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In tissue engineering the establishment of a vascular network in the scaffold is problematic and 

currently limits the development of scaffolds. The vascular network is essential to provide 

adequate oxygen, nutrients and waste product transport in the scaffold. Influencing the rate of 

angiogenesis using different matrices as tissue engineered scaffolds can provide a strong tool in 

scaffold development. Since fibrin appeared to be an appropriate natural matrix that facilitates 

angiogenesis, cell migration, cell proliferation and tissue remodeling1-3, the focus of this thesis is 

on this biological scaffold material. Indeed, various naturally occurring fibrin matrices modified the 

extent of angiogenesis to different degrees4. Novel insights in the effects of naturally occurring 

fibrinogen variants on cellular characteristics are given in this thesis. 

 Evidence is provided for a pro-angiogenic response of endothelial cells in HMW-fibrin 

matrices. On the contrary, LMW-fibrin matrices inhibit angiogenesis, as well as migration and 

proliferation of endothelial cells. This was accompanied by differences in gene expression of 

endothelial cells on HMW- and LMW-fibrin matrices. In another context, we observed that the 

fibrin molecular weight variants did not alter the expansion and differentiation of mesenchymal 

stem cells. These results indicate that fibrin molecular weight variants are suitable to influence 

scaffold vascularization without limiting the application of mesenchymal stem cells. Finally, 

recombinant fibrin matrices were investigated, as recombinant fibrinogen has advantages with 

respect to its purity and safety. Recombinant fibrin matrices performed equally well as plasma-

derived fibrin matrices in facilitating the pro-angiogenic response of endothelial cells. Together, 

the results described in this thesis will help to develop scaffolds for tissue engineering with a 

proper vascular network. Here, we will discuss our findings in the context of the rapidly 

developing fields of tissue engineering and angiogenesis, discuss the limitations of our studies 

and indicate aspects that should receive future attention. 

 

Fibrin in tissue engineering 

As underscored by our studies fibrin is a natural scaffold with high potential for applications in 

tissue engineering. Within the body, fibrin plays important roles not only in hemostasis, but also in 

inflammation, wound healing and angiogenesis5-7. Fibrin scaffolds are biodegradable and 

stimulate extracellular matrix production and remodeling responses of various cell types. For 

example fibrin scaffolds stimulate the collagen synthesis of fibroblasts and smooth muscle cells8,9. 

A survey of the natural fibrin scaffold in various approaches of tissue engineering is given in 

Chapter 2. 

In applications for tissue engineering a balance between scaffold stability and degradation 

should be established. On the one hand, its stability is required to provide a matrix structure for 

ingrowing cells, on the other hand is the degradation of fibrin important for tissue remodeling and 

to allow cell invasion and sprouting angiogenesis. Here, we give in vitro evidence that specific 

fibrin variants provide a suitable matrix for scaffold vascularization. In these fibrin matrices, no 

protease inhibitors or extensive cross-linkers were supplemented. Previously, fibrin scaffolds in 

vivo were shown to disappear within a few days10,11. The rapid matrix degradation could hamper 

the tissue remodeling response, which regularly takes several weeks12. In future tissue 

engineering applications, fibrin degradation may be controlled by higher fibrinogen 

concentrations, extensive cross-linking, addition of protease inhibitors, e.g. aprotinin and 
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tranexamic acid13,14 and possibly the use of fibrinogen variants. However, one should keep in 

mind that scaffold stabilization may simultaneously retard tissue remodeling and angiogenesis. 

The low mechanical stiffness of fibrin scaffolds also requires attention, especially when 

tissues with a high mechanical stiffness are engineered, e.g. blood vessels, bone and cartilage. In 

this thesis, matrices containing solely fibrin were used to study the specific effects of fibrin 

variants on cellular characteristics. To obtain a higher mechanical stiffness of the fibrin matrix, 

one may consider combining fibrin with natural scaffold materials as collagen, elastin, laminin or 

other matrix proteins. Collagen gives a more stiff and less elastic matrix than fibrin, but a 

collagen-rich matrix can inhibit angiogenesis and collagen synthesis by fibroblasts15-18. Also 

hybrid scaffolds, combining fibrin with synthetic materials are optional. One possibility is poly-

ethylene glycol conjungated fibrin, this hybrid scaffold showed to promote the healing of bone 

defects19. The angiogenesis in scaffolds containing fibrin in combination with other natural or 

synthetic materials remains to be explored. The focus of this thesis is on influencing the scaffold 

vascularization with solely naturally occurring fibrinogen variants.  

 

Angiogenesis is facilitated by HMW-fibrin 

Changes in structure and composition of fibrin matrices influence the extent of tube-like structure 

formation by endothelial cells4,16,20. Purified HMW-fibrin facilitated angiogenesis better than 

unfractionated-fibrin, whereas LMW-fibrin inhibited this process both in vitro and in vivo4. In this 

thesis, a better understanding of the effects of molecular weight fibrinogen variants on endothelial 

cells is provided (Chapter 3). Culture of endothelial cells on HMW- and LMW-fibrin altered the 

functional characteristics of human microvascular endothelial cells; capillary tube formation, 

proliferation, migration and cell-mediated fibrinolysis were all enhanced in HMW-fibrin (Figure 1). 

This indicates that endothelial cells on HMW-fibrin have a pro-angiogenic phenotype. Moreover, 

the structure of the HMW-fibrin matrix is porous with thick fibers. Fibrin matrices with this structure 

are easier degraded than fibrin matrices with a denser structure4,21. On the contrary, endothelial 

cells on LMW-fibrin showed decreased capillary tube formation, migration, proliferation and cell-

mediated fibrinolysis. The presence of ~30% LMW- and LMW′-fibrinogen in unfractionated-

fibrinogen preparations might negatively influence angiogenesis. Sprouting angiogenesis and 

thereby the vascularization of tissue engineered scaffolds can be improved by using HMW-fibrin 

specifically. 

As part of the studies investigating the mechanisms that are responsible for the 

angiogenesis modulating effects of molecular weight fibrin matrices, gene expression was 

investigated in endothelial cells cultured on HMW- and LMW-fibrin matrices and conventional 

gelatin coatings. Micro-array analysis of endothelial cells on HMW- and LMW-fibrin showed that 

377 genes were differentially regulated. The distinctive regulation of gene expression in 

endothelial cells is representative for the major influence of the matrix on cellular characteristics. 

Among the differentially regulated genes, the delta like ligand 4 (DLL4) - Notch signaling pathway 

was increased in endothelial cells on LMW-fibrin. These changes in DLL4, Notch and its 

downstream targets were suggestive for modulation of angiogenesis. An elevated DLL4-Notch 

signaling would fit with the reduced angiogenesis and cell proliferation that was observed in 
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LMW-fibrin. Others described that DLL4 is normally induced by VEGF and acts as negative-

feedback regulator that restrains vascular sprouting and branching22-24. The tip and stalk cell 

phenotypes of endothelial cells in sprouting capillaries are regulated via DLL4-Notch signaling25. 

The optimal activation of this pathway is a bell-shaped curve, wherein both inhibition and 

enhancement of the signaling lead to impaired angiogenesis22,23,26. In this thesis we showed that, 

in addition to its regulation by VEGF, the DLL4-Notch signaling is also regulated by culture of 

endothelial cells on different molecular weight fibrin matrices, i.e. cells on LMW-fibrin displayed 

more DLL4 and DLL4-Notch signaling than their counterparts on HMW-fibrin. Specific inhibition of 

the DLL4-Notch pathway showed a general inhibition of angiogenesis, which emphasizes the 

important role of the DLL4-Notch signaling in angiogenesis. However, a direct role of DLL4-Notch 

signaling on the inhibitory action of LMW-fibrin on endothelial tube formation was excluded after 

specific inhibition of this pathway. Taken together, culture of endothelial cells on various 

molecular weight fibrin matrices alters their gene expression and functional characteristics. 

Further analysis of the differential gene expression upon culture on molecular weight fibrin 

matrices should be conducted in the future, together with intracellular signaling profile analysis.  

 

 
 
Figure 1. Summary of the main findings described in this thesis. HMW-fibrin provides proper 3-dimensional 
matrices for angiogenesis, and as coating HMW-fibrinogen results in quiescent endothelial monolayers. LMW-fibrin 
poorly facilitates angiogenesis, but as coating LMW-fibrinogen results in a tight but activated endothelial monolayer. 
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Although differences in gene expression and functional properties of endothelial cells on HMW- 

and LMW-fibrin provide interesting information, an additional point that needs to be addressed is 

the matrix stiffness. Increasing evidence has been provided on the influence of tissue stiffness or 

rigidity, on the modulation of the endothelial cell responses and angiogenesis. In vitro capillary 

morphogenesis of HUVEC sprouting from microbeads was inhibited in fibrin matrices with an 

increased mechanical stiffness27. Similarly, in vivo neovascularization in implanted fibrin matrices 

was regulated by the density of the extracellular matrix28. Moreover, mathematical modeling of 

bone regeneration showed that the matrix stiffness not only alters osteogenesis, but also 

angiogenesis29. These findings point towards the necessity of further information on matrix 

stiffness as a parameter in the effects of fibrin molecular weight variants on angiogenesis. 

When an engineered scaffold is implanted in the patient, this will result in a deprivation of 

oxygen (hypoxia) inside the scaffold30. Hypoxia in the scaffold will stimulate the endogenous 

release of angiogenic growth factors by the hypoxic cells (e.g. VEGF). By providing an optimal 

scaffold for angiogenesis, capillary sprouts from adjacent vessels can enter the scaffold and a 

vascular bed can be established rapidly. Here, we provide evidence that HMW-fibrin can act as a 

pro-angiogenic environment and thereby stimulate angiogenesis from the host vasculature. In 

vivo the connections of new sprouts to both sides of the vascular system have to be established 

in order to obtain a perfused vascular network. Additional methods to stimulate scaffold 

vascularization are the incorporation of endothelial (progenitor) cells inside the scaffold and 

scaffold pre-vascularization. Indeed, endothelial cell incorporation in scaffolds was shown to 

result in a functional microvasculature31. Furthermore, pre-vascularized fibrin matrices were able 

to generate capillary structures and subsequent anastomoses between these capillaries and the 

host vasculature32. At present, enhancing the host vascularization with an optimal scaffold for 

angiogenesis is the most promising strategy to improve scaffold vascularization, eventually in 

combination with incorporation of growth factors. The advantageous effects of growth factor 

incorporation in fibrin matrices have been documented extensively2,33,34. 

 

Stem cell characteristics on HMW- and LMW-fibrin 

In addition to our observation that HMW-fibrin has favorable angiogenesis-stimulating properties 

as compared to LMW-fibrin, we showed in Chapter 5 that mesenchymal stem cell characteristics 

are not modified by HMW- and LMW-fibrin. The expansion and differentiation of adipose tissue-

derived mesenchymal stem cells (ASC) remained unaltered upon culture on both types of 

fibrinogen coatings. These results indicate that the vascularization can be influenced with HMW- 

and LMW-fibrin, without hampering the proliferation and differentiation of stem cells. This is 

promising because stem cells are an important source of cells in tissue engineering, due to their 

differentiation into multiple lineages and extensive proliferation. Here, one point to elucidate was 

the role of Notch signaling in ASC cultured on HMW- and LMW-fibrin coatings. Previously, γ-

secretases and Notch signaling were shown to play an important role in the proliferation and 

differentiation of bone marrow-derived mesenchymal stem cell (BM-MSC)35. Since DLL4-Notch 

signaling in endothelial cells was altered during culture on HMW- or LMW-fibrin coatings (Chapter 

3), a similar effect may occur in stem cells and contribute to an altered differentiation of stem 
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cells. However, when comparing ASC cultured on HMW- and LMW-fibrin coatings, neither 

differences in the gene expressions of the DLL4-Notch pathway (unpublished results) nor 

differences in the proliferation rates were found. Moreover, the differentiation potentials of ASC 

were comparable after culture on HMW- or LMW-fibrin coatings. These data show no negative 

effects on ASC characteristics and strengthen the potential use of purified HMW- or LMW-fibrin to 

alter scaffold vascularization.  

Besides the scaffold composition, also scaffold rigidity plays an important role in stem cell 

fate. Mesenchymal stem cells sense the matrix rigidity, and its commitment to differentiate partly 

depends hereon36,37. Stiff matrices promote mesenchymal stem cell differentiation into smooth 

muscle cell lineages, while soft matrices promote differentiation towards chondrogenic and 

adipogenic lineages37. In our study, HMW- and LMW-fibrinogen were coated on rigid plastic 

surfaces. Since this procedure results in similar scaffold rigidities this aspect was not addressed. 

Notwithstanding, 3D tissue engineered scaffolds composed of HMW- and LMW-fibrin might differ 

in matrix rigidity.  

Scaffold vascularization partly depends on the matrix composition, but stem cells also 

influence angiogenesis, tissue repair and tissue remodeling. Human BM-MSC express 

fibrinolysis-mediating uPA, uPAR, tPA and PAI-1, which can regulate their invasion into the fibrin 

matrix and increase matrix remodeling38. As described earlier by our group, these members of the 

plasminogen system are important for capillary formation in fibrin matrices39. Moreover, ASC 

showed to improve angiogenesis in the in vivo ischemic hind-limb model40. Recently, it was 

shown that adipose tissue-derived progenitor cells directly induce vascular network formation, via 

VEGF, hepatocyte growth factor and platelet-derived growth factor-BB pathways41. Thus, to 

influence the vascularization of the scaffold, not only a pro-angiogenic scaffold material is 

important, but also the cell type that may be incorporated in the scaffold. Taken together, ASC 

combined with fibrin scaffolds have an interesting perspective for improving angiogenesis in 

tissue engineering applications.  

 

Hypoxia alters stem cell growth and differentiation 

While normal tissue cells usually suffer from hypoxia, stem cells often have properties to cope 

with low oxygen levels. The low oxygen concentration in the stem cell niche may even partly 

protect the stem cells against exposure to oxygen radicals. Whereas differentiated metabolically 

active cells require oxygen, we observed in Chapter 5 that hypoxia has beneficial effects on the 

expansion of stem cells. Expansion in 1% oxygen conditions (hypoxia) enhanced the proliferation 

and decreased the aging of ASC. These findings are not only relevant for scaffold development, 

but also to define optimal culture conditions for stem cell expansion. The increased proliferation 

and reduced aging of stem cells is associated with the location of the cells in vivo. Stem and/or 

progenitor cells reside in a distinct tissue structure (stem cell niche) that regulates the self-

renewal and differentiation of stem cells42,43. The location of stem cells in bone marrow is a 

hypoxic region that optimally supports maintenance of the stem cell phenotype44. Moreover, aging 

and oxidative stress of fibroblasts and BM-MSC was increased in hyperoxic culture conditions 

(21% and 40% O2)
45-47. The increased MSC aging may lead to cell senescence via p16 down-
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regulation and extracellular signal related kinase (ERK)48. Thus, hypoxia is beneficial for 

maintenance of stem cells, as was shown for BM-MSC44 and in this thesis for ASC. Therefore, 

when expansion of true stem cells is required, it is advised to culture these cells in low oxygen 

environments.  

 The beneficial effects of low oxygen concentrations for expansion of mesenchymal stem 

cells are evident, however no consensus has yet been reached on the effects of hypoxia on ASC 

differentiation49,50. In literature, conflicting data is available, especially regarding the differentiation 

of mesenchymal stem cells towards chondrogenic lineages. In Chapter 5 we described that 

differentiation of ASC towards the chondrogenic lineage was improved in 1% oxygen conditions, 

when compared to 20% oxygen. This can be linked to the in vivo situation of cartilage, which is a 

relatively hypoxic and avascular environment51. In contrast to these findings, adipogenic and 

osteogenic differentiation proceeded better in 20% oxygen conditions than in 1% oxygen. The 

poor differentiation towards adipogenic and osteogenic lineages in hypoxic conditions coincides 

with the in vivo situation of adipose and bone tissues, which are well vascularized tissues with 

oxygen concentrations ranging up to 5%51. In this respect the question arises; what is the effect of 

5% oxygen on ASC characteristics, this remains to be investigated. Notwithstanding, our data 

confirm the lineage dependency of the optimal oxygen concentration for stem cell differentiation. 

In conclusion, the hypoxic environment in the stem cell niche maintains the stem cell phenotype 

of ASC and enhances ASC proliferation. After leaving the hypoxic environment the stem cells 

become committed to a differentiation lineage both via specific factors that are present in the 

tissue, but also via the local oxygen concentration. Within the scaffold the vascularization, and 

thereby the oxygen concentration, can be influenced by using different fibrin matrices. While 

choosing the appropriate scaffold material in tissue engineering, one should appreciate these in 

vitro data, and respect the native tissue conditions. 

 

Coating HMW-fibrinogen to improve endothelialization 

Not only can molecular weight fibrinogen variants be used to prepare 3-dimensional fibrin 

matrices to influence angiogenesis, these fibrinogen variants can also be used as coating to 

improve the endothelialization of scaffolds and vascular grafts. In Chapter 4A of this thesis, we 

provided evidence that endothelial monolayers on purified HMW-fibrinogen coatings have a better 

integrity with a more quiescent phenotype than those on LMW-fibrinogen coatings (Figure 1). The 

presence of 30% LMW- and LMW′-fibrinogen in unfractionated-fibrinogen could impair the barrier 

integrity of endothelial monolayers. Previously, positive effects on endothelialization and 

endothelial cell function were observed after protein coating of synthetic materials52. More 

specifically, unfractionated-fibrinogen coatings and fibrin scaffolds enhanced the formation of flow 

resistant endothelial monolayers in vascular grafts53,54. Furthermore, fibrinogen coatings resulted 

in a non-thrombogenic inner layer of the vascular graft and endothelial cells on fibrinogen 

coatings orientated towards the flow direction55. Together, these data indicate that fibrinogen 

coatings can improve endothelialization of vascular grafts, and thereby reduce graft occlusion. In 

all of these studies unfractionated-fibrinogen preparations were used to improve graft 

endothelialization. Combining these observations with our findings, the endothelialization of 
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vascular grafts can be improved using fibrinogen coatings with a preferential position of purified 

HMW-fibrinogen. 

One point of attention in the development of fibrinogen coatings for vascular grafts is the 

rapid degradation of fibrin(ogen). Fibrinogen coatings are composed of a thin layer of molecules 

that are easily accessible for proteases. The rapid disappearance of fibrinogen coatings may 

hamper endothelial monolayer formation. However, there are no indications that rapid fibrinogen 

degradation decreases the endothelialization of fibrinogen coated synthetic materials. One 

possible scenario is that fibrinogen coatings stimulate the basement membrane production of 

endothelial cells that rapidly replaces the fibrinogen coating upon its degradation.  

The fibrinogen coatings that were used in this thesis were prepared with low fibrinogen 

concentrations (68 mg/L), whereof ~10% of the fibrinogen was coated on culture plastic (7 

ng/mm2). The fibrinogen coating concentration was determined in various optimization 

experiments (unpublished data). Recently, the structural composition of fibrinogen coatings on 

synthetic materials was clarified56. One single layer of fibrinogen molecules was obtained with 0.6 

mg/L fibrinogen (0.5 ng/mm2), whereas 2.0 mg/L fibrinogen (1.65 ng/mm2) resulted in a multilayer 

of molecules. Single cell force spectroscopy showed an inverted relation; the strength of cell 

adhesion to the coatings decreased when the number of fibrinogen layers increased56. 

Appreciating these data while interpreting our data, we suppose that our coating procedure 

resulted in a multiple fibrinogen molecule layer. The thin multilayer of fibrinogen molecules is 

expected to have a fibrin-like structure with a composition that comes close to 3D fibrin matrices. 

 While the studies on various fibrinogen coatings for endothelialization of vascular grafts 

were conducted, Sahni et al. showed that low fibrinogen concentrations induce endothelial 

hyperpermeability via fibrinogen domain β15-42
 57. Until that moment, only pathologically high 

fibrinogen levels were shown to increase the permeability of endothelial monolayers58. On the 

contrary, our results showed a good barrier integrity of endothelial cells on fibrinogen coatings, 

therefore a letter to the editor was written with comments on the study of Sahni et al. (Chapter 

4B). The explanation for this inconsistency is that metabolically active cells can assemble soluble 

fibrinogen into a fibrinogen matrix that exposes domain β15-42. Fibrinogen domain β15-42
 can bind 

to endothelial VE-cadherin and induce permeability of the endothelial monolayer59. In the study 

described in Chapter 4A, the thin fibrinogen coatings could not assemble into such fibrinogen 

matrices and thereby did not impair the endothelial barrier integrity. 

 

γ′-fibrin in angiogenesis and wound healing 

The splice variant γ′-fibrinogen is another naturally occurring fibrinogen variant, in which the last 4 

amino acids of the γ-chain are replaced by 20 amino acids. Herewith, two different fibrinogen 

variants can be discriminated; the splice variant γ′-fibrinogen (γ′/ γ′ and γ′/ γA) and the regular γA-

fibrinogen (γA/γA). Functional and structural characteristics of plasma-derived and recombinant 

γ′-fibrin matrices have been well described60-62, but nothing is known on the angiogenesis and 

wound healing responses in γA- and γ′-fibrin matrices. In Chapter 6 we described that γ′-fibrin 

matrices facilitated angiogenesis less than γA-fibrin, which was coincided with a decreased cell-

mediated fibrinolysis. The natural variation in the fibrinogen γ-chain affects angiogenesis in vitro, 
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whereas the mechanism remains unknown. Even though, γA-fibrin is favorable to use to enhance 

scaffold vascularization, whereas γ′-fibrin can rather be used to diminish scaffold vascularization. 

In addition to in vitro angiogenesis, the wound healing in vivo was studied after topical application 

of γA- and γ′-fibrin. A trend towards a better wound healing was found in γA-fibrin treated wounds 

when compared to γ′-fibrin treated wounds. However, hardly any beneficial effects of fibrin 

application on the wounds were found. This could be due to the optimal wound healing in healthy 

animals. Options to improve the in vivo wound healing model are to use rodents with an impaired 

wound healing, for example the diabetic db/db mouse63. In addition to wound healing, in vivo 

angiogenesis can be studied in angioreactor or arteriovenous loop models64,65. Notwithstanding, 

natural variation in the γ-chain of fibrinogen affects angiogenesis and wound healing responses. 

 

Recombinant HMW-fibrin(ogen) 

The properties of recombinant fibrin matrices are important for tissue engineering because of its 

advantages with respect to the purity, homogeneity and product consistency and safety. All 

commercially available fibrin batches (e.g. Tissucol, Tisseel, Beriplast and Hemaseel) are derived 

from pooled human plasma and most of these preparations contain, besides fibrinogen and 

thrombin, other plasma proteins e.g. fibronectin, albumin, factor XIII, growth factors, enzymes, 

enzyme inhibitors and proenzymes3,66. In the future recombinant fibrinogen might form a good 

alternative for these plasma-derived fibrinogen preparations.  

As last part of this thesis, evidence is provided that both recombinant and plasma-derived 

fibrin facilitate angiogenesis. Until now, CHO cells were the golden standard for the production of 

recombinant fibrinogen67,68. However, PER.C6® cells showed to produce higher recombinant 

fibrinogen levels without fibrinogen degradation during production. In Chapter 7 of this thesis, 

similar functional endothelial cell characteristics on plasma-derived and recombinant PER.C6®-

derived fibrin matrices are described. After matrix stabilization, by increasing the fibrinogen or 

factor XIII concentrations, the tube formation extended to similar rates in recombinant and 

plasma-derived fibrin matrices. Plasma-derived fibrin showed a decreased cell-mediated 

fibrinolysis, which may be explained by FXIII-mediated binding of the fibrinolysis inhibitor alpha2-

antiplasmin in the circulation69,70. The different fibrinolysis of plasma-derived and recombinant 

fibrin underlines the risk of the presence of very minor amounts, but probably important, co-

purified plasma proteins in plasma-derived fibrinogen preparations.  

In the first part of this thesis HMW-fibrinogen was purified from plasma fibrinogen by salt 

precipitation. One can appreciate the possibility of specific co-purified plasma molecules in the 

various fractions. Notwithstanding, recombinant HMW-fibrin showed to harness similar 

characteristics as plasma-derived HMW-fibrin, thereby we can conclude that HMW-fibrin itself 

manifests as an appropriate matrix to facilitate angiogenesis. Herewith, evidence for the positive 

effects of exclusively HMW-fibrin on scaffold vascularization is provided. In conclusion, 

recombinant fibrinogen results in a better defined scaffold without co-purified plasma proteins. 

Whereas extra stabilization of recombinant fibrin matrices was necessary, these recombinant 

matrices provide interesting new tools for the development of tissue engineered scaffolds.  
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Recombinant fibrin(ogen) variants 

Finally, it should be mentioned that a proof of principle for the recombinant production of different 

fibrinogen variants in CHO cells was provided. CHO cells that contained the fibrinogen Aα-, Bβ- 

and γ-chains secreted recombinant HMW-fibrinogen, this recombinant HMW-fibrinogen 

polymerized after thrombin addition. Moreover, three naturally occurring LMW′-fibrinogen variants 

were recombinantly produced in CHO cells (unpublished results). These variants were obtained 

after introduction of a stop-codon directly behind one of the major C-terminal residues of the Aα-

chains71. In addition to naturally occurring fibrinogen variants, new fibrinogen variants with a 

hypothesized decreased susceptibility for plasmin degradation were designed. The plasminogen 

binding site72,73 in the Aα-chain was disrupted to decrease the plasminogen binding. To further 

decrease fibrinolysis, one important plasmin cleavage site was disrupted at the C-terminal end of 

the Aα-chain. The fibrinolysis resistant fibrinogen variants were recombinantly produced in CHO 

cells (unpublished results). These newly designed fibrinogen variants may impair fibrin 

degradation and thereby avoid one of the major drawbacks of fibrinogen in scaffold development. 

Even though the production of recombinant fibrinogen variants did not lead to new 

insights in the cellular characteristics, a proof of principle was provided. Eukaryotic cells were 

able to produce and secrete LMW′- and newly designed fibrinogen variants. Future studies, for 

example with the PER.C6® recombinant fibrinogen platform, may lead to new insights and 

improve tissue engineering applications. 
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Conclusions 

We have demonstrated that using naturally occurring fibrin(ogen) variants is a good approach to 

influence vascularization of tissue engineered scaffolds. Changing the composition of the fibrin 

matrix has impact on endothelial cells, but not on stem cell characteristics. Endothelial cell 

migration, proliferation, fibrinolysis and gene expression is altered upon culture on HMW- and 

LMW-fibrin. The response of endothelial cells on HMW-fibrin results in a pro-angiogenic 

phenotype. In addition, we demonstrated that recombinant HMW-fibrin results in similar 

endothelial cell characteristics and facilitates angiogenesis to the same extent as plasma-derived 

fibrin. This shows that HMW-fibrin itself stimulates angiogenesis, with a minor role for co-purified 

plasma proteins.  

As coating of synthetic materials, HMW-fibrinogen resulted in a more quiescent 

endothelial monolayer with high barrier integrity. Previously, unfractionated-fibrinogen coatings 

showed to simulate endothelialization of vascular grafts, our data give purified HMW-fibrinogen a 

preferential position as coating of vascular grafts.  

In addition, the possibilities in tissue engineering for other naturally occurring fibrinogen 

variants were explored. γ′-fibrin poorly facilitated angiogenesis in vitro and tended towards a 

decreased in vivo wound healing response, when compared to native γA-fibrin.  

Nowadays, most fibrin scaffolds are composed of plasma-derived fibrinogen and contain 

the natural mixture of fibrinogen variants. We demonstrated that specific naturally occurring 

fibrinogen variants are more suitable to define the environmental conditions within the scaffold. 

Choosing specific fibrinogen variants alters the vascularization and thereby the oxygen 

concentration within the tissue engineered scaffold. 
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Figure 2. Future perspectives of fibrin variants in tissue engineering. Molecular weight fibrin variants alter 
angiogenesis but not stem cell responses. The oxygen concentration in the matrix partly determines the differentiation 
lineage of mesenchymal stem cells. Specific fibrinogen variants should be chosen to create an optimal environment 
within the tissue engineered scaffold. 
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Future perspectives  

Envisage 20 years from now, tissue engineering will be greatly developed and patients in need for 

reconstructive surgery or organ replacement can benefit from this new therapy. Various natural, 

hybrid and synthetic materials have been identified as powerful new tissue engineered scaffolds. 

Furthermore, clarity has been obtained about the possibilities of (inducible) stem and progenitor 

cells, and their growth properties have been controlled so that they can be clinically applied on a 

routine basis. However, before this futuristic perspective will become reality many problems must 

have been solved. Crucial, but simultaneously challenging aspects, regard the development of 

improved natural and synthetic scaffolds, better understanding of the maintenance and 

differentiation of cells incorporated in scaffolds, the proper and timely vascularization of implanted 

cell-containing scaffolds, and the controlled growth and differentiation of cells with pluri- or multi-

potent or specific properties. 

This thesis focuses on the problem of scaffold vascularization, when we place the findings 

of this thesis in perspective, one can envision the following picture. Scaffolds of HMW-fibrin 

facilitate angiogenesis of peripheral endothelial cells and result in a vascularized matrix with 

appropriate oxygen concentrations (Figure 2). Stem cells within this scaffold differentiate more 

easily towards osteogenic and adipogenic lineages. On the contrary, scaffolds of LMW-fibrin 

inhibit angiogenesis and result in hypoxic or even anoxic scaffolds. Stem cells within this scaffold 

differentiate more easily towards chondrogenic lineages. When fibrin is used as scaffold material 

the vascularization and thereby the oxygen concentration can be influenced by using scaffolds of 

specific fibrinogen variants. The choice of the fibrinogen variant of which the scaffold is made, at 

least in part, determines the fate and success of the tissue engineered scaffold.  

 Facing this image, various challenges need to be resolved. One challenge is to increase 

the mechanical stiffness that is necessary for e.g. bone, cartilage and blood vessel engineering. 

Fibrin matrices have a low mechanical stiffness, likely the scaffold will collapse or burst before the 

defect is restored. Moreover, fibrin scaffolds can be easily degraded by a large variation of 

proteases that are produced by various cell types. A controlled degradation is beneficial for 

angiogenesis but rapid degradation may lead to early failure of the tissue engineered scaffold. 

Combining fibrin and other proteins (e.g. collagen or laminin) or synthetic materials in the scaffold 

could conquer the problems in mechanical stiffness and rapid degradation. Porous synthetic 

structures, filled with specific fibrin variants and appropriate (stem) cells are a good perspective. 

In this thesis a first step towards this application was taken by using specific fibrin variants as 

coating of synthetic materials. Moreover, we showed that stem cell characteristics remained 

unaltered when fibrin variants were used, new paths may be ahead. 

Another challenge for the near future is to gain more insight in the spatial distribution and 

rigidity of the various fibrin matrices. Nowadays, more knowledge is gained on intracellular 

signaling and functional cellular responses upon various substrates27-29. In our opinion these 

parameters might play an important role in determining the angiogenesis within the fibrin matrix. 

To precisely characterize the cellular response, the stiffness of the matrix and intracellular 

signaling need to be studied more vigorously. 

In this thesis, in vitro characteristics of endothelial and stem cells are described, in the 

future in vivo data should confirm these findings. Anticipated in vivo models for studies in rodents 
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are e.g. subcutaneous implantation of angioreactors4,64, skin wound healing63, ischemic hind-

limb74 and acute myocardial infarction75. We have confidence that the naturally occurring 

fibrinogen variants have great opportunities in scaffold preparation for tissue engineering, but 

distinct applications are yet to be developed.  

Recent developments in tissue engineering focus on using fibrin sealants as slow-local 

delivery system for small molecules and drugs2,33,34. In this thesis we focused on scaffold 

vascularization by creating an optimal environment for this process by using naturally occurring 

fibrinogen variants. In addition to altering the fibrin scaffold, vascularization could be 

enhanced/inhibited by incorporation of growth factors in the scaffold. Vascular endothelial growth 

factor in the center of the fibrin scaffold might further enhance vascularization. Moreover, the 

altered lysis of various fibrin matrices can be used for fine-tuning the delivery rate of small 

molecules or drugs. In addition, incorporation of endothelial (progenitor) cells may enhance the 

vascularization of fibrin scaffolds. The effect of incorporation of small molecules or cells was not 

addressed in this thesis, but certainly has good potentials. 

Altogether, this thesis provides new data on naturally occurring HMW-, LMW-, γA- and γ′-

fibrinogen variants. Ideally, these variants should be recombinantly produced to increase the 

safety and homogeneity. The fundamental research in this thesis, on cellular characteristics, may 

help to develop tissue engineered scaffolds composed of specific fibrinogen variants and conquer 

the problem of scaffold vascularization. Naturally occurring fibrinogen variants may serve as an 

on/off regulation for oxygen delivery in the tissue engineered scaffold. However, the subject of 

this thesis is only a small step of many towards applications for tissue engineering that are 

needed. Our focus was on fibrin variants to alter scaffold vascularization, and on this specific 

aspect the thesis clarifies a small piece of the puzzle. Notwithstanding, each specific therapeutic 

application will require specific development and optimalization. Challenging aspects are the 

suitable scaffold composition and stability, optimal (stem/progenitor) cell growth and 

differentiation potentials, and correct properties of cells incorporated in the scaffolds. The future 

will learn us which tissue engineered scaffolds will be clinically used and when patients can 

benefit from this new treatment. 
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