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Abstract 
Towards the development of a pre-vascularized attachable tissue construct: 

Impact of chemically-induced hypoxia, growth factors and fluid dynamics on 

vascular tube formation in fibrin hydrogels 

Sarah Zippusch 

Tissue engineering can bridge the gap between the need and availability of organs for 

tissue replacement. However, a big obstacle in tissue engineering is the inadequate 

vascularization leading to insufficient supply in deeper layers of the tissue construct with 

oxygen and nutrients. Integration of a blood vessel network in the construct in vitro that 

can be connected to the host vasculature in vivo allows immediate blood flow through 

the implant, which offers a promising solution to this hurdle. Prevascularization depends 

on growth factors and can be triggered by hypoxia and fluidic forces. Delivery systems 

like silica nanoparticles (siNP) can serve for sustained application of supporting factors. 

Goals of this study were: 1) tube formation of endothelial cells (EC) with sustained 

VEGF release from siNP, 2) evaluate effect of chemically induced hypoxia on EC tube 

formation, using Dimethyloxylglycine (DMOG)-loaded siNP 3) evaluate effect of fluidic 

forces on EC tube formation in high-concentration fibrin hydrogels and 4) develop a 

novel flow chamber, allowing the perfusion of low-concentration fibrin hydrogels and 

integration of vascular grafts for attachment. Tube formation of EC in a two-dimensional 

(2D) assay in fibrin hydrogels was supported by VEGF-loaded (24 ng) siNP for 4 days. 

Treatment of adipogenic stem cells (ASC) with 100 and 500 µM solubilized DMOG 

induced increased VEGF secretion which was sustained only with repeated doses. 

Same doses of DMOG released from siNP induced sustained VEGF secretion over 12 

days by repeated doses.  In EC-ASC co-cultures 50 µM DMOG on siNP increased tube 

length, area and number of junctions transiently for 4 days, 100 µM DMOG had 

inhibitory effects. Neither DMOG nor siNP upregulated ALP activity in ASC significantly 

indicating no osteogenic potential. High-concentration (20 mg/mL) fibrin hydrogels with 

EC-ASC co-culture showed no tube formation but after perfusion for 12 days developed 

endothelialized pores. For the perfusion of low-concentration (5 mg/mL) fibrin hydrogels 

a flow chamber was developed with two connected fibrin vascular grafts as in- and 

outlet of flow. 10 day perfusion resulted in endothelialization of pre-formed channels; 

however, no vascular network was seen. Combining all three approaches of this study 

in the new flow chamber will probably enable the generation of a pre-vascularized 

implant that can be attached to the host vasculature in vivo. Further studies will be 

needed in the future to optimize seeding and perfusion strategies in low-concentration 

fibrin hydrogels and for the integration of specialized cells.  
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Zusammenfassung 

Towards the development of a pre-vascularized attachable tissue construct: 

Impact of chemically-induced hypoxia, growth factors and fluid dynamics on 

vascular tube formation in fibrin hydrogels 

Sarah Zippusch 

Tissue Engineering könnte den wachsenden Bedarf an Gewebeersatz decken. 

Fehlende Vaskularisierung der Gewebekonstrukte führt jedoch zu mangelhafter 

Sauerstoff- und Nährstoffversorgung des Implantats in vitro und weiterhin zur 

Degeneration nach Implantation. Eine Lösung hierfür könnte ein integriertes 

Blutgefäßnetzwerk sein, welches an das Gefäßsystem des Patienten anschließbar ist 

und somit sofortige Durchblutung des Implantats ermöglicht. Bei dieser 

Prävaskularisierung spielen Wachstumsfaktoren, Hypoxie und Flusskräfte eine wichtige 

Rolle. Silica-Nanopartikel (siNP) bieten sich hier an, Wachstumsfaktoren retardiert 

freizusetzen. In dieser Arbeit wurde untersucht 1) ob Kapillarbildung von Endothelzellen 

(EC) durch retardierte Freisetzung von VEGF aus siNP unterstützt wird, 2) welchen 

Einfluss chemisch induzierte Hypoxie durch Dimethyloxalylglycine (DMOG)-beladene 

siNP auf die Kapillarbildung hat und 3) welchen Einfluss Flusskräfte auf Kapillarbildung 

in hoch konzentrierten Fibrin Hydrogelen haben. 4) wurde eine Flusskammer entwickelt, 

in der niedrig konzentrierte Fibrinhydrogele perfundiert werden können, die zudem 

durch integrierte Gefäßprothesen an die Blutzirkulation anschließbar sind. Die 

Kapillarbildung von EC in Fibrinhydrogelen konnte durch mit 24 ng VEGF beladenen 

siNP innerhalb 4 Tagen unterstützt werden. In adipogenen Stammzellen (ASC) 

induzierten 100 oder 500 µM gelöstes DMOG erhöhte VEGF-Produktion, welche nur 

durch wiederholte Zugabe erhalten werden konnte. Gleiche DMOG-Konzentrationen auf 

siNP induzierten eine bis zu 12 Tage anhaltende erhöhte VEGF-Freisetzung, bei 

wiederholter Gabe. 50 µM DMOG auf siNP unterstütze die Kapillarbildung in EC-ASC 

Ko-Kulturen, was sich durch erhöhte Gefäßdichte und Anzahl der Kreuzungspunkte 

zeigte. 100 µM DMOG zeigten eine hemmende Wirkung. Weder DMOG noch siNP 

erhöhten die ALP Aktivität in ASC und hatten daher kein osteogenes Potential. Hoch 

konzentrierte (20 mg/mL) Fibrinhydrogele zeigten statisch keine Kapillarbildung, 

bildeten aber unter 12-tägiger Perfusion endothelialisierte Poren. Zur Perfusion niedrig 

konzentrierter (5 mg/mL) Gele wurde eine Flusskammer entwickelt, welche durch 

Fibrin-Gefäßprothesen als Zu- und Abfluss einen Anschluß an die Zirkulation 

ermöglicht. Nach 10-tägiger Perfusion zeigten vorgefertigte Flußkanäle eine 

Endothelialisierung, allerdings keine Kapillarbildung. Die Kombination aller drei Ansätze 
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dieser Arbeit in der neuen Flusskammer könnte in einem prävaskularisierten, 

anschlussfähigen Gewebekonstrukt resultieren. In zukünftigen Studien soll die 

Kapillarisierung optimiert und weiters Fibrinhydrogele mit gewebespezifischen Zellen 

zellularisiert werden.  
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1. Introduction  

 

1.1. Purpose of Tissue Engineering  

Organ failure is still one of the most prominent pathologies worldwide. Until 

today, transplantation of an organ is the most common treatment method. Since 

1963 more than 139 000 organs were transplanted in Germany until 2019. 

However, there is a huge gap between the availability of organs and the need 

for transplantations- in 2019 alone 4800 patients were added to the waiting list 

for a transplantation, out of which 756 died without ever receiving the much 

needed transplantation [1]. Considering this, an alternative to organ 

transplantation needed to be found- and tissue engineering and regenerative 

medicine are very promising candidates for this.  

The term tissue engineering was coined in the 1980s during a conference, while 

discussing topics on how to manipulate living tissues or combine them with 

prosthetics, rather than developing processes to generate new tissues. Tissue 

engineering, as it is known today, was used for the first time in 1991 in an article 

featured in “Surgical Technology International” [2]. Therefore, tissue 

engineering is a relatively new field in research, with a wide variety of 

applications. Generally, tissue engineering makes use of different tissue-

specific cells, biomaterials, as well as chemical and physical factors in order to 

maintain, restore or improve tissue function [3,4]. In the (re-) generation of 

tissues, three basic principles are used: 1) Infusion of isolated cells or cell 

substitutes. This approach does not require surgery and gives the possibility of 

only replacing the cells with the needed function. 2) Using tissue-inducing 

substances, which depends on the purification and large-scale production of 

signaling molecules, as well as an appropriate delivery vehicle. 3) The 

application of cellularized matrices engineered from natural or synthetic 

polymers and tissue-specific cells in vitro in bioreactor systems, which can then 

be implanted into the patient [4]. Ideally, cells for the tissue engineered 

construct are retrieved from patients themselves, in order to avoid immune 

reactions and possible rejection of the implant. 
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1.2. Limitations in tissue engineering  

Tissue engineering and regenerative medicine still have some obstacles to 

overcome. One of the major problems this field is facing, is the mostly improper 

vascularization of larger tissue constructs during their in vitro-maturation and 

also after implantation, as nutrients and oxygen can passively diffuse into 

tissues over a limited range of only a few hundred  µm, which leads to 

insufficient supply of the cells in the implant [5]. Classical approaches in earlier 

vascularization studies have tried to stimulate vascular ingrowth of the patient’s 

vasculature into the implant. However, newly formed blood vessels grow at an 

average rate of only about 5 µm/h, which is still too slow to avoid cell-damaging 

hypoxic environments for the implant [6–8]. A solution to these issues is the 

integration of an extensive vascular network into the tissue construct already 

prior to the implantation, a process that is also called pre-vascularization. 

 

1.3. Pre-vascularization in vitro as a solution to insufficient 

vascularization in vivo 

Pre-vascularization is the formation of a 

mature and well-organized blood vessel 

network within a tissue construct in vitro, 

which can anastomose to the patient’s 

vasculature upon implantation (Fig.1) [8]. 

Capillary formation in vitro generally 

follows four main steps: 1) cell elongation 

and cell-cell interaction of endothelial cells 

(EC), 2) development of a nascent 

endothelial tubular network,  3) lumen 

formation and 4) capillary stabilization and 

maturation [9]. Just as native vasculature, 

also these in vitro formed vascular 

Figure 1: Comparison between the two vascularization strategies of an implant in vivo. 
In the process of angiogenesis the patient‘s blood vessels (illustrated in red) first have to 
invade the implant inorder to form a vascular network, which is a slow and laborsome 
process. In the process of inosculation, an implant with an already pre-formed vascular 
network is transplanted. Here, the patient‘s microsvasculature can easily connect to the 
existing vasculature, enabling quick perfusion and supply of the implant, leading to higher 
implant survival. With kind permission of Laschke et al. [139]. 
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networks should ideally follow a certain hierarchy and should therefore include a 

vessel that allows attachment to the host vasculature, which is linked to several 

smaller branches, from which a capillary tree can develop. While vasculature of 

bigger diameter can be fabricated rather easily through several different tissue 

engineering techniques, the structures of the capillary tree are far too small to 

be fabricated and are dependent on self-assembly, which can be enabled and 

supported with incorporation of the right growth factors and specific cell types 

within the tissue construct [10]. 

 

1.3.1. Process of angiogenesis 

1.3.1.1. Mechanisms 

Oxygen and nutrient supply in the body is dependent on various blood vessels. 

While arteries and veins are responsible for the distribution of blood from and to 

the heart throughout the body, organs need to be supported by the body’s 

microcirculation, which basically consists of a number of capillary-loops. As the 

diffusion range of oxygen in the body only lays between 150-200 µm [11,12], it 

is pivotal that the capillary network is distributed evenly and sufficiently, in order 

to properly supply all cells and organs. Should the need for oxygen and 

nutrients of the cells be higher than the amount supplied by the capillary 

system, the body will start to form new blood vessels in order to match the 

oxygen demand of the tissue (see also 1.3.1.2). 

The formation of blood vessels can either happen by angiogenesis, which is the 

formation of new blood vessels from already existing ones, or by 

vasculogenesis, which is the formation of blood vessels de novo [8]. 

Angiogenesis can be divided into two forms, intussusceptive angiogenesis and 

sprouting angiogenesis. With intussusceptive angiogenesis, microvessels are 

split along their length axis, while in sprouting angiogenesis, as the name 

already suggests, new sprouts branch off of an already existing vessel to form a 

new perfused vessel. Generally, there are four main steps during angiogenesis: 

1) degradation of the basement membrane of EC, 2) EC detachment from 

neighboring cells and underlying matrix, 3) invasion of the extravascular space 

and 4) restructuring of EC, formation of a lumen and secretion of extracellular 

matrix (ECM) molecules forming a new basement membrane [13]. Both forms of 
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angiogenesis are observed in processes with high metabolic demand, such as 

wound healing, development or long-term inflammation [12,14]. Vascularization 

is most commonly observed during neovascularization in early development, 

where angioblasts, which are progenitors of vascular EC, form a capillary 

network of EC [15], which then further expands by intussusceptive and 

sprouting angiogenesis [14]. It is important to point out, however, that the 

formation of this primary primitive capillary network happens in the absence of 

flow, whereas circulation, perfusion and shear forces through the blood vessels 

are needed for vessel stabilization and determination of vessel fate [14]. 

Additionally, it has been shown that vasculogenesis is also present even in 

adult life, when pro-angiogenic stimuli, such as Vascular Endothelial Growth 

Factor (VEGF) or tissue hypoxia, recruit endothelial progenitor cells from the 

bone marrow. Progenitor cells then circulate to the area in need, where they 

either differentiate into mature EC and support already existing endothelial 

lining in blood vessels, or start the formation of new blood vessels [14,16]. This 

process is excessively observed under the pathological condition of tumor 

growth in cancer [5]. 

 

 

1.3.1.2. Hypoxia as driving force with major regulators HIFs 

Hypoxia occurs when there is a rapid imbalance of oxygen demand and supply 

within a tissue and is one of the strongest driving forces for angiogenesis by 

upregulating hypoxia-inducible factors (HIFs) 1,2, and 3 [8,17–19]. HIFs are 

heterodimers with the subunits HIFα, which is oxygen-regulated and instable, 

and HIFβ, which is constitutively expressed and stable. There are three 

isoforms of HIFα, HIF 1,2 and 3 and while HIF1α can be found ubiquitously in 

all cells, HIF2α and HIF3α can only be found in specific cell types, including 

vascular EC and cells of the myeloid lineage [19,20]. Under normoxic 

conditions, HIFs are polyubiquitinated and degraded rapidly by prolyl 

hydroxylases (PHDs) by using oxygen and α-ketoglutarate (α-KG) [17,21]. With 

low oxygen levels, however, hydroxylation of HIFα is stopped, enabling HIFα to 

translocate into the nucleus, where it can dimerize with the HIFβ subunit and 

start the transcription of target genes by binding to hypoxia response elements 

(HREs) [17,19]. HIFs are known to upregulate a number of genes, as for 
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example Fibroblast Growth Factor (FGF), Platelet-derived growth factor (PDGF) 

and especially VEGF, which is the key player in early angiogenesis [17,18,20].  

 

1.3.1.3. DMOG as a HIF stabilizer 

Instead of using low oxygen concentrations, hypoxia can also be chemically 

induced. Dimethyloxalylglycine (DMOG), which is cell-permeable, is a very often 

used compound for hypoxia mimicry. DMOG is a de-esterified pro-drug of N-

oxalylglycine (NOG), which is the active agent [21]. After cell penetration, 

DMOG is converted to NOG by cellular carboxylesterases and accumulates in 

the cell [22]. NOG is an α-KG analog and a competitive inhibitor of PHDs.  

 

 

 

 

 

 

 

 

 

 

As mentioned before, PHDs are responsible for HIF degradation and by 

inhibiting it, NOG becomes a HIF stabilizer and therefore inducer of artificial 

Figure 2: DMOG metabolism and cellular effects. DMOG is the cell permeable, de-esterified pro-
drug of NOG, which is not cell permeable. In the cell DMOG is de-esterified to NOG, which is an α-
ketoglutarate competitor for inhibition of PHDs. Under normoxic conditions PHDs degrade HIFs. 
Therefore, by inhibiting PHDs, DMOG stabilizes HIFs and causes a chemically induced state of 
hypoxia. DMOG can also spontaneously be hydrolyzed to MOG, which is transported into the cells 
by MCT-2, thereby causing micromolar concentrations of intracellular NOG. NOG in these 
concentrations can also inhibit either IDH or GDH, causing down-regulation of the TCA and 
therefore downregulation of cellular respiration and ATP levels, both leading to cell death. With kind 
permission of Nelson et al. [21]. DMOG: Dimethyloxalylglycine, NOG: N-oxalylglycine, PHDs: prolyl 
hydroxylases, HIFs: hypoxia inducible factors, MOG: methyloxalylglycine, MCT-2: monocarboxylate 
transporter 2, IDH: isocitrate dehydrogenase, GDH: glutamate dehydrogenase, TCA: citric acid 
cycle 
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hypoxia [21–23]. As it is a relatively small drug, it makes it an ideal candidate to 

be loaded onto hydrogels or other delivery particles, thereby giving the 

opportunity to induce hypoxic states in numerous applications in a controlled 

manner [24,25]. Apart from its action on PHDs, DMOG also exerts some cellular 

actions, such as downregulation of ATP consumption and reduction of cell 

proliferation (Fig. 2) [21,26]. 

 

1.3.1.4. EC and their function in angiogenesis 

The endothelium, constituted of EC and being the inner lining of blood vessels 

and lymphatic vessels, is known to be involved in the majority of overall 

pathologies, as well as wound healing and inflammation. EC are highly 

metabolically active and have been described on several levels, including their 

morphology and their gene expression. However, no general or uniform 

definition can be found for this family of cells, as each vascular bed homes its 

own EC with distinct properties, that vary between different tissues and 

sometimes even between different sections of the same blood vessel [18,27–

29]. CD31, von Willebrand factor (vWF), vascular endothelial-cadherin (VE-

cadherin) and vascular endothelial growth factor receptor 2 (VEGFR-2) are 

crucial markers that need to be pointed out when wanting to define EC [28]. 

Still, it should be stated that almost neither of these markers are specific for EC, 

as for example CD31 is also expressed in monocytes and VE-cadherin in fetal 

stem cells [29]. As extensively reviewed by Aird et al., EC vary greatly in their 

structure and form and have been shown to be able to adapt their alignment in 

direction of blood flow in straight sections of arteries as a reaction to 

hemodynamic shear stress- a process that is also reversible [29,30]. Additional 

to their structural heterogeneity, EC also have a number of different functions in 

vessel permeability, hemostasis and angiogenesis.  

EC are also changing their phenotype when the need for additional blood 

vessels and therefore angiogenesis arises. Here, the cells “split” into two 

families, tip and stalk cells. By secretion of matrix metalloproteinases (MMPs), 

particularly MMP-9, MMP-2 and MMP-14, the basement membrane is degraded 

and EC can evade in order to start the formation of a new blood vessel sprout. 

Tip cells are highly active and migratory and the first cells leading this sprout 
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formation by following angiogenic signals. They are characterized by numerous 

filopodia with VEGFR-2 molecules on their surface. While evading the 

basement membrane, tip cells are still maintaining contact with their 

neighboring EC, which are then called stalk cells. Stalk cells follow the tip cells, 

they are less migratory but more proliferative and later forming the lumen of the 

new blood vessel [12,14,27].  However, it should be noted that the phenotype of 

tip and stalk cells are not definite, but rather interchangeable. In case of the 

leading tip cell becoming exhausted, it can switch back to a stalk cell 

phenotype, with another following (original) stalk cell taking over a tip cell 

phenotype [14,31].  

Over time several types of EC have been applied in studies investigating 

processes involved in vascular tube formation. Generally, mature EC isolated 

from both, large vessels and microvasculature, are most commonly used. 

Human Umbilical Vein Endothelial Cells (HUVEC) are the most prominent and 

commonly used EC type in studies for vascularization, as they are easy to 

obtain and isolate from “waste material” and have also been shown to be able 

to form vascular networks in vitro when cultured together with supporting cell 

types, such as adipogenic stem cells (ASC) or pericytes [7,28,32]. However, the 

autologous application of this EC type is not possible, since it cannot be 

harvested from every patient to be treated [28,33].  

 

1.3.1.5. Stabilizing factors for EC  

As mentioned before, blood vessels are generally formed by EC, however, if not 

stabilized and further stimulated, these primitive vascular formations are very 

likely to regress again [10]. One of the players in stabilization of newly formed 

capillaries are mural cells, which promote controlled permeability and secrete 

VEGF as survival signal for the inner endothelium [10,28]. As shown by 

Verseijden et al., mesenchymal stem cells (MSC) can differentiate to or 

overtake the function of mural cells when co-cultured with EC [34,35].  

MSC are a population of stem cells in many adult tissues. They are described 

as undifferentiated with capabilities to differentiate into more specialized cell 

types. The criteria to define stem cells, as described by the “Mesenchymal and 
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Tissue Stem Cell Committee of the International Society for Cellular Therapy” 

are as follows: 1) MSC must show plastic adherence in standard culture 

conditions, 2) they must be positive for markers CD73, CD90 and endoglin, 

while at the same time being negative for markers CD45, CD34, CD14 or CD11, 

CD97alpha or CD19 and HLA-DR surface molecules, and 3) MSC must be able 

to differentiate into osteoblasts, adipocytes and chondroblasts in vitro [36]. 

Additional definitions state that stem cells renew themselves throughout life by 

producing identical daughter cells, which maintain the population, and that they 

renew the tissue they populate [37]. Several adult tissues offer the possibility of 

MSC isolation, with the most prominent being bone marrow and adipose tissue, 

but also placenta or umbilical cords are gaining more and more interest as 

primary tissues.  

ASC are of particular interest for applications in (pre-) vascularization studies. 

Their enzyme-based isolation method, yielding high numbers of viable cells, 

was pioneered by Rodwell et al in the 1960s [38]. ASC are positive for markers 

CD44, CD73, CD90 and CD105, secrete pro-angiogenic factors, such as VEGF 

and PDGF and are able to develop pericyte characteristics [35,39,40]. 

Moreover, ASC can differentiate into cells of the mesodermal lineage, such as 

chondrocytes, adipocytes and osteocytes, as well as into cells of the non- 

mesodermal lineage, such as cardiomyocytes and vascular EC [40]. 

 

1.3.2. Methods for pre-vascularization and advantages of cell-based 

approach 

Several approaches, applied either alone or in combination, can be used in 

order to achieve vascular network formation in vitro. These are 1) 

microfabrication techniques 2) the incorporation of biomolecular cues into the 

construct and 3) seeding of vascular cells in co-culture with supporting or 

specialized cell types in the scaffold [41]. 

Microfabrication techniques offer a variety of methods for the generation of 

channels within hydrogels. These techniques include the use of removable 

structures, either in the form of 1) mechanically removable spacers that can 

give a defined channel geometry and can be pre-seeded with EC, but can only 

create unbranched structures which are not representing the in vivo situation 
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very well or 2) sacrificial materials that are initially incorporated into the hydrogel 

structure and can then be removed by making use of their specific physical 

properties [42]. Other (non-cellular) microchannel fabrication techniques include 

the usage of three-dimensional (3D) printing techniques such as 

stereolithography, or soft lithography micromolding [42]. 

Another approach that has gained a lot of interest lately is the incorporation of 

growth factors, such as VEGF or FGF into natural or synthetic scaffolds, which 

are supposed to serve as cues for vascular network formation in vivo [41]. A 

prerequisite for this approach is, however, that the scaffolds applied in these 

approaches can stabilize the newly forming vascular network sufficiently. While 

the biomechanical properties of the scaffolds can be tuned as desired and 

proangiogenic factors such as VEGF are known to induce endothelial sprouting, 

one cannot direct the growth of the newly forming vasculature or enable 

interconnectivity of the network before implantation [41]. 

Cell based methods for the generation of new vascular networks in a tissue 

construct offers the advantage of dynamic interaction between cells for the 

appropriate biochemical environment for stable vascular tube formation, as well 

as differentiation and migration of cells. The first self-assembly of cells into a 

vascular network when grown in a co-culture within a tissue construct was first 

described by Black et al., when they were co-culturing HUVEC with dermal 

fibroblasts and keratinocytes to generate in a set-out to mimic skin, which 

showed a tubular network with lumen and intercellular junctions, as well as the 

generation of a basement membrane of laminin and collagen IV [43]. 

Accordingly, it has been shown that several cell types such as ASC, fibroblasts 

or pericytes (See 1.3.1.5) can be used as supporting cells in co-culture with EC, 

each of which can influence the development of endothelial tube formation 

[32,44]. Interestingly, one aspect that all of these different co-cultures have in 

common is the importance of direct cell-cell contact between EC and supporting 

cells [7,39,45].  

 

1.3.3. Biomaterial scaffolds applied in pre-vascularization 

As mentioned before, tissue engineering involves the application of cell-seeded 

scaffolds as therapeutic approaches. For these treatments to be successful, it is 
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pivotal that a scaffold meets the biomechanical requirements of the target tissue 

and provides tissue-specific cells within with a suitable environment for cell 

survival and differentiation [46]. Moreover, an appropriate degradation rate 

should be considered as cells create new stabilizing ECM [47,48].Thus, the 

application of biomaterials as scaffolds and delivery vehicles for cells has 

gained more and more interest in the last years in the field of tissue 

engineering. Biomaterials that can be used for the fabrication of scaffolds can 

generally be divided into three groups: 1) synthetic nonbiodegradable polymers, 

2) synthetic biodegradable polymers, and 3) biologic materials [49]. Synthetic 

materials, with their most prominent examples being Polytetrafluoroethylene 

(PTFE, known as Teflon ®) and Polylactic- co-glycolic acid (PLGA), generally 

have the advantage of better tunable and controllable chemical and physical 

parameters compared to natural polymers, however, most synthetic materials 

have also shown to inhibit angiogenesis unless they have been specifically 

modified with pro-angiogenic growth factors [47,49]. Biologic materials used in 

tissue engineering can either be decellularized tissue, such as skin or 

cardiovascular tissue, or fabricated scaffolds using natural polymers, like 

collagen, chitosan, silk or fibrin [49,50].  

 

1.3.3.1. Hydrogels 

Hydrogels are one group of scaffolds that are found in a very broad range of 

applications and can be fabricated from various biomaterials. They are 

considered to be highly biocompatible, their biomechanical properties are 

similar to those of soft tissues, cells can be encapsulated uniformly and their 

high (tissue- like) water content makes them attractive for use in numerous 

tissues [48,51]. 

 

1.3.3.2. Fibrin 

In the past years, fibrin has become one of the most prominent biomaterial 

sources for the fabrication of hydrogels. Fibrin is a polymer of the monomer 

fibrinogen. Fibrinogen is a soluble 340 kDa protein that can be found in the 

blood plasma  and plays a vital role in blood clotting and wound healing 
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[47,48,52]. Fibrinogen consists of A and B peptides, which can be cleaved by 

thrombin in the presence of Ca2+, which generates the fibrin monomer with a 

potency of self-association [47,48,53]. The blood coagulation factor XIIIa 

(FXIIIa) then rapidly crosslinks and stabilizes fibrin, producing the fibrin “clot” 

that is resistant to protease degradation, however, it can be broken down by 

plasmin in a process called fibrinolysis [47,48,54]. Fibrin is known to be 

naturally angiogenic, offers a high number of cell adhesion sites and its sources 

can either be autologous, allogeneic, xenogeneic or recombinant [32,47]. Fibrin 

gels have found a number of applications in tissue engineering approaches of 

cardiovascular tissue, bone, adipose and skin tissue [55–58]. Even more 

prominently has fibrin been used in surgical applications in the form of fibrin 

glue, as this promotes tissue bonding and can increase wound healing [48,59]. 

Major drawbacks of fibrin as a biomaterial are, however, its relatively low 

biomechanical stability and rapid degradation in vivo (a few days to weeks) 

[48,60]. Solutions for this are to introduce further crosslinking agents into the 

hydrogel system, such as genipin, adding protease inhibitors such as aprotinin, 

or combining fibrin with another biomaterial, such as collagen, to fabricate 

hybrid biomaterials [47,60,61]. Recently, also a novel method for increasing 

biomechanical stability of fibrin vascular grafts has been developed by Aper et 

al. This compaction method involves the application of centrifugal forces to fibrin 

tubes in a high-speed rotating mold, which leads to the compaction of fibrin and 

an increase in cross-links. Here it was shown that biomechanical stability 

increases with increasing rotation velocity and vascular grafts could be 

stabilized even further by cellularization. The compacted fibrin segments were 

also introduced into a sheep model, replacing parts of the carotid artery. In the 

animal model, the optimized vascular grafts were shown to be well attachable to 

the animal’s vasculature, stable for 6 months and structurally cellularized [62]. 

 

1.3.3.3. Nanoparticles 

A common method in tissue engineering is the integration of drug delivery 

vehicles into hydrogel scaffolds and recently silica nanoparticles (siNP) have 

become a very prominent tool for efficient and controlled drug release. Silica is 

labeled as “generally recognized as safe” by the FDA and is considered to have 
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a very good biocompatibility, as it degrades to non-toxic silicic acid in vivo, 

which is found in various tissues of the body and can simply be excreted from 

the body through urine [63,64]. Nanoporous silica materials were reported in 

studies for the first time in 2001 and since then a number of materials have 

been established, i.e. solid spheres or nanotubes [64,65]. What makes siNP 

especially attractive for tissue engineering are high surface-to-volume ratios, 

adjustable sizes, easily modifiable surface for controlling drug release, tunable 

degradation time, tunable pore sizes with large pore volumes and the possibility 

of high loading efficiency [64–67]. Release mechanisms can be controlled by 

regulating pore morphology and size for unmodified siNPs, while modification of 

siNPs (i.e.: with -NH2, -Cl or -SH) affect the drug release pattern of the particles 

by increasing the drug diffusion resistance [66]. Surface modifications of siNP 

make them even more versatile in their application for gene therapy or 

biomedical imaging. Silanol groups on siNP surfaces can be used to be coupled 

with silanes that bind a high number of functional groups by di-sulfide coupling, 

thereby enabling the attachment of fluorescent dyes, antibodies or growth 

factors. Other examples for surface modifications are avidin-coating for the 

conjugation of biotinylated molecules based on their strong affinity for avidin, or 

PEGylation  [63,68,69]. 

 

1.3.4. Bioreactor systems to culture cellullarized scaffolds applying 

mechanical forces including flow 

3D cell cultures already have a big advantage over traditional two-dimensional 

(2D) cell cultures as it comes closer to mimicking in vivo cell interactions and 

processes of complex systems. However, bioreactors need to supply necessary 

in vitro-conditions the tissues need to survive and grow. These include 

nutrification, growth factor supply and also biomechanical cues. Mechanical 

cues are used often in engineering of chondrogenic tissue, where bioreactors 

compress tissue constructs either statically or dynamically with a defined load, 

either by using plates or hydrostatic pressure [70,71]. While these tissue 

constructs need compression in order to be developed to appropriately, other 

tissues, such as ligaments, blood vessels or muscles, need mechanical tension 

to be applied. Here, tissue constructs are stretched in a controlled manner, 
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where tensile stress can be applied unilaterally, radially or bilaterally. Radial 

tension is known to be necessary for smooth muscle differentiation for the 

fabrication of vascular grafts, which our lab has previously demonstrated in a 

study by Helms et al. [72]. Last but not least, also shear forces are often used 

as the crucial parameter in bioreactors. Shear forces can either be applied by 

fluid flow in a bioreactor or by sliding rigid material over cells or the material. 

This mechanical stimulation is again mostly used in applications for bone or 

chondrogenic tissue engineering [73,74]. 

Perfusion bioreactors do not only apply fluidic forces on the cells growing in a 

3D scaffold, but also maintain cell viability in deeper levels of the tissue culture 

construct [75]. In particular, when porous scaffolds are used, cell viability is 

maintained homogeneously throughout the construct, while at the same time 

improving reproducibility [76,77]. Depending on the desired end application and 

tissue, there are several types of bioreactors that can be used. While tissue 

engineering for bone or tendons involve the usage of mechanical compression 

or tensile force pulling bioreactors, respectively, perfusion bioreactors are 

generally used for engineering of capillary networks [75]. Perfusion systems, 

besides spinner flasks and rotating wall vessels, are one of the bioreactor 

classes that have been shown to improve poor cell viability and enable full cell 

coverage of the scaffold [78]. Perfusion systems are a combination of a medium 

reservoir, pump, and a chamber or column holding the tissue construct and are 

easily tunable to meet the specific perfusion requirements for the desired tissue. 

However, most perfusion bioreactors only focus on the delivery of oxygen and 

nutrients throughout the tissue construct to enable cell survival, and little 

consideration is put into the aspect of surgical attachability of the later implant. 

While it is of utmost importance to keep the cells in the tissue construct viable, 

the later clinical application strategy should not be neglected. Therefore, one of 

the most important questions to be asked when aiming to develop a pre-

vascularized tissue construct to be implanted is: How can it be attached to the 

host vasculature to guarantee uniform immediate perfusion of the implant in 

vivo without generating a long downtime without supply, while the patient’s 

blood vessel system inosculates with the pre-formed capillary network of the 

implant?  
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Considering all of these before mentioned points it is clear that there is need for 

a novel perfusion reactor system that not only allows the support and 

generation of a vascular network within a tissue construct, but that also offers 

the opportunity to combine the construct with attachment sites, preferably 

vascular grafts, for later anastomosis during implantation. An additional benefit 

to achieve even better implant healing, apart from the implantation of an already 

pre-vascularized tissue construct, would be the application of autologous 

biomaterial and cells in order to avoid adverse immune reaction to the implant 

or having to suppress the patient’s immune system. 

1.4. The need and aim of this study 

As mentioned before, pre-vascularization of an implant is a crucial factor for the 

survival of the tissue construct in vitro and after implantation. While there are 

several studies conducted towards the establishment of a pre-vascularized 

system in vitro, these systems are mostly designed as an organ-on-a-chip or 

microfluidic approach and scale, which might reveal some obstacles later on, 

when it comes to up-scaling of the system in order to develop tissue constructs 

of appropriate size. When studies are already applying hydrogels for the 

examination of blood vessel formation in vitro, the majority, to our knowledge, 

uses material such as MatrigelTM or collagen. While these materials have been 

shown to be suitable for the study of tube formation, as they feature a number 

of pro-angiogenic growth factors, little consideration was taken into account that 

these might not be applicable for later transplantation into the patient due to its 

insufficient stability and high immunogenic potential. In cases of fibrin being 

used as a biomaterial, it very rarely was used alone, but rather in composites 

with other materials that add more biomechanical stability to the later gel. Last 

but not least, to our knowledge, only few studies used an implant design which 

considered the need for attachability of the implant to the patient’s vasculature 

in vivo, except for the integration of arteriovenous (AV) loops, so that proper 

anastomosis and blood perfusion of the implant is given. 

The overall goal of this study therefore was to create a flow chamber, which 

would allow the integration of fibrin vascular grafts as flow inlet and outlet, 

enable the generation of a vascular network within a fibrin hydrogel connected 

to the vascular grafts and finally support the perfusion of this construct (Fig.3).  
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Figure 3: Schematic outline of the project goals. The aim of the project was to develop an 
attachable, perfusable tissue construct, involving two fibrin vascular grafts acting as inlet and 
outlet for applied flow, and a fibrin hydrogel including pre-formed and perfusable channels, 
which should also be endothelialized with RFP-HUVEC. The fibrin hydrogel should be 
cellularized with endothelial cells and adipogenic stem cells as supporting cell types for 
endothelial vascular tube formation. As another support for endothelial vascular tube formation, 
also siNP, loaded with angiogenic factors, such as, VEGF or DMOG as chemical hypoxia 
inducing agent), could be introduced into the fibrin hydrogel. Since this project is aimed to 
generate a platform technology for various types of tissues to be replaced or repaired, also cells 
of interest could be introduced into the hydrogel, suitable to the tissue of demand. RFP-HUVEC: 
red-fluorescent protein-expressing human umbilical vein endothelial cells, VEGF: vascular 
endothelial growth factor, DMOG: dimethyloxalglycine, ASC: adipogenic stem cells.  

 

For this, an already established 3D tube formation assay in fibrin hydrogels was 

used to develop the pre-vascularized implant to be cultured in the flow chamber. 

Moreover, novel approaches like siNP as delivery vehicles were to be tested for 

their applicability in supporting the generation of pre-vascularized tissues. In 

particular, the following questions were addressed:  

1) How can endothelial tube formation be supported by sustained VEGF 

delivery using siNP? 

2) How can endothelial tube formation be supported by chemically induced 

hypoxia using DMOG delivered on siNP, and more specifically, a) can VEGF 

production of ASC be sustained by DMOG delivered on siNP and b) how does 

DMOG delivered on siNP influence endothelial tube formation? 

3) How is endothelial tube formation supported by fluidic forces in perfusion 

bioreactors? In more detail, a) what is the optimal fibrin concentration to enable 

endothelial tube formation and sufficient hydrogel stability at the same time,  
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b) what is the effect of perfusion on capillary formation in high concentration 

fibrin hydrogels, and  

4) What approaches will have to be taken to enable perfusion of low 

concentration fibrin hydrogels connected to attachable vascular grafts? 
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2. Methods 

 

2.1. Basic equipment 

Basic equipment used for standard operations is listed below. Experiment-

specific materials are listed in the corresponding chapter. All solutions were 

made with ultrapure water. 

 

Technical devices 

Name Company 

Autoclaves, DX-150, DX-23, VX-150 Systec, Linden, Germany 
Centrifuge, FRESCO 17 Thermo Electron GmbH, 

Langenselbold, Germany 
Centrifuge, HERAEUS Multifuge 
X1R 

Thermo Electron GmbH, 
Langenselbold, Germany 

Clean bench, Safe 2020 Thermo Fisher Scientific, Bremen, 
Germany 

CO2 Incubator, HERAcell 240i Thermo Electron GmbH, 
Langenselbold, Germany 

Extractor hood Waldner Holding GmbH & Co. AG, 
Wangen, Germany 

Fluorescence microscope Nikon 
TE300 

Nikon, Düsseldorf, Germany 

Freezer, -20°C LIEBHERR MEDline, Biberach an der 
Riß, Germany 

Freezer, -80°C, TSX Series with V-
Drive 

Thermo Fisher Scientific, Bremen, 
Germany 

Fridge 4-8°C LIEBHERR MEDline, Biberach an der 
Riß, Germany 

Glasware (bottles, beakers, 
cylinders) 

Schott AG, Mainz, Germany 

Ice machine ZIEGRA Eismaschinen GmbH, 
Isernhagen, Germany 

Inverted light microscope Nikon Eclipse TS100, Düsseldorf, 
Germany 

Liquid nitrogen tanks Tec-lab GmbH, Taunusstein, Germany 
Magnetic stirrer, IKA RH basic 2 IKA – Werke GmbH & Co KG, 

Staufen, Germany 
Multiskan™ FC Microplate 
Photometer 

Thermo Fischer Scientific, Bremen, 
Germany 

MilliQ Water Distillation System Merck KgaA, Darmstadt, Germany 
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Nikon Digital Sight DS-U3 Nikon, Düsseldorf, Germany 
Nikon Super High Pressure Mercury 
Lamp Power Supply 

Nikon, Düsseldorf, Germany 

pH Meter SCHOTT AG, Mainz, Germany 
pH-Electrode, BlueLine 28 pH SCHOTT AG, Mainz, Germany 
Pipette boy, accu-jet pro BRAND GmbH & Co KG, Wertheim, 

Germany 
Pipettes (10, 20, 100, 200, 1000 µL) Eppendorf, Hamburg, Germany 
Precision scales, Extend Series 
Type ED224S 

Sartorius AG, Göttingen, Germany 

Scissors, tweezers and spatulas Aesculap AG, Tuttlingen, Germany 
Tensile tester  Zwick Roell AG, Ulm, Germany) 
Thermomixer comfort Eppendorf, Hamburg, Germany 
Ultrasonic disintegrator Type 
UW2070 

BANDELIN electronic GmbH & Co. 
KG, Berlin, Germany 

Vortex, IKA Vortex Genius 3 IKA – Werke GmbH & Co KG, 
Staufen, Germany 

Water bath, Type WNB 7-45 MEMMERT GmbH & Co KG, 
Schwabach, Germany 

Weighing machine, Type U 4100 S Sartorius AG, Göttingen, Germany 
Ibidi Perfusion System Ibidi, Planegg/Martinsried, Germany 
Peristaltic Pump Ismatec, Wertheim, Germany 

 

Consumables 

Name Company 
Aluminium foil, 100 m x 500 mm Roth, Karlsruhe, Germany 

Cannulas, 0.90 x 40 mm, 20 G x 𝟏 𝟏𝟐’’ B. Braun Melsungen AG, 
Melsungen, Germany 

Cell culture flasks (25, 75 cm2) Sarstedt AG & Co., Nümbrecht, 
Germany 

Feather disposable scalpels No. 21 Pfm medical AG, Cologne, Germany 
Multi well plates (6-, 24-, 96-wells) Sarstedt AG & Co., Nümbrecht, 

Germany 
Parafilm M, Bemis flexible packaging VWR, Leuven, Netherlands 
Petri dishes (150 mm) Sarstedt AG & Co., Nümbrecht, 

Germany 
Pipet tips (10, 200, 1000 µL) Sarstedt AG & Co., Nümbrecht, 

Germany 
Reaction tubes (1.5, 2, 5 mL) Sarstedt AG & Co., Nümbrecht, 

Germany 
Reaction tubes FalconTM (15, 50 mL) Sarstedt AG & Co., Nümbrecht, 

Germany 
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Serologic pipettes (1, 2, 5, 10, 25, 50 
mL) 

Sarstedt AG & Co., Nümbrecht, 
Germany 

Sterile bottle top filter, pore size 0.22 
µm 

Sarstedt AG & Co., Nümbrecht, 
Germany 

Sterile syringe filter, pore size 0.22 µm Sarstedt AG & Co., Nümbrecht, 
Germany 

Syringes Injekt® Luer Solo (2, 5, 10, 
20 mL) 

B. Braun Melsungen AG, 
Melsungen, Germany 

 

Solutions  

Name Company 

70% Ethanol (EtOH): 
70% (v/v) Ethanol denatured with methylethylketone 
(99.5%)  

 
TH. Geyer GmbH & 
Co. AG, Renningen, 
Germany 

10x DULBECCO’s Phosphate Buffered Saline (PBS): 
9.55 g/L PBS  
consisting of: 
8000 mg/L Sodium chloride (NaCl) 
200 mg/L Potassium cloride (KCl) 
1150 mg/L Disodium phosphate (Na2HPO4) 
200 mg/L Potassium dihydrogenphosphate (KH2PO4) 

Sigma Aldrich, 
Steinheim, Germany 

1x PBS: 
10% (v/v) 10x PBS 

 
Sigma Aldrich, 
Steinheim, Germany 
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Primary Cells 

Name Company 

Red fluorescence protein (RFP)-
expressing HUVEC 
 

Pelo Biotech, Planegg/Martinsried, 
Germany 

Adipogenic Stem Cells (ASC) ASC were isolated from abdominal 
subcutaneous adipose tissue of 
one 31 years old female donor 
(donor 5 in [79]) one 68 year old 
donor and one 37 year old female 
donor, all scheduled for visceral 
surgery after ethical approval of the 
institutional review board 
(Ethikkommission der 
Medizinischen Hochschule 
Hannover) and informed consent.  

 

 

2.2. Cell Culture 

2.2.1. Thawing, expansion and cryopreservation of cells 

Materials and devices 

Name Company 

Cryotubes (1 mL) Biozym Scientific GmbH, 
Hessisch-Oldendorf, Germany 

Nalgene Freezing Container, Mr. Frosty Thermo Fisher Scientific, Bremen, 
Germany 

Neubauer counting chamber Roth, Karlsruhe, Germany 
 

Solutions and chemicals 

Name Company 

Dimethylsulfoxide (DMSO) AppliChem, Darmstadt, Germany 
Coating solution: 
10% (v/v) 10x PBS 

 
+ 0.2% (w/v) porcine gelatin solution  

 
Sigma Aldrich, Steinheim, 
Germany 
Sigma-Aldrich, Steinheim, 
Germany 

Fetal bovine serum (FBS) PAN-Biotech, Aidenbach, 
Germany 

Liquid nitrogen Linde AG, Pullach, Germany 
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Trypsin/Ethylenediaminetetraacetic acid 
(EDTA) - solution, 0.5%/0.2% (w/v) 

Biochrom, Berlin, Germany 

 

 

Cell type-specific culture media 

Cell culture media used for cryopreservation of cells, RFP-HUVEC, ASC, 

feeding medium for endothelial tube formation and osteogenic differentiation of 

ASC are listed below. 

Cell type Name Company 

 Freezing Medium 

70% (v/v) cell type-specific culture 
medium 
+ 20% (v/v) FBS 
 
 
+10% (v/v) DMSO 

 
 
 
PAN-Biotech, 
Aidenbach, 
Germany 
Sigma Aldrich, 
Steinheim, Germany 

RFP-HUVEC  EGM-2 complete 

Endothelial cell growth medium-2 
(EGM-2) and Bullet Kit containing: 
Human epithelial growth factor (hEGF) 
Hydrocortisone 
FBS 
Vascular endothelial growth factor 
(VEGF) 
Basic fibroblast growth factor (bFGF) 
Insulin-like growth factor-1 (IGF-1) 
Ascorbic acid 
Heparin 
 
+ 1% (v/v) Penicillin/Streptomycin 
(P/S) 

 
Lonza, Basel, 
Switzerland 
 
 
 
 
 
 
 
 
 
 
Biochrom, Berlin, 
Germany 

 
 
ASC 

 

 

ASC complete Medium 

Dulbecco’s Modified Eagle Medium 
(DMEM) 
 
+ 10% (v/v) FBS 
 

 
 
 
Life Technologies, 
Darmstadt, 
Germany 
PAN-Biotech, 
Aidenbach, 
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+ 1% (v/v) GlutaMAXTM-I (100X) 
 
 
 
+ 1% (v/v) P/S 
 
+ 1% (v/v) Gentamycin 
 
+ 1% (v/v) Amphotericin B 
 
+ 10 ng/mL bFGF 
 

Germany 
Life Technologies, 
Darmstadt, 
Germany 
 
Biochrom, Berlin, 
Germany  
Biochrom, Berlin, 
Germany  
Biochrom, Berlin, 
Germany  
PeproTech, 
Hamburg, Germany 

 Osteogenic differentiation 

StemPro® complete 
StemPro® Osteocyte/Chondrocyte 
Differentiation Basal Medium 
 
+ 10% (v/v) StemPro® Osteogenesis 
Supplement 
 
+ 0.1% (v/v) Gentamycin   

 
 
Life Technologies, 
Darmstadt, 
Germany  
Life Technologies, 
Darmtstadt, 
Germany 
Biochrom, Berlin, 
Germany  

 Feeding medium: 

1X Medium 199 (1XM199)  
 
+ 40 ng/mL bFGF 
 
+ 40 ng/mL VEGF 
 
+ 50 µg/mL L-ascorbic acid 2-
phosphate 
 
+ 4 µL/mL Reduced serum 
supplement-2 (RSS-2) 
+ 50 ng/mL 12-O-
Tetradecanoylphorbol-13-acetate 
(TPA) 
100 U/mL Aprotinin 
Feeding medium was freshly prepared  
prior to use. 

 
Sigma-Aldrich, 
Steinheim, Germany 
PeproTech, 
Hamburg, Germany 
PeproTech, 
Hamburg, Germany 
Sigma-Aldrich, 
Steinheim, Germany 
 
See 2.2.2 
 
Sigma-Aldrich, 
Steinheim, Germany 
 
Bayer, Leverkusen, 
Germany 
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Method 

Cells in cryo medium were thawed at 37°C and transferred into 4 mL pre-

warmed cell type-specific medium. To remove toxic DMSO cells were 

centrifuged for 5 minutes (min) at 275 x g at room temperature (RT). The cell 

pellet was then suspended in 1 mL fresh medium and distributed in uncoated 

tissue culture flasks (for ASC) or in gelatin-coated flasks (for RFP-HUVEC) at a 

cell density of 5,000-10,000 cells/cm2. Cells were incubated until confluence at 

37°C and 5% CO2 and medium was changed every 2-3 days. For expansion, 

cells were washed with PBS and detached from tissue culture flasks using pre-

warmed trypsin/EDTA for 1-2 min at 37°C. Depending on the cell type the 

trypsin/EDTA reaction was stopped with either medium containing 10% FBS (for 

ASC) or 100% FBS (for RFP-HUVEC). To remove trypsin/EDTA cells were 

centrifuged for 5 min at 275 x g and RT. For cell counting, the cell pellet was 

dissolved in fresh medium and counted using a Neubauer counting chamber, 

whereas the cell number was calculated by the following formula: 

 𝐶𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟/𝑚𝐿 = (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 4 𝑓𝑖𝑒𝑙𝑑𝑠4 ) × 104  × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  
For cryopreservation 0.5-1 x 106 cells were frozen per cryotube in freezing 

medium on ice. Cells were stored for 24 h at -80°C before they were transferred 

in liquid nitrogen at -196°C for long-term storage.  

 

2.2.2. Preparation of Reduced Serum Supplement RSS-2 

Solutions and chemicals 

Name  Company 

Bovine Serum Albumin (BSA) Sigma Aldrich, Steinheim, 
Germany 

Sodium selenite Sigma Aldrich, Steinheim, 
Germany 

Recombinant Human Insulin Sigma Aldrich, Steinheim, 
Germany 

Human Holo-Transferrin Sigma Aldrich, Steinheim, 
Germany 

Sodium Oleate Sigma Aldrich, Steinheim, 
Germany 
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EtOH 99.9% pure Roth, Karlsruhe, Germany 
1M Hydrochloric Acid (HCl) Sigma Aldrich, Steinheim, 

Germany 
 

 

Method 

Reduced Serum Supplement (RSS-2) was produced according to a protocol 

from Koh et al [80]. A brief description of the production steps is listed below.   

1) Dissolve 25 mg of sodium oleate in 5 mL of 100% pure EtOH. This gives an 

oleic acid stock solution of 5 mg/mL.  

2) Dry 4.28 mL oleic acid stock solution 1 mL at a time under a stream of 

nitrogen.  

3) Dissolve 2.5 g BSA in 17 mL sterile H2O. 

4) Dissolve 25 mg Sodium Selenite in 1 mL H2O. 

5) Dissolve 25 mg recombinant human insulin in 1.25 mL DMEM and add 60-65 

µL 1M HCl until the solution turns bright yellow.  

6) Add 1.31 mL of the insulin solution, 1 µL of the sodium selenite solution and 

25 mg human Holo-transferrin to BSA from step 3). 

7) Add 10 mL of the BSA solution from step 6) to the dried oleic acid solution 

and stir until oleic acid is dissolved. Add remaining 8.3 mL BSA. 

8) Fill the volume up to 20 mL with 1.7 mL sterile H2O, sterile filter the solution 

and aliquot. 

Aliquots are stored at -20°C 

 

2.3. Fibrinogen Isolation by Cryoprecipitation 

Solutions and chemicals 

Name  Company 

Human fresh plasma Blood Bank, Hannover Medical 
School, Hannover, Germany 
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Method 

Fibrinogen was isolated from human fresh frozen plasma obtained from 

Hannover Medical School blood bank from healthy donors after informed 

consent. Briefly, plasma was frozen at -80°C for at least 24 h. At least 24 h 

before isolation of precipitated fibrinogen, plasma was transferred to 2-7°C. 

Fibrinogen was subsequently cryoprecipitated at 4°C by centrifugation at 3,000 

x g for 40 min. Pellets were overlayed with ice-cold ultrapure H2O. Fibrinogen 

concentration was determined using the Clauss method based on the clotting 

time [81](Hematology of Hannover Medical School). Aliquots were stored at -

20°C. 

 

2.4. Effect of sustained VEGF treatment on tube formation 

 

2.4.1. Silica nanoparticles fabrication (Performed by Karen 

Besecke, AG Behrens, Institute of inorganic chemistry, Leibniz 

University Hannover) 

Solutions and chemicals 

Cetyltrimethylammonium bromide 
(CTAB) 

Sigma-Aldrich, Steinheim, 
Germany 

Diethanolamine (DEA) Sigma-Aldrich, Steinheim, 
Germany 

EtOH 99.9% pure Merck, Darmstadt, Germany 
Tetraethyl Orthosilicate (TEOS) Sigma-Aldrich, Steinheim, 

Germany 
Toluene Sigma-Aldrich, Steinheim, 

Germany 
3-Aminopropyltriethoxysilane (APTES) Sigma-Aldrich, Steinheim, 

Germany 
 

Method 

SiNP were fabricated according to a modified protocol by Qiao et al [82], as 

previously published by Schmidt et al [83]. Briefly, 3.16 g CTAB and 0.23 g DEA 

were added to a solution of 75 mL ultrapure water and 13.4 mL absolute 

ethanol. The solution was heated to 40°C while stirring and 8.56 mL TEOS were 
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added after 30 min, the mixture was allowed to stir for additional 2 h. The 

resulting nanoparticles were then centrifuged at 18,000 g for 30 min, washed 

twice with water and once with ethanol and dried overnight at 60°C. Afterwards, 

the structure-directing agent could be removed by calcination at 550°C for 5 h 

with a heating rate of 1 K/min. 

Additionally, an amino modification of the silica surface was performed by post-

grafting. For this, 200 mg of siNP were dispersed in 8 mL toluene and 40 µL 

APTES were added. The solution was stirred for 2 h at 80°C and for 

subsequent 22 h at RT. The modified siNPs were then collected via 

centrifugation, washed thrice with ethanol and then dried at 60°C.  

 

2.4.2. Tube Formation Assay with VEGF loaded siNP 

 

Solutions and chemicals 

Name Company 

VEGF 40 ng/mL PeproTech, Hamburg, Germany 
Fibrinogen  See 2.3 
Thrombin CSL Behring, Marburg, Germany 
40 mM Calcium Chloride (CaCl2)- 
solution 

Sigma-Aldrich, Steinheim, 
Germany 

5 M (w/v) Sodium Hydroxide (NaOH) 
solution: 
200 mg/mL NaOH pellets pure 

Merck, KgaA, Darmstadt, 
Germany 

10X Medium 199 (10X M199) Sigma-Aldrich, Steinheim, 
Germany 

1X PBS Sigma-Aldrich, Steinheim, 
Germany 

BSA VWR International, Darmstadt, 
Germany 

Feeding medium See 2.2.1 
 

Method 

200 µg NH2-modified siNP were sterilized by incubation in 70% EtOH for 30 

min, followed by centrifugation at 10,000 rpm for 10 min and aspiration of the 

supernatant and exposure to UV light for 30 min. SiNP were allowed to dry 

overnight and were loaded with 2.5 µg VEGF on the next day. This was done by 

incubating siNP together with VEGF in PBS with 0.01% BSA, shaking at 4°C 
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and 1,000 rpm for 24 h. After incubation, loaded siNP were centrifuged at 5,000 

rpm for 10 min, supernatant was taken off and siNP were resuspended in PBS. 

VEGF loading and release efficiency of siNP were tested by Karen Besecke of 

AG Behrens, department of inorganic chemistry of Leibniz University Hannover. 

For this, siNP were loaded with VEGF at a concentration of 12.5 µg/mg as 

described above and subsequently incubated in cell culture medium at 37°C. 

siNP were centrifuged daily at 5,000 rpm for 10 min, supernatant was taken off 

and fresh medium was added. Supernatants were evaluated for VEGF amounts 

by enzyme-linked immuno-sorbent assay (ELISA). To evaluate the effect of 

siNP-delivered VEGF on endothelial tube formation, a 2D sandwich tube assay 

in 96 Well-plates was performed. For each well, 50 µL of fibrinogen were mixed 

with 1 µL of a 2.75 U/mL thrombin solution to give a final fibrin concentration of 

5 mg/mL, pipetted into wells of a 96-well plate and allowed to polymerize for 30 

min. Following polymerization, gels were seeded with RFP-HUVEC in passages 

5-7 with a cell number of 4,000 EC per well. Wells were supplied with 200 µL 

M199 feeding media, and incubated at 37°C with 5% CO2 for 7 h to allow cell 

attachment. Afterwards, feeding media was aspired and the second gel layer 

was added to the wells. Gels were allowed to polymerize for 20 min and 

subsequently overlaid again with feeding medium supplying 8 ng VEGF per 

well. Medium was exchanged every 2 days for an assay duration of 7 days 

yielding a total VEGF amount of 24 ng in each well. This assay served as 

positive control. As negative control for the influence of VEGF on tube formation 

VEGF was completely omitted in the feeding medium. For the evaluation of 

VEGF delivered from siNP the assay was specified by resuspending 20 µg of 

VEGF-loaded siNP in the upper gel, corresponding to a calculated release of 24 

ng VEGF during the complete assay duration. Since siNP per se could influence 

tube formation, further controls were performed: 20 µg unloaded siNP were 

added to the upper gel as control, either with VEGF in the feeding medium or 

not. The groups tested in this assay were summarized in table 1. Tube 

formation of each group was characterized by fluorescence microscopy. After 4 

days at least three photographs were taken from each group. 
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Table 1: Groups tested in endothelial tube formation assay to assess suitability of 

VEGF-loaded siNP as support for in vitro tube formation. VEGF: Vascular endothelial 

growth factor; siNP: silica nanoparticles; calc: calculated.  

Group VEGF siNP 

1 3 x 8 ng (soluble) None 
2 None None 
3 24 ng (Calc. release) VEGF-loaded 
4 3 x 8 ng (soluble) Unloaded  
5 None Unloaded 

 

 

2.5. Effect of chemically induced hypoxia on tube formation 

2.5.1. Treatment of ASC with solubilized DMOG 

Solutions and chemicals 

ASC complete medium see 2.2.1 
Dimethyloxalglycine (DMOG) Merck KgaA, Darmstadt, 

Germany 
Colorimetric Cell Viability Kit I  
(WST-8) 

Promokine, Heidelberg, Germany 

 

Method 

ASC in passage 4 were seeded into wells of a 96-well plate at a density of 

10,000 cells per well and cultured in ASC complete media (described in 2.2.1) 

overnight at 37°C and 5% CO2. On the following day, cell culture medium was 

aspirated from wells and cells were treated with ASC complete media 

containing 100 and 500 µM reconstituted DMOG. Groups tested were 1) single 

dosage of 100 and 500 µM DMOG on day 0 for three days with media change 

to ASC complete media on day 3 and 6, and 2) repeated dosages of 100 and 

500 µM DMOG on day 0, 3 and 6. Cells receiving only ASC complete medium 

on day 0, 3 and 6 were used as a negative control. Medium supernatants were 

aspirated on day 3, day 6 and day 9 and stored at -20°C for later VEGF analysis 

by ELISA. To assess DMOG effects on cell viability, a WST-8 viability test was 

performed. For this, on each time point wells were filled with 110 µL DMEM 

without serum containing 10 µl WST-8 solution and cells were tested for their 
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viability by measuring absorption at 450 nm after incubation at 37°C with 5% 

CO2 for 2 h. 

 

2.5.2. DMOG loading and determination of loading and release 

efficiency (performed by Karen Besecke, AG Behrens, Institute 

of inorganic chemistry, Leibniz University Hannover) 

 

Method 

SiNP were fabricated as described above in section 2.4.1. The loading 

efficiency of DMOG on siNP was determined via thermogravimetry. Here, siNP 

were loaded with DMOG at a concentration of 5 mg DMOG/5 mg particles/mL. 

SiNP were incubated with reconstituted DMOG in ddH2O at 4°C, shaking at 

1,000 rpm for 4 h and subsequently centrifuged at 4°C at 10,000 rpm for 10 

min. Afterwards, thermogravimetric analysis (TGA) was measured with a 

Netzsch STA 429 CD analyzer, where samples were heated up to 1,000 °C 

under air atmosphere at a heating rate of 5 K/min. The Proteus Thermal 

Analysis 4.3.1 program from the instrument manufacturer was used for 

subsequent evaluation of data. 

To test release efficiency of siNP, they were loaded with DMOG at a 

concentration of 5 mg DMOG/5 mg siNP as described above. After loading, 

siNP were incubated in 1 mL ddH2O and incubated at 37°C. Every day for 6 

days, siNP were centrifuged and supernatant was taken off. After 1 mL fresh 

ddH2O was added, siNP were shortly vortexed and again incubated at 37°C. 

Supernatants that were taken off were stored at -20°C and later analyzed by 

UV/Vis measurement at 430 nm.  

 

2.5.3. Treatment of ASC with DMOG- loaded siNP 

 

Solutions and chemicals 

ASC complete medium See 2.2.1 

DMOG Merck KgaA, Darmstadt, 

Germany 
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Method 

SiNP were fabricated as described above in section 2.4.1. Before loading, siNP 

were sterilized. For this they were dispersed in 70% EtOH by sonication and 

subsequently incubated in 70% EtOH for 30 min. Afterwards siNP were 

centrifuged at 10,000 rpm for 10 min, and allowed to dry under the clean bench 

after UV sterilization for 30 min. 

Sterile siNP were loaded with DMOG as described before in section 2.5.2 and 

resuspended in ASC complete medium after centrifugation at 4°C at 10,000 rpm 

for 10 min. On the day before the start of the experiment, 10,000 ASC in 

passage 5-6 were seeded and treated with 0.276 and 1.38 mg/mL freshly 

DMOG-loaded SiNP to yield a DMOG release of 100 and 500 µM per well on 

the next day. Treatment strategy was the same as with solubilized DMOG: 1) 

single dosage of 0.276 and 1.38 mg/mL DMOG-SiNP respectively on day 0 for 

three days, with media being changed to ASC complete media on day 3 and 6, 

and 2) repeated dosages of 0.276 and 1.38 mg/mL DMOG-SiNP on day 0, 3 

and 6. When medium was changed, care was taken not to remove the siNP 

from the cells.  Cells receiving no siNP at the respective time point(s) served as 

negative control. As before, medium supernatants were aspirated on day 3, day 

6 and day 9. For long-term treatment with DMOG loaded siNP, cells were 

treated for a total duration of 18 days, with supernatants being aspirated and 

fresh DMOG media being added every third day. All supernatants were stored 

at -20°C for later VEGF analysis by ELISA and cell viability was assessed by 

WST-8 assay on the respective time points.  

 

2.5.4. VEGF Sandwich ELISA 

 

Solutions and Chemicals 

Human VEGF165 Standard ABTS  
ELISA Development Kit 

PeproTech, Hamburg, Germany 

Blocking buffer 
1% (w/v) BSA in 1X PBS 

 
All from Sigma Aldrich, Steinheim, 
Germany 

Diluent 
0.05% (v/v) Tween-20 in 

 
All from Sigma-Aldrich, Steinheim, 
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0.1% (w/v) BSA in 1X PBS Germany 
Washing buffer 
0.05% (v/v) Tween-20 in 1X PBS 

 
All from Sigma Aldrich, Steinheim, 
Germany 

 

Method 

Produced and released amount of VEGF from ASC were determined by using 

an ABTS ELISA Kit, following the protocol supplied by the company. Briefly, 

plates were coated with capture antibody (diluted in 1X PBS to a final 

concentration of 0.5 µg/mL) overnight and washed four times with washing 

buffer the next day. After blocking for 1 h the standard and samples (diluted 

1:10 in diluent) were added and incubated for 2 h. After washing four times with 

washing buffer, plates were incubated with detection antibody (diluted in diluent 

to a final concentration of 0.25 µg/mL) for 2 h. The Avidin-HRP conjugate 

(diluted 1:2,000 in diluent) was added to wells afterwards and after 30 min of 

incubation the ABTS liquid substrate was added. Plates were incubated for 40-

50 min in the dark at RT and absorbance was subsequently measured at a 

wavelength of 406 nm with a reference of 650 nm. 

 

2.5.5. Sandwich Tube Formation Assay with DMOG loaded siNP 

 

Solutions and Chemicals  

Name Company 

VEGF 40 ng/mL PeproTech, Hamburg, Germany 
Fibrinogen  See 2.3 
Thrombin CSL Behring, Marburg, Germany 
40 mM CaCl2 solution Sigma-Aldrich, Steinheim, 

Germany 
5 M (w/v) NaOH solution: 
200 mg/mL NaOH pellets pure 

Merck, KgaA, Darmstadt, 
Germany 

10X M199 Sigma-Aldrich, Steinheim, 
Germany 

1X PBS Sigma-Aldrich, Steinheim, 
Germany 

DMOG Merck KgaA, Darmstadt, 
Germany 

Feeding medium See 2.2.1 
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Method  

To test tube formation ability of EC under the influence DMOG released from 

siNP, a sandwich tube formation assay was performed. Different from the assay 

described in section 2.4.1, co-cultures of EC and ASC were used.  Groups 

tested were: 1) EC-ASC co-culture without DMOG and siNP (Control) 2) EC-

ASC co-culture supplied with DMOG-loaded siNP releasing 50 or 100 µM 

DMOG during the complete assay duration and 3) EC-ASC co-culture with 6.95, 

or 13.9 µg respectively, unloaded siNP. For each well, 50 µL of fibrinogen were 

mixed with 1 µL of a 2.75 U/mL thrombin solution to give a final fibrin 

concentration of 5 mg/mL, pipetted into wells of a 96-well plate and allowed to 

polymerize for 30 min. Following polymerization, gels were seeded with RFP-

HUVEC and ASC, with a cell number of 4,000 EC/well and 2,000 ASC/well. 

Wells were supplied with 200 µL M199 feeding media and incubated at 37°C 

with 5% CO2 for 7 h to allow cell attachment. In the meantime, siNP were 

loaded with DMOG as mentioned above in section 2.5.2.  After loading, siNP 

were centrifuged at 10,000 rpm at 4°C and resuspended in PBS. Feeding media 

was aspired and the second gel layer either holding no, or 13.9 µg (for 100 µM 

DMOG) or 6.95 µg (for 50 µM DMOG) (DMOG loaded) siNP/well was added to 

the wells. Gels were allowed to polymerize for 20 min and subsequently 

overlaid again with feeding medium. Medium was exchanged every 2 days for 

an assay duration of 7 days. Tube formation was characterized by fluorescence 

microscopy. From each group, at least 3 photographs were taken after 4 and 7 

days and analyzed by Angiotool Software 0.6a assessing tube length, tube area 

and number of junctions. 

 

 

2.5.6. Osteogenic differentiation of ASC under chemically induced 

hypoxia and silica ions 

 

Solutions and Chemicals 

StemPro® osteogenic differentiation 
medium 

see section 2.2.1 

Life Technologies, Darmstadt, 
Germany 

ASC complete medium See section 2.2.1 
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DMOG Merck KgaA, Darmstadt, 
Germany 

Alkaline Phosphatase Activity Test Kit 
StemTAG™ AP Activity Assay Substrate 
Cell Lysis Buffer 
10X Stop Solution 
AP Activity Assay Standard 

Cell Biolabs, San Diego, USA 
Supplied in the kit 
Supplied in the kit 
Supplied in the kit 
Supplied in the kit 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Bremen, 
Germany 

 

Method 

This experiment was performed in order to assess if treatment of ASC with siNP 

and/or hypoxia could induce osteogenic differentiation of ASC. For this, ASC in 

passage 5 were seeded into wells of a 24-well plate at a density of 5,000 

cells/cm2 and allowed to grow to a confluency of 60-80% before the start of the 

experiment. Groups tested were: 1) ASC treated with repeated doses of siNP 

loaded with DMOG to give a final concentration of 100 µM/well, 2) ASC supplied 

with repeated doses of unloaded siNP, 3) ASC supplied with repeated doses of 

solubilized DMOG at a concentration of 100 µM and 4) ASC supplied with 

StemPro® differentiation medium as positive control. All groups were tested in 

ASC complete medium. On the day of the experiment, siNP were loaded with 

DMOG as described in section 2.5.2. After preparation of siNP, cells were 

treated with 0.276 µg/mL siNP according to the before mentioned groups. 

Medium was changed every 3 days for an assay duration of 21 days. In the 

wells containing siNP care was taken not to remove the siNP from the cells.  On 

day 21 of the experiment the alkaline phosphatase (ALP) activity was 

measured, to determine the state of differentiation of ASC. For this, supernatant 

was taken off the wells and cells were washed twice with ice-cold PBS. 

Afterwards, 114 µL lysis buffer were added to each well and the plate was 

incubated at 4°C for 10 min. The lysed cells were subsequently transferred to 

Eppendorf tubes and centrifuged at 12,000 x g for 10 min. The supernatant was 

transferred into new Eppendorf tubes. 25 µL of the cell lysate were added to the 

wells of a 96-well plate and 25 µL ALP substrate were added to each well to 

start the reaction. The plate was incubated at 37°C and 5% CO2 for 30 min. The 

reaction was stopped by adding 25 µL stop buffer, 75 µL of the standard were 
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added to the plate in duplicates and the plate was subsequently read out at 405 

nm absorbance. For protein quantification a bicinchoninic acid (BCA) assay was 

performed. For this, a protein standard series from 0-2,000 µg/mL BSA was 

prepared. Cell lysates were diluted 1:2 in PBS. 10 µL of either standard or 

sample solution were mixed with 200 µL of BCA reagent in 96 well-plates in 

duplicates and incubated at 37°C for 30 min. After incubation the samples were 

cooled down at 4°C for 3 min and absorption was subsequently measured at 

570 nm.  

 

2.6. Effect of flow on tube formation  

As it is known that flow plays an essential role in the process of blood vessel 

formation in vivo, it was to be determined here, what effect perfusion has on 

endothelial tube formation in hydrogels with high fibrinogen concentration. 

 

2.6.1. Rheology of hydrogels with different fibrinogen 

concentrations  

 

Solutions and Chemicals 

Name Company 

Fibrinogen  See 2.3 
Thrombin CSL Behring, Marburg, Germany 
40 mM CaCl2 solution Sigma-Aldrich, Steinheim, 

Germany 
5 M (w/v) NaOH solution: 
200 g/L NaOH pellets pure 

Merck, KgaA, Darmstadt, 
Germany 

10X M199 Sigma-Aldrich, Steinheim, 
Germany 

1X PBS Sigma-Aldrich, Steinheim, 
Germany 

 

Method 

Fibrin gels with fibrinogen concentrations of 1, 5, 10, 20 and 30 mg/mL 

concentrations were measured under oscillatory shear rheometry using Anton 

Paar’s Modular Compact Rheometer MCR 302. Gel components for fibrin 

hydrogels were prepared and mixed with a thrombin solution of 20 U/mL. A 
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solvent trap was installed in order to keep the gels from drying out. A sample of 

340 µL was dispersed on the bottom plate (pre-cooled to 8°C), the top plate 

was lowered to a final gap of 0.9-0.8 mm, after which the bottom plate was 

heated to 37°C and measurement for the storage modulus was performed, 

applying a 2% oscillation for 130 measurement points for a total test duration of 

26 min.  

 

2.6.2. Tube formation assay in 3D hydrogels of different fibrinogen 

concentrations 

 

Solutions and Chemicals  

Name Company 

VEGF 40 ng/mL PeproTech, Hamburg, Germany 
Fibrinogen  See 2.3 
Thrombin CSL Behring, Marburg, Germany 
40 mM CaCl2 solution Sigma-Aldrich, Steinheim, 

Germany 
5 M (w/v) NaOH solution: 
200 mg/mL NaOH pellets pure 

Merck, KgaA, Darmstadt, 
Germany 

Celltracker green CMFDA Invitrogen, Darmstadt, Germany 
10X M199 Sigma-Aldrich, Steinheim, 

Germany 
1X PBS Sigma-Aldrich, Steinheim, 

Germany 
Feeding medium See 2.2.1 

 

Method 

For this experiment, a 3D tube formation assay was performed with RFP-

HUVEC in co-culture with ASC as described previously by Lau et al [79]. 55,000 

RFP-HUVEC plus 55,000 celltracker green CMFDA-labeled ASC were 

resuspended in 50 µL fibrinogen solution and mixed with 50 µL of a thrombin- 

CaCl2 solution (20 U/mL) in 96-wells to final fibrinogen concentrations of 1, 5, 

10, 20 and 30 mg/mL. Gels polymerized for 30 min and were overlaid with 200 

µL M199 feeding medium. Medium was exchanged every second day and tube 

formation was monitored using fluorescent microscopy for 7 days. 
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2.6.3. Perfusion of high-concentration fibrin hydrogels 

 

Solution and Chemicals 

Name Company 

VEGF 40 ng/mL PeproTech, Hamburg, Germany 
Fibrinogen  See 2.3 
Thrombin CSL Behring, Marburg, Germany 
40 mM CaCl2 solution Sigma-Aldrich, Steinheim, 

Germany 
Celltracker green CMFDA Invitrogen, Darmstadt, Germany 
5 M (w/v) NaOH solution: 
200 g/L NaOH pellets pure 

Merck, KgaA, Darmstadt, 
Germany 

10X M199 Sigma Aldrich, Steinheim, 
Germany 

1X PBS Sigma Aldrich, Steinheim, 
Germany 

DAPI Roth, Karlsruhe, Germany 
EGM-2 medium See 2.2.1 
Paraformaldehyde (PFA) 4% Sigma Aldrich, Steinheim, 

Germany 
Feeding medium See 2.2.1 

 

Method 

A flow chamber for the perfusion of 3D fibrin scaffolds was designed and 

constructed by the department of medical device construction of Hannover 

Medical School (Fig. 4).  

 

 

 

 

 

Figure 4: Conceptual illustration of the assembled flow chamber for the perfusion of 
high concentration fibrin hydrogels. A: Assembled flow chamber with all featured parts: top 
and bottom lid with luer-connectors, as well as three upright needles for the generation of pre-
formed channels in the fibrin hydrogel after polymerization. B: Perfusion system with 
assembled flow chamber connected to a pump (P) and medium reservoir (R). 
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The device consisted of the mold for casting the fibrin clot (Fig. 18A), two luer 

lids allowing connection to the perfusion system (Fig. 18B) and a lid containing 

three needles (Ø 0.8 mm) (Fig. 18C) that were inserted during the casting 

procedure to form the channels (Fig. 18D). After filling with fibrin and 

polymerization (Fig. 18D), the chamber was connected to the pump system for 

perfusion by Luer connectors (Fig. 18E). Shear stress () was calculated by the 

following equation derived from the law of Hagen-Poiseuille [84]:  

=32m*Q/*d3 

where m is the viscosity, Q the flow rate and d the diameter of the pre-formed 

channels. 

For perfusion experiments a fibrinogen concentration of 20 mg/mL was used, as 

this was the lowest possible fibrin concentration that has shown to be suitable 

for the fabrication of a hydrogel stable enough for later perfusion. For a pilot 

perfusion experiment, fibrin clots were casted by pipetting 150 µL of a 

fibrinogen solution and 150 µL of a thrombin-calcium chloride solution (20 

U/mL) over the three upright needles of the flow chamber (Fig. 18D) and 

polymerization for 30 min at RT. Needles were then pulled out and resulting 

channels cellularized with 150,000 RFP-HUVEC/channel. After 20 min, gel was 

overlaid with EGM-2 media, flow chamber was closed and incubated over night 

at 37°C with 5% CO2. On the next day, the flow chamber was connected to the 

Ibidi pump system (Fig. 18E) and perfusion with EGM-2 was started at 3.5 

mL/min with a pressure of 6.4 mbar. Medium was exchanged after 2 days and 

perfusion was stopped after 4 days. For further perfusion experiments, clots 

were seeded with EC-ASC co-cultures. For this, 137,000 RFP-HUVEC cells and 

137,000 ASC cell-tracker green CMFDA stained were re-suspended in 150 µL 

of the fibrinogen solution and mixed with 150 µL of a thrombin-CaCl2 solution 

(20 U/mL). The clot was casted as before and resulting channels cellularized 

with 150,000 RFP-HUVEC/channel. Perfusion was performed as before but with 

M199 feeding media. Medium was exchanged every two days and perfusion 

was stopped after 12 days. Gels of both experiments were fixated in 4% 

paraformaldehyde (PFA) overnight, cryosections were performed and 

embedded in mounting medium containing DAPI and investigated using 
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fluorescent microscopy. Pore numbers and distribution were determined on 

consecutive cross sections by counting respective structures in section areas as 

depicted in Fig. 20 E.  

 

2.6.4. Perfusion of low-concentration fibrin hydrogels in novel flow 

chamber and SLOT analysis 

 

Solutions and Chemicals 

Name Company 

VEGF 40 ng/mL PeproTech, Hamburg, Germany 
Fibrinogen  See 2.3 
Thrombin CSL Behring, Marburg, Germany 
Factor XIII CSL Behring, Marburg, Germany 
40 mM CaCl2 solution Sigma-Aldrich, Steinheim, 

Germany 
Aprotinin  Bayer, Leverkusen, Germany 
Celltracker green CMFDA Invitrogen, Darmstadt, Germany 
5 M (w/v) NaOH solution: 
200 g/L NaOH pellets pure 

Merck, KgaA, Darmstadt, 
Germany 

10X M199 Sigma Aldrich, Steinheim, 
Germany 

1X PBS Sigma Aldrich, Steinheim, 
Germany 

EGM-2 medium See 2.2.1 
PFA 4% Sigma Aldrich, Steinheim, 

Germany 
Clearing solution: 
Methylsalicylate 
Benzyl Benzoate  
(MSBB, clearing solution in ratio 5:3) 

 
Sigma Aldrich, Steinheim, 
Germany 
Sigma Aldrich, Steinheim, 
Germany 

EtOH denatured with methylethylketone 
(99.5%) 

TH. Geyer GmbH & Co. AG, 
Renningen, Germany 

Feeding medium See 2.2.1 
 

 

 



Methods 

39 
 

Method 

In order to to perfuse low-concentration fibrin hydrogels, a novel flow chamber 

was developed in our lab and costumized by Technischer Laborservice 

Hannover, giving proper support to the gel when perfused. Further requirements 

of the flow chamber, apart from support for the fibrin hydrogel, were the 

possibility of attaching two fibrin vascular grafts, acting as in- and outlet for the 

perfusion and which could also be punctuated with several needles. 

Furthermore, it should be possible to examine the gel in the chamber, therefore 

the flow chamber needed to be equipped with two glass covers to enable 

examination by fluorescence microscopy (Fig. 5). 

 

 

Figure 5: Conceptional illustration of a flow chamber for the perfusion of low 
concentration fibrin hydrogels. (A) describes all parts involved in the assembly of the flow 
chamber. It features two glass cover plates that allow for microscopic investigation of the whole 
implant construct using fluorescence microscopy, a PEEK housing, into which exchangeable 
hose connectors can inserted. These hose connectors are the attachment sites for the fibrin 
vascular grafts, through which the perfusion is run through. Moreover, a perforated plate can be 
attached to the housing, which is used to stabilize and enable even distribution of the cannulas 
when perforating the fibrin vascular grafts. (B) shows a 3D model of the assembled flow 
chamber, with the perforated plate in front being closed with a fitted piece of sealing rubber and 
an additional closing plate. All parts of the flow chamber are designed to be autoclavable.  

 

For this experiment, low-concentration fibrin hydrogels were perfused through 

fibrin vascular grafts. Vascular grafts were fabricated by combining 100 mg 

fibrinogen, 400 U aprotinin, and 400 µL 10X M199 medium and filling the 

mixture up to 2 mL using PBS. The pH value of the solution was adjusted to 

neutral pH with 5 M NaOH. The solution was then combined with 2 mL of a 

solution containing 10 U of thrombin in 40 mM CaCl2 and 10 U factor XIII. This 
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mixture was then filled into a tubular mold with a length of 10 cm that also fits a 

central placeholder with a diameter of 4.8 mm, which was customized by the 

Department of Medical Device Construction of Hannover Medical School. The 

hydrogel mixture was then allowed to polymerize for 30 min, afterwards the 

placeholder was removed and the scaffold was centrifuged in order to compact 

the vascular grafts and thereby increase biomechanical stability. Centrifugation 

steps were performed with increasing speed, starting at 26 x g for 10 min, 

followed by 103 x g for 10 min and 316 x g for 15 min. The centrifugation was 

performed in a customized upright centrifuge that was produced by the 

Department of Medical Device Construction of Hannover Medical School. 

Biomechanical tests were performed by uniaxial tensile strength measurements, 

where cut samples of vascular grafts (5 mm widths) were fixed into the tensile 

tester, which was equipped with a 200 N load cell. Samples were then pulled 

apart until the point of rupture, with the force of rupture being measured and 

used for later calculation of tensile strength.  

 

Figure 6: Procedural steps during assembly of the flow chamber. In order to keep the fibrin 
vascular grafts from collapsing when applying fluidic forces, they were stented with small 
sterilized spirals, shown in (A). After polymerization of the fibrin hydrogel in the flow chamber 
and overnight incubation at 37°C, cannulas were extracted through the perforated plate in front 
of the chamber, leaving a set of pre-formed channels within the hydrogel (B). After extraction of 
the cannulas and the closing of the flow chamber under sterile conditions, the flow chamber was 
connected to the perfusion system and could be perfused with feeding medium (C).  
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Vascular grafts were allowed to fully polymerize over night at 4°C in PBS 

supplied with 100 U/mL aprotinin. On the next day, vascular grafts were cut to a 

length of 5 cm and stented with small spirals to keep them from collapsing when 

put under pressure during perfusion (Fig. 6A). The segments were then fitted 

onto the connectors of the flow chamber and fixated with cable ties. 

Subsequently, needles with a diameter of 1.2 mm were poked through both 

walls of the inlet segment and through the inner wall of the outlet segment (Fig.  

6B) and the flow chamber was closed under sterile conditions. Afterwards, 18 

mL of fibrin hydrogel solution with a concentration of 5 mg/mL fibrinogen, 

holding 5 x 106 RFP-HUVEC and 4 x 106 ASC (cell-tracker green CMFDA 

labeled), were pipetted into the flow chamber through an open hole in the 

chamber’s hole plate using a syringe. The gel was allowed to polymerize for 30 

min and the flow chamber was then incubated in a sterile glass petri dish at 

37°C with 5% CO2 overnight. On the next day, the needles were pulled out of 

the gel, giving the structures of the desired pre-formed channels. The flow 

chamber was then connected to the perfusion system (Fig. 6C) and perfused at 

37°C with 5% CO2 with feeding medium for 10 days at a flowrate of 20 mL/min. 

Medium was exchanged every 3 days. After 10 days, the perfusion was 

stopped, medium discarded and the fibrin hydrogel construct was perfused with 

4% PFA for fixation over night. On the next day the fixation was stopped and 

the gel cut into four parts. Two of them were optically cleared for later analysis 

using SLOT. In optical clearing, the refractive index of a material is 

homogenized for proper imaging analysis later on. For this, water of the sample 

is exchanged with solutions that have a similar refractive index as the material. 

In order to extract water from our samples, the fibrin hydrogels were first 

washed in PBS to eliminate traces of PFA and subsequently incubated in EtOH 

solutions of increasing percentages. Here, they were incubated in 50% (v/v) 

EtOH for 4 days, then transferred to 75% (v/v) EtOH for 2 days and 100% EtOH 

for 4 days. The final step in optical clearing was the fitting of the refractive 

index, which was achieved by incubating the gels in clearing solution for 1 day. 

After this, fibrin hydrogels were analyzed using scanning laser optical 

tomography (SLOT) (designed and developed at Laser Zentrum Hannover). 

SLOT analysis was performed by Hannes Benecke, LZH. 
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2.7. Statistics 

Statistical analyses were performed using Graphpad Prism 6.04 (Graphpad 

Software, San Diego, California). Normal distribution of the data was tested 

using the d’Agostino & Pearson omnibus normality test. Results are presented 

as mean ± SEM or SD. Multiple comparisons between groups were performed 

by One or Two-Way ANOVA followed by Tukey’s posttest. Differences were 

considered significant at p<0.05. Significance levels were given as follows: * : 

p<0.05; **: p<0.01, ***: p<0,001 and #: p<0.0001, unless otherwise specified  in 

figure legends.  
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Results 

2.8. Effect of sustained VEGF treatment on tube formation 

3.1.1. Sandwich Tube Formation Assay with VEGF loaded siNPs 

VEGF is one of the key players of new blood vessel formation, promoting vessel 

leakage and thereby enabling EC to migrate and sprout to form new 

vasculature. Since it might be challenging in some approaches, and generally 

more cost-intensive, to repeatedly supply fresh VEGF for long-term in vitro 

vascularization studies, an alternative for sustained VEGF delivery in the tissue 

construct is the integration of VEGF loaded siNP in the tissue construct. In this 

assay we tested the tube formation capabilities of EC, when supplied with 

VEGF that is gradually released from siNP. 
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Figure 7: Tube Formation of RFP-HUVEC in fibrin hydrogels of 5 mg/mL fibrinogen 
concentration. Images were obtained 4 days after start of the experiment. Best tube formation 
was achieved in wells of the control (A) and wells receiving 24 ng VEGF delivered by siNP (C). 
Poor tube formation was seen in wells receiving neither VEGF nor siNP (B) and wells receiving 
unloaded siNP with VEGF in medium (D). No tube formation was seen in wells not receiving 
VEGF, but unloaded siNP (E). Scale bar: 500 µm. RFP-HUVEC: red-fluorescent protein-
expressing human umbilical vein endothelial cells, VEGF: vascular endothelial growth factor, 
siNP: silica nanoparticles. 
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Wells were examined on day 4 of the assay by fluorescence light microscopy 

and it could be seen that wells receiving 20 µg VEGF-loaded siNP (Fig. 7C) 

generated comparable tube formation by RFP-HUVEC as seen in wells of the 

positive control (Fig. 7A), which received repeated doses of VEGF with every 

change of medium. Freshly formed tubes in both groups appear to be well 

interconnected, tube formation of wells supplied with VEGF loaded siNP 

seemed to be a bit more evenly distributed throughout the wells compared to 

the control. Unloaded siNP with soluble VEGF supplied to the cells in medium 

(Fig. 7D) showed some tube formation, although to a lower extent than in the 

two before mentioned groups and cells appeared to rather grow into broader 

patches than form an interconnected tube network. In both groups that did not 

receive VEGF (Fig. 7B and E), poor to no vessel formation was observed. In 

wells that received neither siNP nor VEGF (Fig. 7B) only minimal tube formation 

was seen, although mostly cells grew into patches evenly covering the gel area. 

Receiving unloaded siNP and no VEGF did not seem to be a beneficial 

condition for EC (Fig. 7E). Here, cells only partially grew into patches and hardly 

formed any network structures. In some wells EC seemed to elongate in a try to 

interconnect, however, no real tube formation could be observed (third image in 

the row). Thus, VEGF released from siNP exerted the same biological function 

like soluble VEGF added freshly to the cells.  

 

2.9. Effect of chemically induced hypoxia on tube formation 

Apart from VEGF itself, its master regulator hypoxia is an important inducer in 

vascularization and is an aspect that should be considered when researching 

for pre-vascularization strategies. When considering creating a hypoxic gradient 

in order to guide vascularization and endothelial tube formation, the application 

of a ubiquitous hypoxia is not especially favourable. Therefore, DMOG, which 

has been shown to be a potent HIF-1α stabilizer and thereby upregulator of 

VEGF expression in various cell types, can be used as a chemical inducer of 

hypoxic pathways to tune desired hypoxic effects within the tissue construct as 

needed.  
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2.9.1. Treatment of ASC with solubilized DMOG 

In order to test for the possible increase in VEGF production of ASC, the cells 

were treated with solubilized DMOG of different concentrations, either as single 

(bolus) or repeated doses. All cells treated with DMOG have shown increased 

levels of VEGF production which was here expressed as arbitrary units 

normalized by absorption values from the cell viability assay (Fig. 8). VEGF 

production in cells treated with a single dose of 100 µM DMOG increased 5.2-

fold until day 3, however, significantly decreased by ~20 % until day 6 and 9 

(p<0.0001). In cells treated with a single dose of 500 µM DMOG, VEGF 

production significantly increased 10.9-fold until day 3, with VEGF levels being 

2.1-fold higher compared to VEGF levels of cells treated with 100 µM. However, 

also here VEGF levels significantly decreased by ~20 % (p<0.0001) from day 3 

until day 9 (Fig. 8A). Cell viability of cells treated with a single dose of 500 µM 

DMOG was the lowest, compared to cells treated with 100 µM and cells of the 

control; interestingly, cell viability for all three groups recovered and increased 

until day 9 (Fig. 8B).  
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Figure 8: VEGF production of ASC after treatment with solubilized DMOG up to 9 days.  
Cells were either treated with a single dose (A) or with repeated doses (C) of DMOG in the 
indicated concentrations. After treatment cell viability was assessed by WST-8 assay (B and D). 
Shown are mean ± SD with n=3 for each group. ***: p<0.001 and #: p<0.0001 by two-Way 
ANOVA and Tukey‘s post-test. VEGF: vascular endothelial growth factor, ASC: adipogenic stem 
cells, DMOG: dimethyloxalylglycine. 

These results showed that a single bolus treatment of cells with DMOG is not 

enough to sustain the release of VEGF in ASC. Therefore, ASC were 

repeatedly treated with DMOG at concentrations of 100 and 500 µM (Fig. 8C). 

Here it was observed that VEGF production could be better sustained. On day 3 

cells treated repeatedly with 500 µM DMOG produced significantly (p<0.0001) 

more VEGF compared to cells treated repeatedly with 100 µM DMOG (2-2.5 

fold more) and compared to cells of the control (9.4-fold). VEGF production still 

decreased between day 3 and day 6 in both treated groups as observed with 

single treatments, however, no significant decrease was observed between day 

6 and day 9. At the same time, the fold-difference between cells treated with 

500 µM and cells of the control or treated with 100 µM DMOG was sustained. 

On day 6 cells treated with 500 µM DMOG produced 2.0-fold more VEGF 

compared to the treatment with 100 µM and 6.7-fold more compared to the 

control. On day 9 the treatment with 500 µM still produced 2.5-fold more VEGF 

compared to 100 µM and 7.6-fold compared to the control. While the repeated 

treatment of 500 µM yielded the highest secretion amounts of VEGF, it was also 
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observed that cell viability was the lowest compared to all groups and did not, in 

contrast to treatment with a single dose of 500 µM, recover or increase over the 

assay duration (Fig. 8D). Compared to this, cells treated repeatedly with 100 µM 

DMOG may have yielded lower levels of DMOG, however, the cell viability 

could be better sustained until day 9, which was considered to be more suitable 

concerning the goal of long-term VEGF secretions of ASC.  

 

2.9.2. Treatment of ASC with DMOG delivered on siNP 

After testing the effect of solubilized DMOG on cells, also DMOG loaded siNP 

were tested on ASC to evaluate, whether the controlled release of DMOG form 

the particles could sustain VEGF production at higher levels over the whole 

assay duration. Again, cells were treated either with single or repeated dosages 

of DMOG loaded siNP to a final concentration of 100 or 500 µM DMOG (Fig. 9).  

On day 3 a significant increase (p<0.0001) in VEGF secretion could be seen in 

all cells treated with a single dose of DMOG compared to cells of the control, 

with VEGF levels being 12.7- fold higher in cells treated with 100 µM and 9.8-

fold higher in cells treated with 500 µM (Fig. 9A). However, VEGF levels in the 

group treated with 100 µM drastically decreased from day 3 until day 6 with a 

significant (p<0,0001) recovery until day 9. VEGF levels of cells treated with 

500 µM were significantly higher (2.8-fold, p<0.05) on day 6 compared to cells 

treated with 100 µM DMOG and VEGF expression could be sustained until day 

9. As observed before when treating cells with solubilized DMOG, the cell 

viability for cells of the control and cells treated with 100 µM DMOG kept 

increasing until day 9, while cell viability for cells treated with 500 µM DMOG 

was again the lowest and did not increase remarkably over the assay duration 

(Fig. 9B).  
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Figure9: VEGF production of ASC after treatment up to 9 days with DMOG loaded siNP. 
Cells were either treated with a single dose (A) or with repeated doses (C) of 
dimethyloxalylglycine (DMOG) loaded siNP in the indicated concentrations. After treatment cell 
viability was assessed by WST-8 assay (B and D). Shown are mean ± SEM with n=9 for each 
group. *: p<0.05; **: p<0.01; ***: p<0.001 and #: p<0.0001 §: p<0,063 by two-Way ANOVA and 
Tukey‘s post-test. VEGF: vascular endothelial growth factor, ASC: adipogenic stem cells, 
DMOG: dimethyloxalylglycine, siNP: silica nanoparticles. 

 

When cells were treated with repeated dosages of DMOG loaded siNP, again a 

significant increase (p<0.0001) in VEGF production could be observed in both 

treated groups on day 3 compared to cells of the control, with VEGF levels 

being 8.7-fold higher when treated repeatedly with 100 µM and 9.7-fold higher 

when treated repeatedly with 500 µM (Fig. 9C). When comparing cells treated 

with repeated doses of 100 µM DMOG with cells of the control, it could be 

observed that VEGF production was sustained at significantly (p<0,0001) higher 

levels until day 6 and were only marginally significantly increased (p=0,063) on 

day 9. Interestingly, VEGF production in cells treated with repeated doses of 

500 µM DMOG kept increasing until day 9, with VEGF levels being 1.6-fold 

higher (p<0,01) on day 9 compared to levels on day 3 and significantly 

(p<0.0001) higher than levels on day 9 of cells treated with 100 µM. Looking at 

cell viability, only viability of control cells kept increasing, while cells treated with 

repeated doses of 100 µM DMOG stayed on the same level and viability in cells 
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treated with repeated doses of 500 µM, which was again the lowest, decreased 

even further (Fig. 9D).  

Considering these results, another experiment was performed, testing the effect 

of long-term treatment of cells treated with repeated doses of 500 µM DMOG 

loaded on siNP (Fig. 10) to evaluate, whether VEGF production could be 

sustained even for a longer time. Here, although VEGF levels shortly decreased 

between day 3 and day 6, a clear trend of significantly increasing (p<0.0001) 

VEGF levels until day 12 could be observed in the DMOG-treated group, 

yielding a 6.7-fold higher VEGF concentration compared to cells of the control 

(Fig. 10A).  

 

 

Figure 10: VEGF production of ASC after longterm treatment for up to 18 days with 
repeated doses of DMOG loaded siNP. After treatment with indicated concentrations of 
DMOG loaded siNP, cell viability was assessed by (C and D). Shown are mean ± SD with n=9 
for each group. *: p<0.05 and #: p<0.0001 by two-Way ANOVA and Tukey‘s post-test. VEGF: 
vascular endothelial growth factor, ASC: adipogenic stem cells, DMOG: dimethyloxalylglycine, 
siNP: silica nanoparticles. 

 

While VEGF production in control cells kept slightly increasing until day 18 of 

the assay, VEGF levels of cells treated with 500 µM DMOG decreased rapidly 

after day 12, with VEGF amounts even below control values. Cell viability of 

control cells increased throughout the whole assay duration, but could only be 

depicted as a plateau after day 9, since absorbance values were out of 

detection range. Viability of DMOG treated cells was again low and further 

decreased between day 15 and day 18 (Fig. 10B).  
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2.9.3. Sandwich Tube Formation Assay with DMOG delivered on 

siNP 

To test, whether the application of (DMOG- loaded) siNPs would interfere with 

the tube formation capabilities of EC, a tube formation assay in fibrin hydrogel 

was performed, with siNP being delivered to the system in the upper gel layer. 

As shown in the panel of Fig. 11, pronounced tube formation in the control 

group was observed after 4 days which seem to degrade until days 7.  
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Figure 11: Endothelial tube formation of RFP-HUVEC in fibrin hydrogels of 5 mg/mL 
fibrinogen concentration treated with DMOG-loaded siNP. Wells with EC-ASC co-culture 
were supplied with 100 µM DMOG loaded on siNP and unloaded siNP after day 4 and day 7 of 
the assay, shown in the upper rows of each time point respectively. Parameters of the vascular 
network, that are relative tube area, number of junction and tube length, were analyzed by 
Angiotool, images after analysis are shown in lower rows for each time point respectively.  
Vascular networks were masked and outlined and points of junction marked in blue dots by the 
software. RFP-HUVEC: red-fluorescent protein-expressing human umbilical vein endothelial 
cells, DMOG: Dimethyloxalylglycine, siNP: silica nanoparticles, EC: endothelial cells, ASC: 
adipogenic stem cells. 

 

Tube analysis by angiotool confirmed this effect by showing a decrease in all 

parameters of tube formation (relative tube area, number of junctions and total 

vessel length) in this group between day 4 and day 7 (Fig. 12). When cells 

received 13.9 µg of unloaded siNP this effect was even more distinct, which can 
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also be seen in Fig. 11 and Fig. 12. It was expected that no or even an 

increasing trend would be observed in wells receiving 100 µM DMOG (Fig. 11 

and 12), however, also this group showed a decline in all parameters evaluated, 

the most distinct being the decrease in number of junctions between day 4 and 

day 7 (1.9-fold; p<0,0001) (Fig. 12). 

 

 

Figure 12: Angiotool analysis of tube parameters of endothelial vascular network in tube 
formation assay supplied with 100 µM DMOG on siNP. Parameters analyzed were relative 
tube area (A), number of junctions (B) and total vessel lenght (C). Values were compared 
between day 4 and day 7 of the culture. Shown are means±SEM of 4 independent experiments 
run in triplicates. *: p<0.05, **: p<0,01, ***: p<0,001 and #: p<0.0001 by two-Way ANOVA and 
Tukey‘s post-test. DMOG: dimethyloxalylglycine, siNP: silica nanoparticles. 

 

Considering these results, we speculated that 100 µM DMOG supplied in a 

hydrogel might have different effects on cells than in standard cell culture 

experiments, as the hydrogel might pose a diffusion barrier for DMOG and 
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thereby lead to a potentially cytotoxic accumulation of DMOG within the gels. 

Therefore, we decided to lower the DMOG concentration to 50 µM. Here, tube 

formation after 4 days appeared to be markedly improved (Fig. 13) which was 

confirmed by angiotool analysis showing a significant increase in all tube 

parameters tested compared to wells of the control (Fig. 14).  
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Figure 13: Endothelial tube formation of RFP-HUVEC in fibrin hydrogels of 5 mg/mL 
fibrinogen concentration treated with DMOG-loaded siNP. Wells with EC-ASC co-culture 
were supplied with 50 µM DMOG loaded on siNP and unloaded siNP after day 4 and day 7 of 
the assay, shown in the upper rows of each time point respectively. Parameters of the vascular 
network, that are relative tube area, number of junction and tube length, were analyzed by 
Angiotool, images after analysis are shown in lower rows for each time point respectively.  
Vascular networks were masked and outlined and points of junction marked in blue dots by the 
software. RFP-HUVEC: red-fluorescent protein-expressing human umbilical vein endothelial 
cells, DMOG: Dimethyloxalylglycine, siNP: silica nanoparticles, EC: endothelial cells, ASC: 
adipogenic stem cells. 
 

In wells treated with DMOG, a 1.5-fold higher relative tube area, 1.5-fold higher 

number of junctions and 1.4-fold higher total vessel length was achieved 

compared to the untreated control (Fig. 14). In comparison, in wells treated with 

unloaded siNPs, tube formation was only slightly increased yielding an 1.1-fold 

higher relative tube area, an 1.2-fold higher number of junctions 1.2-fold and an 
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1.2-fold higher total vessel length than in wells of the control (all not significant). 

However, again a significant decrease in all parameters and all groups was 

observed on day 7 of the assay, with values of groups treated with DMOG 

loaded and unloaded siNP being on approximately the same levels as values of 

the control group (Fig. 14).  

 

 

Figure 14: Angiotool analysis of tube parameters of endothelial vascular network in tube 
formation assay supplied with 50 µM DMOG on siNP. Parameters analyzed were relative 
tube area (A), number of junctions (B) and total vessel lenght (C). Values were compared 
between day 4 and day 7 of the culture. Shown are means±SEM of 4 independent experiments 
run in triplicates. *: p<0.05, **: p<0,01, ***: p<0,001 and #: p<0.0001 by two-Way ANOVA and 
Tukey‘s post-test. DMOG: dimethyloxalylglycine, siNP: silica nanoparticles. 
 

Thus, in summary, the release of DMOG from siNP significantly improved tube 

formation in a short time course resulting in a quicker formation of more 

complex early tube networks. This effect was transient and did not delay tube 

degradation as observed in the controls. 
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2.9.4. Osteogenic differentiation of ASC under chemically induced 

Hypoxia 

As DMOG and hypoxia in general, as well as silica as a biomaterial, have been 

reported to be possible inducers of osteogenic differentiation, we evaluated their 

effect on ASC for our study. Briefly, cells were treated either with unloaded 

siNP, DMOG loaded siNP to give a final concentration of 100 µM DMOG per 

well, or with 100 µM solubilized DMOG. Cells fed with osteogenic differentiation 

medium served as positive control. Osteogenic differentiation of ASC was 

determined by later analysis of their ALP activity, normalized by total protein 

amount measured with BCA assay. Here, we found that ALP activity in the 

positive control group was significantly higher compared to all groups treated 

with siNP and/or DMOG (p<0,01) (Fig. 15).  

 

 

Figure 15: ALP activity of ASC after treatment with DMOG and/or siNP normalized by 
BCA assay. Neither DMOG or siNP, alone or in combination, did increase ALP activity 
significantly in ASC over an assay duration of 21 days. Cells of the control were supplied with 
differentiation medium. Shown are means±SD of n=2 for each group. ***: p<0,001 and by one-
Way ANOVA and Tukey‘s post-test. ALP: alkaline phosphatase, ASC: adipogenic stem cells, 
DMEM: dulbecco’s modified eagle medium, DMOG: dimethyloxalylglycine, siNP: silica 
nanoparticles. 
 

Similar values were achieved for all three treated groups, whereas solubilized 

DMOG yielded a slightly higher ALP activity output compared to groups treated 

with siNP or DMOG loaded siNP. Therefore, we do not assume that (DMOG 
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loaded) siNP or soluble DMOG lead to osteogenic differentiation of ASC in an 

assay duration of 21 days. 

 

2.10. Effect of flow on tube formation 

Apart from hypoxia and VEGF as inducers of endothelial sprouting, perfusion 

and application of shear forces are also known to be important factors when it 

comes to vascular tube formation and stabilization of newly formed vasculature. 

Therefore, we investigated the effect of flow on tube formation capabilities of EC 

in high concentration fibrin hydrogels to evaluate possible differences to tube 

formation processes in static tube formation assays.  

 

2.10.1. Rheology of hydrogels with different fibrinogen 

concentrations 

A requirement for a hydrogel to be applied successfully as a scaffold for pre-

vascularization put under flow is that it has to be stable enough for medium 

perfusion and later handling, while at the same time enabling tube formation in 

the gel. Therefore, the appropriate fibrinogen concentration had to be 

determined. For this, fibrin hydrogels with fibrinogen concentrations of 1-30 

mg/mL were tested for the biomechanical stability using rheology 

measurements. It could be observed that the storage modulus, which describes 

the elastic response of fibrin to shear stress, steadily increased significantly 

over time and with increasing fibrinogen concentration (Fig. 16A).  
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Figure 16: Mechanical properties of fibrin gels with the indicated concentrations using 
oscillatory shear rheometry and the time sweep modus. Depicted are storage moduli of 
(mean±SEM) over complete time period (A) or at 26min (B) of 5 independent samples per 
concentration. *: Significances versus 1mg/mL group, #: versus 5mg/mL group and §: versus 
10mg/mL group. *, # or $: p<0.05; **: p<0.01; ###: p<0.001. 
 

Hydrogels with a fibrinogen concentration of 1 mg/mL appeared to have only a 

minimal biomechanical stability with a mean storage modulus of 21.2 Pa that 

did not significantly increase at 5 mg/mL (Fig. 16B). 10 mg/mL fibrin hydrogels 

showed a 2.6-fold higher storage modulus (p<0.01) and 20 mg/mL fibrin gels 

further increased their storage modulus 2.4-fold (marginally significant, 

p<0.072), reaching a storage modulus of 465 Pa. Hydrogels with a fibrinogen 

concentration of 30 mg/mL had a storage modulus of 2210 Pa, however, they 

showed a high variance in their clotting behavior due to the high fibrinogen 

concentration, which led to inhomogeneous gel consistency. These results were 

published in Zippusch et. al [85]. 

 

2.10.2. Tube Formation assay in hydrogels of different 

fibrinogen concentrations 

After the biomechanical stability of the gels was evaluated, they were tested for 

their capability to support endothelial tube formation. As shown by our group 

and others [79,86], it is favorable for endothelial tube formation to introduce 

supporting cell types, which we chose to be ASC.  

It could be observed that after 4 days of the culture, RFP-HUVEC started to 

form a vascular network in hydrogels of low fibrinogen concentrations of 1 and 5 

mg/mL (Fig. 17A and C). Only occasional sprouting of EC could be seen in gels 

with 10 and 20 mg/mL (Fig. 17E and G). No or only minimal sprouting could be 
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observed in gels of 30 mg/mL fibrinogen concentrations (Fig. 17I). In fibrin 

hydrogels of the lowest concentration also ASC with long extensions could be 

found near RFP-HUVEC (Fig. 17A), however, in gels of higher concentrations 

ASC appeared round and did not migrate together or towards EC (Fig. 17C, E, 

G and I). Fluorescence microscopy images on day 7 of the assay showed 

similar results. In gels of 1 mg/mL fibrinogen, endothelial tubes appeared even 

more connected and lined by ASC (Fig. 17B), whereas tube formation in gels of 

5 mg/mL did not appear to have interconnected any further (Fig. 17D). As was 

assumable already on day 4, no vascular networks were formed in gels with 10-

30 mg/mL fibrinogen concentration (Fig. 17F, H and J). Again, ASC did not 

gather around RFP-HUVEC in hydrogels with a fibrinogen concentration higher 

than 1mg/mL. This was published in Zippusch et al. [85]. 
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Figure 17: Tube formation of RFP- HUVEC in 3D tube formation assay in co-culture with 
cell tracker green- labeled ASC in fibrin hydrogels of indicated concentrations after 4 and 
7 days. Vascular network can be observed only at low fibrinogen concentrations of 1 and 
5mg/mL (A-D) while higher concentrations showed increasingly poor tube formation (E-J). Scale 
bar: 500 µm. RFP-HUVEC: red-fluorescent protein-expressing human umbilical vein endothelial 
cells, ASC: adipogenic stem cells.  

 

2.10.3. Perfusion of high concentration fibrin hydrogels 

For the perfusion of hydrogels, a customized flow chamber was developed that 

allowed the casting of small, high-concentration fibrin hydrogels over three 

upright needles, thereby generating the pre-formed channels in the gel after 

polymerization and removal of the needles.  

 

 

Figure 18: Customized flow chamber for perfusion of high-concentration fibrin 
hydrogels.  The chamber consists of the mold for casting the fibrin clot (A), two lids allowing 
connection to the perfusion system (B) and a lid containing three needles (C) that were inserted 
during the casting procedure to form the channels. Fibrin hydrogel was cast over lid with 
needles and allowed to polymerize (D). After polymerization, the needles were pulled out and 
the flow chamber was connected to a pump system to be perfused (E). Scale bar: 1 cm.  
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To test whether perfusion of high concentrated fibrin clots could induce 

endothelial sprouting starting from an endothelial monolayer, fibrin clots were 

endothelialized on their pre-formed channels and put under flow (Fig. 18).  

 

 

Figure 19: Endothelialization of pre-formed channels in perfused fibrin clots. Fibrin gels 
(20mg/mL) containing 4.5 x 105 RFP HUVEC/mL were casted into the flow chamber, channels 
were seeded with RFP-HUVEC and perfused for 12 days. Shown are cross sections at two 
different levels (A, B) depicting a closed endothelial cell layer on the channel lumen. Scale bar 
500µm. RFP-HUVEC: red-fluorescent protein-expressing human umbilical vein endothelial cells.  
 

Perfusion resulted in a shear stress of 3,9 dyn/cm2 across each pre-formed 

channel, resembling the hemodynamic forces of the capillary system [87]. After 

perfusing the clot for 4 days, fluorescence images of cryosections of the gel 

showed a full endothelialization of the pre-formed channels in the gel (Fig. 19A 

and B). However, the gel body did not show any sprouting or tube-like 

structures. Thus, according to the tube assays, co-cultures of RFP-HUVEC and 

ASC were suspended in the fibrin clot plus seeding of the channels as before. 

After 12 days of perfusion no endothelial layer could be observed in the 

channels any more, most likely due to shear force-induced scaling of the cells. 

However, in the co-cultured fibrin clot body, formation of new pores by EC could 

be observed in cross sections (Fig. 20A) in various areas of the gel. This was 

confirmed by DAPI staining for cell nuclei on the sections (Fig. 20B) showing 

blue-stained nuclei within the RFP-HUVEC. 
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Figure 20: Endothelialized pore formation in high concentration fibrin gels after 
perfusion. Fibrin gels (20mg/mL) containing 4.5 x 105 RFP-HUVEC/mL and 4.5 x 105 ASC/mL 
were casted into the flow chamber and perfused for 12 days. Cross sections (A-C) showed 
multiple pores formed by endothelial cells (A,B; nuclei stained with DAPI in blue in C). 
Longitudinal sections (D) showed full-length endothelialized pores. Scale bar 100µm. 
 

Quantification of the pores revealed an even distribution over the cross section 

as seen in Fig. 20, E and F. In longitudinal sections of the fibrin clot occasionally 

cell alignments in flow direction were detected (which indicate endothelialized 

pore formation within several sections of the gel. Unfortunately, ASC could not 

be depicted, as cell- tracker green only offers short-term staining of cells for a 

period of 5-7 days, which is exceeded by our assay duration of 12 days. This 

was published in Zippusch et al. [85]. 

 

2.10.4. Perfusion of cellularized low concentration fibrin 

hydrogels in novel flow chamber and SLOT analysis 

As mentioned before, perfusion of high concentration fibrin hydrogels enabled 

pore formation and occasional longitudinal alignment of EC, however, no 

network formation could be observed. Therefore, the fibrinogen concentration of 

gels to be perfused was lowered, considering the results of the 3D tube 
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formation assay, and a novel flow chamber was designed to give proper support 

to the gel during perfusion (Fig. 21).  

 

Figure 21: Final setup of the novel flow chamber for the perfusion of low concentration 
fibrin hydrogels. The flow chamber is connected to the medium reservoir and the peristaltic 
pump via silicone tubings that are connected to the hose connectors of the flow chamber. The 
pressure applied to the system can be manually regulated by a clamp placed before the 
medium reservoir. Pressure sensors are placed in front of the flow chamber as well as behind 
the flow chamber in the circulation, to monitor possible clogging in the chamber, indicated by 
increasing pressure values in front of the chamber. Pressure values are depicted on a patient 
monitor.  
 

First perfusion runs were performed with acellularized gels, in order to test the 

behavior of the gel under flow. Here it was observed that one of the fibrin 

segments, which acts as outlet for the flow in the scaffold construction, 

collapsed when put under flow and pressure (data not shown). This resulted in 

highly increased pressure buildup in the whole flow chamber, since no outflow 

could be achieved. Therefore, improvised stents were introduced in the system 

and slid into both fibrin segments, as described in part 2.6.4 (Fig. 6). This was 

shown to be successful and kept the segments from collapsing, leading to 

successful perfusion of the construct. 

After flow could be maintained throughout the construct, the fibrin hydrogel was 

cellularized with a co-culture of RFP-HUVEC and ASC and perfused for 10 

days. After perfusion and fixation, the construct was successfully optically 

cleared for later SLOT analysis (Fig. 22) in cooperation with Hannes Benecke 

from LZH. 



Results 

65 
 

 

Figure 32: Fibrin hydrogels during the process of optical clearing. (A) shows an opaque 
gel with high fibrinogen concentration (20 mg/mL) after perfusion and fixation with 4% PFA, 
which appears completely transparent after dehydration steps and incubation in clearing 
solution (B). (C) shows an optically cleared hydrogel with low fibrinogen concentration prepared 
for SLOT analysis. Also here the hydrogel is completely clear, however, the fibrin vascular 
grafts retained minimal pigmentation after clearing procedures. PFA: paraformaldehyde, SLOT: 
scanning laser optical tomography. 
 

SLOT analysis of the fibrin construct (Fig. 23) clearly showed successful 

cellularization of the fibrin hydrogel construct with RFP-HUVEC with beginning 

endothelialization of the pre-formed channels in the gel, as indicated by the 

arrows in Fig. 23. However, no capillary formation could be observed in the 

hydrogel. A possible reason for this might be that the cell number applied was 

still too low and needs to be further increased and evaluated in future up-scaling 

experiments. 

 

 

Figure 23: Scanning laser optical tomography (SLOT) of optically cleared fibrin hydrogel 
with low fibrinogen concentration (5 mg/mL). Cellularization with RFP-HUVEC could be 
visualized (red elements). Punctuation holes of cannulas in fibrin vascular graft were visible, 
moreover, beginning endothelialization of pre-formed channels in the fibrin hydrogels was 
observed, indicated by the two arrows. Scale bar: 5 mm. RFP-HUVEC: red-fluorescent protein-
expressing human umbilical vein endothelial cells. 
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Considering all the above mentioned results, this study shows first steps taken 

towards an implant that allows the capillary formation by EC, the possibility of 

integrating siNP that are either loaded with VEGF, thereby supporting EC tube 

formation by sustained growth factor release, or loaded with DMOG and 

increasing the VEGF production of ASC, which is also beneficial for quicker 

vascular network formation in the hydrogel in the presence of EC-ASC co-

culture. Moreover, we have also shown successful perfusion of cellularized 

high- and low-concentration fibrin hydrogels, with endothelial pore formation 

seen in high-concentration gels and beginning endothelialization of pre-formed 

channels in low-concentration gels. 
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4. Discussion 

One of the major goals of tissue engineering is the generation of a fully 

cellularized tissue construct that can be integrated and will survive in vivo. The 

biggest obstacle to be faced here is the inadequate supply of oxygen and 

nutrients to the cells within the tissue construct, which leads to failing tissue 

integration [88]. Therefore, tissue engineered tissue constructs need a pre-

formed vascular network integrated, in order to enable perfusion and nutrient 

delivery also to deep layers of the construct. As mentioned before, capillary 

tube formation is dependent on several factors. Hypoxia is a known factor to 

support capillarization of tissues, as it promotes the expression of several pro-

angiogenic growth factors, upon which is also VEGF. VEGF expression is 

upregulated under hypoxic conditions by the stabilization of HIFs and causes 

EC to detach from vessel walls and start migration into stroma to form new 

branches of capillary vasculature [20]. Finally mechanical influences on the 

capillary forming cells exerted by fluidic forces in the capillary bed are important 

factors for proper capillary development, as flow affects several factors that are 

involved in vessel maturation, such as the deposition of ECM [18]. 

In this study all three factors influencing capillary formation have been 

investigated systematically using in vitro systems for tube formation (2D fibrin-

based tube formation assay) on the one hand and more sophisticated 

bioreactor systems on the other hand, enabling the application of flow to the 

capillary forming EC. In both systems the maintained application of growth 

factors and of hypoxia proofed to be challenging. Needed growth factors can 

either be delivered to cells exogenously or endogenously with the inclusion of 

supporting cell types producing needed factors in a sustained manner [9]. While 

the co-culture of EC with supporting mural cells is a known approach, in this 

study also the exogenous growth factor supply has been refined using a new 

delivery system based on siNP. For the induction of hypoxia the physical 

exclusion of oxygen requires highly sophisticated technical equipment. Thus, 

this study utilized the chemical hypoxia inducer DMOG in order to trigger VEGF 

release from ASC in co-culture with EC, which was successfully combined with 

siNP, too. Finally, two perfusion bioreactors were constructed to apply fluidic 

forces on capillary growth in fibrin gels with varying concentrations.   
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The major findings in this study presented are 1) the sustained release of 

exogenous VEGF from siNP is able to induce endothelial tube formation in a 2D 

tube formation assay, 2) VEGF release from ASC is upregulated and sustained 

when treated with DMOG loaded siNP and induced tube formation in EC-ASC 

co-culture in a 2D tube formation assay 3) high concentration fibrin gels stable 

enough for scaffold formation did not support the formation of tubes from EC-

ASC co-cultures under static conditions, whereas perfusion in a customized 

flow chamber resulted in endothelialized pore formation and 4) development of 

a novel flow chamber that also allows the perfusion of low-concentration fibrin 

hydrogels was successful with beginning endothelialization of pre-formed 

channels in the gel when cellularized with RFP-HUVEC and ASC in co-culture. 

 

4.1. Effect of sustained VEGF delivery on the tube formation of EC 

In the presented study we have investigated the sustained delivery of VEGF 

from siNP in comparison to repeated fresh doses of VEGF in an endothelial 

tube formation assay in fibrin hydrogels. SiNP are not only widely used as drug 

delivery, but also as monitoring vehicles and are promising candidates to 

combine diagnosis and therapy in one [63]. While they can easily be combined 

with (in)organic material to be used for applications such as MRI and magnetic 

particle imaging, they also offer several advantages compared to conventional 

drug delivery systems [64]. Limitations of organic drug delivery vehicles are that 

they are expensive in production, drug loading does not result in homogenous 

distribution throughout the whole delivery vehicle and the drug loading capacity 

is considered to be generally low [63]. Considering this, siNP are more tunable 

and robust, their release mechanisms, which are generally based on diffusion, 

can be adjusted by either changes in pore sizes, loading concentration of 

desired drug or molecule or by creating stimuli-responsive siNP, which only 

start the drug release upon certain stimulating changes in their close 

environment [63]. Recently, studies have shown the successful delivery of 

several drugs or biomolecules, such as chlorhexidine as a treatment strategy to 

fight oral bacterial implant infections, or BMP-2, in order to stimulate 

mineralization and homing stem cells to sites of bone fractures in vivo [65,89]. 

Although they have gained more and more interest and studies applying siNP, 
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still no consensus can be found when it comes to degradation mechanisms and 

rates of the particles, as this is again a highly dynamic and complex process 

depending on a number of already mentioned factors, such as particle 

concentration, particle size and porosity and nature of silica, as well as 

environmental factors the particles should be degraded it. Critical factors for the 

environment when studying siNP degradation are pH of the solution, amino acid 

and protein presence [90]. Braun et al. have performed a study testing the 

degradation processes of siNP of various sizes and porosities in a number of 

simulated body fluids and PBS. With their findings they showed that siNP 

degradation was the slowest in simulated gastric fluid (SGF), which has a very 

low pH, and the highest under alkaline conditions. The reason for the increased 

degradation of siNP under higher pH values is the increased rate of 

deprotonation of silanol groups and the hydrolysis of Si−O−Si bonds, with the 

catalyzation of the process by nucleophilic attack by OH− ions [91]. Moreover, 

they have found that particle sizes are only of minor importance, whereas the 

specific surface area of the particles is far more important, as degradation rates 

directly correlate to increasing surface areas [91].  

In this study siNP were used to gradually deliver the total amount of VEGF (24 

ng) to EC in a tube formation assay, which would otherwise have to be 

gradually and freshly added with every media change. Since exogenous growth 

factors have a short half- life and cannot be maintained for long in vivo and are 

quickly degraded, a repeated delivery of fresh VEGF to the tissue construct 

would be needed for long term applications in vitro or in vivo applications, which 

is rather impractical [92]. The question remained to be answered was whether 

VEGF bound to and released from siNP would exert the same biological effect 

as freshly added VEGF. Our results clearly showed that EC in fibrin gels 

receiving sustained VEGF delivered by siNP showed comparable if not even 

better tube formation compared to the control cells receiving fresh VEGF doses 

with every medium change (Fig. 7). This means that the binding of VEGF to 

siNP did not induce any conformational changes interfering with its biological 

action. The effect of siNP alone on EC depended strongly on the presence or 

absence of VEGF. While cells treated with unloaded siNP and soluble VEGF in 

the media did show some tube formation, although formed networks appeared 

rather patchy, cells treated with siNP and receiving no VEGF had no tube 
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formation capacity. This suggests that siNP alone do not elicit a positive effect 

on endothelial tube formation in a monoculture of EC and VEGF needs to be 

supplemented in one form or the other, although silica itself is described as 

having pro-angiogenic properties in various studies [24,93,94]. Jo et al. on the 

other hand have found in their study that too high concentrations of released 

Si4+ might also have inhibitory effects on endothelial tube formation [95].  The 

need for VEGF in tube formation assays was also described in a study by Feng 

et al. [96].  

This assay was performed in the absence of supporting cell types, such as 

ASC, as these are also known to produce VEGF themselves. Monocultures of 

EC have been shown to rather proliferate than form tubes and newly formed 

capillaries enlarge [18,79]. This can also be seen in our data provided when 

comparing images from Fig.7 with images from Fig. 11 and Fig. 13, where EC 

were grown in co-culture with ASC and formed vessel networks appeared to 

feature more narrow and interconnected capillary formation. A study by 

Rohringer et al. has also suggested that EC need direct cell-cell contact with 

ASC rather than soluble VEGF alone in order to achieve proper tube formation 

[39]. However, a very attractive advantage of the integration of VEGF loaded 

siNP is the controllability of the release mechanisms, while cellular growth factor 

secretion can never be controlled evenly to hundred percent. Still, with this tube 

assay using EC alone we were able to demonstrate the maintenance of the 

biological activity of VEGF released from siNP, as even in the absence of ASC 

and their supporting role tube formation was enabled and positively influenced. 

A quantitative evaluation of the effect of soluble VEGF versus siNP-delivered 

VEGF is of great interest and will be approached in the near future.    

Moreover, for future studies it should also be evaluated, if better vessel 

formation could be achieved when not only supplying VEGF in a sustained 

manner via siNP, but also other growth factors, such as PDGF, which are rather 

involved in vessel maturation than in sprouting, in order to produce a more 

stable network over a longer period of time [97].  
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4.2. Effect of chemically induced hypoxia on VEGF secretion of ASC and 

endothelial tube formation 

 

4.2.1. Treatment of ASC with solubilized DMOG 

As mentioned above, the application of mural cells in vascularization studies 

offers the opportunity for promotion of vessel stability, controlled permeability 

and sustained endogenous release of VEGF and possible other growth factors 

[10,28]. Verseijden et al. have shown that mesenchymal stem cells, bone 

marrow- as well as adipose tissue derived, can develop into mural cells when 

co-cultured with EC [34]. ASC are of particular interest for these applications, as 

they offer the opportunity of relatively easy isolation strategies of high cell 

numbers with little discomfort for the patient, but more importantly, they also 

express pro-angiogenic factors (i.e.: VEGF and FGF) and can develop pericyte 

characteristics [28,34,39].  

A strategy to upregulate VEGF secretion of ASC in order to avoid the long-term 

application of exogenous VEGF in tissue constructs is the pre-treatment of ASC 

with hypoxic conditions. ASC are known to reside in hypoxic niches with oxygen 

levels under 4% [98] and therefore it is assumed that culturing ASC under low 

oxygen conditions might preserve their stemness and supports their 

proliferation, growth factor secretion and viability [40]. For the presented study 

ASC were not exposed to physical hypoxia, but to chemically induced hypoxia, 

using the HIF- hydroxylase stabilizer DMOG, either in solubilized form or loaded 

onto siNP. The approach of chemically induced hypoxia was chosen for this 

study, as a later goal of the project is to direct hypoxic environments within 

specific areas of the hydrogel construct. Since this is hard to achieve using 

hypoxic chambers, as hypoxia would be ubiquitous, we used the opportunity of 

loading DMOG onto siNP and thereby being able to introduce hypoxia in 

selected zones.  As mentioned above, DMOG treatment stabilized the hypoxia-

induced transcription factor HIF1a that triggers the transcription of various 

hypoxia-sensitive genes among which VEGF is the most prominent. As shown 

in Fig. 8, VEGF production of ASC could indeed be significantly increased in a 

short-term manner, when exposing the cells to 100 and 500 µM of solubilized 

DMOG in a single dose treatment. However, one dose of DMOG in either 
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concentration did not stabilize the VEGF secretion of cells over a longer time 

period, presumably because DMOG was hydrolyzed too quickly in the medium 

to achieve long term effects. Hydrolyzation of DMOG is known to result in NOG, 

which is not able to penetrate the cell membrane due to its high hydrophilicity 

and could therefore not act on HIF1α stabilization if present in the medium. 

After DMOG entered the cell, however, it is de-esterified to NOG, which can not 

only act on PHDs to stabilize HIFs, but also on αKG-dependent processes, 

which is known to play an important role in cell metabolism (Fig. 2). Although 

the manipulation of these processes might lead to decreased cell viability, the 

specific effects of DMOG αKG-dependent  processes still need to be further 

investigated [21]. Another interesting approach to investigate cytotoxicity of 

DMOG on cells is the effect of methyloxalylglycine (MOG) has on cellular 

viability and αKG processes in the cells. Fets et al. have found that a rapid and 

spontaneous mono-de-esterification of DMOG occurs in media, which leads to 

the production of MOG [99]. MOG can easily be transported into cells by using 

monocarboxylate transporter 2 (MCT2), where it is also further de-esterified and 

leads to the accumulation of NOG in the millimolar range, which is far higher 

than what is needed for the inhibition of PHDs [99]. However, this study was 

performed in cancer cells and it needs to be investigated, whether similar 

effects could be observed in mesenchymal stem cells.  

Decreases in cell viability were also observed in our experiment, which could 

not be recovered again, although no DMOG was added after day 3 of the 

assay. Both effects, VEGF release and decreased viability, were more 

pronounced when exposing cells to repeated doses of 100 and 500 µM 

solubilized DMOG (Fig. 8). Here, the VEGF production could be slightly 

maintained, although cell viability was still low. We want to point out that a 

concentration of 100 µM DMOG was sufficient to induce increased and 

maintained VEGF secretion, while at the same time protecting cells from 

significant loss of viability. Interestingly, these results differed in some aspects 

from findings of other studies with DMOG treatment of ASC. Chen and al. have 

pre-treated ASC with DMOG for 4 days and also have found the optimal 

concentration applicable to be 100 µM, with upregulation of HIF-1 signalling and 

increased angiogenic activity with significant upregulation of VEGF. However, 

they also reported higher survival and reduced cell death rates [100]. Ding et al. 
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have shown a sustained and increased VEGF release of ASC for at least 28 

days and a slightly decreased proliferation in a dose dependent manner [101]. 

No differences in cell viability were observed after treatment with 200, 500 and 

1000 µM DMOG. Unfortunately, their treatment strategy was not described in 

detail, lacking information how many doses of fresh DMOG the cells were 

receiving. For bone marrow-derived mesenchymal stem cells it was shown that 

hypoxic pre-treatment under 1% O2 and combined treatment with 500 µM 

DMOG can increase cell survival under severe conditions, such as serum-free 

medium and 1% O2 [102], which is also supported by both before mentioned 

studies. Chen et al.  have found DMOG treated cells to better survive ischemic 

conditions with 1% O2  as well as increased survival of DMOG pre-treated ASC 

implanted into mice encapsulated in fibrin hydrogels as vehicles [100]. Ding et 

al. found DMOG to support cell survival in serum-deprived and therefore 

stressful environment [101]. DMOG effects have also been investigated in other 

cell types. Milkiewicz et al. did not find signs of toxicity even when treating 

mouse skeletal muscle cells with DMOG in the millimolar range [103]. This 

however, was again contradicted by Zhu et al., who have seen cytotoxicity in rat 

palatal cells when treating them with DMOG at concentrations higher than 2 

mM, where cells were 60% less viable when treated with 4 mM DMOG [104]. 

Thus, the effects of DMOG seem to depend strongly on the cell type and culture 

conditions chosen. It should be noted, however, that to the best of our 

knowledge, only very few studies utilize ASC when determining the effects of 

DMOG. Interestingly, we have also seen differences in cell behavior and 

survival during a preliminary experiment that was conducted in order to 

determine the best ASC donor for the performance of later experiments, which 

on the one hand would show an increase in VEGF production, while at the 

same time maintaining relatively high cell viabilities. For this experiment several 

ASC donors were examined for their VEGF expression and viability, where 

significant differences could be observed (data not shown). Therefore, 

additionally to the difference between cell types, it might also be suggested that 

donor variabilities play an important role in the experimental outcome, as it is 

also known that factors such as age, sex, BMI of the donor and tissue source of 

ASC can also lead to variances in results [40].  
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4.2.2. Treatment of ASC with DMOG loaded siNP 

Considering our first findings, we assumed that the experimental setup with 

solubilized DMOG displays a strong challenge for cells and that the hypoxic 

environment needed to be established in a more controlled manner. SiNP also 

in this context offer a great opportunity for the delivery of soluble factors and 

molecules. However, the differences between the molecules VEGF and DMOG 

are considerable, making it necessary to evaluate the loading and delivery 

properties for DMOG on siNP prior to their application in biological systems. It 

was shown that the loading capacity was 63 µg DMOG/mg siNP and that up to 

80% of DMOG were delivered in the time course of 5 days. Thus, DMOG-

loaded siNP seemed to be ideal to expose ASC to sustained chemical hypoxia 

in a controlled manner. SiNP concentrations chosen exposed the cells to 100-

500 µM DMOG which were delivered to ASC either as single or repeated doses 

in a short-term experiment of 9 days (Fig. 9), as well as in a long-term 

experiment over 18 days (Fig. 10). Indeed, as with soluble DMOG, also with 

DMOG-loaded siNP the VEGF production was markedly increased indicating 

that the delivered DMOG was biologically active and not hydrolyzed to NOG 

during the release and delivery process from siNP. Differently to solubilized 

DMOG on ASC, VEGF amounts increased until day 3 when only a single 

dosage of DMOG on siNP was delivered to the cells while cell viability did not 

decrease. In contrast, it rather increased over the remaining assay duration 

between day 3 and day 9, which could indicate DMOG’s before mentioned 

capability to enhance cell survival. With repeated doses of DMOG on siNP, 

moreover, it was seen that VEGF production of ASC was either maintained or 

even continually increased in the case of 500 µM DMOG, while only a slight 

decrease in cell viability was observed over the assay duration (Fig. 9). This 

was maintained until day 12 of the culture which seemed to display the utmost 

time line for DMOG-driven VEGF production (Fig. 10) since beyond this time 

point cells displayed a markedly loss in viability. The long-term exposure to 

DMOG-loaded siNP on the one hand could have induced above mentioned 

cytotoxic DMOG effects on cells. Too high concentrations of DMOG and 

resulting too high intracellular NOG concentrations are also known to 

downregulate cellular respiration, which then leads to cell death [105]. On the 

other hand, siNP themselves could have posed additional stress to the cells by 
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toxic effects of Si2+ ions. Although siNP are generally considered to be safe in 

vitro as well as in vivo, literature research on the cytotoxicity of siNP delivers 

various different findings. Some studies showed that cytotoxicity of siNP 

increased with increasing particle concentration and independently from size, 

treated cell type and surfactant [106], while others stated that cytotoxicity 

increased with decreasing size of particles. Asefa et al. have stated that the 

critical size of nanoparticles is 100 nm, as particles bigger than that cannot be 

directly absorbed by the reticuloendothelial system after intravenous 

administration [107]. On the other hand, Ha et al. have shown that siNP with a 

size of 50 nm had no cytotoxic effect on BMSC, which is supported by findings 

by Bauer et al. who stated that no cytotoxicity was found in HUVEC when 

treated with siNP 40-80 nm in size [108,109]. Considering these findings, siNP 

used in this study should actually show low cytotoxicity, with an average 

diameter of 40-50 nm.  All these controversial findings lead to the suggestion 

that cytotoxicity of siNP is indeed to be assessed individually for each 

experimental setup, considering formulations and surfactants of siNP, the cell 

types used in the study and their metabolic activity and even sterilization 

techniques of siNP could be determining factors [110–112].  

For future studies aimed at delivering controlled hypoxic conditions to ASC 

further tuning of properties of siNP should be considered, in order to try and 

prolong the controlled release and delivery of DMOG even further, so that 

repeated doses are avoided. This would also be beneficial when thinking about 

introducing DMOG loaded siNP into a cellularized hydrogel to help in the pre-

vascularization of the construct, where no fresh doses of siNP can be 

introduced after polymerization of the gel. Moreover, it has to be considered that 

DMOG loaded siNP in cellularized hydrogels could potentially create a stronger 

local hypoxia stimulus in their close proximity, as it might take longer for DMOG 

to evenly diffuse through the whole gel construct. If so, it has to be investigated 

whether these locally higher hypoxic conditions are potentially toxic to the cells 

and DMOG concentrations delivered to the hydrogel on siNP should be 

considered to be lowered, due to the retention of DMOG in the gel.  
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4.2.3. Tube Formation capabilities of EC in 2D tube assay in the 

presence of DMOG loaded siNP 

Possible retention of DMOG in a fibrin hydrogel can also be suggested from our 

findings when we investigated the tube formation capabilities of EC co-cultured 

with ASC, when DMOG loaded siNP were supplied to the system in the upper 

gel layer of a sandwich tube formation. DMOG concentrations applied in this 

assay were 100 and 50 µM. 100 µM were chosen first, as it was seen in 

previous experiments that cell viability was better maintained in ASC with this 

concentration, while upregulating VEGF secretion at the same time. To 

investigate the effect of DMOG on tube formation capabilities of EC, several 

parameters which are generally used to describe properties of capillary network 

formation, were analyzed. These parameters were relative tube area, describing 

the percentage of the well are being covered by vascular network, number of 

junctions to assess the level of interconnectivity of the newly formed vasculature 

and total vessel length, showing whether individual EC are simply elongated, or 

actually joining to form vascular structures. When cells were supplied with 100 

µM DMOG, no significant differences in either of these categories could be 

observed compared to the control group (Fig. 11 and 12). More importantly, 

however, is to point out that significant decreases in all three categories 

evaluated were observed also in wells treated with 100 µM DMOG, as in all 

other groups tested, which gives room for the interpretation that DMOG at this 

concentration could not upregulate VEGF expression in ASC to that extent as to 

support endothelial tube formation for a longer period of time. Another 

hypothesis might be, however, that the higher VEGF levels in the tube formation 

assay resulting from DMOG treatment are not necessarily enough as a single 

factor for the sustained tube formation of EC. It is widely known that although 

VEGF is a potent factor in the process of vessel sprouting, it cannot induce 

vessel maturation alone, as was also shown by Hellstrom et al. [26,97,113]. 

Finally, there is also the possibility that 100 µM of DMOG in a tube assay might 

have cytotoxic effects on capillary-forming EC themselves. Live dead staining of 

the tube assays after different time points could be helpful to further 

characterize the viability of single cells influenced by damaging effects as such. 
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As we assumed that siNP loaded with DMOG might offer a stronger hypoxic 

environment in their close proximity, which might be harmful to the cells, only 50 

µM DMOG was delivered to the hydrogels. Here we did indeed observe 

significantly higher values for relative tube area, number of junctions as well as 

total vessel length for wells treated with DMOG compared to wells of the control 

on day 4 of the culture. This could indicate a supportive effect of DMOG on 

siNP for endothelial tube formation most likely by an enhanced VEGF 

production of ASC acting directly on tube forming EC (Fig. 12 and 13). This 

effect, however, should be considered as transient, as no significant differences 

could be observed between the groups for either tube parameter on day 7 of the 

assay. 

It could be assumed that already siNP without DMOG loading may affect 

endothelial tube formation, i.e. by changing the gel stiffness or influence of silica 

ions on the cells. Thus, the same tube parameters as mentioned above were 

analyzed also for cells supplied with unloaded siNP. In the presence of 

unloaded siNP values for all examined parameters were significantly lower 

compared to cells treated with 50 µM DMOG. This suggests that although EC 

elongate and connect even with siNP present, vessel structures formed 

appeared to be thinner and possibly not as stable as vessels in the absence of 

siNP or in the presence of DMOG. This again underlines the beneficial effects 

of DMOG-loaded siNP on tube formation which might be used for tissue 

engineering approaches generating pre-vascularized tissue constructs. In this 

context it is noteworthy that even a relative short time frame of 4 days, in which 

increased tube formation was observed, could be highly beneficial for in vivo 

applications. Several studies applying different types of tissue constructs have 

shown inosculation of their implants to happen within the first 2-8 days after 

implantation [114–118]. Laschke et al. have stated that the state of maturation 

of the pre-formed capillary network in the tissue construct plays an important 

role for the success of inosculation and rather rapid perfusion of the construct is 

favorable, which is also supported by Shepherd et al. [119,120]. In their study, 

Laschke et al. have found that inosculation needs the pre-formed capillary 

network within the tissue construct to form new sprouts when already implanted 

in the host, which can then connect to the host vasculature. This is most likely 
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not given in tissue constructs that were pre-vascularized for longer time periods 

[120,121].  

After the extensive evaluation of their angiogenic potential, DMOG and siNP 

were also examined for their potential to support differentiation of ASC towards 

the osteogenic lineage. This will be discussed in the following chapter.  

 

4.2.4. Effect of siNP and DMOG on osteogenic differentiation 

potential of ASC 

Several variables that are examined in this study, namely angiogenesis, siNP 

and MSC, are known to be closely involved in the process of osteogenesis and 

regeneration of bone tissue. As the present study aims to generate pre-

vascularized tissues that are not necessarily exclusively applicable only for 

bone tissue engineering purposes, we evaluated the effect siNP and/or DMOG 

treatment has on osteogenic differentiation potential of ASC.  

ALP is an early marker for osteogenic differentiation, which has the 

physiological function of hydrolysing phosphate esters and thereby providing 

the needed phosphate groups for the deposition of hydroxyapathite [111]. In our 

experiment we have found that neither of the groups treated with unloaded 

siNP, DMOG-loaded siNP or soluble DMOG came close to ALP activity values 

of the positive control treated with differentiation media (Fig. 15). Silica as a 

biomaterial is suggested to elicit differentiation potential of MSC towards the 

osteogenic lineage, as it is known to be localized at active calcification sites of 

bone tissue and plays a vital role in bone repair [111]. Interestingly, Yang et al. 

have evaluated ALP activity of ASC treated with siNP throughout an assay 

duration of 21 days, where they observed an increase in ALP activity from day 

7-14, followed by a decrease at day 21 [111]. This would support our findings of 

low ALP activity in cells treated with siNP, however, we did not perform ALP 

activity tests at intermediate timepoints of the assay. Other to our findings, 

results from Neumann et al. and Huang et.al have stated that treatment of siNP 

alone can indeed initiate osteogenic differentiation in MSC, although this effect 

was only described as transient in the study by Huang et al., as cells have been 

treated with siNP only for very short time periods of 1h, 1 or 3 days, which was 
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apparently not enough for long-term effects of osteogenic differentiation 

potential of BMSC [89,122].  

DMOG has also been suggested to induce osteogenesis. In a study by Ding et 

al. rat ASC were treated with 0-1000 µM DMOG for 21 days and showed an 

increased ALP activity and also more calcium deposits stained by alizarin red 

[101]. However, in this study all cells were cultured in osteogenic differentiation 

media and DMOG was added on top. Thus, increased osteogenesis most likely 

results from a synergistic effect of both stimuli. The osteogenic effect of hypoxia 

itself was confirmed by a study of Zhang et al., who performed a comparative 

study on the effect of physically and chemically induced hypoxia by DMOG on 

BMSC. ALP activity after 7 and 14 days was stronger upregulated by treatments 

with DMOG compared to hypoxic cells. After 21 days DMOG-treated cells 

showed also a higher number of alizarin red-stained calcium deposits [123]. 

These studies point to the potency of DMOG to induce osteogenic 

differentiation in MSC, however, our study could not support these findings so 

far. A possible reason for this might be again, just as described before for 

different cell viabilities under DMOG treatment, donor variances and their 

general differentiation potential. This will have to be further evaluated in detail in 

future studies. 

Having evaluated two of the three big influences for in vitro angiogenesis, 

namely the supply of exogenous, pro-angiogenic growth factors to EC, as well 

as the introduction of chemically induced hypoxia to the system, the last 

variable that is known to play a vital role in the formation of stable and mature 

vessels still had to be examined. In the following abstract the influence of 

perfusion on in vitro tube formation will be discussed. 

 

4.3. Influence of perfusion on the tube formation capabilities of EC 

In the last part of this study the effect of flow on capillary formation was 

investigated. While static in vitro experiments can assess the vascularization 

potential of a tissue engineered construct, the application of perfusion on the 

system might have beneficial effects on vessel persistence and further 

stabilization [9,18]. For this purpose, a first perfusion system was developed 
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featuring a flow chamber that allowed the generation of pre-formed channels in 

a fibrin clot and the subsequent perfusion thereof (Fig. 18). Here we found that 

only gels with a high fibrinogen concentration had sufficient biomechanical 

stability to keep the gel from collapsing in the flow chamber. Therefore, the first 

part of the evaluation of the effect of flow on endothelial tube formation was 

performed using high-concentration fibrin hydrogels. Parts of this discussion 

were published in Zippusch et al. [85]. 

 

4.3.1. Influence of fibrinogen concentration on mechanical 

properties of the fibrin matrix 

Fibrinogen concentration has been shown to be the major factor for modifying 

fibrin matrix stiffness and stability, while variations in thrombin concentration 

have only marginal or no effects on scaffold properties [124]. The storage 

moduli found in this study (Fig. 16) correspond with those of Eyrich et al. 

determining fibrin scaffolds of 6.25-50 mg/mL for cartilage tissue engineering 

approaches [125]. For the latter one 50 mg/mL gels seemed to be ideal, in our 

case 20 mg/mL were sufficient to generate a stable fibrin clot that maintained its 

shape after release form the mold, contained perfusable non-collapsing 

channels and seemed to be suitable for putative surgical operations. Thus, 

fibrinogen concentrations have a pivotal importance for tissue engineering 

applications. 

 

4.3.2. Tube formation under static conditions in a 3D tube formation 

assay 

As a first step towards the evaluation, it first had to be determined up to which 

fibrinogen concentration endothelial tube formation could be supported, as it is 

known that different fibrinogen concentrations significantly influenced cellular 

effects relevant for capillarization. Sustained and complex tube formation in 

fibrin gels under static conditions was only possible with fibrinogen 

concentrations of up to 5 mg/mL, while vascular network formation was 

diminished in gels with 10 mg/mL or higher (Fig. 17). This is most likely related 

to the densities of fibers resulting in more or less open pores interfering with 
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endothelial sprouting [126]. The effect of different fibrinogen concentrations on 

cellular effects has been observed by several groups. Barsotti et al. found an 

optimal viability of endothelial progenitor cells seeded onto fibrin gels containing 

9mg/mL fibrinogen, with viability decreasing at higher concentrations [127]. 

Moreover, a direct correlation between increased proliferation and decreased 

fibrinogen concentrations was shown with fibroblasts [124]. Fibroblast and bone 

marrow-derived progenitor cells were shaped spindle-like only at fibrin gels with 

low concentrations [128].  

After an assay duration of 7 days, no complex vascular network could be 

observed in 10 and 20 mg/mL hydrogels (Fig. 17), which indicates that tube 

formation was not time-dependent, but substantially impaired by the stiffness of 

the gels due to higher fibrinogen concentrations. However, initial sprouting was 

observed even in these higher concentrations, which exceeded the expected 

maximal fibrinogen concentration of 5 mg/mL for vascular tube formation by 

HUVEC, as shown by Ghajar et al. [129]. This is most likely due to the 

supporting effect of ASC on vascular tube formation, as mentioned before, and 

which has been widely reported by us and others with respect to tube length, 

area and number of intersections [79,86]. As mentioned before, ASC share 

several similarities with pericytes [35] and exert their supporting effect both by 

direct contact, growth factor secretion and influencing MMP activities [86,129]. 

 

4.3.3. Influence of fluid flow on capillarization 

Although results from before mentioned tube formation assays suggested lower 

fibrinogen concentrations to be more suitable for endothelial tube formation, a 

fibrinogen concentration of 20 mg/mL had to be applied in fibrin gels used for 

later perfusion, as this was the lowest possible concentration that did not lead to 

collapsing of the gel. Perfusion of the fibrin matrices in the custom-made 

bioreactor perfusion system exposed the cells to fluid media flow and shear 

stress and facilitated the formation of endothelialized pores in high 

concentration fibrin matrices with EC-ASC co-cultures (Fig. 20), which were 

found to be unsuitable for tube formation under static conditions. The effects of 

flow-induced shear stress on morphology, adhesion, differentiation and various 

functions of EC have been extensively studied in the past [130]. Among 
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numerous other effects, shear stress seems to play a pivotal role for vascular 

tube formation and angiogenesis. Galie et al. have identified a shear-threshold 

of 10 dyn/cm2 above which endothelial sprouting is induced independent from 

the application of transmural or luminal flow. An interesting observation was the 

apparent upregulation of MMP-1, but of no other MMP [131]. Osaki et al. have 

also reported accelerating effects of shear stress, where they have seen 

endothelial sprouting after 2 days when perfusing gels with 10 µL/min in 

combination with 50 ng/mL TPA. Compared to that, endothelial cells needed 

more than two weeks to sprout in the absence of these stimuli [132]. In contrast 

to this, Song et al. have reported inhibitory effects of shear stress on endothelial 

sprouting when administering physiological shear stress of 3 dyn/cm2, 

irrespective of the amount of VEGF added to the medium [133]. As current 

reports on this topic are seemingly controversial, most likely other mechanic 

stimuli like transvascular flow are required (comprehensively reviewed in [134]). 

Although in our study the formation of endothelialized pores is not exactly 

comparable to tube formation by endothelial sprouting, the mechanisms 

involved may be the same. Most likely shear stress-induced nitric oxide (NO) 

production by endothelial nitric oxide synthetase (eNOS) contributes to 

increased angiogenesis under fluidic forces by up-regulation of angiogenic 

factors [135,136]. Moreover, one can speculate that fluidic forces change the 

fibrin network structure by removing insufficiently polymerized gel areas and 

thus forming hollow structures which are later endothelialized by EC present in 

the gel. Both, the active angiogenetic process and the more passive process of 

following pre-formed structures may have contributed to the pore formation 

observed in our study. 

 Since both fluid shear stress and transvascular fluid flow were applied 

simultaneously in our bioreactor perfusion system, these synergistic effects of 

flow-dependent mechanical stimuli could explain the formation of 

endothelialized pores that was observed even in stiff fibrin matrices. Moreover, 

the supportive effect of ASC relevant for static tube formation likewise could 

have contributed in the dynamic system. A comparable system was presented 

recently by Vollart et al. where fibrin-based engineered heart tissue containing 

cardiomyocytes, fibroblasts and EC was perfused by pre-formed channels. 

Interestingly, the channels were spontaneously endothelialized forming similar 
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structures as observed in the present study [137]. Moreover, oxygen saturation 

and cardiomyocyte viability in the tissue construct was significantly improved 

showing the suitability of a system as such. 

 

4.4. Perfusion of low concentration fibrin hydrogels in novel 

flowchamber 

While perfusion of high-concentration fibrin hydrogels has pointed towards the 

generation of endothelialized pores throughout the gel construct, still no 

vascular tube formation could be observed. As a possible solution to this, we 

aimed to reduce fibrinogen concentration within the gel while still providing 

enough stability to the gel in order to prevent the gel and the included channels 

from collapsing. For this, the setup needed to be changed and a novel flow 

chamber with geometry closer to the final implant construct was developed. 

Within this flow chamber we had the possibility of generating a higher number of 

pre-formed channels within the gel, as well as to combine the gel with two fibrin-

based vascular grafts, through which the gel construct should be perfused and 

which will provide the attachment site for the connection of the implant to the 

patient’s vasculature later on in vivo. 

In a first set of experiments to test stability of the gel and the vascular grafts 

when perfused, the vascular graft on the outflow side of the flow chamber 

collapsed due to supposed pressure buildup, probably due to clogging of the 

channels. Therefore, there was the need for the introduction of small stents that 

could be inserted into the grafts in order to keep them from collapsing. As soon 

as this was established and the construct could be perfused properly, cells were 

introduced in the system. In preliminary analyses of the cellularized construct by 

SLOT, unfortunately no tube formation could be observed within the fibrin 

hydrogel. However, beginning endothelialization of the pre-formed channels 

could be observed (Fig.23). In this setup a very high cell number of EC needed 

to be applied. We assume that the cell number of RFP-HUVEC was still too low 

and cells did not have enough contact in order to form new vascular structures. 

Possible solutions to this are either the reduction of gel volume within the flow 

chamber, or the further increase in cell number. Bachmann et al. have raised 

some very interesting aspects in their study to establish a 3D perfusion system 
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of EC-ASC co-cultures in fibrin hydrogels. Similar to our study, they also try to 

bridge the gap between commonly used microfluidic systems in the range of 

vascularization on a chip and pre-vascularized tissue constructs that can be 

applied in tissue engineering approaches, by utilizing different gel sizes and 

flow conditions. Briefly, their findings show that indirect flow conditions along 

only one side of the hydrogel gave sufficient supply of growth factors and cells 

within the construct started to form vascular networks after 3 days of the culture, 

while flow guided directly through the gel rather led to an alignment of EC in 

flow direction. They have also evaluated the possibility of static cultivation of the 

cellularized hydrogels to allow a primary formation of a vascular network and 

only then apply flow to the system [138]. All these mentioned points would also 

be of great interest in the near future of the here described project and need to 

be evaluated in further studies. 
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5. Outlook towards tissue engineering application of a pre-

vascularized, attachable fibrin implant 

This work presented here shows first steps towards the generation of a pre-

vascularized, attachable tissue construct that offers the opportunity of being 

applied as a platform technology for a number of tissues. Our newly developed 

flow chamber offers the opportunity to combine all of the before discussed 

points within one tissue construct, which are also again summarized in Fig. 24.  

 

Figure 4: Schematic overview of future goals for upcoming experiments in the project. RFP-
HUVEC: red-fluorescent protein-expressing human umbilical vein endothelial cells, DMOG: 
dimethyloxalylglycine, VEGF: vascular endothelial growth factor, siNP: silica nanoparticles. 
 

Here we have showed that VEGF loaded siNP are a very promising candidate 

for the support of endothelial tube formation and offer the opportunity of 

sustained VEGF release to substitute for soluble exogenous VEGF in cell 

culture media. For future experiments it might also be of great interest to guide 

vascularization during perfusion in the before described novel flow chamber, by 

incorporating VEGF-loaded siNP into targeted area of the low- concentration 

fibrin hydrogel.  

A similar guiding mechanism for vascularization can also be achieved by the 

introduction of a hypoxic gradient by using DMOG-loaded siNP. In our first 
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experiments we have showed the upregulation of VEGF expression of ASC 

under DMOG treatment. Additional to this, we also demonstrated supporting 

effects of siNP loaded with DMOG in a co-culture of EC and ASC in vascular 

tube formation assays. However, further experiments are needed in the future in 

order to determine how the hypoxic gradient in a hydrogel can be designed, as 

we have seen that a DMOG concentration of already 100 µM could have 

inhibiting effects on endothelial tube formation.  

Moreover, additional evaluation of flow dynamics within the new flow chamber 

needs to be taken into consideration, as our results have not showed 

endothelial tube formation so far. An approach could also be, as described by 

Bachmann et al. above [138], to allow primary tube formation under short-term 

static culture conditions and then introduce flow gradually to the system to 

initiate vessel maturation accordingly. Moreover, the fibrin hydrogel volume will 

be decreased in order to adjust the cell density within accordingly. As then the 

support from at least two sides of the tissue construct cannot be given by the 

flow chamber anymore, we have to support the fibrin hydrogel differently for 

proper perfusion. Here, we suggest the casting of high-concentration fibrin 

hydrogel first, acting as a capsule, into which the low-concentration hydrogel 

can be cast into after polymerization.  

Last but not least, our novel flow chamber was designed in order to initiate the 

development of a platform technology. This means that we do not necessarily 

aim to develop a tissue construct for only one tissue type and therefore first 

experiments need to be performed introducing specialized cells of various target 

tissues alongside EC and ASC. Examples for this are the integration of 

keratinocytes or epithelial cells for the development of a skin construct, 

adipocytes for adipose tissue, or cardiac myocytes to generate constructs for 

heart tissue. These tissues will be attachable by the in- and outlets to the 

existing vasculature and thus are assumed to be perfused immediately after 

implantation to guarantee optimal cell survival and implant integration. 

Moreover, all of these mentioned cell types have the opportunity to be obtained 

rather easily from autologous sources, as they can be either isolated from 

peripheral blood or from adipose tissue of the patient for potential later 

differentiation. Also fibrin as a biomaterial and scaffold can be obtained easily 
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from blood plasma of the patient. Thus, the complete tissue construct will 

ensure the highest possible implant immune compatibility.   

Considering all of these before mentioned points, we are very positive to have 

taken first steps towards the development of a novel implant strategy that allows 

the generation of an autologous, attachable tissue construct to be applied in a 

variety of tissues and treatment strategies of regenerative medicine.  
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