efficiency 0.023477 ± 0.0052 0.045614 ± 0.0134 0.037399 ± 0.0131 

Se
gr

eg
at

io
n

 

Transitivity 0.023105 ± 0.0051 0.045394 ± 0.0135 0.036628 ± 0.0131 

Number of cells in a 
community 

82.9118 ± 50.0368 37.5789 ± 14.4140 11.9 ± 5.8451 

Modularity 0.0043186 ± 0.0055 0.0025818 ± 
0.0067 

0.00074889 ± 
0.0055 

Number of 
communities 

2 ± 0.5617 2 ± 0.5785 2 ± 0.4970 

  

SWP 0.5627 ± 0.1672 0.7269 ± 0.2996 0.8142 ± 0.2129 

Assortativity -0.0088 ± 0.0049 33.5742 ± 14.677 37.3778 ± 18.667 
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C-PVP 

8118 g/mol 

 

 DIV 

  

  8 22 40 

Active cells 122  ±  88 48 ± 39 19 ± 29 

Firing rate (HZ) 0.1003 ± 0.0262 0.1427 ± 0.0409 0.1894 ± 0.0755 

Syncrhonity (GTE 
norm) 

2.3414  ± 1.8657 1.579  ± 1.9137 1.5589 ± 1.1417 

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 

0.0020529 ± 0.0019 
0.0031268 ± 

0.0025 
0.0055686 ± 0.0053 

Participation 
coefficient (Pcoeff) 

0.63633 ± 0.1405 0.49525 ± 0.0531 0.4982 ± 0.0657 

Within-module z-
score (Z) 

7.78E-17 ± 1.6837E-
15 

1.7642E-16 ± 
1.2392E-15 

1.7530E-17 ± 
9.5826E-16 

D
eg

re
e Degree 241 ± 176.1 94 ± 77.9882 36 ± 58.6574 

In-degree 120.5 ± 88.05 47 ± 38.9941 18 ± 29.3287 

Out-degree 120.5 ± 88.06 48 ± 38.9941 19 ± 29.3287 

N
o

d
e 

st
re

n
gt

h
 

Strength 4.562 ± 3.62 2.9754 ± 3.7344 2.9843 ± 2.1572 

In-strength 2.281 ± 1.8104 1.4877 ± 1.8672 1.4921 ± 1.0786 

Out-strength 2.281 ± 1.8105 1.4877 ± 1.8673 1.4921 ± 1.0787 

H
u

b
s 

Hub cells 58.5 ± 43.25 27 ± 24.2249 11 ± 15.0242 

No hubs cells 62.5 ± 44.8 26 ± 15.54 18.06 ± 14.31 

Connector Hubs 23.5 ± 22.5  13 ± 17.03 11 ± 7.47 

Peripheral Hubs 44.1 ± 17.47 20 ± 9.1 15.6 ± 7.06 

In
te

gr
at

io
n

 

Lambda 44.6305 ± 21.2470 26.5178 ± 7.4206 21.5621 ± 10.3999 

Local efficiency 0.024151 ± 0.0110 0.03895 ± 0.0097 0.048869 ± 0.0148 

Global Efficiency 
0.024794 ± 0.0110 0.03942 ± 0.0096 0.049259 ± 0.0148 

Se
gr

eg
at

io
n

 

Transitivity 0.024151 ± 0.0110 0.03895 ± 0.0097 0.048869 ± 0.0148 

Number of cells in a 
community 

90.6111 ± 34.4589 
33.5672 ± 
16.7715 

26.5 ± 18.002 

Modularity 
0.0069116 ± 0.0052 

0.009112 ± 
0.0102 

1.3164E-16 ± 0.0104 

Number of 
communities 

2 ± 0.4550 2 ± 0.4260 1 ± 0.4844 

  

SWP 0.5595 ± 0.2157 0.5666 ± 0.314 0.6536 ± 0.3083 

Assortativity 71.6441 ± 27.1694 0.0161 ± 0.0328 31.1285 ± 13.6539 
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A. Supplemental figures and tables

  
C-PVP 

8118 g/mol 

 

 DIV 

  

  8 22 40 

Active cells 122  ±  88 48 ± 39 19 ± 29 

Firing rate (HZ) 0.1003 ± 0.0262 0.1427 ± 0.0409 0.1894 ± 0.0755 

Syncrhonity (GTE 
norm) 

2.3414  ± 1.8657 1.579  ± 1.9137 1.5589 ± 1.1417 

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 

0.0020529 ± 0.0019 
0.0031268 ± 

0.0025 
0.0055686 ± 0.0053 

Participation 
coefficient (Pcoeff) 

0.63633 ± 0.1405 0.49525 ± 0.0531 0.4982 ± 0.0657 

Within-module z-
score (Z) 

7.78E-17 ± 1.6837E-
15 

1.7642E-16 ± 
1.2392E-15 

1.7530E-17 ± 
9.5826E-16 

D
eg

re
e Degree 241 ± 176.1 94 ± 77.9882 36 ± 58.6574 

In-degree 120.5 ± 88.05 47 ± 38.9941 18 ± 29.3287 

Out-degree 120.5 ± 88.06 48 ± 38.9941 19 ± 29.3287 

N
o

d
e 

st
re

n
gt

h
 

Strength 4.562 ± 3.62 2.9754 ± 3.7344 2.9843 ± 2.1572 

In-strength 2.281 ± 1.8104 1.4877 ± 1.8672 1.4921 ± 1.0786 

Out-strength 2.281 ± 1.8105 1.4877 ± 1.8673 1.4921 ± 1.0787 

H
u

b
s 

Hub cells 58.5 ± 43.25 27 ± 24.2249 11 ± 15.0242 

No hubs cells 62.5 ± 44.8 26 ± 15.54 18.06 ± 14.31 

Connector Hubs 23.5 ± 22.5  13 ± 17.03 11 ± 7.47 

Peripheral Hubs 44.1 ± 17.47 20 ± 9.1 15.6 ± 7.06 

In
te

gr
at

io
n

 

Lambda 44.6305 ± 21.2470 26.5178 ± 7.4206 21.5621 ± 10.3999 

Local efficiency 0.024151 ± 0.0110 0.03895 ± 0.0097 0.048869 ± 0.0148 

Global Efficiency 0.024794 ± 0.0110 0.03942 ± 0.0096 0.049259 ± 0.0148 

Se
gr

eg
at

io
n

 

Transitivity 0.024151 ± 0.0110 0.03895 ± 0.0097 0.048869 ± 0.0148 

Number of cells in a 
community 

90.6111 ± 34.4589 
33.5672 ± 
16.7715 

26.5 ± 18.002 

Modularity 
0.0069116 ± 0.0052 

0.009112 ± 
0.0102 

1.3164E-16 ± 0.0104 

Number of 
communities 

2 ± 0.4550 2 ± 0.4260 1 ± 0.4844 

  

SWP 0.5595 ± 0.2157 0.5666 ± 0.314 0.6536 ± 0.3083 

Assortativity 71.6441 ± 27.1694 0.0161 ± 0.0328 31.1285 ± 13.6539 
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A.1. Data table

  
C-PVP 

1100 g/mol 

 

 DIV 

  

  8 22 40 

Active cells 24 ± 19.7   

Firing rate (HZ) 0.1046 ± 0.0197   
Syncrhonity (GTE 
norm) 0.5782 ± 0.3524   

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 0.0056 ± 0.0048   

Participation 
coefficient (Pcoeff) 0.2447 ± 0.2481   

Within-module z-
score (Z) 

-2.2025E-17 ± 
8.1095E-16   

D
eg

re
e Degree 65 ± 39.4   

In-degree 32.5 ± 19.7   

Out-degree 32.5 ± 19.7   

N
o

d
e 

st
re

n
gt

h
 

Strength 1.3597 ± 0.6767   

In-strength 0.6799 ± 0.3383   

Out-strength 0.6799 ± 0.3383   

H
u

b
s 

Hub cells 12.5 ± 8.72   

No hubs cells 10 ± 11.56   

Connector Hubs 10 ± 3.38   

Peripheral Hubs 16.5 ± 5.5   

In
te

gr
at

io
n

 

Lambda 48.9701 ± 7.3597   

Local efficiency 0.0221 ± 0.0033   

Global Efficiency 0.0225 ± 0.0033   

Se
gr

eg
at

io
n

 

Transitivity 0.0221 ± 0.0033   

Number of cells in a 
community 15.3125 ± 10.7945   

Modularity 0.0030 ± 0.0036   

Number of 
communities 1 ± 0.48   

  

SWP 0.3595 ± 0.0847   

Assortativity -0.0204 ± 0.0097     
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A. Supplemental figures and tables

  
C-PVP 

65000 g/mol 

 

 DIV 

  

  8 22 40 

Active cells 140 ± 95.2899 76.5 ± 86.9297 28 ± 10.3265 

Firing rate (HZ) 0.1423 ± 0.0285 0.1678 ± 0.0245 0.1362 ± 0.0137 

Syncrhonity (GTE 
norm) 3.9228 ± 3.8906 2.5015 ± 3.4063 0.675 ± 0.8542 

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 0.0024 ± 0.0051 0.001 ± 0.0026 0.0063 ± 0.0019 

Participation 
coefficient 
(Pcoeff) 0.6462 ± 0.0202 0.5688 ± 0.0764 0.4547 ± 0.0785 

Within-module z-
score (Z) 

-4.4126E-16 ± 
8.5329E-16 

-1.2907E-16 ± 
5.2334E-16 

2.2970E-17 ± 
8.2468E-16 

D
eg

re
e Degree 278 ± 190.5799 151 ± 173.8594 54 ± 20.6531 

In-degree 139 ± 95.2899 75.5 ± 86.9297 27 ± 10.3265 

Out-degree 139 ± 95.2899 75.5 ± 86.9297 27 ± 10.3265 

N
o

d
e 

st
re

n
gt

h
 

Strength 7.3147 ± 7.5026 4.8198 ± 6.6443 1.2482 ± 1.6797 

In-strength 3.6574 ± 3.7513 2.4099 ± 3.3222 0.6241 ± 0.8399 

Out-strength 3.6574 ± 3.7513 2.4099 ± 3.3222 0.6241 ± 0.8399 

H
u

b
s 

Hub cells 63 ± 54.5917 41 ± 50.8984 12 ± 6.0816 

No hubs cells 66 ± 42 33.5 ± 36.0313 15 ± 5.0204 

Connector Hubs 23 ± 30.6036 22.5 ± 23.2188 6 ± 3.5102 

Peripheral Hubs 42 ± 20.9877 19 ± 30.1778 6 ± 4.2222 

In
te

gr
at

io
n

 

Lambda 38.9462 ± 15.1361 32.1422 ± 8.0640 33.4257 ± 10.6261 

Local efficiency 0.0279 ± 0.0091 0.0326 ± 0.0067 0.0304 ± 0.0124 

Global Efficiency 0.0293 ± 0.0093 0.0337 ± 0.0068 0.0307 ± 0.0124 

Se
gr

eg
at

io
n

 

Transitivity 0.0279 ± 0.0091 0.0326 ± 0.0067 0.0304 ± 0.0124 

Number of cells in 
a community 29.875 ± 37.5670 

42.8421 ± 
44.3244 13.5556 ± 4.0513 

Modularity 0.0119 ± 0.0112 0.0198 ± 0.0162 0.0124 ± 0.0055 

Number of 
communities 2 ± 0.6154 2 ± 0.3281 2 ± 0.2857 

  

SWP 0.5026 ± 0.2248 0.4024 ± 0.1287 0.5553 ± 0.2541 

Assortativity 64.6098 ± 21.5641 -0.0042 ± 0.007 46.0138 ± 14.3019 
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A.1. Data table

  
C-PVP 5min  
8118 g/mol 

 

 DIV 

    8 22 40 

 

Active cells 101 ± 53.52 17 ± 27.5556 68 ± 38.25 

Firing rate (HZ) 0.0582 ± 0.0197 0.0811 ± 0.0205 0.0618 ± 0.008 

Syncrhonity (GTE 
norm) 1.1076 ± 1.5284 0.616 ± 1.1151 1.6041 ± 1.5804 

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 0.0024 ± 0.0018 0.0229 ± 0.0123 0.0115 ± 0.0108 

Participation 
coefficient 
(Pcoeff) 0.4624 ± 0.1153 0.4638 ± 0.0599 0.6048 ± 0.0610 

Within-module z-
score (Z) 

2.8048E-16 ± 
3.12130E-16 

-3.8368E-16 ± 
1.4260E-15 

2.6716E-16 ± 
1.2619E-15 

D
eg

re
e Degree 200 ± 107.04 32 ± 55.1111 134 ± 76.5 

In-degree 100 ± 53.52 16 ± 27.56 67 ± 38.25 

Out-degree 100 ± 53.52 16 ± 27.56 67 ± 38.25 

N
o

d
e 

st
re

n
gt

h
 

Strength 1.9748 ± 2.95 1.1451 ± 2.19 3.0164 ± 3.06 

In-strength 0.9874 ± 1.47 0.5726 ± 1.1 1.5082 ± 1.53 

Out-strength 0.9874 ± 1.47 0.5726 ± 1.1 1.5082 ± 1.53 

H
u

b
s 

Hub cells 59 ± 33.04 9 ± 18.89 36 ± 26.5 

No hubs cells 42 ± 20.48 9 ± 8.67 32 ± 13.75 

Connector Hubs 23 ± 17.12 4 ± 15.11 24.5 ± 19.25 

Peripheral Hubs 39.5 ± 25.75 5 ± 3.78  15 ± 4.67 

In
te

gr
at

io
n

 

Lambda 94.5907 ± 36.79 30.3063 ± 5.13 74.5586 ± 60.8 

Local efficiency 0.0125 ± 0.0077 0.0349 ± 0.0043 0.0188 ± 0.0115 

Global Efficiency 0.0133 ± 0.0077 0.0359 ± 0.0043 0.0204 ± 0.0113 

Se
gr

eg
at

io
n

 

Transitivity 0.0125 ± 0.0077 0.0349 ± 0.0043 0.0188 ± 0.0115 

Number of cells 
in a community 62 ± 23.43 9.67 ± 13.56 32.09 ± 17.79 

Modularity 0.0115 ± 0.0055 0.0108 ± 0.0044 0.0248 ± 0.0127 

Number of 
communities 2 ± 0.32 2 ± 0 2 ± 0.375 

  

SWP 0.3141 ± 0.0271 0.7594 ± 0.311 0.5232 ± 0.1262 

Assortativity -0.0048 ± 0.0029 0.0102 ± 0.0077 150.7398 ± 64.1763 
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A. Supplemental figures and tables

  Collagen 

 

 DIV 

    8 22 40 

 

Active cells 104 ± 52 28 ± 11.4286  

Firing rate (HZ) 0.1127 ± 0.0088 0.1696 ± 0.0291  

Syncrhonity (GTE 
norm) 2.4799 ± 1.206 1.1835 ± 0.6722  

ce
n

tr
al

it
y 

Betweenness 
centrality (bc) 0.00082364 ± 0.0011 0.0031 ± 0.0058  
Participation 
coefficient 
(Pcoeff) 0.7191 ± 0.0873 0.4506 ± 0.1286  

Within-module z-
score (Z) 

-2.8908E-16 ± 
1.0406E-15 

-2.3685E-16 ± 
1.1251E-15  

D
eg

re
e Degree 294.6 ± 187.52 54 ± 22.8571  

In-degree 147.3 ± 93.76 27 ± 11.4286  

Out-degree 147.3 ± 93.76 27 ± 11.4286  

N
o

d
e 

st
re

n
gt

h
 

Strength 4.7758 ± 2.3223 2.2595 ± 1.3053  

In-strength 2.0893 ± 1.1611 1.1436 ± 0.6527  

Out-strength 2.3879 ± 1.1611 1.1298 ± 0.6527  

H
u

b
s 

Hub cells 71.3 ± 40.02 15.1429 ± 6.0816  

No hubs cells 77 ± 53.8 12.8571 ± 6.9388  

Connector Hubs 35.2 ± 18.68 9.7143 ± 5.6735  

Peripheral Hubs 45.125 ± 24.1563 9.5 ± 3.5  

In
te

gr
at

io
n

 

Lambda 61.0449 ± 11.2496 
30.8992 ± 
10.5825  

Local efficiency 0.0183 ± 0.0037 0.0389 ± 0.0094  

Global Efficiency 0.0187 ± 0.0038 0.0398 ± 0.0095  

Se
gr

eg
at

io
n

 

Transitivity 0.0183 ± 0.0037 0.0389 ± 0.0094  

Number of cells 
in a community 93.8695 ± 48.4795 15.1576 ± 5.7542  

Modularity 0.004 ± 0.0017 0.0021 ± 0.0022  

Number of 
communities 2 ± 0.32 2 ± 0.4898  

  

SWP 0.5428 ± 0.1425 0.6002 ± 0.3427  

Assortativity 0.0051 ± 0.0041 
36.5276 ± 
14.6396   
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A.2. Synchrony derived from different adjacency matrices

A.2. Synchrony derived from different adjacency matrices

Figure A.1.: Exemplary synchrony computed using the frobenius norm of the Cross Correlation at DIV.
(N:amount of samples)

Figure A.2.: Exemplary synchrony computed using the frobenius norm of the Phase Synchronization.

97



A. Supplemental figures and tables

Figure A.3.: Exemplary synchrony computed using the frobenius norm of the Generalized transfer
Enthropy.
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A.3. Node strength and degree in biohybrid hydrogels with different PVP polymer chain
lengths

A.3. Node strength and degree in biohybrid hydrogels with different
PVP polymer chain lengths

Figure A.4.: Development of node strength of spontaneously active networks in Collagen-PVP-co-
GMA3mol% hydrogels at different points of maturation. In- and out-strength show the same development.
Significant differences are depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error
bars denote the standard deviation.

Figure A.5.: Development of node degree of spontaneously active networks in Collagen-PVP-co-
GMA3mol% hydrogels at different points of maturation. In- and out-degree show the same development.
There are no significant differences. Error bars denote the standard deviation.

99



A. Supplemental figures and tables

A.4. Biohybrid hydrogel vs. Collagen

Figure A.6.: Synchrony, depicted as the frobenius norm of GTE, of spontaneously active cells observed
in Collagen-PVP8118g/mol-co-GMA3mol% and Collagen hydrogels at different phases of maturation. There
are no significant differences. Error bars denote the standard deviation.

Figure A.7.: Mean firing rate of spontaneously active cells observed in Collagen-PVP8118g/mol-co-
GMA3mol% and Collagen hydrogels at different points of maturation. Significant differences are depicted
by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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A.4. Biohybrid hydrogel vs. Collagen

Figure A.8.: Development of node degree and strength of spontaneously active networks in Collagen-
PVP8118g/mol-co-GMA3mol% and Collagen hydrogels at different points of maturation. Significant differ-
ences are depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the
standard deviation.

Figure A.9.: Development of different measures of node centrality derived from spontaneously active
networks in Collagen-PVP8118g/mol-co-GMA3mol% and Collagen hydrogels. Significant differences are
depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard
deviation.
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A. Supplemental figures and tables

Figure A.10.: Emergence of of hub cells in spontaneously active networks cultured in Collagen-
PVP8118g/mol-co-GMA3mol% and Collagen hydrogels at different phases of maturation. Significant differ-
ences are depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the
standard deviation.

Figure A.11.: Small-worldness of spontaneously active networks cultured in Collagen-PVP8118g/mol-co-
GMA3mol% and Collagen hydrogels at different phases of maturation. There are no significant differences
for p 6 0.05. Error bars denote the standard deviation.
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A.5. Importance of recording times

A.5. Importance of recording times

Figure A.12.: Synchrony, depicted as the frobenius norm of GTE, of spontaneously active cells ob-
served in Collagen-PVP-co-GMA3mol%, derived from different recording times. There are no significant
differences for p 6 0.05. Error bars denote the standard deviation.

Figure A.13.: Development of node degree and strength of spontaneously active networks in Collagen-
PVP-co-GMA3mol%, derived from different recording times. Significant differences are depicted by stars
(*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.
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A. Supplemental figures and tables

Figure A.14.: Development of different measures of segregation derived from spontaneously active
networks in Collagen-PVP-co-GMA3mol%, of different recording times. Significant differences are depicted
by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure A.15.: Development of different measures of centrality of spontaneously active networks in
Collagen-PVP-co-GMA3mol%, derived from different recording times. There are no significant differences
for p 6 0.05. Error bars denote the standard deviation.
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A.5. Importance of recording times

Figure A.16.: Emergence of of hub cells in spontaneously active networks cultured in Collagen-PVP-
co-GMA3mol%, derived from different recording times. Significant differences are depicted by stars (***
for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the standard deviation.

Figure A.17.: small-worldness of spontaneously active networks cultured in Collagen-PVP-co-
GMA3mol%, derived from different recording times. There are no significant differences for p 6 0.05.
Error bars denote the standard deviation.

105



A. Supplemental figures and tables

Figure A.18.: Average number of spontaneously active cells observed in spontaneously active networks
cultured in Collagen-PVP-co-GMA3mol%, derived from different recording times. Significant differences
are depicted by stars (*** for p 6 0.001, ** for p 6 0.01 and * for p 6 0.05). Error bars denote the
standard deviation.
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