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Abstract

Hydrogels can assume the role of the extra cellular matrix and enable cell-to-cell and

cell-to-matrix interactions. Advances in various biofabrication techniques are facilitating

the creation of biomimetic materials with distinct biochemical and biophysical charac-

teristics. As important as the fine-tuning of the hydrogel as a whole is the creation of

an individual microenvironment within which the cells reside. To that end, multi-photon

lithography is a promising tool that enables the modification of transparent cell-laden

hydrogels at a micrometer resolution in an arbitrary three-dimensional manner. The aim

of this thesis was to analyze two multi-photon lithography-based methods, namely pho-

tografting and photocleaving, for their potential to induce directional cell migration and

subsequently directional endothelial sprouting. Multi-photon induced photografting is a

universal technique that can be applied to any hydrogel without the requirement of spe-

cific functional groups. It refers to the local immobilization of a molecule on the backbone

of a polymer upon multi-photon absorption. Multi-photon induced photocleaving utilizes

crosslinkers that are containing photocleavable moieties, which allows to locally reverse

the crosslinking process upon multi-photon absorption. By adding a multi-photon sensi-

tizer the cleaving threshold can be decreased to cytocompatible laser powers. In a first

step, different gelatin-based hydrogels have been selected and the cytocompatability of

the respective materials has been assessed. For the most promising combination, which

was photocleaving in gelatin methacryloyl, various parameters have been tested for their

potential to enhance the induced directionality of cell migration.
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Kurzfassung

Hydrogele können die Rolle der extrazellulären Matrix übernehmen und dadurch Inter-

aktionen zwischen den Zellen untereinander und den Zellen und der Matrix ermöglichen.

Fortschritte in verschiedenen Biofabrikationstechniken erleichtern die Herstellung biomi-

metischer Materialien mit speziellen biochemischen und biophysikalischen Eigenschaften.

Ebenso wichtig wie die Feinabstimmung des gesamten Hydrogels ist die Schaffung ei-

ner individuellen Mikroumgebung, in der sich die Zellen befinden. Zu diesem Zweck ist

die Multi-Photonen-Lithographie ein vielversprechendes Werkzeug, das die Modifizierung

transparenter, zellbeladener Hydrogele mit einer Auflösung im Mikrometerbereich in ei-

ner beliebigen dreidimensionalen Art und Weise ermöglicht. Ziel dieser Arbeit war es,

zwei auf der Multi-Photonen-Lithographie basierende Methoden, nämlich das Photograf-

ting und das Photocleaving, auf ihr Potenzial zu analysieren, eine gerichtete Zellmigra-

tion und anschließend eine gerichtete Endothelzellensprossung zu induzieren. Das Multi-

Photonen-induzierte Photografting ist ein universelles Verfahren, das auf jedes Hydrogel

angewendet werden kann, ohne dass spezifische funktionelle Gruppen erforderlich sind.

Es bezieht sich auf die lokale kovalente Bindung eines Moleküls an eine Polymerket-

te infolge einer Multi-Photonen-Absorption. Bei der Multiphotonen-induzierten Photo-

spaltung werden Crosslinker verwendet, die photospaltbare Anteile enthalten, wodurch

der Vernetzungsprozess infolge einer Multiphotonen-Absorption lokal umgekehrt werden

kann. Durch Hinzufügen eines Mehrphotonen-Sensibilisators kann die Reaktionsschwelle

auf zytokompatible Laserleistungen herabgesetzt werden. In einem ersten Schritt wur-

den verschiedene gelatine-basierte Hydrogele ausgewählt und die Zytokompatibilität der

jeweiligen Materialien bewertet. Für die vielversprechendste Kombination, das Photo-

grafting in Gelatine-Methacryloyl, wurden verschiedene Parameter auf ihr Potential zur

Verbesserung der induzierten Richtungsabhängigkeit der Zellmigration getestet.
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1 Introduction

Hydrogels are crosslinked hydrophilic polymer chains with a high swelling ratio and perme-

ability [1]. They can provide an environment which enables cell-to-cell and cell-to-matrix

interactions by assuming the role of the extra cellular matrix (ECM). This reduces the

difference between the physiological environment and cell cultures [2]. Besides provid-

ing a homogeneous platform in which cells are behaving more similarly to the natural

conditions, subsequently improving the transferability of in vitro research, in areas such

as drug development, to the actual in vivo effect, advances in techniques relying on the

local modification of the cell-laden matrix allow for the adaption of the individual cells’

microenvironments [3], [4].

The ECM is a key aspect of the cell’s microenvironment and can differ in terms of the

composition and the biochemical (e.g. chemical functional groups) and biophysical param-

eters (e.g. mechanical stiffness, degradability) [5]. In vitro studies have shown that these

factors influence cell behavior and functions, such as migration [6], proliferation [7], [8],

differentiation [9], gene and protein expression [10], polarity and apoptosis [11]. Various

studies have demonstrated that the matrix stiffness can have a distinct impact on cell

proliferation, differentiation and motility [6,7,12]. The influence on the migration behav-

ior of motile cells has been extensively studied. In a two-dimensional (2D) setup, with

hydrogels of different bulk stiffnesses, cells have been seeded on top of the hydrogels and

the subsequent migration has been observed over time. These studies have shown, that

the matrix stiffness has an effect on the migration speed of cells [13]–[15]. By creating an

inhomogeneous stiffness distribution, Lo et al. [16] have demonstrated that cells can be

guided by a stiffness gradient. They termed this stiffness-dependent cell migration duro-

taxis. Further studies have taken a similar approach, with cells seeded on a 2D substrate

with an inherent stiffness gradient, thereby confirming the preceding results [17], [18].

During embryonic development, wound healing and tumor growth, new blood vessels are

formed from existing ones. This process, called angiogenesis, relies on cell-to-matrix inter-

actions and the remodeling of the ECM [19]. The physiochemical properties of the matrix

as well as the entire microenvironment play a crucial role in the regulation of angiogen-

esis [20]. A functioning blood vessel network is necessary to maintain homeostasis and

facilitate the exchange of oxygen, nutrients, biochemicals and waste. Moreover, it seems

that it also acts as a structural template and thereby influences the organization of tis-

sue [21], [22]. The diffusion range of oxygen (100-200 ➭m) is the limiting factor to the size

of implantable engineered tissue [23], [24]. Although the host vasculature will generally

grow into the tissue and form a network, this process can be very slow, subjecting parts

of the tissue to oxygen and nutrient deficiency for a size-dependent time period [25], [26].

Despite the importance of vascularization in tissue engineering, it remains one of the

biggest challenges in the field [27].

1



1 Introduction

Besides the natural organization of endothelial cells, which relies on remodeling after im-

plantation and offers most likely no clear area for anastomosis, there are many different

approaches to control vascularization [28]. These approaches range from different pat-

terning techniques, such as the formation and subsequent seeding of hollow channels, the

micropatterning by means such as photopatterning [29], 3D bioprinting [30] or electrospin-

ning [31], to cell guiding approaches, where either biochemical signals, mechanobiological

cues [32] or a spatial inhomogeneity of the ECM mimicking scaffold’s material proper-

ties [8], [33], are responsible for the preferential migration and sprouting of endothelial

cells. Further areas of application for the fabrication of in vitro vessels, besides im-

plantable tissue, are organs-on-a-chip [34], platforms for studying blood vessel formation

under physiological [35] and pathological conditions [36] and setups for observing endothe-

lial cell functions and interactions [37].

The human vasculature is a complex, hierarchical system with a feature size that ranges

over three orders of magnitude. Arterioles, capillaries and venules are the constituents of

what is called the microcirculation. Capillaries, the smallest and most numerous blood

vessels in the body, have an inner diameter between 5-10 ➭m and a very thin vessel

wall [38]. Some vascular tissue engineering techniques, such as sheet rolling and tubu-

lar molding, are not suitable for the fabrication of vessels at the necessary micrometer

scale [39]. Others, such as embedded bioprinting [40], inkjet bioprinting [41] or extrusion

bioprinting [42] are capable of producing vessels at a spatial resolution that is sufficient

for arterioles and venules but not for capillaries and are limited in the 3D control. The

biofabrication of microvessels is therefore reliant on biocompatible techniques that allow

for the creation of complex structures at a sufficiently high resolution.

In general, light-based techniques are an exception with their ability to create vessels at

relevant sizes for capillaries, venules and arterioles (5-100 ➭m) and their comparatively

high cell viability [39]. Laser-induced forward transfer (LIFT) [43] and digital light pro-

cessing (DLP) [44] meet those criteria, but they are limited in their ability to create fully

arbitrary 3D structures.

Multi-photon lithography, a process by which a femtosecond (fs) near-infrared laser is

focused through an objective, can initiate a photochemical reaction at a nanometer res-

olution, in an arbitrary 3D manner within transparent materials. The high-resolution

and 3D-nature of the process are achieved due to the non-linear relation between the dis-

tance from the focal point and the probability of multi-photon absorption. Multi-photon

lithography has been used for the selective polymerization of materials, to create microp-

orous scaffolds [45] or branched tubular structures [46]. Various multi-photon lithography

approaches are applicable to already formed structures. Hydrogels can be patterned

with chemical functionalities, by covalent crosslinking [47] or photocaging [48], previously

formed crosslinks can be degraded [49] or the material can be densified upon multi-photon

absorption [50]. Another method is photoablation, which is the degradation of a material

through the photolysis of nonspecific chemical bonds, extreme local heating or microcav-

itation [51], [52].
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1 Introduction

This thesis explores the potential of two multi-photon lithography-based methods, namely

photografting and photocleaving, for their potential to induce directional adipose-derived

stem cell (ASC) and human umbilical vein endothelial cell (HUVEC) migration. In a first

step, suitable hydrogels have been selected and the biocompatibility of the approaches has

been analyzed. This was followed by a fine tuning of relevant parameters, such as several

printing parameters, most notably the laser power, the material concentration, the cell

encapsulation method, the design of the grafted structure and the cell ratios in coculture

setups. It has been previously shown that ASC and HUVEC coculture spheroids form

endothelial sprouts and subsequently assemble in a microvascular-like network [53]. Ul-

timately, the idea is to spatially guide these endothelial sprouts with the aforementioned

light-based hydrogel modification techniques. Photografting is a universal approach to al-

tering the chemical properties of hydrogels in a 3D-manner and refers to the introduction

of a molecule into the polymer backbone. The selection of a cytocompatible, water-soluble

grafting agent allowed us to apply this process to cell-laden hydrogels. To enable photo-

cleaving, the hydrogel needs to be crosslinked with a molecule that contains a photolabile

moiety which can be cleaved upon light-irradiation. Both methods can be used to adapt

the microenvironment of cell-laden hydrogels.

3



2 Theoretical Background

2.1 Extracellular matrix

The extracellular matrix (ECM) is a structurally stable network, composed of different

interconnected proteins, most notably collagen, elastin and various microfibrillar proteins,

adhesive glycoproteins, matricellular proteins and proteoglycans [54]. Besides its static

role in contributing to the mechanical properties of the tissue and providing structural

support to the cells, the ECM is a highly dynamic system, which is exposed to a con-

tinuous remodeling process and influences various cell functions and behaviors, such as

proliferation, adhesion, migration, polarity, differentiation and apoptosis [55]. The in-

teraction between matrix and cells is of reciprocal nature, within which the cells are

producing, assembling and modifying the ECM, consequently influencing cell functions

and behaviors and providing the cells with information regarding their spatial and tem-

poral status [54]. Although the fundamental building blocks, proteins, polysaccharides

and water, are ubiquitous, the composition and structure of the ECM is heterogeneous

and tissue specific. Thereby, the biochemical, biophysical, protective and organizational

properties of the matrix can vary [56]. The ECM can influence cell behavior via its bio-

chemical and biophysical properties. Through various surface receptors, such as integrins,

discoidin domain receptors (DDRs) or cell surface proteoglycans (PGs), the cells are able

to interact with the appropriate cues, which will be further discussed in Section 2.2.1 [57].

In short, the chemical cues are provided, amongst others, by adhesive proteins, growth

factors, cytokines and chemokines. Physical and mechanical properties include the stiff-

ness, density, solubility and porosity. The mechanical properties are sensed by integrins,

which are connecting the ECM with the actin cytoskeleton of the cell [58].

2.2 Three-dimensional cell culture systems

The term cell culture refers to the controlled cultivation of cells outside of a living organ-

ism at a specific temperature, pH, nutrient and waste level [59]. With the development

of in vitro cell cultures, a new method besides the in vivo animal models, to be used for

differentiation studies, drug discovery and pharmacological applications, cancer research,

gene and protein expressions studies and for studying cell biology/ physiology, has been

4



2 Theoretical Background

established [3]. In a conventional 2D cell culture system cells are either cultured on a

substrate or suspended in a cell culture medium. This method possesses significant short-

comings in terms of the tissue-specific architecture, biochemical and biophysical cues and

cell–to-cell communication [2].

In contrast, 3D cell cultures are providing an environment which allows cell-to-cell and

cell-to-matrix interactions by assuming the role of the ECM, consequently reducing the

difference between the physiological environment and traditional cell culture systems [2].

Besides providing a heterogeneous platform in which cells are behaving more similarly to

the natural conditions, which subsequently improves the transferability of in vitro research

in areas such as drug development, to the actual in vivo effect, advances in techniques

to locally modify the cell-laden matrix allow for the adaption of the individual cells’ mi-

croenvironments [3], [4].

There are various 3D cell culture systems, each with their individual advantages and dis-

advantages. A rough classification can be made between scaffold-based and scaffold-free

systems. Scaffold-free systems rely on the tendency of cells to aggregate under the right

conditions [60], allowing for the creation of microtissue in various shapes. The most com-

mon shape is ellipsoidal and such systems are referred to as spheroids [61]. Compared

to 2D monolayer cultures, spheroids have been reported to enable cell-to-cell and cell-

to-matrix interactions and thereby provide a physical and chemical environment that is

more similar to the actual in vivo condition. On the basis of mesenchymal stem/ stromal

cells (MSCs), it has been demonstrated that an agglomeration into spheroids helps to

maintain their intrinsic phenotypic properties, promotes the stemness marker expression

and the secretion of cytokines, chemokines and angiogenic factors and improves cell via-

bility. However, due to the inherent diffusion gradient, the core can be exposed to a lack

of nutrients and oxygen, dependent on the spheroids’ size [62].

Scaffold-based systems are utilizing biomaterials with different properties to provide the

cells with a structure that is mimicking the functions of the ECM. In the most ba-

sic version, cells are encapsulated in or seeded on top of a biomaterial, consisting of

naturally-derived or synthetic polymers, that can be synthetically modified to enable a

fine-tuning of the chemical and physical properties. Prefabricated scaffolds possess a dis-

tinct architecture, facilitated by different fabrication methods, such as 3D printing or

stereolithography [60], [63]. Nanofibrous, microporous and hydrogel polymers have been

used as scaffolds for cell encapsulation experiments [64]–[68]. Compared to hydrogels, both

nanofibrous and microporous scaffolds are limited in their ability to mimic the ECM [69].
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2 Theoretical Background

Hydrogels are crosslinked hydrophilic polymer chains with a high swelling ratio and per-

meability. The mechanical characteristics of hydrogels are similar to soft tissue and they

are permeable to oxygen, nutrients and other soluble metabolites, making them a suitable

material for scaffold-based 3D cell culture systems [1]. An alternative approach is the use

of decellularized tissue as a 3D cell culture system [70]. Scaffold-based models hold a clear

advantage over 2D monolayer cultures in various aspects, such as the cell morphology, cell

viability, differentiation capacities, gene and protein expressions or cellular interactions.

Disadvantages can arise in terms of sample handling and high-throughput screening [71].

2.2.1 Microenvironment and durotaxis

All cells reside within their respective microenvironment, which can be defined by the fol-

lowing four key constituents: the surrounding ECM, the neighboring cells, soluble factors

and the biophysical fields, according to a classification by Huang et al. [5], whose extensive

work on functional and biomimetic materials acts as the template for the following section.

Figure 2.1. Illustration of the four key constituents and their subsequent components
of the cell microenvironment. Reproduced from [5].

6



2 Theoretical Background

The comprehensive classification with the corresponding components is displayed in Fig.

2.1 and elaborated in the following paragraph. Besides the composition, which has been

briefly touched on in Section 2.1, the ECM interacts with the cells via biochemical cues,

namely cell adhesion ligands, stored and sequestered soluble signaling molecules and dif-

ferent chemical functional groups, and via biophysical cues, namely structural features,

mechanical stiffness and degradability. Cells are communicating and interacting with each

other either direct, through cell-to-cell contact, or indirect, through soluble factors. Di-

rect interactions are tightly regulated by various signaling pathways and are facilitated

by physical junctions, classified as tight junctions, anchoring junctions and gap junctions.

Tight junctions, as the closest cell-to-cell contacts, are holding cells together and enable

the formation of layers that act as barriers to substances and as separators between tis-

sue. Anchoring junctions are mediating the cell-to-cell and cell-to-ECM adhesion. Gap

junctions are responsible for coupling the metabolic activities of adjacent cells and syn-

chronizing contractible cells. As mentioned before, cell-to-cell interaction occurs partly

via soluble signal molecules, such as growth factors, cytokines and hormones. With oxy-

gen, glucose and amino acids, various basic nutrients are also influencing cell behavior.

Physical fields is the subgroup that refers to different physical stimuli, including strain

and stress, which in case of blood vessels arises from the blood flow that exerts shear

forces on the vessel walls, electrical, magnetic, acoustic and thermal fields.

In an effort to create biomimetic materials that are mimicking the respective in vivo

ECM and the individual microenvironments, and to construct synthetic microenvironents

for fundamental studies of cell functions and behaviors, various biochemical parameters,

namely cell adhesion ligands, immobilized soluble factors and chemical functional groups,

as well as biophysical parameters, such as structural and mechanical properties, degrad-

ability and electrical conductivity, have been adapted. An overview of the different pa-

rameters is provided in Fig. 2.2.

In accordance with the nature of the present study, the focus of the following paragraph

lies on the material stiffness, a major component of the mechanical properties in terms of

cell influence. Cells are sensing mechanical cues and translating them into intracellular

signals, called mechanotransduction, which is facilitated by the adhesion of the cells to the

substrate. The matrix stiffness has been reported to influence cell behavior and functions,

most notably, proliferation [7], migration [6], differentiation [9] and gene and protein ex-

pression [10]. Directional cell migration can be induced by gradients of soluble factors,

cell-adhesion ligands and as aforementioned material stiffness, which is then referred to

as chemotaxis, haptotaxis and durotaxis, respectively [72]. Durotaxis has been observed
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Figure 2.2. Illustration of the parameters that can be adapted in an effort to create
ECM-mimicking biomaterials. The parameters can be grouped into two
classes, biochemical (cell adhesion ligands, soluble factor immobilization,
and chemical functional groups) and biophysical (structural features, me-
chanical properties, degradability, and electrical conductivity) parameters.
Reproduced from [5].

in vivo, in processes such as wound healing, embryonic development and pathogenesis [73].

Various studies have demonstrated the potential of stiffness gradients for guiding cell

migration in vitro. Different approaches, such as an inhomogeneous crosslinker and/ or

material distribution [74], [75], photolithography [76] and the adaption of oligomer chain

length [77], have been utilized for the creation of stiffness gradients. Furthermore, by

adapting the hydrogel thickness a cell-perceived stiffness gradient can be created [78]. A

variety of studies have employed such methods to create a substrate with an inherent stiff-

ness gradient, on which cells have been seeded to subsequently observe their migration.

Various cell types, such as fibroblasts [74], [79], [77], [16], MSCs [80], [78], [81], [82], [18],

ASCs [17] and HUVECs [83], have been used to this end. It is stated in a number of pub-

lications that not only the steepness of the gradient itself but also the overall substrate
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stiffness (minimum and maximum value) has an effect on cell migration [79], [76], [82].

Raab et al. [81] aimed to establish a 3D environment, with MSCs seeded on a Polyacry-

lamide (PA) hydrogel onto which a further layer of collagen had been deposited, and

observed that the cells migrate in the gradient direction (min.: 1 kPa, max.: 34 kPa,

gradient: 16.5 kPa/mm). In [83], coculture spheroids of HUVECs and human umbilical

arterial smooth muscles cells (HUASMCs), that have been encapsulated in a PEG-based

hydrogel with a stiffness gradient of 80 Pa/mm, showed a directionality in the outgrowing

vascular sprouts. The number of sprouts was highest in the opposite gradient direction (by

roughly 2 times), but also higher in gradient direction (by roughly 1.5 times) compared

to perpendicular directions. Cells in the low elastic modulus region (0.7 kPa) showed the

highest invasion area and longest sprout length over 7 days, followed by the intermediate

elastic modulus region (1 kPa) and the high elastic modulus region (1.3 kPa). In accor-

dance with these findings, the study by Cross et al. [15] also shows that the migration

speed of HUVECs into a collagen hydrogel decreases with an increase in collagen con-

centration from 0.3% to 2%, which translates to an increase in stiffness from 0.03 kPa

to 1.8 kPa. The study by Hosseini et al. [14] came to similar results. Duan et al. [13]

seeded either ECs or MSCs on top of hyaluronic acid-based hydrogels with two storage

moduli of 15.77 kPa and 4.8 kPa, and observed that the ECs migrated deeper into the

softer hydrogel (by roughly 1.5 times) and MSCs into the stiffer hydrogel (by roughly 1.4

times). It has further been shown that cells preferably align on patterned regions with

higher stiffness, which basically represents a very steep gradient [84], [85], [18].

2.3 Blood vessels

The vasculature, as a part of the cardiovascular system, is responsible for carrying blood

and plasma all over the body, substances which are relevant for transporting molecules,

such as oxygen, carbon dioxide, nutrients, waste and hormones, the regulation of the tem-

perature, pH and osmotic pressure and the immune process, protecting against foreign

molecules and disease, as well as for clotting to prevent excessive loss of blood [38].

In order to reach all requisite cells, a dynamic and hierarchical network of vessels, that

starts with arteries, branching into arterioles and subsequently into billions of tiny cap-

illaries, which act as a diffusion and filtration system, ultimately regrouping into veins

through venules, with changing vessel diameters from over 1 cm down to a couple of ➭m,

spans across the body [86].

Two main cell types, ECs and mural cells, which are, depending on the type of vessel,
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Figure 2.3. Illustration of the mural cell types and their distribution along the cerebral
vasculature. Adapted from [87].

either smooth muscle cells (SMCs), regulating peripheral vascular resistance, vascular di-

ameter and the direction of blood flow, or pericytes, and are surrounded by ECM, are

present in blood vessels [88]–[90]. In general, blood vessels consist of three concentric

layers, the tunica intima, tunica media and tunica adventitia, seperated by the inner and

outer limiting membranes (membrane limitans interna and externa). The innermost layer

is the tunica intima, which consists of a monolayer of ECs, followed by the tunica media,

usually the thickest layer, which houses the mural cells, completed by the tunica adven-

titia, linking the vessel to the surrounding connective tissue. Depending on the vessel

types, this generic architecture varies according to the individual tasks [91]. The compo-

sition of the vessel ECM is not discussed here, but interested readers can find extensive

information in the works of Eble and Niland [91] and Fung [92].

Arterioles, capillaries and venules are the constituents of what is called the microcircu-

lation [38]. With decreasing vessel diameter the number of SMC layers decreases and

they are ultimately superseded by perictyes [93]. Pericytes are most abundant on small

arterioles and venules and comparably scarce on capillaries. They are associated with ves-

sel stabilization, hemodynamic processes, transendothelial transport, sensing angiogenic

stimuli, guiding sprouts and eliciting endothelial survival functions [94]. The continuous

shift of the mural cell type and their respective arrangement is visualized in Fig.2.3. Het-

erogeneity in vessel morphology regarding the type and arrangement of cells is not limited

to mural cells, with ECs forming a continuous monolayer in arteries and veins, in contrast

to capillaries where the ECs can be continuous, fenestrated or discontinuous [95].

2.3.1 Natural formation of blood vessels

The formation of blood vessels occurs in various physiological and pathological processes,

namely during embryonic development, wound healing, collateral formation, tumor growth

and various other disorders, such as ocular neovascularization [19]. It is a highly complex

process, that is reliant on the correct cross-talk between various signaling systems. Devi-

ations from this process can lead to an unorganized and immature vascular network, as
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observed during tumor angiogenesis [96], [97]. A comprehensive, in-depth understanding

of the mechanisms behind the formation of blood vessels is needed to facilitate the devel-

opment of a stable and functional engineered vasculature.

A distinction can be made between the de novo formation of blood vessels based on

the differentiation of hemangioblasts, a process that is called vasculogenesis and is most

relevant during embryonic development, and angiogenesis, the formation of blood vessels

from existing vessels. The general mechanisms are illustrated in Fig. 2.4, and in the

following, the differences and similarities between the two mechanisms will be presented

in detail, with a distinct focus on the individual steps within the respective processes.

Due to the nature of the conducted experiments in the present work, angiogenic vessel

formation is emphasized.

Vasculogenesis

The first functional organ that develops in the embryo of vertebrates is the cariovascular

system in a process called vasculogenesis. The first step is the formation of the mesoderm,

the middle layer of the three germ layers, from the epiblast by differentiation of epiblast

cells into mesodermal cells during gastrulation. Hemangioblasts, a type of mesodermal

cells, are giving rise to blood islands, the earliest discernible vascular structure, in the

extra-embryonic yolk sac. They are proliferating and differentiating into angioblasts, pre-

cursors of ECs located at the outer layer, and hematopoietic stem cells (HSCs), located

at the center of the blood islands [100], [101]. By fusion of the blood islands and ECs

differentiation, the primary capillary plexus is formed, which differentiates into an arte-

riovenous vascular system upon the onset of blood flow [102]. The in-situ development

of blood vessels also takes place inside the embryo, and the intra- and extra-embryonic

primordia fuse at the 2-somite stage [101], [103], [104].

It has long been believed that vasculogenesis is a process only occuring during embryonic

development, however, recent studies suggest that endothelial progenitor cells (EPCs)

play a role in the neovascularization of ischmic or malign tissue, a phenomena that is

referred to as postnatal vasculogenesis [105]–[107].

Although, compared to angiogenesis, the molecular signaling during vasculogenesis is

poorly understood, several relevant bioactive molecules, which are fibroblast growth fac-

tors (FGFs), the hedgehog family of morphogens, vascular endothelial growth factors

(VEGFs) and the transformation growth factor-β, have been identified [108].
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Figure 2.4. Illustration of the different mechanisms behind the formation of blood ves-
sels. A general overview of vasculogenesis and angiogenesis, with a fur-
ther differentiation into sprouting and intussusceptive angiogensis, is given.
Adapted from [98], [99]
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Angiogenesis

Angiogenesis refers to the formation of blood vessels from pre-existing vessels. The works

of Folkman [109], [110], in which he observed a reciprocal effect between tumor formation

and ECs, laid the foundation for a thorough understanding of angiogenesis. The process

can be classified according to two different mechanisms (see Fig. 2.4). The first one be-

ing sprouting angiogenesis, where cells migrate to form a new vessel, and the second one

being intussuseptive angiogenesis, which relies on remodeling of the vessel [111]. In the

following, the two mechanisms will be thoroughly examined.

Sprouting angiogenesis is a multi-step process with the distinct phases of 1) degradation

of the basement membrane, 2) migration of the ECs into the connective tissue, 3) forma-

tion of a lumen and subsequent perfusion, 4) formation of a network, 5) remodeling and

pruning and 6) stabilization and maturation of the vessel [112], [100], [113]. The following

in-depth description of the aforementioned individual phases is, if not further specified,

based on the extensive review by Kolte et al. [112]. Upon the exposure to pro-angiogenic

factors, mostly triggered by hypoxia, previously quiescent ECs are activated and start the

angiogenic process [114]. Preceeding the degradation of the basement membrane, which

is mediated by several proteinases, such as matrix metalloproteinases (MMPs), plasmino-

gen activators, heparanases, chymases, tryptases and cathepsins, is the detachment of the

mural cells. The degradation of the matrix does not only remove the physical barrier

but also releases matrix-bound growth or anti-angiogenic factors, thereby mediating the

angiogenic sprouting. This is followed by a collective migration of ECs in the form of

a sprout, with a tip cell in the front and highly proliferative stalk cells behind. Only

one cell can take the leading role, which is regulated by a feedback-loop based on VEGF

signaling and the Notch/Dll4 system [115]. Different mechanisms have been observed in

the formation of a lumen, namely, cell hollowing, which depends on the fusion of larger in-

tracellular vesicles, and cord hollowing, enabled by the rearrangement of the position and

morphology of cells [116], [117]. In order to form a network, the filopodia of neighboring

tip cells interact with each other to initiate VE-cadherin containing junctions, leading to

an anastomosis of the sprouts. This temporary homogeneous network is shaped into its

final distinct form, in terms of vessel size, morphology and vascular density, by means of

vascular remodeling and pruning. It further matures and specializes into its organ and

tissue specific form, in terms of arterious-venous determination, formation of homotypic

and heterotypic junctions, differentiation of ECs and the patterning of vessel specific cells

lining the EC layer [118]. The recruitment of mural cells and the deposition of an ECM

stabilizes the vessel and the ECs turn into quiescent non-proliferating phalanx cells [21].
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Various signaling molecules and the subsequent receptors mediating the sprouting an-

giogenesis have been discussed by Patel-Hett and D’Amore [108]. Beyond the most

noteworthy VEGF family of proteins and their corresponding receptors, notch signaling,

which acts as a negative feedback mechanism to regulate VEGF signaling, semaphorins,

netrins, the slit-robo signaling complex and the sprouty proteins are regulating the pro-

cess. PDGFs, angiopoietins and the Tie receptors are of importance for vessel stabiliza-

tion.

Intussusceptive microvascular growth (IMG) has been first described by Caduff et al. [119],

who observed the insertion of numerous transcapillary pillars during the transformation

of the capillary network in postnatal lungs of rats, seemingly resulting in a more complex

network with a larger vascular surface area without sprouting of the individual capillary

segments, which they termed in-itself or intussusceptive growth. They have identified four

distinct phases, 1) beginning with the establishment of a contact between opposing vessel

walls, 2) the reorganization of junctions between the ECs and subsequent perforation of

fused endothelial leaflets, 3) the formation of the interstital core, stabilized by connective

tissue, and lastly 4) the growth and maturation leading to a capillary mesh [120]. IMG

has been furthermore demonstrated in the capillary plexuses, small arteries and veins in

the myocardium, the skeletal muscle, the kidney and the retina [121]. Although the mech-

anism is not fully understood, both shear stress and the blood flow rate are believed to be

major factors of influence in this process [121]. With the observation of the formation of

feeding vessels from capillaries, termed intussusceptive aborization, and the remodeling

of vascular bifurcation junctions, termed intussusceptive branching remodelling (IBR),

further mechanisms based on the formation of transcapillary pillars have been identified,

creating the need for the general term of intussusceptive angiogenesis (IA), as a mecha-

nism of blood vessel formation that occurs without sprouting by internal division of the

vasculature [122], [123].

2.4 Tissue engineering

Tissue engineering (TE) is a multidisciplinary field, positioned at the interface between

engineering, the life sciences, chemistry and physics, with the aim to repair, maintain,

reconstruct or improve specific tissues or organs [124], [125]. It is to be classified within

the broader field of regenerative medicine [126]. The materials, the cells and the tissue

architecture are the major components that can be adapted and harmonized to satisfy the

requirements of the respective application [127]. The in Section 2.2 discussed approaches
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to culturing cells in the corresponding materials also apply to TE, with the addition of

approaches that do not rely on cell-seeding prior to implantation [128]. Cells that are

being used for implantation can be either harvested from the patients themselves, from a

donor within the same species or from a different species, which are referred to as autol-

ogous, allogeineic and xenogeineic cells, respectively [129].

In recent years, various TE applications have been successfully demonstrated, some of

which are showing a clinical potential and others that have already been approved by

the Food and Drug Administration (FDA) and/ or the European Medicines Agency

(EMA) [130], [131]. Zhou et al. [132] have implanted an ear-shaped cartilage, fabricated

by seeding of autologous chondrocytes in a compound scaffold. They reported cartilage

formation in four out of five cases six months after implantation. By seeding autologous

urothelial and muscle cells in a bladder-shaped scaffold and implanting it after seven

weeks of culture, Atala et al. [133] were able to demonstrate improved urodynamics and

an adequate structural architecture and phenotype. In a clinical trial, Grafix (Osiris Ther-

apeutics), a cryopreserved human placental tissue, was compared to standard woundcare

in the healing of diabetic foot ulcers (DFUs) and a significantly improved wound healing

and reduced complications were reported [134]. Clinical follow-ups of matrix-associated

autologous chondrocyte implantation (MACI) (i.e. the implantation of a chondrocyte

seeded collagen matrix) after 5 and 15 years indicated that MACI is a suitable treatment

of local cartilage defects in the knee [135], [136].

Despite the success in engineering various tissue types, such as bladder, blood vessels, skin,

trachea, cartilage, bone and cardiac tissue, for which applications are either close to or

already clinically available, and major advances in biomaterials, biofabrication techniques,

mechanobiology, immunomodulation, the discovery and advancement of methods to create

induced pluripotent stem cells (iPSCs) and improved spatial and temporal control of

bioactive molecule presentation, there are still some considerable hurdles to be overcome

to fabricate complex tissues of clinically relevant size, specifically complex organs such as

the liver, lung, kidney and heart [127], [137]–[141]. Major challenges are the availability

of sufficient amounts of immunological compatible cells, adequate biomaterials in terms

of chemical, mechanical and biological properties and a sufficient vascularization of the

engineered tissue [140]. In a review on the advances in TE, Langer and Vacanti [142]

have identified the unreliability of maintaining a healthy and functional cell mass after

implantation as the key obstacle in their effort to fabricate a human liver [143]. The next

section is therefore focused on vascular tissue engineering, discussing recent achievements

and challenges.

15



2 Theoretical Background

2.4.1 Vascular tissue engineering

A functioning blood vessel network is necessary to maintain homeostasis and facilitate the

exchange of oxygen, nutrients, biochemicals and waste. Moreover, it seems that it also

acts as a structural template and thereby influences the organization of tissue [22], [21].

The diffusion range of oxygen (100-200 ➭m, see Fig. 2.5) is the limiting factor to the size

of engineered tissue [24], [23]. Although the host vasculature will generally grow into the

tissue and form a network, this process can be very slow, subjecting parts of the tissue to

oxygen and nutrient deficiency for a size-dependent time period [25,26,144].

Figure 2.5. Illustration of the hierarchical structure of the vascular tree, indicating the
required presence of capillaries for the survival of cells. Adapted from [145].

Therefore, the research field of vascular tissue engineering (VTE), originally defined by

Couet et al. [146] as “[...] the development of a vascular construction that demonstrates

biological and mechanical properties as close as possible to those of a native vessel”, is

concerned with the creation of functional blood vessels for either 1) the engineering of

in vitro vascularized tissue or 2) the implantation of a tissue engineered vascular graft

(TEVG) for the treatment of cardiovascular disease (CVD) [145]. Since the present work

is concerned with the in vivo vascularization of engineered tissue, the following paragraphs

will focus hereon.

An optimal engineered vascular network must meet the requirements of a well-distributed

spatial organization, illustrated in Fig. 2.5, to ensure proper coverage of all cells, while

minimizing the blood pressure, which is ensured by the hierarchical structure of the vas-

cular tree, consisting of branching vessels with decreasing diameter, ultimately resulting

in finely dispersed vessels that can get as small as 5 ➭m, called capillaries. It must be

selectively permeable for the adequate delivery and removal of molecules and it should be
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easily connectable to the patients’ vasculature [147], [28]. There are different parameters

that can be adjusted in the creation of a vascular network, namely, the matrix, the cells,

the fabrication technique and the biochemical and biophysical cues [28]. Various cell types

are used in the context of VTE. Table 2.1 gives an overview of the different human EC

types and endothelial progenitor cells (EPGs) with the respective number of publications,

indicating that at a share of more than 60%, HUVECs are the most commonly used ECs.

Other widely used cells, either as a supporting cell line or for their potential to differenti-

ate into ECs, are smooth muscle cells (SMCs), adult stem cells, most notably MSCs and

ASCs, and pluripotent stem cells (PSCs) [148]–[150]. HUVECs are widely used because

they are easy to obtain and to handle. Moreover, they have also been reported to form a

functional monolayer within 11 days, compared to 28 days for arterial ECs, and the large

number of published studies provides a good level of comparability. There are, however,

downsides to this cell type, in that the origin in the umbilical vein limits potential in vivo

applications to allografts, and that due to the site-specific phenotype it is most likely not

the best fitting cell type for all applications [150], [148].

Vessel Type EC Type Abbreviaton No. of

PUBs

Marcrovascular EC

Human aortic EC HAEC 25

Human coronary arter EC HCAEC 10

Human pulmonary artery EC HPAEC 5

Human umbilical vein EC HUVEC 540

Microvascular EC

Human dermal microvasculature EC HDMEC 18

Human pulmonary microvasculature EC HPMEC 9

Human brain microvasculature EC HBMEC 7

Circulating EC
Endothelial progenitor cell EPC 175

Endothelial colony forming cell/ out-

growth EC

ECFC/ OEC 37

EC lines
HMEC-1 18

Ea.Hy926 16

Table 2.1. Overview of the different endothelial cell types that are being used in the
context of VTE. Their respective origin and the number of publications as of
2017 are listed. Adpated from [150].

As described in Section 2.3, other cell types, besides ECs, are present in blood vessels.

While, generally, ECs have been shown to form tube-like structures on their own, a
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supporting cell type is necessary for the formation of a perfusable, functional and stable

vessel, whereby they can be from the same or from a different cell source [151]. Besides

being indispensable due to their contribution to functional vessels, coculture systems of

ECs and supporting cells can also recreate intercellular signaling and are thereby better

mimicking the in vivo conditions [151]. By implanting 3D constructs in mice, seeded with

either HUVECs monoculture or HUVECs and 10T1/2 mesenchymal precursor cells, and

studying the vessel formation over a period of 56 days, Koike et al. [152] have shown

that the total length of perfused vessel structure per unit area is overall significantly

higher for the coculture implant, and, as opposed to the monoculture implant, there is no

vessel decline in long term culture, indicating an improved long-term stability. A study

by Pati et al. [153] found that a coculture of HUVECs and MSCs reduces permeability

of the cell layer, linked to a higher expression of VE-cadherin and β-catenin. Melero-

Martin et al. [154] implanted a matrigel plug, seeded with different ratios of EPCs and

MSCs and studied the vessel density after 7 days, revealing a bell-shaped curve which

indicates the interdependence of the cell types in the vessel formation process. A variety

of publications indicate the suitability of ASCs as a supporting cell type. Verseijden et

al. [155] encapsulated HUVEC and ASC spheroids, either as mono- or cocultures, in fibrin

and studied network formation and protein expression over the course of 14 days. They

observed that sprouting from HUVEC monoculture spheroids, compared to coculture and

ASC monoculture spheroids, was low. ASCs formed a network and expressed α-smooth

muscle actin, CD34, hepatocyte growth factor and inhibitor of MMP 1 and MMP 2.

Furthermore, ASC conditioned medium induced HUVEC sprouting. A similar study, with

OECs encapsulated in fibrin and ASCs either in microcarrier beads, in suspension, seeded

on top or as conditioned media, came to the conclusion that ASCs are inducing vessel

growth by secreting pro-angeogenic and regulatory proteins and stabilize the vessels by

differentiating towards pericytes, and are therefore required for a stable vascular network

formation [156]. Other studies came to similar conclusions, supporting the overall notion

of suitability of coculture systems with ASCs as the supporting cell type for VTE [157]–

[160].

2.5 Multi-photon lithography

2.5.1 Multi-photon absorption

Göppert-Mayer (1931) was the first to theoretically investigate two-photon absorption in

her PhD thesis [161]. Subsequently, with the development of lasers, it became possible to

provide the experimental validation [162]. Multi-photon absorption enables the initiation
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of a chemical or physical reaction within a resolution of around 100 nm. This is possible

due to the optical non-linearity, displayed on the left in Fig. 2.6, according to which

the probability of multi-photon absorption shows a non-linear dependence on the laser

intensity, and the chemical non-linearity (displayed on the right in Fig. 2.6), according

to which a certain threshold must be reached to trigger a chemical reaction [163]. As

illustrated on the right side of Fig. 2.6, a single photon in the ultraviolet (UV) spectrum

might carry enough energy to transfer an atom or molecule from the ground state to

an excite state, whereas in the near-infrared region two or more photons might carry

the same amount of energy, and therefore the simultaneous absorption of an appropriate

number of photons is necessary. To ensure a significant probability of the occurrence of

multiple photons at the same place and time, the laser intensity must be sufficiently high,

therefore, a pulsed laser is utilized to keep the average power comparably low [163].

Figure 2.6. Illustration of the optical non-linearity and the difference between single-
and two-photon absorption. Reproduced from [164].

2.5.2 Multi-photon lithography system

A schematic of the multi-photon lithography setup, that has been used within the scope of

the present work, is shown in Fig. 2.7 and the individual components will be discussed in

the following. The light source is a femtosecond Ti:Sapphire laser (MaiTai eHP DeepSe,

Spectra-Physics) with a tunable wavelength between 690 nm and 1040 nm. The pulse

width is 70 fs, the repetition rate 80 MHz and the average power 2.4 W. The linearly

polarized beam is passing through a half-wave plate mounted on a motorized rotary

stage, that rotates light polarization, followed by a beam splitter cube which transmits

the p-polarized part of the light and reflects the s-polarized part into a beam dump,

thereby regulating the maximum laser power in the system. After deflection of the beam

in an acousto-optical modulator (AOM, AA Opto-Electronic) a pinhole ensures that only
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the first order beam can pass through. This allows for the rapid modulation of the laser

power during printing. To make sure that the beam is overfilling the rear aperture of the

objective, it is expanded with a 5x achromatic beam expander. A galvanometer-scanner

(Scanlab), followed by a scan lens, a tube lens, and a microscope objective, allows high

speed scanning of the objective’s field of view with the focused laser beam. Linear stages

(Märzhäuser Wetzlar) are enabling a movement of the sample holder in xy-direction and

the objective in the z-direction, thereby changing the relative position of the focal point

to the sample. The sample can be observed during printing via a CMOS-camera located

under the objective behind a semi-transparent mirror.

Figure 2.7. Schematic illustration of the multi-photon lithography setup that has been
used in the present work. Reproduced from [164].

2.5.3 Multi-photon induced grafting

Molecular grafting refers to the immobilization of individual molecules on different ma-

terials and has been previously applied in electronics and biomedical engineering to alter

the surface of substrates [165], [166]. In photografting, functional molecules are activated

by light and subsequently immobilized on a polymer matrix [167]. To this end, different
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moieties such as aryl azides, aryldiazirine or benzophenone which are activated to highly

reactive nitrenes, carbenes and benzhydrol radicals, respectively, have been used [168].

Ovsianikov et al. [169] were the first group to utilize multi-photon lithography for the

photolysis of the azide groups of BAC-M, a commercially available aryl azide, which

allowed them to photograft in an arbitrary 3D-manner with a resolution down to 4 ➭m.

2.5.4 Multi-photon induced cleaving

Photodegradation, a process in which photolabile functional groups are cleaved upon

light irradiation, allows for the creation of spatiotemporal tunable hydrogels, which are

capable of a controlled release of biomolecules by photocleavage of photolabile groups on

a photostable backbone [170], or which are capable of altering the crosslinking density

by either forming the hydrogel from photodegradable crosslinking macromers [171] or

by using a photodegradable crosslinker on a pre-formed polymer [172]. Two popular

photocleavable linkers are based on o-nitrobenzyl (oNB) alcohol derivatives [173] and

coumarin derivatives [174], [175]. Judkewitz et al. [176] have demonstrated the potential

of multi-photon lithography as a method to initiate photocleavage at a very low scale

and Wylie and Shoichet [177] created 3D-micropatterns of reactive amines in an agarose

hydrogel modified with coumarin-caged amines upon multi-photon absorption. Since the

multi-photon absorption cross section for oNB derivatives is rather low, subsequently

requiring high laser intensities to induce photocleavage, several optimization strategies

have been pursued, among which Lunzer et al. [172] have introduced a modular system, in

which the addition of a small molecule sensitizer significantly decreases the photocleaving

threshold.

21



3 Materials

3.1 Hydrogels

Hydrogels are composed of hydrophilic polymer chains, interconnected via crosslinks and

therefore capable of taking up comparably large amounts of polar liquids while retaining

their shape. The characteristics are similar to soft tissue and they are highly perme-

able to oxygen, nutrients and other water-soluble metabolites, making them an overall

suitable material for scaffold-based 3D cell cultures [1]. Hydrogels can be of either syn-

thetic or natural origin. Natural hydrogels can be further differentiated into protein-

and polysaccharide-based polymers [178]. Among the various natural polymers, gelatin,

which is derived from collagen by breaking the triple-helix structure into single-strands,

is commonly used for tissue engineering applications [179]. Gelatin is highly biocom-

patible [178], it facilitates cell adhesion, it is bioactive [178], enzymatically degradable

by metalloproteases and considered safe by the FDA, moreover, it is abundantly avail-

able [180]. The reversible sol-gel transition (gelation) occurs at the phase temperature

of 30-35 ➦C through the formation of triple helices and hydrogen bonds [180]. Since the

solubility at body temperature and the low mechanical properties [178] limits the in vivo

applicability, different modifications approaches have been developed to stabilize the hy-

drogel via chemical crosslinking [180]. Two such modified gelatin hydrogels have been

used in the present work, namely gelatin methacryloyl (gel-MA) and thiolated gelatin

(gel-SH).

3.1.1 Gelatin methacryloyl

Gelatin methacryloyl, also referred to as methacrylated gelatin, gelatin methacrylate,

methacrylamide modified gelatin or gelatin methacrylamide, is a photo-crosslinkable gelatin-

based hydrogel that is synthesized by the direct reaction of gelatin with methacrylic an-

hydride (MA) in a phosphate buffer [181]. In this reaction, which is illustrated in Fig.

3.1i, the amine and hydroxyl groups of the amino acid residues are substituted by a ma-

jority of methacrylamide and a minority of methacrylate groups, respectively [181]. The

degree of substitution (ds) can be varied by changing the amount of MA or the pH during

the reaction [181]. Photopolymerization is facilitated by a water-soluble photoinitiator
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which starts a free radical chain-growth polymerization of the reactive functionalities

(methacrylamide and methacrylate) upon light irradiation, as illustrated in Fig. 3.1ii.

This results in the formation of short synthetic oligomer/ polymer chains in between the

gelatin polypeptide chains [180].

Gel-MA with a degree of substitution of 63% was synthesized [45] and provided by the

Polymer Chemistry and Biomaterials Group at the Ghent University.

Figure 3.1. Illustration of i) the synthesis of gel-MA, with RGD domains highlighted in
red and their chemical structure depicted, and ii) the photopolimerization
process of methacrylamide functionalities. Adapted from [181].

3.1.2 Collagen type 1

Highly viscous, commercially available high concentration collagen type 1 (Corning) with

a concentration range of 8-11 mg/mL, extracted from rat tails and supplied in 0.02 N acetic

acid, was used for the formation of collagen hydrogel pellets. Collagen is an abundant

structural protein that can be easily extracted with minimal contamination. The acid

solubilized collagen turns into a structurally stable hydrogel at neutral pH, which causes

the polymerization of collagen fibrils into fibers [182].

3.1.3 Thiolated gelatin

Thiolated gelatin is synthesized by functionalizing gelatin with thiol groups through the

reaction of a thiolating agent with the amines of (hydroxy)lysine in the gelatin back-

bone [183]. The gel-SH can be crosslinked in a Michael-type thiol-ene addition, the
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reaction between a thiol and an electron deficient, activated double bond, which is in the

present work an acrylate [180]. It needs to be highlighted, that Michael-type thiol-ene

additions are nucleophilic additions which are not reliant on photoinitiators or light irra-

diation. They take place without the formation of potentially cytotoxic side products at

physiological pH [180].

Gel-SH with a degree of substitution of 56% was synthesized [183] and provided by the

Polymer Chemistry and Biomaterials Group at the Ghent University.

3.2 Cell culture

Endothelial Cell Growth Medium-2 (EGM-2) was prepared by supplementing the En-

dothelial Cell Basal Medium-2 (EBM-2, Lonza) with the EGM-2 SingleQuots Supplements

(Lonza), both from the EGM-2 Endothelial Cell Growth Medium-2 BulletKit (Lonza).

All cell lines were cultivated in an incubator (BINDER) at 37 ➦C with 5% CO2 in a humid

atmosphere and split at around 80 percent confluency. The media were changed every 2

to 3 days.

3.2.1 Human adipose-derived stem cells

hTERT immortalized human adipose-derived mesenchymal stem cell line (hASCs/TERT1,

Evercyte), in the following abbreviated as ASCs, were either used in their normal state or

retrovirally infected with green fluorescent proteins (GFP-ASCs) according to the protocol

by Knezevic et al. [184]. The fluorescent protein expression enables fluorescent imaging

with a laser scanning microscope (LSM). ASCS/ GFP-ASCs were cultured in T-75 cell

culture flasks (Greiner Bio-One) in EGM-2 supplemented with 10% fetal calf serum (FCS,

Sigma-Aldrich).

3.2.2 Human umbilical vein endothelial cells

Human umbilical vein endothelial cells (HUVECs) transfected with lentiviral vectors ex-

pressing red fluorescent proteins (RFP-HUVECs, PELOBiotech), were cultured in EGM-2

supplemented with 5% FCS in T-25 cell culture flasks (Greiner Bio-One). The fluorescent

protein expression enables fluorescent imaging with a LSM.
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3.3 Li-TPO-L photoinitiator

The photoinitiator lithium (2,4,6-trimethylbenzoyl)phenylphosphinate (Li-TPO-L) was

prepared according to a previously reported protocol [185]. Li-TPO-L was stored as a 6

mM stock solution in a light protecting glass vial and used in a working concentration of

0.6 mM, in accordance with the cell viability study by Markovic et al. [185].

Li-TPO-L was synthesized [185] and provided by the Polymer Chemistry and Technology

Group at the TU Wien.

3.4 DSSA photografting agent

The commercially available, water soluble and hydrophilic molecule 4,4’-Diazido-2,2’-

stilbenedisulfonic acid (DSSA, Sigma-Aldrich) was selected as the photografting agent. It

contains two azide functional groups which can be activated to highly reactive nitrenes

upon light irradiation, capable of binding to C-H and N-H bonds.

3.5 PEG-(oNB-A)2 photocleavable crosslinker

Poly(ethylene) glycol-(o-nitrobenzyl acrylate) (PEG-(oNB-A)2) is a photocleavable cross-

linker. The chemical structure is displayed in Fig. 3.2i. The acrylate functional groups

can react with thiols in a Michael-type thiol-ene addition, as shown in Fig. 3.2ii. Upon

light irradiation (single- or multi-photon absorption) the photolabile o-nitrobenzyl ester

functionalities are photocleaved, according to the depiction in Fig. 3.2iii.

PEG-(oNB-A)2 was synthesized [172] and provided by the Polymer Chemistry and Tech-

nology Group at the TU Wien.

3.6 DAS multi-photon sensitizer

Tetrapotassium 4,4’-(1,2-ethenediyl)bis[2-(3-sulfophenyl) diazenesulfonate] (DAS/ AS7)

has been used as multi-photon photosensitizer. It is a cytocompatible, water soluble,

diazosulfonate-based molecule that absorbs light irradiation and, as used in the present

work, transfers the energy to the oNB functionalities [186].

DAS was synthesized [186] and provided by the Polymer Chemistry and Technology Group

at the TU Wien.
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Figure 3.2. Illustration of i) the chemical structure of the (PEG-(oNB-A)2) photocleave-
able crosslinker, ii) the Michael-type thiol-ene addition between the acrylate
group and a thiol and iii) the photocleavage of the photolabile o-nitrobenzyl
ester functionalities. Adapted from [172].
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4.1 Spheroid formation

4.1.1 Methyl cellulose

For the preparation of methyl cellulose, 600 mg of methyl cellulose powder (Sigma-Aldrich)

was weighted, transferred to a magnetic stirrer and autoclaved (Vapour-LineECO, VWR).

50 mL of EGM-2 medium was heated to 60 ➦C and added to the methylcellulose powder.

The solution was then stirred for 20-30 minutes at room temperature and afterwards for

2 hours at 4 ➦C. The stirred methylcellulose solution was transferred to a falcon tube and

centrifuged for 2 hours at 5 000 g and 4 ➦C. The clear, highly viscous supernatant was

transferred to a new falcon tube and stored as methyl cellulose stock solution at 4 ➦C.

4.1.2 Casting of agarose molds

The spheroids were formed using MicroTissues 3D Petri Dish micro-molds (Sigma-Aldrich)

casted with a 2% agarose solution. This solution was created by autoclaving 1 g agarose

powder (Sigma-Aldrich) and dissolving it in 50 mL sterile water. The heated agarose so-

lution was pipetted into the micro-mold and left for a couple of minutes to ensure physical

gelation. The agarose molds were transferred to a 12-well plate and soaked in 3 mL PBS

for 30 minutes for equilibration. Each agarose mold has 81 microwells.

4.1.3 Cell seeding

RFP-HUVECs and ASCs/ GFP-ASCs were detached from the cell-culture flask by wash-

ing them twice with PBS and then exposing them to Trypsin-EDTA 0.25% (Gibco) for 5

minutes. Medium was added after successful detachment for neutralization. The cells were

counted and a solution containing 40 500 RFP-HUVECs and 40 500 ASCs/ GFP-ASCs

was aliquoted. For ratios other than 1 to 1, a total of 81 000 cells was split accordingly

to the desired ratio. After spinning the cells down in a benchtop centrifuge (Rotina 380

R, Hettich), the remaining solution was carefully removed and the cells were resuspended

in 190 ➭L of medium containing 20% methyl cellulose. After carefully mixing the media,

to ensure an even distribution of cells, it was pipetted into the agarose mold. The 12-well
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plate was incubated for 1 hour, so that the cells could gather in the micro-cavities, before

carefully adding 2 mL of 80% EGM-2 5% and 20% methyl cellulose stock solution. After

24 hours of incubation the spheroids were checked under a brightfield microscope, the

methyl cellulose medium was removed, fresh medium was added and the spheroids were

harvested.

4.2 Functionalization of microscopy dishes

The ➭-dishes with glass bottom were methacrylated, to ensure a more durable attach-

ment of the gel-MA hydrogel, according to the following procedure. In a first step the

methacrylation solution was prepared by mixing 48 mL ethanol (Sigma-Aldrich), 0.3 mL

acetic acid (Sigma-Aldrich) and 50 mL deionized water (Sigma-Aldrich) with a mag-

netic stirrer. After having slowly added 2 mL of 3-(Trimethoxysilyl)propyl methacrylate

(Sigma-Aldrich) dropwise, the solution was stirred for 30 minutes and transferred to

the plasma-cleaned ➭-dishes with glass bottom (ibidi), covering the glass bottoms for 15

minutes. The methacrylation solution was disposed and the ➭-dishes were washed with

deionized water. To evaporate the remaining liquid, the ➭-dishes were placed in an oven

for 30 minutes at 110 ➦C.

4.3 Hydrogel preparation

Cells in suspension were seeded at a density of 1.2 million cells per mL. Spheroids, each

containing a total of 81 000 cells, were encapsulated at a density of 81 spheroids per 100

➭L. The actual number of spheroids encapsulated in the hydrogel pellet depends on the

success rate of the transfer from mold to pellet.

4.3.1 Gelatin methacryloyl - photografting

Stock solutions with different concentrations were prepared by dissolving gel-MA in phos-

phate-buffered saline (PBS, Sigma-Aldrich) in a water bath at 37 ➦C. Depending on the

desired gel-MA working concentration, a stock solution was mixed with the photoinitiator

Li-TPO-L (working solution of 0.6 mM) and either PBS or cells/ spheroids suspended in

EGM-2 5% at an appropriate ratio. The solution was mixed thoroughly to ensure an even

distribution of cells/ spheroids. 30 ➭L of the solution was pipetted onto a methacrylated

glass bottom dish and placed in the UV crosslinker (Boekel, 1 J, 365 nm). After crosslink-

ing, 2 mL of 1 mM DSSA dissolved in EGM-2 5% was added. The pellets were incubated

for 24 hours and thereafter, transferred to the multi-photon lithography setup to mod-
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ify the chemical properties. Right after, the pellets were washed twice with medium to

remove any residual DSSA.

4.3.2 Collagen type 1 - photografting

The collagen hydrogel pellets were prepared by slowly mixing the optically clear viscous

collagen solution with PBS or cell/ spheroids containing EGM-2 in different ratios and

10% of 10 mM DSSA, dissolved in PBS, to achieve a working concentration of 1 mM. After

letting the collagen gelate in the incubator for an hour, a 1 mM DSSA solution (either

PBS or cell culture medium) was added and the samples were stored in the incubator for

24 hours. Finally, the samples were transferred to the multi-photon lithography setup to

modify the chemical properties, and after grafting the samples were washed twice with

medium to remove residual DSSA.

4.3.3 Thiolated gelatin - photocleaving

The first step in the preparation of a photocleavable, multi-photon sensitive gel-SH was

the preparation of a 5% stock solution, by dissolving gel-SH in PBS in a water bath at

37 ➦C. This process takes up to 7 hours and can be shortened to 1-2 hours by periodical

stirring with a vortex mixer. Besides the gel-SH stock solution, a 30% solution of the

PEG-(oNB-A)2 photocleavable crosslinker, which was prepared by dissolving the powder

in PBS or in a cells/ spheroids containing cell culture medium, and the DAS multi-photon

sensitizer, which was stored as a 40 mM stock solution, and can be prepared by dissolving

1 mg of DSA powder in 35,27 ➭L of PBS, is needed. To create 100 ➭L of hydrogel, 82

➭L of gel-SH (working solution of 4.1%) was mixed with 6 ➭L of DAS (working solution

of 2.4 mM), followed by 11.9 ➭L (working solution of 3.6%) of linker. The solution was

mixed and pellets of 30 ➭L were rapidly pipetted onto a microscopy dish with a glass

bottom before crosslinking could occur. The hydrogel pellets were stored in an incubator

for 1 hour to ensure full crosslinking before cell culture medium was added. After 24

hours of incubation, the samples were transferred to the multi-photon lithography setup

for cleaving.

4.4 Analytical biochemical assays

4.4.1 PrestoBlue cell viability assay

To test the cytocompatibility of the DSSA grafting agent, a PrestoBlue cell viability

reagent (Thermo Fisher Scientific) was used. DSSA was dissolved at a concentration of 4
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mM in EGM-2 5% and EGM-2 10% for RFP-HUVECs and ASCs, respectively and then

diluted 1 to 1 to achieve concentrations of 2 mM and 1 mM. The cells were seeded in a

96-well plate at a density of 5 000 cells per well and incubated for 24 hours to let them

attach to the surface. Afterwards the medium was exchanged for different concentrations

of DSSA (4, 2 and 1 mM). One plate per cell type was placed in a UV crosslinker (Boekel)

and irradiated with 1 J at a wavelength of 365 nm. After 24 hours of incubation with the

DSSA grafting agent the PrestoBlue cell viability assay was performed. PrestoBlue was

diluted 1 to 10 in the adequate medium and 100 ➭L per well was added. After 1 hour

of incubation the fluorescent signal was measured with a plate reader (Synergy BioTek,

excitation 560 nm, emission 590 nm). The values were corrected for the background

fluorescent signal. Medium without diluted DSSA was used as a positive control and

cells treated with 50% dimethyl sulfoxide (DMSO, Sigma-Aldrich) for 1 hour acted as

the negative control. The effect of DSSA was compared to the positive control, which we

assumed to have 100% metabolic activity.

The cytocompatability of DAS was tested similarly to DSSA. In brief, DAS was dissolved

at a concentration of 2 mM in EGM-2 5% and diluted 1 to 1 to achieve concentrations

of 1 mM and 0.5 mM. The cells were seeded in a 96-well plate at a density of 5 000 cells

per well and incubated for 24 hours to let them attach to the surface. Afterwards the

medium was exchanged for different concentrations of DAS (2, 1 and 0.5 mM). After a

resting period of 24 hours in EGM-2 5%, 100 ➭L of PrestoBlue diluted 1 to 10 in EGM-2

5% was added. After 1 hour of incubation the fluorescent signal was measured with a

plate reader. The values were corrected for the background fluorescent signal. The effect

of DAS was compared to the positive control (EGM-2 5%), which we assumed to have

100% metabolic activity.

To identify the metabolic activity of encapsulated cells, a PrestoBlue cell viability assay

was performed. PrestoBlue was diluted 1 to 10 in the adequate medium and 3 mL

per sample was added. After 1 hour of incubation, 100 ➭L of solution per sample was

transferred to a 96-well plate and the fluorescent signal was measured with a plate reader.

The values were corrected for the background fluorescent signal.

4.4.2 Live/ dead staining

To identify the survival rate of encapsulated cells, a live/ dead staining was performed.

Live cells were stained with calcein acetoxymethylester (calcein-AM), dead cells with

propidium iodide (PI) and the nuclei of all cells with Hoechst. In short, a solution of
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4 ➭L Calcein-AM, 8 ➭L PI and 5 ➭L Hoechst was prepared. EGM-2 was removed from

the ➭-dishes with glass bottom and the samples were washed once with warm PBS. The

solution was added and the samples were incubated for an hour at 37 ➦C. After removing

the staining solution and adding fresh medium the samples were imaged with a laser

scanning microscope (LSM800, Carl-Zeiss).

4.4.3 Ki67 staining

To identify the proliferation rate of encapsulated cells, anti-Ki-67 staining was performed.

The Ki-67 protein (also known as MKI67) is a cellular marker for proliferation The cells

were fixed with 4% formaldehyde (1h), permeabilized with 0.1% Triton X-100 for 5 min-

utes and then blocked with 1% BSA in 0.1% PBS-Tween (1h). The cells were then stained

with Anti-Ki67 antibody (Abcam, dilution 1:200) and Hoechst (dilution 1:1 000) and in-

cubated overnight at +4 ➦C. After removing the staining solution and adding PBS the

samples were imaged with the LSM.

The proliferation rate was quantified by normalizing the Ki-67 staining positive area to

the Hoechst staining positive area, which were obtained by quantification of the respective

fluorescent area using the ZEN Blue 2.6 software, according to the previously describe

protocol [53]. Due to a sample size of one a statistical evaluation is not possible.

4.5 Printing procedure

Usually, except for time lapse experiments, each ➭-dish with glass bottom contained 1

to 2 hydrogel pellets with 30 ➭L. For printing, these ➭-dishes were transferred to the

multi-photon lithography setup. With a maximum printing time of around 12 minutes

per structure (1 to 2 structures per pellet) the time in which cells are taken from their

ideal environment is well within a reasonable range according to our previous experimen-

tal observations.

CAD models for printing were sliced along the vertical direction and the slices were

scanned with parallel lines. The horizontal and the vertical line spacings were, if not

further specified, 0.5 ➭m and 1 ➭m, respectively. The vertical line spacing can be higher

since the voxels are elongated in vertical direction. The orientation of the lines in either

x- or y-direction was changed layer by layer, with an offset between the planes. Printing

speed was between 500 mm/s and 1 500 mm/s and the printing power ranged from 20

mW to 300 mW. An Olympus 10x/ 0.4 NA objective was used. The printing direction
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was from top to bottom in order to prevent the laser from passing through already pho-

tografted regions. A wavelength of 700 nm is most suitable for the applications of the

present work and has therefore been used in the majority of experiments, however, due

to laser performance issues at lower wavelengths it had to be increased to 725 nm for the

later experiments. This is stated accordingly in the description of the respective images.

The power threshold, upon which a photochemical reaction is initiated, depends on the

participating molecules. In general, the threshold scales with the inverse square root of

the exposure time, for exposure times under 1 ms, which is directly dependent on the

printing speed [187]. At this lower threshold, only a certain fraction of the possible num-

ber of chemical reactions are initiated. With an increase in power, at a given exposure

time, this fraction increases until a upper threshold is reached, at which either all possible

reactions have occurred or thermal effects lead to the destruction of the material. There-

fore, threshold tests have been performed to identify suitable laser powers and printing

speeds.

4.6 Image acquisition

A confocal laser scanning microscope was used to obtain the images. The DSSA was

visualized by exciting at a wavelength of 410 nm, the GFP-hASCs were visualized by

exciting at a wavelength of 488 nm and the RFP-HUVECs were visualized by exciting

at a wavelength of 561 nm. The time-lapse imaging was performed under 37 ➦C and 5%

CO2, in a humid environment. The migration distances were quantified using the ZEN

Blue 2.6 software.

The fluorescent images of cell alignment were quantified using Fiji, which is an open-source

image processing package based on ImageJ. Quantification was based on the fluorescent

area to account for the potential overlapping of multiple cells. After thresholding the

image, a watershed segmentation was performed. Ellipses were fitted to the particles

and the angles between the primary axis and a horizontal line were analyzed. The area

of particles within a deviation of 10 degrees from the horizontal and vertical line was

counted as aligned.

4.7 Statistical analysis

The statistical analysis for the cytocompatibility tests was performed using the free Real

Statistics Resource Pack software Release 7.2 [188]. After checking the prerequisites,
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namely, a similar population variance, a normal distribution, independent samples and

equal sample sizes, a one-way analysis of variance (ANOVA) was performed. If the null

hypothesis was rejected (p < 0.05), there is a significant difference between the groups

and a post-hoc Ryan, Einot, Gabriel, Welsh Studentized Range Q (REGWQ) test was

performed to test if the difference between the groups is statistically significant. Results

are presented as the mean value +/- the standard deviation (SD).

The statistical analysis for cell migration speed was performed using R (R Core Team

2017) with the lme4 package [189], to conduct a linear mixed effect analysis of the de-

pendence of migration distance from laser power. We used time and laser power as fixed

effects and observed sample as random effect. Visual inspection of the residuals did not

reveal macroscopic deviations from normality and homoscedasticity. A likelihood ratio

test of the full model against the same model without the effect of laser power was per-

formed to obtain the p-value. Rejecting the null hypothesis (p < 0.05), indicates that

laser power has a non-negligible influence on migration distance in time, therefore on

migration speed.
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5.1 Photocleaving of thiolated gelatin to induce guided

cell migration

Gel-SH hydrogel pellets have been prepared according to the description in Section 4.3.3.

A gel-SH with a degree of substitution of 56% and a concentration of roughly 4.1% was

chosen for all experiments. The power values used for photocleaving in the present work

are above the threshold that has previously been established. In terms of parameter op-

timization to improve guided cell migration, the design, the cell culture media and the

printing power have been adapted similarly to gel-MA (see Section 5.2 for further details).

Upon multi-photon absorption, previously formed crosslinks were cleaved, leading to a

decrease in the elastic modulus. At a certain laser power all crosslinks should be cleaved,

which results in a liquid pre-crosslinked hydrogel. No measurements of the changes in the

materials’ properties upon photocleaving have been performed in the present work.

5.1.1 PEG-(oNB-A)2 cytotoxicity

Coculture spheroids have been encapsulated in 4.1% gel-SH ds 56 and structures have been

photocleaved around them to study their effect on cell migration. While ASCs migrated

into the cleaved structures as well as the bulk hydrogel, HUVECs generally remained in

the spheroid’s core. We hypothesized therefore, that the hydrogel contains a cytotoxic

component. DAS has proven to be cytocompatible with ASCs up to a concentration of

4 mM and up to 2 mM upon UV irradiation [186]. The viability of HUVECs was 76%

after 24 hours of exposure to a 2 mM DAS solution as indicated in Fig. 5.1. Although

a concentration of 2.4 mM, which was used in the present work, has an adverse effect on

HUVECs, it is unlikely that this is the main factor causing the observed cell behavior.

Firstly, not only HUVECs, but also ASCs suspended in the hydrogel did not migrate

and proliferate and secondly, the observed behavior of encapsulated HUVECs does not

coincide with the expected viability reported in 5.1. Still, it is worth testing whether

photocleaving at suitable laser powers is also possible if the concentration is decreased to

2 mM or less, due to the cytotoxic tendency of DAS for higher concentrations upon UV
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irradiation, which simulates the multi-photon absorption process [186] and the adverse

effect on HUVECs.

Figure 5.1. Determination of cytotoxic behavior of DAS on HUVECs using the Presto-
Blue cell viability assay. Letters indicate significant difference at p < 0.05
level.

To test the cytotoxicity of the PEG-oNB photocleavable crosslinker, a comparative study

with a commercially available Poly(ethylene glycol) diacrylate crosslinker (PEGda, Sigma-

Aldrich), that does not contain the photocleavable moiety but is similar in all other as-

pects, was performed. HUVEC-RFP monoculture spheroids and ASCs in suspension were

encapsulated in gel-SH according to the same protocol, crosslinked with either the PEG-

oNB or the commercial crosslinker, and the cell behavior has been subsequently observed

with a LSM. Fig. 5.2 displays a comparison of the cell behavior in the respective hydro-

gels. It is evident, latest on day 10 (compare Fig. 5.2A2 and 5.2B2), that both cell types

have migrated and proliferated strongly in the commercially crosslinked gel-SH while in

the oNB-PEG crosslinked gel-SH, the suspended ASCs have retained a round morphology

and did not migrate into the hydrogel, which indicates that they are dead, and HUVECs

remained aggregated as spheroids but they remained fluorescent, over the 14 days. On

day 14, the commercially crosslinked hydrogel (see Fig. 5.2A3) was vastly populated by

cells, and a quite extensive network of HUVEC sprouts has formed. This emphasizes the

cytocompatible nature of gel-SH.
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Figure 5.2. RFP-HUVEC spheroids with ASCs in suspension encapsulated in 4.1% gel-
SH ds 56, crosslinked with (A1-A3) commercial PEG diacrylate crosslinker
and (B1-B3) PEG-(oNB-A)2 photocleavable crosslinker. Images were taken
on (1) day 2, (2) day 10 and (3) day 15 after encapsulation. Images are
magnified 2.5 times and the scale bars represent 500 ➭m.

The results strongly suggest that the PEG-(oNB-A)2 photocleavable crosslinker, that has

been used in the present work, is cytotoxic. As to the reason why, there are two possible

explanations, one being that this linker contains cytotoxic molecules and the other one

being that impurities during synthetization are responsible for the cytotoxic effect.

To test whether or not the linker itself is cytotoxic, an extensive literature research has

been performed. In the study by Lunzer et al. [172], on which the present work is building

upon, no cytotoxicy assessment of the PEG-oNB crosslinker was done. Microchannels have

been cleaved around ASC spheroids and the cells have been reported to migrate into them

over a period of 14 days, which is consistent with the findings of the present work. Gen-

erally, PEG-(oNB-A)2 is referred to as PEG di-photogegradable acrylate (PEGdiPDA) in

the literature. All analyzed papers, using either this linker or a similar adaptation, are

based on a previously published preparation protocol [190]. Many of the studies have not

included a cytotoxicity assay, probably because such an assay is included in the aforemen-

tioned preparation protocol. There, MSCs have been encapsulated in a hydrogel formed

by free-radical chain polymerization between polyacrylate kinetic chains and PEGdiPDA,
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and a live/ dead staining after encapsulation as well as a metabolic activity test after 24

and 48 hours have been performed. Some studies have included an assessment of the cy-

totoxicity, such as a live/dead staining of MSCs encapsulated in a PEGdiPDA crosslinked

hydrogel, with a subsequent observation over 4 days without a reported cytotoxic behav-

ior [191]. Tamura et al. [192] have encapsulated two cell types in a hydrogel formed by

click-reaction of azide-modified gelatin with tetra arm-PEG (DBCO-PC-4armPEG) in

different concentrations. They performed a live/dead cell viability assay after 24 hours

and reported no cytotoxic behavior. Truong et al. [193] used a hydrogel formed by alkyne-

azide cycloaddition (SPAAC) of PEG20k-4arm and gelatin, and performed a live/dead

cell viability assay and a metabolic activity assay on day 1, day 3 and day 7 with L929

mouse fibroblast cells. They reported no cytotoxic behavior. Tsang et al. [194] formed

a dydrogel by reaction of gel-MA and PEG-oNB-methacrylate. Encapsulated cells were

imaged at days 0, 4, 6 and 14 and a live/dead cell viability assay was performed on cells

seeded on hydrogel surface at day 3. They reported no cytotoxic behavior.

Cumulative, these results suggest that the PEGdiPDA crosslinker is cytocompatible. No

publication in which a thiolated gelatin hydrogel is cross-linked with a PEGdiPDA cross-

linker, besides the one mentioned above, has been identified during the literature research.

Therefore, apart from our cross-linker being impure, the only other reason for cytotoxi-

city could arise from the Michael’s type thiol-ene addition between the acrylate and the

thiol groups. Since the commercial cross-linker undergoes the same reaction (and is non-

cytotoxic) and this reaction should not yield cytotoxic side products [180], it is most likely

that our cross-linker is cytotoxic due to impurities.

5.1.2 Guided cell migration

While the PEG-oNB crosslinker seems to be cytotoxic to ASCs in single cell suspension

and HUVECs in general, as discussed in the previous section, ASC spheroids are an ex-

ception. It seems that the adverse effect is more pronounced for HUVECs than for ASCs.

Moreover, the aggregation of ASCs into spheroids enables them to stay viable and to

migrate into the hydrogel. This might be due to an interplay of different factors, such

as the collective cell migration, which reduces the overall contact area with the cytotoxic

component, the delayed exposure after encapsulation of the majority of ASCs and the

general beneficial aspects of spheroids that have been discussed in Section 2.2. In Fig. 5.3

the migration of GFP-ASCs into cleaved microchannels is visualized over a period of 12

days. The ASCs have already significantly invaded the channels on day 2 and completed

this process latest on day 5. Once the cells have reached the end of the channels, they are
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Figure 5.3. Coculture spheroid of RFP-HUVEC and GFP-ASCs in a 1:1 ratio encap-
sulated in 4.1% gel-SH ds 56, crosslinked with PEG-(oNB-A)2 photocleav-
able crosslinker. Microchannels have been cleaved in a star shaped pattern
around the spheroid. Images were taken on (A) day 2, (B) day 5, (C) day
8 and (D) day 12 after photocleaving. Printing parameters: power 130 to
300 mW, speed 1 000 mm/s, wavelength 700 nm. Images are magnified 10
times and the scale bars represent (A) 200 ➭m and (B-D) 500 ➭m.

migrating into the surrounding hydrogel and continue to do so over the whole observation

period. Between day 8 and day 12 (compare Fig. 5.3C and Fig. 5.3D) the area covered

by ASCs has noticeably increased, which indicates that they stayed highly active over the

whole observation period. The red fluorescent signal of HUVECs seems to be decreasing

over time. At day 12 only two red fluorescent spots remain visible in the center (see Fig.

5.3D).
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The cleaved microchannels seem to be a promising tool for guiding cell migration and

might be a viable method for guided HUVEC sprouting if the cytotoxicity problem can

be resolved. Judging from the spontaneous HUVEC network formation in gel-SH with

PEG diacrylate crosslinker (see Fig. 5.2), this could also be a well suitable hydrogel for

photoinduced grafting.

5.2 Photografting of gelatin methacryloyl to induce

guided cell migration

5.2.1 Material modification

The immobilization of a molecule on the hydrogel matrix upon multi-photon absorption

can lead to a local change in the chemical and physical material properties. In the present

work, DSSA, a hydrophilic molecule with two azide functional groups, which are capa-

ble of binding to C-H and N-H bonds upon their activation to nitrenes, was utilized as

the photografting agent. If the two nitrenes are binding to different poplypeptides it is

expected that the crosslinking density increases. It has been previously observed that

the elastic modulus increases upon DSSA photografting for gel-MA with a high degree

of substitution (95%) and decreases in gel-MA with a low ds (60%) [164]. The increase

in elastic modulus, probably due to an increased crosslinking density, and the decrease

in elastic modulus, probably due to a higher swelling ratio induced by the hydrophilic

molecules, seem to be two counteractive effects. It is possible, that the diffusion of liquid

in gel-MA is sufficiently impaired at higher degrees of substitution, so that the increased

swelling in modified regions is not high enough to offset the influence of crosslinks, the

number of which should increase with higher degrees of substitution.

We aimed to measure the changes in material properties for the gel-MA used in the present

work, however, up to the concentration of 10% the hydrogel was too soft for reliable AFM

measurements. Preliminary results suggest that the elastic modulus for 10% gel-MA ds

63 is roughly 0.4 kPa 24 hours after hydrogel formation and drops to roughly 0.1 kPa after

another 24 hours. The estimated value for the 5% concentration is somewhere around

0.005 kPa. Considering that in previous rheology measurements of 5% and 10% gel-MA

ds 63, with the same photoinitiator working solution, the elastic moduli were 0.54 kPA

and 7.3 kPa, respectively, there is a big discrepancy to the present work [195]. Possible

explanations will be discussed in Section 5.2.6. The effect of photografting on the material

properties was of the greatest interest for the present work. While it was not possible to
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obtain conclusive results in this regard, a trend towards a decrease in elastic modulus upon

photografting in 10% gel-MA was observed. Previous measurements of grafted regions in

5% gel-MA ds 60 (DSSA working solution of 1 mM or 2 mM) yielded a range of elastic

moduli from roughly 1.4 kPa to 0.1 kPA for a laser power of up to 190 mW and a laser

scanning speed of 1 000 mm/s [164].

5.2.2 Threshold test

To determine the lower grafting threshold for different laser powers and printing speeds,

an array of cubes, each column with a different printing power and each row with a dif-

ferent printing speed, was photografted in 5% gel-MA. The layout was an 19x3 array of

cubes (100x100x100 ➭m feature size, 200 ➭m distance in x-direction, 250 ➭m distance

in y-direction) with increasing power in x-direction from 20 mW to 200 mW in steps

of 10 mW and with increasing printing speed in y-direction from 500 mm/s to 1 500

mm/s in steps of 500 mm/s. Two such tests have been performed, both with the same

material concentration of 5% and the same DSSA concentration of 1 mM. Following the

observations in the first experiment, the maximum printing speed was reduced to 1 000

mm/s and the maximum printing power to 140 mW. The DSSA soaking time has been

increased from 2 hours in the first experiment to 24 hours in the subsequent experiment,

to determine the influence of soaking time on the grafting threshold.

Figure 5.4. Photografted array of cubes in 5% gel-MA ds 63 after soaking in DSSA for
2 hours. Grafted areas are fluorescing in green. The scale bar represents
500 ➭m.

In the first experiment, with a DSSA soaking time of 2 hours, the cubes started to be

visible at around 70 mW for 500 mm/s and 80 mW for 1 000 mm/s, as shown in Fig. 5.4.

However, the background noise is quite high due to residual DSSA solution that remained

in the pellet after the washing process. Grafting at 1 500 mm/s did not result in the

desired cubes. This is due to the scanning velocity dependent time delay between the

set position and the actual position caused by the inertia of the scanning mirror, which
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Figure 5.5. Photografted array of cubes in 5% gel-MA ds 63 after soaking in DSSA for
24 hours. Grafted areas are fluorescing in green. The scale bar represents
500 ➭m.

can only be compensated in a certain range of velocities [164]. With a longer soaking

time of 24 hours, the cubes started to be visible at 50 mW for 500 mm/s and 60 mW

for 1 000 mm/s (see Fig. 5.5). A comparison of the grafting results for samples that

have been either stored in the incubator (37 ➦C, 5% CO2, humid) or at room temperature

throughout the DSSA soaking period displayed no difference in the threshold.

The maximum printing speed for DSSA photografting in 5% gel-MA ds 63 is between 1

000 mm/s and 1 500 mm/s, most likely at the lower end. An increase in printing speed

from 500 mm/s to 1 000 mm/s shifts the lower laser power threshold only marginally, by

roughly 10 mW. A longer DSSA soaking time (24 hours instead of 2 hours) decreases the

grafting threshold by roughly 20 mW for both printing speeds, indicating that 3 hours

might be a sufficient amount of time for DSSA to reach a diffusion equilibrium in a pellet

of 30 ➭L of the tested hydrogel. The type of hydrogel, the degree of substitution, the

hydrogel concentration or the degree of crosslinking influences the time until a homoge-

neous distribution of DSSA in the hydrogel is reached. Since 24 hours of DSSA soaking

seems to be more than sufficient, it is not possible to draw any conclusions, in terms of

increased speed of DSSA diffusion, from the comparison of incubator and non-incubator

stored samples. One would need to perform this experiment at soaking times of 2 hours

or less to evaluate the impact of this parameter.

5.2.3 DSSA cytotoxicity

The effect of the DSSA grafting agent on the metabolic activity of ASCs and RFP-

HUVECs was tested for concentrations of 4, 2 and 1 mM with a PrestoBlue cell viability

assay, which acts as an indication for the cytotoxicity of the grafting agent. As depicted
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in Fig. 5.6A, ASCs exposed to DSSA and UV irradiation, show a significant higher

metabolic activity compared to the control. There is no significant difference between dif-

ferent DSSA concentrations. Exposure of ASCs to DSSA without UV irradiation shows

no significant effect on the metabolic activity. For RFP-HUVECs, displayed in Fig. 5.6B,

there is a significant difference in comparison to the control for all tested concentrations,

except for 2 and 1 mM in the non-UV irradiation group.

Figure 5.6. Determination of cytotoxic behavior of DSSA on (A) ASCs and (B) RFP-
HUVECs using the PrestoBlue cell viability assay. Letters indicate signif-
icant difference at p < 0.05 level. In graph (B), all values are significantly
different in comparison to the control within the UV group and within the
non-UV group, except for 2 mM and 1 mM.

The results indicate that DSSA and UV irradiation has no adverse influence on ASCs,

whereas RFP-HUVECs are strongly affected. A concentration dependent effect is visible

for RFP-HUVECs, whereby the increase in DSSA concentration leads to a lower metabolic

activity. Therefore, with a metabolic activity of around 86%, the 1 mM concentration

has been selected for the following experiments.

5.2.4 Effect of hydrogel concentration on cell behavior

To test the effect of the gel-MA concentration on ASCs, 1.2 million cells/mL were en-

capsulated in hydrogel pellets at concentrations of 5%, 7.5%, 10% and 12.5%, and their

proliferation rate was measured by staining of the Ki-67 protein and subsequent quantifi-

cation of the fluorescent signal, the survival rate was visualized by live/dead staining and

the metabolic activity was determined with a PrestoBlue cell viability assay, at day 1, 4,

7 and 13 after encapsulation.
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Proliferation

Even though the anti-Ki-67 antigen was deliberately diluted in a higher concentration

(1:200) to account for staining in a 3D hydrogel, the fluorescent signal was very low.

Therefore, the results should be interpreted with caution and a new protocol for Ki-67

staining inside of hydrogel pellets needs to be established.

Under the assumption that cells are in a proliferative state upon encapsulation, the nor-

malized fluorescent signal of the consecutive time points are displayed in Fig. 5.7 as a

percentage of the fraction of the respective time point to day 1. A sharp drop in the

proliferation rate is visible for all concentrations except 5%, with a tendency towards

recovery between day 7 and day 13. Nevertheless, it is only in 5% (see Fig. 5.7) that the

proliferation rate returns to or even exceeds the day 1 value. The only exception is 12.5%,

for which a stark increase in proliferation rate between day 4 and 7 has been measured.

However, considering the aforementioned problems with staining and the observations in

further experiments in which encapsulated ASCs populated the hydrogel pellets less with

increasing concentrations, this result is rather unlikely to be correct.

Figure 5.7. Quantification of the proliferation of ASCs encapsulated in gel-MA ds 63
with concentrations of (A) 5%, (B) 7.5%, (C) 10% and (D) 12.5%. Each
consecutive time point is displayed as a fraction of the day 1 value. No
usable data exists for 12.5% on day 13. The sample size is 1.

Due to the uncertainty of the data it is not possible to draw direct conclusions on the
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influence of gel-MA concentration on the proliferation rate of ASCs. Nonetheless, the

trend of an initial drop and a subsequent recovery of the proliferation rate seems to be

quite robust.

Live/ dead staining

Figure 5.8. ASCs encapsulated in (A) 5%, (B) 7.5%, (C) 10% and (D) 12.5% gel-MA ds
63. The cells were stained on day 1 with Hoechst (nucleus, blue), calcein-
AM (live cells, green) and PI (dead cells, red). Images are magnified 10
times and the scale bars represent 100 ➭m.

Encapsulated ASCs have been stained on day 1, 4, 7 and 13 after encapsulation. How-

ever, the staining did not work well on day 4, 7 and 13 for 5% gel-MA and on day 13

for all concentrations. While the reason for that is not known to the author, the 12.5%
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concentration has been re-stained on day 14 with the same results, indicating that the

problem did not arise from the staining procedure.

Figure 5.9. ASCs encapsulated in (A) 7.5%, (B) 10% and (C) 12.5% gel-MA ds 63. The
cells were stained on day 7 with Hoechst (nucleus, blue), calcein-AM (live
cells, green) and PI (dead cells, red). Images are magnified 10 times and
the scale bars represent 100 ➭m.

As displayed in Fig. 5.8, the vast majority of ASCs were alive on day 1 after encapsula-

tion for all tested material concentrations. This shows that the encapsulation process is

cytocompatible and that the material concentration has no initial adverse effect on cell

survival. On day 7, the majority of cells is still alive in all stainable concentrations, as

shown in Fig. 5.9. While not very pronounced, a slight trend towards a higher fraction
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of dead cells in hydrogels with higher concentrations is visible. It is well noticeable in

Fig. 5.9 that the cells are spread a lot more in 7.5% compared to higher concentrations.

This suggests that lower gel-MA concentrations provide a more suitable environment for

ASCs.

Metabolic activity

The metabolic activity of ASCs encapsulated in 5%, 7.5%, 10% and 12.5% gel-MA is

presented in Fig. 5.10, for days 1, 4, 7 and 13 after encapsulation, as the fluorescent

intensity (Fig. 5.10A) or the percentage fraction with regard to day 1 (Fig. 5.10B). In

general, the metabolic activity is increasing over time for all concentrations. The differ-

ence in metabolic activity between different concentrations on day 13 seems negligible.

The metabolic activity on day 4 and 7 seems to be highest for 5% and 12.5%.

Figure 5.10. Quantification of the metabolic activity of ASCs encapsulated in 5%, 7.5%,
10% and 12.5% gel-MA ds 63. The metabolic activity is presented as
either (A) the mean fluorescence intensity or (B) the percentage fraction
compared to day 1. The sample size is 2.

While the results suggest that over longer encapsulation times the gel-Ma concentration

has no effect on the metabolic activity of ASCs, it is odd that at intermediate time points

(day 4 and 7) cells encapsulated in the highest and lowest tested concentrations (5% and

12.5%) show the highest metabolic activity. A subsequent test with a sufficient sample

size to allow for a statistical analysis is necessary to validate the present data.

5.2.5 Cell alignment

To study the response of ASCs to DSSA-modified patterns, a mesh-like structure has

been photografted within a cell-laden gel-MA pellet and the cell behavior has been ob-

served over the course of 13 days. The structure consists of 10 parallel elongated cuboids

(10x10x500 ➭m, separated by 50 ➭m), superimposed by 10 parallel elongated cuboids,
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rotated at a 90-degree angle. Alternative mesh-like designs have shown that a decrease

of either the feature size or the separation distance leads to seemingly less cell alignment.

Fluorescent images visualizing the alignment on day 13 after grafting are displayed in

Fig. 5.11. The modified regions are fluorescing in blue and the ASCs are fluorescing in

green. By a direct comparison of the images with and without the blue-fluorescent chan-

nel (Fig. 5.11B and Fig. 5.11C) the alignment of ASCs is highlighted. It is well visible

in Fig. 5.11C that the ASCs have a preferential orientation in the horizontal and vertical

direction. A quantification assay has been performed on the basis of this data. The re-

sults (Fig. 5.11A) are in agreement with the observed patterns, stating that roughly 41%

of cells are oriented horizontally and vertically, as compared to roughly 20% percent in

the non-grafted control. This indicates that the cells can sense the modified regions and

respond accordingly by orienting their shape in alignment with the given pattern.

Figure 5.11. (A): Quantification of the orientation of hASCs in response to a pho-
tografted pattern on day 13. (B and C): GFP-ASCs encapsulated in 5%
gel-MA ds 63 at a density of 1 000 cells per 1 ➭L. Image was taken on day
13 after grafting. In image (A) the grafted structure is fluorescing in blue.
This signal is suppressed in image (B) to highlight the cellular alignment.
Printing parameters: power 125 mW, speed 500 mm/s, wavelength 700
nm, layer spacing 0.5 ➭m. Images are magnified 10 times and the scale
bars represent 500 ➭m.

5.2.6 Parameter optimization

It became evident early on that HUVEC sprouting is directly dependent on preceding ASC

migration, in the sense that HUVECs only migrate into areas where ASCs are present and

they seemingly do so in a ASC-density dependent manner. Therefore, in discussing the

different parameters, that have been assessed for their potential to enhance guided cell

migration, the emphasis will be on guided vs. random ASC migration and the subsequent

impact on HUVEC sprouting. The analyzed parameters have been the printing power,

the design of the grafting structure, the material concentration, the cell encapsulation

methods and the coculture ratios.
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Various factors, such as the cell passage, the spheroid formation process, the spheroid

encapsulation process and the location of the spheroid within the hydrogel, introduce a

high level of variability between different samples, which makes it rather difficult to reach

comparative conclusions. The location of the spheroid has been identified as a major

factor in influencing random and guided ASC and HUVEC migration. It seems that the

presence of a certain number of ASCs is necessary to induce HUVEC migration. In in-

terpreting the results, an effort is made to take this variability into account, by trying to

draw conclusions from general trends that have been noticed throughout the experiments.

We observed in the initial experiments that ASCs are superior to HUVECs in terms of

speed and extent of migration. As a result, the fraction of fetal calf serum in the cell

culture medium, which was added to the hydrogel pellets, was changed from 10% to

5%, to favor the performance of HUVECs. The design of the photografting structure

has been iteratively adapted to facilitate a maximal coverage of the spheroids’ surface, in

order to reduce random cell migration. By trying different cell encapsulation methods, we

concluded that coculture spheroids are most suitable for the efforts of the present work.

Different material concentrations of 5%, 7.5%, 10%, 15% and 20% have been tested, and

5% has proven to be most effective. Increasing the fraction of HUVECs in coculture

spheroids did not allow us to draw a definite conclusion on the most suitable ratio due to

the aforementioned variability between samples. A longer spheroid culture time (11 days)

showed an enhanced ASC behavior and a dampened HUVEC behavior, which is exactly

the opposite of what would be beneficial for the present work. Studying cell migration

with varying printing powers revealed that this parameters has an effect on the migration

speed of ASCs.

Printed structure

The CAD-files, which are to be printed within the hydrogel, have been designed in a way

that facilitates spheroid grafting, with differently shaped structures facing outwards from

a circular center, which roughly corresponds to the shape of the encapsulated spheroids.

Following this general design principle, several iterations have been made according to

previously obtained experimental results. The first printed structure resembles a vascular

tree with two bifurcations and corresponding decreasing diameters from 30 ➭m to 20 ➭m

to 15 ➭m, as depicted in Fig. 5.12A. Four such structures were grafted perpendicular

to each other. The main problem was that a preferential migration of ASCs was barely

discernible. Moreover, contrary to previous believes, guiding HUVEC sprouting turned
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out to be difficult, consequently a simpler printing structure seemed more suitable. The

design has been adapted to eight elongated cuboids assembled in a star-shaped pattern

(see Fig. 5.12B), and developed further to isosceles trapezoidal-like structures (see Fig.

5.12C), a design which ensures that the printed area in close proximity to the spheroid

is sufficiently large to direct the cells towards the printed structures and subsequently

minimize random migration, and at the same time allows to study the capability of cells

to migrate into structures with a small feature size. Since the spheroids are 3D constructs

and sprouting can occur at any point on the spheroids’ surface, the design has been en-

hanced by stacking three identical layers on top of each other, to maximize the overall

amount of guided migration. Adding a connecting sphere in the middle has not led to

visible improvements and exposed the cells to the possible adverse laser, and has therefore

been discarded.

Figure 5.12. Overview of the evolution of the photografted structures. The design has
changed from a (A) photografted vascular tree with two bifurcations (di-
ameters of 30 ➭m, 20 ➭m and 15 ➭m, respectively) to (B) photografted
elongated cuboids (30x30 ➭m) and the final 3D-station design (C) with
three layers of isosceles trapezoidal-like structures (cross section: largest
100x30 ➭m, smallest 20x30 ➭m). Images (A and B) are magnified 10 times
and the scale bars represent 100 ➭m.

To maximize the ratio between guided and random ASC migration, a final design, with 24

elongated isosceles trapezoidal-like structures (largest cross section: 100x30 ➭m; smallest

cross section: 20x30 ➭m; length: 1200 ➭m), arranged in three star-shaped layers to ensure

full coverage of the spheroid’s vertical surface, displayed in Fig. 5.12C, has been created.

Some experiments required an adaption of the length. Since the overall structure is

essentially assembled by arranging the 24 elongated isosceles trapezoidal-like structures in

the 3D-station, it is possible to change the individual printing parameters. In the present

work, each direction was printed at a different power, the values of which are displayed

in Fig. 5.12C, to study the influence of printing power on directional cell migration. A
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cuboid has been printed to denote the structure with the starting power and to indicate

the direction of increasing laser power.

Cell encapsulation method

Cells can be either encapsulated in suspension, as spheroids or as a combination of both.

To induce HUVEC sprouting the presence of this cell type is indispensable. However, if

HUVECs are encapsulated in gel-MA on their own, either in suspension or as spheroids,

or the density of ASCs is too low, they retain a round morphology and do not migrate

into the hydrogel. The following combinations have been explored in the present work;

coculture spheroids, HUVEC spheroids with ASCs in suspension, ASC spheroids with

HUVECs in suspension and both cell types in suspension. Experiments with HUVECs

in suspension yielded overall bad results, possibly due to problems in achieving the right

seeding density. This approach has not been further pursued because other approaches

seemed more promising. It could be beneficial, though, to add HUVECs in suspension to

encapsulated coculture spheroids.

The encapsulation of HUVEC spheroids and ASCs in suspension yielded ambiguous re-

sults. Fig. 5.13 displays the migration and alignment of ASCs and RFP-HUVECs to

the photografted structure over the course of 7 days. By comparing the first row, which

shows the grafted structure fluorescing in blue, and the second row the migration of ASCs

towards the grafted structure, indicated by a difference in ASC density and highlighted

by white arrows (see Fig. 5.13B2 and Fig. 5.13C2), is visible and most pronounced at

the left facing vascular tree. ASC migration seems to be highest between day 1 and day

4 (compare Fig. 5.13A2 and Fig. 5.13B2), however, an increase in ASC density on the

photografted structure is also visible between day 4 and day 7 (see white arrow on the

far left in Fig. 5.13C2). In terms of HUVEC migration, only the left facing vascular

tree shows an overlap with a sprout, indicated by the red arrows in Fig. 5.13B1 and

Fig. 5.13B2. Arguably, this is also the structure with the highest perceived ASC density

and the results could be interpreted as an indication for the potential of this method to

achieve guided HUVEC migration. However, due to presence of ASCs in close proximity

to the grafted structures it is easy for the HUVECs to deviate from their predetermined

path (see green arrow in Fig. 5.13B1). A maximum intensity projection (MIP) of the

RFP-HUVECs red fluorescent signal, displayed in Fig. 5.13B3 and Fig. 5.13C3 for day 4

and day 7, respectively, reveals that the shape of the vascular network is not resembling

the grafted structure. It has to be kept in mind that some of the sprouts are outside of

the 30 ➭m grafted layer and therefore have no incentive to follow the structure.
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Figure 5.13. RFP-HUVEC spheroids with ASCs in suspension encapsulated in 10%
gel-MA ds 63. Images were taken on day 1 (first column), day 4 (sec-
ond column) and day 7 (third column) after photografting. The first row
shows the photografted structure fluorescing in blue, the RFP-HUVECs
fluorescing in red and a brightfield image of the ASCs. In the second row
the fluorescent signal has been suppressed to visualize the ASC alignment.
The third row is a MIP of the red fluorescent signal to highlight the vascu-
lar network that has been formed. Printing parameters: power 100 mW,
speed 500 mm/s, wavelength 700 nm. Images are magnified 10 times and
the scale bars represent 100 ➭m.

A big obstacle to this approach is the fact that the number of ASCs which are not aligned

to the grafted structure, during the time that is relevant for HUVEC migration, seem

to be too high to sufficiently confine the HUVEC migration. Still, it could make sense
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to further explore this method and adapt the grafting design as well as the printing

parameters. Generally, coculture spheroids seem like the most promising strategy and

have therefore been selected for subsequent experiments.

Hydrogel concentration

The initial experiment with coculture spheroids was conducted in 5% gel-MA, following

promising, previously reported results regarding spontaneous HUVEC sprouting and net-

work formation [53]. No HUVEC sprouting was observed in this experiment, however, it

became evident that ASC migration is quicker than HUVEC migration and that in this

particular setup the ratio between random and guided ASC migration is high. The under-

lying hypothesis, for testing different hydrogel concentrations, was that an increased con-

centration will slow down ASC migration and favor guided over random migration, which

is essentially dependent on the extent of the chemical and physical difference between

modified and bulk hydrogel. To test this hypothesis, ASC spheroids were encapsulated in

10%, 15% and 20% gel-MA and cell migration was observed.

With increasing concentrations the process of cell encapsulation and pellet formation gets

more and more difficult. A concentration of 20% is not suitable for recurrent experiments

with a large sample size. In Fig. 5.14, an ASC spheroid encapsulated in 10% gel-MA is

imaged over the course of 14 days. The migration of ASCs into the non-grafted regions

was drastically impaired compared to previously conducted experiments in 5% gel-MA.

Although slightly less pronounced, the same was observed for migration into the grafted

regions. This trend was even stronger for higher concentrations, and spheroids in 20%

gel-MA did not deviate from their original shape. Overall, the fraction between guided

and random migration seems to have increased from 5% to 10%. Cell migration was

negligible between day 5 (see Fig. 5.14B) and day 7 (see Fig. 5.14C), and came to a halt

between day 7 and day 14 (see Fig. 5.14D).

To test whether the intermediate concentration of 7.5% is better suitable and whether

there is a difference between mono- and coculture spheroids, coculture spheroids of dif-

ferent ratios have been encapsulated in 5% and 7.5% gel-MA and observed over a period

of 12 days. The higher hydrogel concentration performed similarly to slightly worse in

terms of guided cell migration.

It needs to be mentioned, that in other experiments with 10% gel-MA, namely the en-

capsulation of HUVEC spheroids and ASCs in suspensions (see Fig 5.13), and the en-
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Figure 5.14. ASC spheroid encapsulated in 10% gel-MA ds 63. The photografted struc-
ture is fluorescing in blue (A) and has been suppressed in images (B-D) to
better visualize ASC migration. The images have been taken on (A) day 1,
(B) day 5, (C) day 7 and (D) day 14. Printing parameters: power 125 mW
to 300 mW, speed 500 mm/s, wavelength 700 nm. Images are magnified
10 times and the scale bars represent (A-C) 100 ➭m and (D) 500 ➭m.

capsulation of coculture spheroids cultured for 14 days prior to encapsulation, the cells

were performing better in terms of migration and proliferation. While it is coherent that

longer cultivation periods lead to increased ASC migration, the reason for the better per-

formance of ASCs in suspension might be caused by an incentive to migrate towards each

other and form aggregates, which is already given in spheroids, or it might be due to vari-

ations between experiments, such as the cell passage or slight deviations in the grafting

and imaging process. According to rheology measurements of 5%, 7.5% and 10% gel-MA
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ds 63 in an equilibrium swollen state, crosslinked with 0.6 mM Li-TPO-L, the storage

moduli are roughly 0.54 kPa, 3.6 kPa and 7.3 kPa, respectively [195]. Preliminary AFM

measurements of the hydrogels used in the present work, which are in theory identically

to the ones described above, indicated that 5% and 7.5% gel-MA are too soft to obtain

reliable results of patterns at the micrometer scale with an AFM (estimation of elastic

modulus far below 0.1 kPA), and that the elastic modulus of 10% gel-MA is around 0.4

kPA and 0.1 kPa for measurements on day 1 and day 2 after hydrogel formation. While

the present observation of slower ASC migration with increasing gel-MA concentration

aligns with the findings by Zigon Branc et al. [195], it is questionable whether the elas-

tic modulus is the pivotal factor in the present case. Two possible explanations for the

discrepancy are that there is either a difference in the photoinitiator, potentially trac-

ing back to the synthesis or stock solution preparation, or in the UV irradiation, which

would result in more unreacted, potentially cytotoxic functional groups (methacrylamide

and methacrylate), an effect that should be more pronounced for higher concentrations.

In terms of UV irradiation, two different sources and durations of irradiation are used,

resulting in an irradiation of 15 J/cm2 and 11x10−4 J/cm2 in the work by Zigon Branc

et al. [195] and the present work, respectively. It was not possible to address these ques-

tions in the present work due to delayed AFM measurements. Therefore, a comprehensive

comparative study addressing these issues remains to be performed.

Regardless of the underlying reasons, the selection of 5% gel-MA as the concentration for

subsequent experiments is coherent with the obtained results, that are in accordance with

previous observations, according to which an increased material concentration/ storage

modulus impairs ASC migration from spheroids [195].

Coculture ratio and early vs. late encapsulation

The choice to combine ASCs and HUVECs into spheroids in a 1 to 1 ratio was based

on the results from a preceding study on the optimal ratio for spontaneous sprouting,

which stated that increasing the fraction of HUVECs, up to a maximum fraction of

50%, increased the mean tubule length and mean number of sprouts [53]. Therefore, we

speculated that a higher HUVEC fraction might lead to even better results in terms of

spontaneous sprouting and, even more relevant for the present work, in terms of guided

sprouting, by decreasing the delay in migration between HUVECs and ASCs and re-

ducing random ASC migration. The aforementioned study also included a comparison of

sprouting between coculture spheroids encapsulated in 5% gel-MA ds 63 after 1 day (early

encapsulation) or 11 days (late encapsulation) in culture. Late encapsulation resulted in
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a significant reduction in HUVEC sprouts [53]. This experiment was repeated slightly

different, to test whether a late encapsulation is beneficial for guided ASC and HUVEC

migration, whether a higher fraction of HUVECs has a positive impact and whether di-

luting the agarose powder in sterile water instead of PBS has an effect on the cell behavior.

Figure 5.15. Coculture spheroids of ASCs and RFP-HUVECs encapsulated in 5% gel-
MA ds 63. The ratio of ASCs to HUVECs is indicated on the left of the
figure and early (after 1 day) or late encapsulation (after 11 days) as well
as the day on which the image was taken is indicated on the top of the
figure. Images in the second column are a MIP. Printing parameters: power
125 mW to 300 mW, speed 1 000 mm/s, wavelength 700 nm. Images are
magnified 10 times and the scale bars represent 500 ➭m.

Fig. 5.15 provides a direct comparison of the different ratios in vertical direction and

between early and late encapsulation in horizontal direction. Regarding the migration of
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ASCs, an increase in the fraction of HUVECs effectively leads to a decrease in the number

of ASCs per spheroid, which results, as expected, in a decreased area of the hydrogel that

is populated by ASCs. A bit more unexpected is the observation that from a certain

ratio onward (i.e. 1:10, see Fig. 5.15) the directionality of ASC migration decreases.

Longer culture times of the coculture spheroids resulted in an increased ASC migration/

proliferation. The increased length of the grafted structures (adapted for experiments in

which an enhanced migration was expected) for late encapsulation in Fig. 5.15 needs to

be taken into account when comparing the migration distances.

Only early encapsulated spheroids with the ratio of 1:1 and 1:5 experienced HUVEC mi-

gration. Comparing the grafted to the non-grafted spheroids (see Fig. 5.15 1:1 early

encapsulation) in the 1:1 early encapsulation sample reveals that HUVEC sprouting is

impaired in the former. The presence of other spheroids could be a crucial factor, which

would be in agreement with previous observations according to which HUVECs already

formed sprouts on day 4 [53], potentially due to the fact that a lot of spheroids are in

close proximity to each other. It is also possible that the laser has a significant adverse

effect on HUVECs, which is why the connecting central sphere has not been printed in

subsequent experiments.

Since it is not clear, based on the aforementioned results, whether or not a coculture ratio

in between 1:1 and 1:5 is best suitable to induce HUVEC migration, coculture spheroids

with the intermediate ratios of 1:2 and 1:3 have been encapsulated and subsequently

observed. While the number of sprouts is higher for both ratios (see Fig. 5.16, compared

to the 1:1 ratio (see Fig. 5.15), the variability between samples is too high to draw

a definite conclusion, especially given the fact that in other experiments 1:1 coculture

spheroids have experienced significantly more sprouts than in the sample shown in Fig.

5.15.

Spheroid position

The parameter with the most impact on guided as well as random ASC and HUVEC

migration is the location of the spheroid within the hydrogel. The hydrogel preparation

and cell encapsulation method employed in the present work does not allow for the manual

control of the spheroids’ position. According to observations of an extensive sample size,

there are two positions in which a noteworthy number of HUVEC sprouts are occurring.

The first one is in close proximity to the glass bottom of the microscopy dish and the

second one in close proximity to a sufficient amount of other spheroids. The common

56



5 Results and Discussion

Figure 5.16. Coculture spheroids of ASCs and RFP-HUVECs encapsulated in 5% gel-
MA ds 63, imaged on day 5 after grafting. The ratio of ASCs to HUVECs
is indicated on the left of the figure. Images in the second column are a
MIP. Printing parameters: power 125 mW to 300 mW, speed 1 000 mm/s,
wavelength 700 nm. Images are magnified 10 times and the scale bars
represent 500 ➭m.

denominator of both locations is the presence of a high number of ASCs, which, in the

first location, results from an enhanced migration and proliferation of ASCs on the surface.

This fact became obvious when the use of GFP-ASCs made it possible to visualize the

position of ASCs layer by layer. In an effort to visualize photografting induced directional

cell migration, the presence of spheroids in proximity to the grafted spheroids have initially

been seen as a factor of disturbance, and it has therefore been actively tried to select

standalone spheroids for grafting.
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Printing power

In order to evaluate the impact of the printing power on directional ASC migration,

the individual isosceles trapezoidal-like structures have been printed at different power

settings, between 125 mW and 300 mW with a stepwise increase of 25 mW, as displayed

in Fig. 5.12. The cell migration has been observed by means of time-lapse imaging over

a period of 42 hours. The migration distance into the grafted structures has been plotted

over the time in Fig. 5.17 for selected power values. Since the observed spheroids showed

a large variability between each other, we used a linear mixed effect model to quantify

the influence of both time and laser power on cell migration distance, to consider the

random effects due to the individual samples. The model returned a strong effect of time

on migration distance, coherent with the pictures we acquired and with the data in Fig.

5.17, and a weaker but still positive effect of power. The likelihood ratio test we performed

against a model with no power confirmed that this effect is statistically relevant. This

indicates that higher laser powers are better suitable for guiding cell migration. Since

an overlapping between spheroids and grafted structure is unavoidable, potential adverse

effects of the laser at higher powers remain to be addressed.

Figure 5.17. Quantificaton of the migration distance over time, for selected power val-
ues, of GFP-ASCs into the microchannels grafted at different power setting
in 5% gel-MA ds 63, as observed with time lapse imaging over 42 hours.
The results of up to five different samples are averaged. The standard
deviation is high compared to the small sample size.
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5.2.7 Guided cell migration

After having thoroughly discussed the various parameters that have been adapted in an

effort to facilitate photografting induced guided cell migration and the limitations of the

present approach in the previous section, the best results that have been obtained, in

terms of directional ASC and HUVEC migration, are presented in the following.

Figure 5.18. MIP of coculture spheroids of GFP-ASCs and RFP-HUVECs in a 1:1 ratio,
encapsulated in gel-MA ds 63 at a concentration of 5%. Images were taken
on day 3 after grafting. The blue fluorescent channel is not shown in image
(B) to better highlight ASCs alignment along the grafted regions. Printing
parameters: power 125 mW to 300 mW, speed 1 000 mm/s, wavelength
725 nm. The images are magnified 10 times and the scale bars represent
500 ➭m.

Guided ASC migration

In Fig. 5.18A, the grafted star-shaped structure, fluorescing in blue, is wrapped around

the coculture spheroid located in the center of the image. The images have been taken

on day 3 after grafting and are a MIP of a z-stack taken along the vertical diameter of

the spheroid. Looking solely at the green fluorescent signal in Fig. 5.18B, the grafted

star-shaped structure becomes clearly visible, confirming that the ASCs have migrated

into the pre-defined regions. In areas where the photografted structure is in contact with

other spheroids on the same plane the cell density is higher. This effect is especially

pronounced in the top right region.
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Guided HUVEC migration

Three of the samples that seem to show directional sprouting are displayed in Fig. 5.19.

The images in the top row show the ASCs fluorescing in green and the HUVECs fluorescing

in red, to highlight the dependence of HUVEC sprouting on the presence of ASCs. The

bottom row of Fig. 5.19 displays the grafted structure fluorescing in blue and the HUVECs

fluorescing in red. Although it seems that the sprouts are preferably oriented towards

the grafted regions, there is still a considerable number of random sprouts that make it

impossible to draw a definite conclusion on directionality given the limited sample size.

Figure 5.19. MIP of HUVEC sprouting: Coculture spheroids of GFP-ASCs and RFP-
HUVECs in a 1:1 ratio, encapsulated in 5% gel-MA ds 63. Every column
displays the same sample, with the first row showing the blue and red
fluorescent channel to illustrate the dependence of sprouting on the posi-
tions of GFP-ASCs, and in the second row the green and red fluorescent
channels are displayed to illustrate the directional sprouting in accordance
with the photografted structure. The images have been taken on (A) day
3 and (B and D) day 5. Printing parameters: power 125 mW to 300 mW,
speed 1 000 mm/s, wavelengths (B) 700 nm and (A and C) 725 nm. The
magnification is 10 times and the scale bars represent 500 ➭m.
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5.3 Photografting of collagen type 1 to induce guided

cell migration

Collagen has been tested for its suitability as a hydrogel for photografting. The general

mechanisms regarding the grafting-induced material modifications are the same as for

gel-MA, and the reader is referred to Section 5.2.1 for further information.

5.3.1 Concentration and threshold test

Different collagen concentrations (3.6-4.95 mg/mL, 4.4-6.05 mg/mL and 5.6-7.7 mg/mL)

have been prepared by mixing the collagen solution (high protein density of 8-11 mg/mL)

with 10% of DSSA solution and either EGM-2 or PBS in the desired ratio as described

in Section 4.3.2. The hydrogel turned opaque after gelation. This effect was more pro-

nounced for increasing collagen concentrations. Since multi-photon lithography requires

a certain level of optical transparency it was not possible to graft within concentrations

higher than 3.6-4.95 mg/mL.

Figure 5.20. Photografted array of cubes in collagen type 1 at a concentration of 3.6-4.95
mg/mL. Grafted areas are fluorescing in green. The image is magnified 10
times and the scale bar represents 200 ➭m.

A threshold test was performed with the 3.6-4.95 mg/mL collagen concentration. A grid

consisting of 13x2 cubes with 100 ➭m sides, with the power varying between 20 and

140 mW in uniform steps of 10 mW in x-direction and the speed varying in y-direction

between 500 and 1 000 mm/s, as displayed in Fig. 5.20, was photografted. The grafted

61



5 Results and Discussion

structures were not visible with the ➭-Eye camera of the printer. Fluorescent imaging of

the structure revealed the photografted grid (see Fig. 5.20). The fluorescent intensity

within the grafted cubes seems to be inhomogeneous. The shapes are deviating from the

defined parameters and are different between individual cubes. In Fig. 5.20, the cubes

start to be visible at 60 mW for 500 mm/s and at 70 mW for 1 000 mm/s, which are

threshold values similar to those of gel-MA.

5.3.2 Problems and perspectives

As discussed in the previous section, photografting in collagen does not seem to produce

structures with a consistent shape, most likely due to the opaqueness of the hydrogel.

Another problem is that the pellets are not sticking to the glass bottom of the microscopy

dish and start collapsing and dissolving after a couple of days. This seemed to happen

even earlier in cell-laden collagen.

In the setup of the present work, it is impossible to create a collagen hydrogel with

sufficient long-term structural stability that is at the same time transparent enough to

enable multi-photon induced photografting. However, according to the protocol of the

manufacturer, physical gelation is pH dependent and sodium hydroxide (NaOH) or sodium

bicarbonate (NaHCO3) are recommended to be used for adjusting the pH to a value of

7.4. It is therefore very likely that the collagen hydrogel created in the present work

was only slightly or not at all physically gelated. This could also explain the difference in

structural stability of cell-laden (collagen mixed with EGM-2) and non cell-laden (collagen

mixed with PBS) hydrogels. The suitability of properly gelated collagen as a hydrogel for

multi-photon induced photografting remains to be evaluated in further experiments.
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It has been previously reported that cocultures of ASCs and HUVECs are capable of

forming endothelial sprouts, expressing CD31 and VE-Cadherin, which are connecting to

form a microvascular-like network [53]. This thesis aimed to utilize multi-photon lithog-

raphy to control the spatial formation of this network. Specifically, the goal was to induce

a directional migration of ASCs and HUVECs via multi-photon lithography. To this end,

two different multi-photon lithography-based mechanisms, photo-induced grafting and

photo-induced cleaving, have been tested in gelatin-based hydrogels.

Photo-induced cleaving has been applied to gel-SH. While it proved to be a good method

to guide ASC migration, HUVECs did not form notable sprouts in any of the conducted

experiments. By comparing the photocleavable PEG-oNB crosslinker to a commercial

PEG diacrylate crosslinker, we found that the former has a cytotoxic effect on cells. Given

the fact that gel-SH with PEG diacrylate seems to be highly cytocompatible and that

photo-induced cleaving is a suitable tool for confining the migration of ASCs to cleaved

microchannels, this setup promises to be very effective for guiding HUVEC sprouting once

the cytotoxicity problem has been resolved. To this end, it would be reasonable to expose

ASCs and HUVECs directly to the PEG-oNB linker and subsequently perform a 2D cell

PrestoBlue cell viability assay, to confirm the observations of the present work. The next

step should be to synthesize a new linker and test potential improvements regarding its

cytocompatibility.

Two different hydrogels, namely gel-MA and collagen type 1, have been used for pho-

tografting experiments. The big advantage of photografting is that it can be applied to

any transparent hydrogel.

While it was possible to graft inside collagen at a concentration of 3.6-4.95 mg/mL, the

hydrogel did not have the necessary long-term stability to use it for cell guiding ex-

periments. Higher concentrations were not graftable due to the increasing opaqueness.

However, by adding NaOH or NaHCO3 which induces physical gelation according to the

collagen manufacturer, it could be possible to form a hydrogel that satisfies the require-

ments of structural stability and optical transparency.
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The main focus of this thesis was on multi-photon induced grafting in gel-MA. Estima-

tions based on preliminary AFM measurements indicate that the elastic modulus for 5%

gel-MA ds 63 is somewhere in the single digits, which is significantly lower than previous

measurements. The reason for this discrepancy remains to be addressed. Threshold tests

revealed that a shorter DSSA soaking time (2 hours instead of 24 hours) as well as a

higher laser scanning speed (1 000 mm/s instead of 500 mm/s) are increasing the thresh-

old by 20 mW and 10 mW, respectively. The cytotoxicity of DSSA has been tested with

a PrestoBlue metabolic activity assay, which showed that ASCs are not adversly affected

whereas HUVECs are strongly affected in a concentration dependent manner. It is there-

fore sensible to reduce the soaking time in subsequent experiments and to determine the

effect of lower concentrations on the grafting threshold.

Various parameters, namely the printing power, the design of the grafted structure, the

material concentration, the cell encapsulation method, the printing parameters and the

coculture ratios, have been analyzed for their potential to facilitate directional cell migra-

tion. We found the best setup to be coculture spheroids in a 1 to 1 ratio, encapsulated

in 5% gel-MA with a grafting design that is simple, yet covers big parts of the spheroids’

surface. Timelapse microscopy revealed that the speed in which ASCs are migrating into

the grafted structures is dependent on the laser power. The major discovery of the experi-

ments is the fact that the location of the spheroid within the hydrogel has a huge influence

on the behavior of the cells. If the spheroid is in close proximity to other spheroids or

the glass bottom, HUVEC migration is greatly enhanced. This is probably due to the

presence of a greater number of ASCs. Especially near the glass bottom, where the pro-

liferation and migration of ASCs seems to be strongly augmented, the number of ASCs

that are migrating into the grafted channels seems to be higher, which in turn influences

the direction of HUVEC migration. Even if this location dependency is accounted for,

there remains a variability between samples which can be traced back to any number of

variables regarding the materials or experimental processes. The next step in enhancing

this setup should be the spatially controlled deposition of spheroids, which could be com-

bined with a microfluidic chip in which other factors, such as a chemical gradient or shear

force, can be applied to the sprouts.

All samples in which directional sprouting was observed were located in close proximity

to the surface of the microscopy dish. It seems that the initial goal of guiding HUVEC

sprouting has been achieved, although, the sample size is too small to draw a definite

conclusion on directionality.
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“Mesenchymal stem cell durotaxis depends on substrate stiffness gradient strength,”

Biotechnology journal, vol. 8, no. 4, pp. 472–484, 2013.

66



References

[19] M. Rajabi and S. A. Mousa, “The role of angiogenesis in cancer treatment,”

Biomedicines, vol. 5, p. 34, June 2017.

[20] M. De Palma, D. Biziato, and T. V. Petrova, “Microenvironmental regulation of

tumour angiogenesis,” Nature Reviews Cancer, vol. 17, no. 8, pp. 457–474, 2017.

[21] H. Naito, T. Iba, and N. Takakura, “Mechanisms of new blood-vessel formation and

proliferative heterogeneity of endothelial cells,” Int Immunol, vol. 32, pp. 295–305,

May 2020.

[22] S. Grebenyuk and A. Ranga, “Engineering organoid vascularization,” Frontiers in

Bioengineering and Biotechnology, vol. 7, p. 39, 2019.

[23] J. Rouwkema, B. F. J. M. Koopman, C. A. V. Blitterswijk, W. J. A. Dhert, and

J. Malda, “Supply of nutrients to cells in engineered tissues,” null, vol. 26, pp. 163–

178, Jan. 2009.

[24] P. Carmeliet and R. K. Jain, “Angiogenesis in cancer and other diseases,” Nature,

vol. 407, no. 6801, pp. 249–257, 2000.

[25] M. W. Laschke and M. D. Menger, “Vascularization in tissue engineering: Angio-

genesis versus inosculation,” 2012.

[26] E. R. Clark and E. L. Clark, “Microscopic observations on the growth of blood

capillaries in the living mammal,” American Journal of Anatomy, vol. 64, no. 2,

pp. 251–301, 1939.

[27] V. Mastrullo, W. Cathery, E. Velliou, P. Madeddu, and P. Campagnolo, “Angiogen-

esis in tissue engineering: As nature intended?,” Frontiers in Bioengineering and

Biotechnology, vol. 8, p. 188, 2020.

[28] J. Rouwkema and A. Khademhosseini, “Vascularization and angiogenesis in tissue

engineering: Beyond creating static networks,” Trends in Biotechnology, vol. 34,

no. 9, pp. 733–745, 2016.

[29] M. Nikkhah, N. Eshak, P. Zorlutuna, N. Annabi, M. Castello, K. Kim,

A. Dolatshahi-Pirouz, F. Edalat, H. Bae, Y. Yang, and A. Khademhosseini, “Di-

rected endothelial cell morphogenesis in micropatterned gelatin methacrylate hy-

drogels,” Biomaterials, vol. 33, no. 35, pp. 9009–9018, 2012.

[30] W. Jia, P. S. Gungor-Ozkerim, Y. S. Zhang, K. Yue, K. Zhu, W. Liu, Q. Pi, B. Byam-

baa, M. R. Dokmeci, S. R. Shin, and A. Khademhosseini, “Direct 3d bioprinting of

67



References

perfusable vascular constructs using a blend bioink,” Biomaterials, vol. 106, pp. 58–

68, 2016.

[31] B. Sun, X.-J. Jiang, S. Zhang, J.-C. Zhang, Y.-F. Li, Q.-Z. You, and Y.-Z. Long,

“Electrospun anisotropic architectures and porous structures for tissue engineering,”

Journal of Materials Chemistry B, vol. 3, no. 27, pp. 5389–5410, 2015.

[32] Y. Abe, M. Watanabe, S. Chung, R. D. Kamm, K. Tanishita, and R. Sudo, “Balance

of interstitial flow magnitude and vascular endothelial growth factor concentration

modulates three-dimensional microvascular network formation,” APL bioengineer-

ing, vol. 3, pp. 036102–036102, July 2019.

[33] M. S. Hahn, J. S. Miller, and J. L. West, “Three-dimensional biochemical and

biomechanical patterning of hydrogels for guiding cell behavior,” Advanced Materi-

als, vol. 18, no. 20, pp. 2679–2684, 2006.

[34] A. Fritschen and A. Blaeser, “Biosynthetic, biomimetic, and self-assembled vascu-

larized organ-on-a-chip systems,” Biomaterials, p. 120556, nov 2020.

[35] S. Dikici, F. Claeyssens, and S. MacNeil, “Bioengineering vascular networks to study

angiogenesis and vascularization of physiologically relevant tissue models in vitro,”

ACS Biomaterials Science & Engineering, vol. 6, pp. 3513–3528, apr 2020.

[36] Y. Zheng, J. Chen, and J. A. López, “Flow-driven assembly of VWF fibres and webs

in in vitro microvessels,” Nature Communications, vol. 6, jul 2015.

[37] Y. Zheng, J. Chen, M. Craven, N. W. Choi, S. Totorica, A. Diaz-Santana, P. Ker-

mani, B. Hempstead, C. Fischbach-Teschl, J. A. Lopez, and A. D. Stroock, “In

vitro microvessels for the study of angiogenesis and thrombosis,” Proceedings of the

National Academy of Sciences, vol. 109, pp. 9342–9347, may 2012.

[38] P. A. Iaizzo, “General features of the cardiovascular system,” in Handbook of Cardiac

Anatomy, Physiology, and Devices (P. A. Iaizzo, ed.), pp. 3–12, Cham: Springer

International Publishing, 2015.

[39] A. K. Miri, A. Khalilpour, B. Cecen, S. Maharjan, S. R. Shin, and A. Khademhos-

seini, “Multiscale bioprinting of vascularized models,” Biomaterials, vol. 198,

pp. 204–216, 2019.

[40] A. McCormack, C. B. Highley, N. R. Leslie, and F. P. Melchels, “3d printing in

suspension baths: Keeping the promises of bioprinting afloat,” Trends in Biotech-

nology, vol. 38, pp. 584–593, jun 2020.

68



References

[41] M. Yanez, J. Rincon, A. Dones, C. De Maria, R. Gonzales, and T. Boland, “In vivo

assessment of printed microvasculature in a bilayer skin graft to treat full-thickness

wounds,” Tissue Engineering Part A, vol. 21, pp. 224–233, July 2014.

[42] J. S. Miller, K. R. Stevens, M. T. Yang, B. M. Baker, D.-H. T. Nguyen, D. M.

Cohen, E. Toro, A. A. Chen, P. A. Galie, X. Yu, R. Chaturvedi, S. N. Bhatia, and

C. S. Chen, “Rapid casting of patterned vascular networks for perfusable engineered

three-dimensional tissues,” Nature Materials, vol. 11, no. 9, pp. 768–774, 2012.
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AFM Atomic force microscope

AOM Acousto optical modulator

ASC Adipose-derived stem cell

DAS Tetrapotassium 4,4’-(1,2-ethenediyl)bis[2-(3-sulfophenyl)

diazenesulfonate]

ds Degree of substitution

DSSA 4,4’-Diazido-2,2’-stilbenedisulfonic acid

EBM-2 Endothelial Cell Basal Medium-2

EC Endothelial cell

ECM Extra cellular matrix

EGM-2 Endothelial Cell Growth Medium-2

EPC Endothelial progenitor cell

FCS Fetal calf serum

Gel-MA Gelatin methacryloyl

Gel-SH Thiolated gelatin

HUVEC Human umbilical vein endothelial cell

Li-TPO-L Lithium (2,4,6-trimethylbenzoyl)phenylphosphinate

LSM Laser scanning microscope

MIP Maximum intensity projection

MMP Metalloproteinase

MSC Mesenchymal stem/ stromal cell

PBS Phosphate buffered saline

PEG-(oNB-A)2 Poly(ethylene) glycol-(o-nitrobenzyl acrylate)

SMC Smooth muscle cells

TE Tissue engineering

UV Ultraviolet

VEGF Vascular endothelial growth factor

VTE Vascular tissue engineering
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