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Abstract!

The initial molecular events that take place at biomaterials interface mimic to a certain extent the 

natural interaction of cells with the extracellular matrix (ECM). In this thesis we describe the fate 

of adsorbed type IV collagen (Col IV) - the main structural component of the basement membrane 

(BM) - as an important target in vascular tissue engineering. We studied the adsorption kinetic of 

Col IV on different model surfaces varying in wettability, chemistry and charge, and followed 

how it alters the molecular organization of the adsorbed protein layer. We strived to learn how it 

will affect the subsequent cellular interaction. AFM studies revealed specific substratum–

dependent adsorption pattern of Col IV ranging from single molecular deposition to fine 

meshwork formation at high coating concentrations, which is characteristic for hydrophilic and 

NH2 functionalized substrates. Conversely, the formation of a complex networks consisting of 

molecular aggregates were found on hydrophobic and COOH modified surfaces. Complex 

structures were found also when a family of model substrates with tailored density of OH, CH3 

and NH2 functions were used. Human umbilical endothelial cells (HUVEC) and fibroblasts were 

employed to study the biological response on these substrata. We found that fibroblast not only 

interact with adsorbed Col IV but also tend to reorganize it in fibril like pattern, which is strongly 

dependent on the materials surface properties. Following the trend of adsorption 

NH2>CH3>COOH>OH the reorganization pattern of Col IV improve with lowering the amount of 

protein. However, the cells interact better with hydrophilic and NH2 surfaces, thus acting 

independently on the amount of adsorbed Col IV. This trend was confirmed by the quantitative 

measurements of cell adhesion and spreading, as well as, the expression of p-FAK, α1 and α2 

integrins – all reflecting the proper functioning of cell adhesion machinery. This is the first study 

that addresses the relationship between microscopic observation for remodeling of surface 

associated Col IV and it´s dynamic behavior in nano scale. We found that cells remodel Col IV in 

two ways: by mechanical reorganization and via proteolytic degradation. We identify the role of 

FN in the reorganization process and the involvement of MMP2 and MMP9 in the pericellular 

degradation activity of both HUVEC and fibroblasts. The later was further quantified via FITC 

labeled Col IV release and zymography. We found that in hydrophobic environment the 

degradation activity can override the Col IV organization process, which corroborates with the 

altered cell morphology, abrogated cell adhesion machinery and altered capability of HUVEC to 

form capillary-like structures. Taken together these results support our view that the ability of 

cells to remodel surface associated proteins affects strongly the biological performance of a 

biomaterial. They also show that the appropriate chemical functionalization (NH2, OH), combined 

with Col IV pre-adsorption, comprises a prospective biomimetic modification that might provide 

insights for the improved endothelization of cardiovascular implants. 
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Abbreviations 
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Chapter 1 - State of the Art 

1. Biomaterials, tissue engineering and regenerative medicine 

1.1 Introduction 

The fate of a biomaterial once implanted in the body is strongly dependent on various parameters 

such as it localization within tissues, it size, shape, surface chemistry, porosity and many others 

(Hubbell 1995; Anderson 2001). Even the age and the health condition of the host should be taken 

into account. Upon contact with tissues a cascade of events will take place at biomaterials 

interface initiated by the interaction with the surrounding physiological environment which is 

rather aggressive and contains many bioactive molecules like proteins, polysaccharides and 

enzymes (Remes and Williams 1992; Tang et al. 1998; Williams 2008). These events will 

determine the fate of the implant, so the complex interplay that exists between the surface 

properties of a material and the physiological environment is crucial for understanding the 

phenomena of biocompatibility. For example, the wettability of a material is a result of its surface 

energy, but it also relates to the electrical charge distribution and specific chemistry, and this will 

affect its biological activity. At the same time topography alters the distribution of electrical 

charges, which in turn is a consequence of crystallinity (Anderson 2001; Planell et al. 2010). The 

combination of all these surface properties will affect the adsorption of plasma proteins that may 

expose recognition sequences for cell adhesion receptors.  As a result the cells will attach and 

form cell adhesion contacts that will establish the communication of the material surface with cell 

interior - processes that will strongly affect it tissue compatibility (Anderson 2001; Hench and 

Thompson 2010; Planell et al. 2010). Conversely, the lowered protein adsorption of some 

material surfaces might be a prerequisite for their good blood compatibility, because of the less 

contact activation of the coagulation cascade. 

There are two main strategies of using biomaterials, the first one focus on the repair and 

substitution of a damaged tissue with an implanted device or prostheses that aims to recover the 

tissue or organ function in a short period of time (Hench and Thompson 2010). This strategy is 

applicable in urgent situations, for example of traumatological injuries and pathologies that 

require immediate treatment, and where the regeneration of the tissue or organ will not be 

possible. The biomaterials used for such purposes already require additional biological properties 

such as for example biodegradability – the material should disappear from the body when 

accomplish it function (Hench 1980; Hench and Thompson 2010). The other strategy focus on the 

tissues and organs regeneration (Hench and Polak 2002) representing the next generation of 

biomaterials that are applied to support the healing process and to promote the organization of the 

new tissue (Hubbell 1995; Hench and Polak 2002). In the next section, we will briefly describe 



!  12 

the hierarchic generations of biomaterials focusing on their tissue engineering application, which 

is relevant to the scientific content of the thesis. 

1.2 Host response to biomaterials 

When we describe biocompatibility we should first consider the biological response that any 

foreign material induces upon contact with the body. The first event that occurs on the surface of 

a biomaterial is the adsorption of proteins, which are uniformly available in the biological fluids. 

The attachment of phagocytic cells also occur, in most cases because of the so called opsonization 

of the materials surface that is a consequence of the adsorption of plasma proteins, such as 

activated C3b component of the complement system, IgG and others, that “label” the biomaterial 

as a foreign body (Tang et al. 1998). This induces inflammation that is in fact a biological 

response to the foreign material and persists as long as the material is there. Inflammation induces 

chemotaxis of inflammatory cells and recruitment of cytokines in order to phagocyte the material 

marked as foreign starting with the migration of neutrophils and monocytes/macrophages to the 

injury site. The sustained recruitment of numerous macrophages leads to the formation of multi-

nucleated giant cells, known also as foreign body giant cells (FBGC). This process is followed by 

the recruitment of fibroblasts that quickly became the main cell population while macrophages 

may inactivate their attack mechanism (Hunt 2004). Fibroblasts are responsible for secreting 

extracellular matrix (ECM) proteins manly type I, and III collagen and form a capsule that will 

isolate the material from the host tissue (Tang et al. 1998; Hunt 2004). The body response to a 

foreign material is therefore the serious obstacle in the physiological performance of a biomaterial 

since the direct contact and integration is fundamental for its proper function. For that reason, to 

study how biomaterial surface affect these processes is an important issue comprising a strategy 

to avoid chronic inflammation and promote implant integration (Remes and Williams 1992; Tang 

and Eaton 1999).  

1.3 Definition of biomaterial 

“A biomaterial is a substance that has been engineered to take a form which, alone or as part of a 

complex system, is used to direct the course of any therapeutic or diagnostic procedure in human 

or veterinary medicine” (Williams 2009).  

The development of biomaterials is based on the continuous adding of required properties 

connected with avoiding undesirable effects such as foreign body reaction, stress shielding, as 

well as the evolution of concepts for biocompatibility involving biodegradability, bioactivity, etc. 

The biomaterials can be conditionally divided in 3 generations: first, comprising the “bioinert” 

materials; the second, consisting of “bioactive” and also “biodegradable” materials, and the third, 

including the materials designed to stimulate specific cellular responses at the molecular level 
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(Hench and Polak 2002). All these three generations of biomaterials are still in use and the 

appearance of new trends does not imply the exclusion of the preceding ones.      

1.3.1 First generation of “bioinert” biomaterials 

Initially the combination of the proper physical properties with a minimal toxic response of the 

host to match the functionality of the substituted tissue was the main concern. For that reason, the 

first generation of biomaterials is based on “inert materials” that present the proper physical and 

chemical properties (Hench 1980; Hench and Thompson 2010). This first generation includes 

materials used in several industrial applications, such as chemistry, food, transport, and energy, 

among others that are treated to have higher levels of purity in order to eliminate release of by-

products and minimize corrosion. Some examples include: stainless steels; Co-Cr-alloys; 

Titanium (Ti) and Ti alloys; oxidic ceramics (that cannot oxidize); and fully polymerized 

thermoplastic and thermo stable polymers (Planell et al. 2010). 

1.3.2 Second generation of “bioactive” and “biodegradable” biomaterials 

Although the host response to inert materials is usually low it does not avoid the fibrous capsule 

formation (Williams 2008). The capsule completely blocks the interaction between the 

biomaterial surface and the host tissue. With the aim to overcome the formation of this fibrous 

layer and promote the interaction of material and tissue, appeared the second generation of 

biomaterials. Accordingly, first, the biomaterial should promote specific biological response, and 

second, it should be able to degrade progressively as the new tissue regenerates (Hench and 

Thompson 2010). These biomaterials are therefore called bioactive and biodegradable (Williams 

2009; Hench and Thompson 2010; Planell et al. 2010). More than one definition of bioactive 

material exits, one, reports the boundary between tissues and materials and is dependent on the 

capacity of a material to elicit a specific biological response at its interface (Hench and Andersson 

1993), other, considers the capacity of the material to modulate and support distinct biological 

events (Black 2006). Bioactive materials are, for example, the calcium phosphate ceramics 

because in vivo calcium phosphate induces the formation of a physiological active hydroxyapatite 

layer that improves the interaction of the material surface and bone tissue (Planell et al. 2010). 

The other types of biomaterials are the biodegradable biomaterials that consist of materials that 

have a controlled chemical breakdown and resorption time in the host. This strategy considers that 

the material should be degraded while the host tissue is regenerating (Hench 1980). These 

materials comprise natural and synthetic polymers that have been extensively used in orthopedic 

applications such as bone substitution, repair of fractures, as sutures, rods, screws, pins and plates 

(Ciccone et al. 2001); others - for cardiovascular and nervous regeneration (Huang and Huang 

2006).  
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1.3.3 Third generation of “cell – activating” biomaterials 

The third generation of biomaterials aims to stimulate specific cellular responses at the molecular 

level (Hench and Polak 2002). During the last decades various polymer systems that elicit specific 

interactions with integrins and thereby direct cell adhesion, proliferation, differentiation and ECM 

production have been developed. They are based on distinct molecular modifications mainly on 

bioresorbable polymer systems. In order to activate genes that stimulate regeneration of living 

tissues a third-generation bioactive glasses and hierarchical porous foams are also being designed 

(Hench and Thompson 2010). The new molecularly tailored biomaterials use two alternative 

routes, the tissue engineering and the in situ tissue regeneration. The final aim is the repair or 

replacement of a tissue that last as long as the patient adapt to the physiological environment 

(Langer and Vacanti 1993; Griffith and Naughton 2002; Hench and Thompson 2010). The in situ 

tissue engineering approach aims to stimulate tissue repair with biomaterials in form of powders, 

solutions or doped micro- or nano-particles. The release of chemicals in form of ionic dissolution 

products, or macromolecular growth factors, at controlled rates that activate the cells in contact 

with the stimuli can be obtained by a proper formulation of bioactive materials. Along with the 

biochemical and biomechanical gradients that are present the cells produce additional growth 

factors, which in turn stimulate multiple generations of growing cells to self-assemble into the 

required tissues in situ (Hench and Polak 2002). The genetic control of the tissue repair process is 

an additional approach that might be offered in the regenerative medicine (Griffith and Naughton 

2002; Atala 2004; Hench and Thompson 2010).  

It exists also an additional group of biomaterials reported as “smart” or “intelligent” biomaterials 

(Anderson et al. 2004; Furth et al. 2007). These are materials that can change their properties 

upon variation in the biological environment; exemplified by temperature and pH responsible 

polymers, shape memory biomaterials, etc., (Anderson et al. 2004; Furth et al. 2007) which are 

out of the topic of this thesis. 

1.4 Tissue engineering and regenerative medicine 

Initially tissue engineering was equalized with the third generation of biomaterials, however with 

growing in scope and importance it is now considered as an independent field. Although it covers 

a broad range of applications, the practical definition is associated with applications that repair or 

replace portions, or whole tissues (e.g., bone, cartilage, blood vessels, bladder, skin, etc). Tissue 

engineering aims to replace damage tissues with molecularly modified scaffolds that are 

previously colonized or not with cells. In fact, this is an attempt to mimic the natural occurring 

tissues (Langer and Vacanti 1993; Atala 2004). Ideally, a host tissue that includes a viable blood 

supply should replace the scaffold. The improvement or replacement of a biological function is 

addressed using a combination of cells, engineering and material processing technologies, 
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providing suitable biochemical and physico-chemical factors (Langer and Vacanti 1993; Hubbell 

1995; Atala 2004). Tissue engineering strategies generally include: (i) implantation of freshly 

isolated cultured cells; (ii) implantation of tissues that were previously assembled in vitro using 

cells and scaffolds; and (iii) in situ tissue engineering (Langer and Vacanti 1993; Hubbell 1995; 

Griffith and Naughton 2002; Atala 2004). In fact, these strategies overlap the strategies of the 3rd 

generation biomaterials. The implantation of isolated or cultured cells uses individual cells or 

small aggregates from the patient or donor, to inject to the damage tissue directly or to combine 

with a biodegradable scaffold in vitro and then implant in the damage area. For the implantation 

of tissues assembled in vitro, a complete 3D tissue is growth in vitro using a scaffold and cells 

from the patient or donor in an appropriate bioreactor and once the tissue reaches maturity is 

implanted (Figure 1.1). 

Figure 1.1 – Main tissue engineering strategy: a) Isolation of cells from the patient; (b) Isolated cells are expanded in 

vitro; (c) Cell seeding in a porous scaffold together with growth factors, small molecules, and micro-and/or 

nanoparticles. The mechanical support and the shape of the implant are determined by the scaffold and the porosity that 

enable high mass transfer and waste removal; (d) The organization of the scaffold into a functioning tissue might be 

obtained by cultivation of the cell constructs in bioreactor; (e) The construct is finally transplanted in the defect to 

restore function (Dvir et al. 2011). 

The in situ tissue engineering promotes the regeneration of tissues using a scaffold that is 

implanted directly into the injury site and stimulates the body’s own cells to promote local tissue 

repair (Langer and Vacanti 1993; Hubbell 2003; Atala 2004; Dvir et al. 2011). The body’s natural 
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ability to regenerate determines the use of acellular scaffolds. The production of acellular 

scaffolds comprises two approaches: the use of synthetic scaffolds, or the removal of the cellular 

components from natural ECM via mechanical and/or chemical manipulation.  When using 

scaffolds colonized with cells various sources of donor cells can be used: heterologous (other 

species), allogeneic (same species, different individual), or autologous (from the same) (Atala 

2004; Dvir et al. 2011). 

The regenerative medicine often overlaps in it meaning with tissue engineering, but it should not 

be considered as identical approach. Regenerative medicine is an emerging interdisciplinary field 

of research and clinical applications that is focused on the repair of human body. It involves 

replacement or regeneration of cells, tissues or organs aiming to restore impaired function 

resulting from any cause, including congenital defects, trauma and aging. It uses a combination of 

several technological approaches that moves it beyond traditional transplantation and replacement 

therapies. These approaches may include, but are not limited to, the use of soluble molecules, 

gene therapy, stem cell transplantation, tissue engineering and reprogramming of cell and tissue 

types (Greenwood et al. 2006; Mason and Dunnill 2007). The implication of human cells is 

central focus of the regenerative medicine. The cell types include mainly stem cells, somatic, 

adult or embryo-derived. A big focus is given lately to the fact that pluripotent cells can be 

obtained by reprogramming adult cells (Yu et al. 2007) - a fact that may help avoiding the ethical 

problems of using embryo-derived stem cells. In the moment most of the treatments involving 

embryo-derived cells are based in pure cell therapies, but it is very probable that in future stem 

cells therapies will need a temporary support or scaffold that will improve cell survival. It is 

important to emphasizing also the growing linkage between gene therapy and regenerative 

medicine. In this case the cell therapy focus on to place genes in cells, check if the outcome is 

safe and then implant the cells in the patient (Atala 2004; Cohen and Melton 2011). An example 

is the use of such genetic approach to immortalize fetal neuronal cells thus making them cell line 

for the potential treatment of strokes (Donato et al. 2007). 

The proper definition of the word regeneration elucidates the main focus of the area, it is 

described as “the process in humans whereby lost specialized tissue is replaced by proliferation of 

undamaged specialized cells” (Mason and Dunnill 2007). However, this process is quite limited in 

humans and restricted to just a few tissues, such as liver and bone. Understanding the definition of 

repair is also important in order to distinguish it from regeneration. Repair is the replacement of a 

lost tissue by granulation tissue that matures to form a scar tissue (Yannas 2001; Mason and 

Dunnill 2007). In this respect the organ regeneration is distinct from organ repair as an endpoint 

of a healing process following injury. Repair is an adaptation to the loss of normal organ mass 

and leads to restoration of the interrupted continuity by synthesis of scar tissue without restoration 
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of the normal tissue. In contrast, regeneration restores the interrupted continuity by synthesis of 

the missing organ mass at the original anatomical site. Thus, regeneration restores the normal 

structure and function of the organ while the repair does not (Yannas 2001; Mason and Dunnill 

2007).  

The Figure 1.2 schematizes the regeneration medicine strategies employing different stem cells 

sources from the proper patient. Pluripotent embryonic stem cells (ESCs) can be obtained and 

differentiated in vitro to a desired cell state by directing their differentiation (right). Other way is 

the use of primary cells derived from the patient to generate a desired cell type (iPS) directly by 

reprogramming the primary cells (left). The obtained cells by either of the methods can be studied 

in vitro (bottom) or used for transplantation into patients (top). 

Figure 1.2 - The main strategies of regenerative medicine. This figure describes the two main strategies for 

generating patient-specific cells of a desired type. Patient-derived (induced pluripotent stem cells - iPSCs) or non-

patient-derived (either embryonic stem cells - ESCs or iPSCs) are the two types of pluripotent cells to be used for 

regenerative medicine (Cohen and Melton 2011).  

1.4.1 Biomaterials for tissue engineering and regenerative medicine 

The biomaterials used for tissue engineering and regenerative medicine are generally scaffolds, 

e.g. materials from the 3rd generation of biomaterials, designed to mimic the ECM and to host the 

cells. They are very important since they provide the designable biophysical and biochemical 

milieus that direct cellular behavior and function (Lutolf and Hubbell 2005). One clear concept is 
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that all biomaterials used for tissue engineering shall induce ingrowth of desirable cell types 

coming from the host organism. Thus, the engineered scaffolds or devices must provide sufficient 

mechanical support to maintain a space for new tissue to form or serve as a barrier to undesirable 

interactions. Furthermore, the scaffolds are intended to degrade slowly after implantation in the 

patient and be replaced by new tissue (Place et al. 2009). The use of synthetic or natural materials 

is a fundamental question. Synthetic materials (e.g., organic polymers) can be easily processed 

into various structures and can be produced cheaply and reproducibly; they provide also 

possibility to tightly control various surface properties such as the mechanical strength, 

hydrophobicity and degradation rate. While natural materials (e.g., collagen, fibrinogen etc.) often 

exhibit a limited range of physical properties and can be difficult to isolate and process, but they 

do have specific biologic activity. In addition, these molecules generally do not elicit unfavorable 

host tissue responses, a condition which indicates that a material is biocompatible. Some synthetic 

polymers however, in contrast, can elicit long-term inflammatory response from the host tissue 

(Mooney and Langer 2000). 

Naturally derived ECM systems (for example Matrigel, collagen and fibrin gels, etc.) have been 

used to study in three dimensions (3D) the organization and the multicellular complexity of 

tissues to better understand the function of ECM within tissues and organs. Tissue engineering 

and regenerative medicine strategies substantially improved with learning this processes (Dutta 

and Dutta 2010). Nowadays cell matrices are used to induce regeneration and remodeling in vivo 

promoting proper cells infiltration. Once implanted, these matrices act as carriers for the 

transplanted cells that are subsequently grafted into tissue defects (Hubbell 2003). As example, 

we have tissue sealants and skin substitutes like fibrin and collagen matrices that are FDA-

approved and are widely used for chronic wounds treatment, healing burns, etc. (Currie et al. 

2001; Patino et al. 2002). The creation of artificial materials with similar biological function 

however is another attractive option. For that reason one of the main strategies in tissue 

engineering and regenerative medicine is to develop synthetic or natural biomaterials that mimic 

the complexity of the natural ECM (Griffith and Naughton 2002; Lutolf and Hubbell 2005).  

 

 

 

 

 



State of the Art 
 

!  19 

2. Extracellular Matrix 

The ECM is a complex network of polysaccharides and proteins secreted by the cells. It serves as 

a structural element in tissues by influencing their development and physiology (Alberts et al. 

2002). As the principal extracellular component of all tissues and organs, the ECM provides the 

scaffold that gives physical support to cells and regulates intercellular biochemical and 

biomechanical signaling. As a result, it is determinant in most cellular processes including 

adhesion, migration, apoptosis, proliferation, and differentiation (DuFort et al. 2011). The main 

molecular components of the ECM include: (i) the insoluble hydrated macromolecules (fibrillar 

proteins like collagens, elastin, laminin and fibronectin), (ii) the hydrophilic proteoglycans with 

large glycosaminoglycan side chains; (iii) the soluble macromolecules (growth factors, 

chemokines and cytokines) and (iv) the adhesive proteins associated with the surface of 

neighboring cells (Figure 2.1) (Lutolf and Hubbell 2005). At the molecular level, the ECM is 

capable of biding, integrating and controlling the presentation of growth factors and other ligands 

to the cells (Hynes 2009). Cells are constantly rearranging and reordering their surroundings by 

mechanical translocation and/or by enzymatic cleavage, and these features should also be 

considered (Mager et al. 2011). The ECM organization is not static, the opposite, it is very 

dynamic since its composition and distribution varies between different tissues and also during 

stages of development. Actually the great diversity of ECM composition is the main reason for 

the wide range of forms and functions, ranging from solid structures found in bones and teeth to 

the elastic and pliable matrix found in cartilage and tendons. Disruptions and perturbations to 

ECM result in loss of cell and tissue homeostasis and lead to a number of diseases, including 

cancer (Lutolf and Hubbell 2005; Daley et al. 2008; Mager et al. 2011).  

Nowadays the design of biomaterials for tissue engineering must take into account this 

bidirectional signaling events in order to maintain cell viability and obtain control on cell 

behavior (Lutolf and Hubbell 2005; Place et al. 2009). The ECMs varies in composition and 

spatial organization of collagens, elastins, proteoglycans and adhesive molecules between tissues 

in the body in order to maintain specific tissue morphologies, organ specific shape and function, 

and to supply specific instructive cues. Therefore, the desired scaffold for an engineered tissue 

should take into account the existing strong knowledge on the ECM organization and the diverse 

cell-ECM interactions (Lutolf and Hubbell 2005; Place et al. 2009; Dvir et al. 2011). ECM varies 

also on its structure and functional organization; the rough ECM of the connective tissues is less 

specialized in comparison to the organ-specific matrix represented by the basement membranes. 
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Figure 2.1 - Reciprocal molecular interactions between cells and ECM. These tight relations regulates the behavior 

of individual cells and the dynamic state of multicellular tissues (Lutolf and Hubbell 2005). 

2.1 Rough Extracellular Matrix 

The rough ECM is the tissue where the portion of ECM occupies a greater volume than the 

cellular component. It is a type of connective tissue that includes areolar (loose) connective 

tissue, reticular tissue, and adipose tissue (Alberts et al. 2002). It also surrounds the blood vessels 

and nerves. It is the most common type of connective tissue in vertebrates and their main 

functions is to hold organs in place and attach epithelial tissue to other underlying tissues. 

Reticular cells, namely fibroblasts, are widely dispersed in this tissue; they are irregular 

branching cells that secrete strong fibrous proteins and proteoglycans. A gel-like substance 

primarily made of collagen and elastic fibers generally separates the fibroblasts. There are distinct 

hierarchy in the organization of the ECM, and the rough ECM is the most disordered part, but it 

supports the basement membrane (BM) (described separately below) which is the highly 

organized ECM and therefore they are involved in a continuous interplay (Alberts et al. 2002; 

Lutolf and Hubbell 2005). 
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2.2 Basement membrane structure and function 

The basement membrane (BM) represents the most specialized form of ECM that is always in 

contact with cells. The main BM functions are to provide structural support for cells, to divide 

tissues into compartments, as well as, to regulate the cellular behavior (Paulsson 1992; Kalluri 

2003; Yurchenco 2011). The BM is a sheet-like structure composed of large insoluble molecules 

that come together via a process known as “self-assembly” (Yurchenco et al. 1986), but it can be 

also driven by cell-surface anchors and receptors (Yurchenco 1990; Kalluri 2003). The BM 

constituents are produced by the residing cells (Paulsson 1992), or delivered by the circulation. 

Type IV collagen (Col IV), laminin (LAM), heparan-sulphate proteoglycans (HPSPGs) and 

nidogen/entactin are the main structural components of BM. Other components, known to be 

minor part of BM´s, include agrin, SPARS/BM-40/osteopontin, fibulins, type XV collagen and 

type XVIII collagen (Yurchenco 1990; Paulsson 1992; Kalluri 2003). Although the complexity of 

its structure and similar appearance, the BM is tissue specific, which means that BMs have unique 

structure depending on the tissue of origin. Understanding how the cellular microenvironment 

specifies functionality to different tissues can arise from understanding the potential differences in 

the composition and structure of BMs in different organs (Kalluri 2003). An important link to the 

present study is the vascular BM, making up the structure and the functionality of blood vessels 

and capillary. The vascular BM is lined from one side by endothelial cells (e.g. in the inner part) 

and from outside by specialized smooth-muscle cells – pericytes (Figure 2.2). 

Figure 2.2 - Basement membrane - schematic representation in various tissues. Particularly the vascular BMs is 

lined by endothelial cells in the inner part and from outside by specialized smooth-muscle cells – pericytes. The BM 

underlies also the epithelial cell sheets found for example in the testis or surround the muscles and lens of the eye 

(Kalluri, 2003). 
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The main structural components of the BM have the capacity to self-assemble and form the sheet-

like structure via specific binding sites (Yurchenco and Furthmayr 1984; Yurchenco 1990; 

Yurchenco 2011). The fact that the BMs cannot be formed by minor constituents leaded to the 

discovery that Col IV and LAM form independent scaffolds that interact with each other via 

nidogen/entactin cross-linking to initiate BM assembly (Yurchenco and Furthmayr 1984; Timpl 

and Brown 1996). Recent studies revealed that although LAM initiate the assembly of the BM the 

Col IV acts as a natural scaffold (Kalluri 2003; Yurchenco 2011). LAM polymerizes on the cell 

surface with the participation of cell-surface molecules such as β1 integrins and dystroglycan 

(Colognato and Yurchenco 2000). The deposition of LAM polymers on the cell surface is 

associated with the deposition of Col IV on the extracellular environment. Cells deposit LAM 

polymers on top of Col IV scaffold (Colognato and Yurchenco 2000) and nidogen/entactin do the 

bridging and thus forming the BM-like structure (Timpl and Brown 1996; Kalluri 2003; 

Yurchenco 2011). The fully functional BM is generated by the interaction of other BM 

constituents with specific binding sites in the previously formed LAM-Col IV scaffold (Figure 

2.3). 

Figure 2.3 - Basement membrane assembly. a) The BM components are pre-assembled inside the cell into functional 

units. b) The BM formation is initiated by laminin polymerization at the basolateral surface of the cells after anchoring 

to cell surface receptors such as integrins and dystroglycans. c) The formed laminin polymer is deposited on the Col IV 

network. The nidogen/entactin further crosslink the Lam polymer to the Col IV network (Kalluri 2003). 
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2.2.1 Type IV Collagen – structure and function 

Type IV collagen (Col IV) is the most specific and abundant collagenous glycoprotein of the 

basement membranes (Timpl and Brown 1996). It is a heterotrimer, consisting of three alpha (IV) 

chains, which are a combination of six monomers, α1(IV) to α6(IV) (Yurchenco and Furthmayr 

1984). Despite the number of different chains they interact and assemble with high specificity to 

give rise to only three distinct heterotrimers of α1α1α2, α3α4α5, and α5α5α6 (LeBleu et al. 

2007), each ~ 400nm long (Kühn 1995). The so called “classical” chains include α1(IV) and 

α2(IV) which were the first to be described and are present in the BM of all tissues, while the 

other four chains have restricted tissue distribution during development (LeBleu et al. 2007). Col 

IV molecules are composed by a short non-helical amino-terminal domain called 7S, a long Gly-

X-Y repeat triple-helical domain with numerous small interruptions and a highly conserved 

globular carboxyl-terminal, or NC1 domain (see Figure 2.4).  

Figure 2.4 - Types of Col IV molecules association. Schematic draw of Col IV heterotrimer multimerization in two 

main types, dimers and tetramers, that self-assembly through 7S or NC1 domains, respectively.!

The tertiary structure of Col IV is formed by specific interaction of three NC1 domains (NC1-

trimers), followed by supercoiling of the triple-helical collagenous domains which proceeds 

toward the N-terminal 7S domains (Yurchenco and Furthmayr 1984; Timpl and Brown 1996). 

Col IV is termed network-forming collagen because of its capacity to self-assemble into 

organized networks (Yurchenco and Furthmayr 1984; Khoshnoodi et al. 2008). This property is 

what makes it different from the fibrillar collagens (Khoshnoodi et al. 2008). Col IV further self 
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assemble to form networks by 7S amino-terminal interactions, thus forming tetramers (Figure 2.4) 

(Yurchenco and Furthmayr 1984), while NC1 domain interactions form dimers (Figure 2.4) 

(Tsilibary and Charonis 1986). The subsequent lateral interactions (disulfide bounding) giving 

rise to a semi-hexagonal network (see Figure 2.3) observed both in vitro(Yurchenco and 

Furthmayr 1984) and in vivo(Yurchenco and Ruben 1987). 

2.2.2 Type IV Collagen interaction with cells 

Col IV is extremely important component of the basement membrane since it provides a scaffold 

for the assembly and mechanical stability of cell adhesion sites, thus determining the migration, 

survival, proliferation and differentiation of anchoring cells in vivo (Yurchenco and Furthmayr 

1984). Cell culture studies have shown that collagen IV is the binding substrate for a large 

number of cell types, including platelets (Santoro 1986), hepatocytes (Rubin et al. 1981), 

keratinocytes (Murray et al. 1979), endothelial (Cheng and Kramer 1989), mesangial (Setty et al. 

1998), pancreatic (Kaido et al. 2004), and tumor cells, such as breast and prostate carcinomas 

(Abecassis et al. 1987), melanoma (Chelberg et al. 1989), fibrosarcoma and glioma (Aumailley 

and Timpl 1986). 

Multiple binding sites mediate cell attachment to Col IV suggesting involvement of several 

adhesion recognition sites within both triple-helical and NC1 domains (Chelberg et al. 1989). As 

for many other ECM components, the major cell surface receptors for Col IV are the integrins. 

Several studies have shown that cell adhesion to collagen IV is arginine-glycine-aspartic acid 

(RGD) -independent. Although multiple RGD sequences exist within the triple-helical region of 

several Col IV α-chains (Herbst et al. 1988) these RGD sequences are not accessible to integrins 

due to their triple-helical nature. However, since reduction of disulfide bonds followed by heat-

denaturation dramatically decreases cell binding and spreading, the adhesion to Col IV is 

considered to be predominantly dependent on triple-helical state of Col IV (Aumailley and Timpl 

1986; Santoro 1986). The major collagen receptors include the β1 subgroup of integrins, namely 

α1β1 and α2β1 (Aumailley and Gayraud 1998; Leitinger and Hohenester 2007). All collagens, 

including Col IV and Col I, are recognized by those two receptors, however, with distinct 

specificity. Integrin α1β1 has a higher affinity for Col IV, while α2β1 binds stronger to Col I 

(Khoshnoodi et al. 2008). A dramatic decrease in adhesion and migration of fibroblasts and 

smooth muscle cells to collagen IV substrate was found after deletion of α1β1 integrin (Gardner et 

al. 1996), while the importance of α2β1 integrin was demonstrated by the decrease of adhesion 

and morphogenesis after block α2β1 expression using antisense mRNA (Keely et al. 1995). The 

α2β1 integrin also plays an important role in platelet adhesion to collagens and in the homeostasis 

in the blood vessel wall (Khoshnoodi et al. 2008). The α2β1 integrin was shown to recognize a 

binding site composed of a short sequence of GFOGER peptide (Knight et al. 1998). The 
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sequence is entirely dependent on the native triple-helical conformation and represents a high-

affinity binding site in both Col I and IV. Moreover, this sequence is present in α1 chain of the 

cyanogen bromide-derived (CB3 (IV)) fragment (385–390), where it might represent one of the 

two binding sites for α2β1 integrin (Figure 2.5) (Knight et al. 1998; Khoshnoodi et al. 2008). 

Figure 2.5 - Integrin biding sites within Col IV molecules. The scheme represents three different Col IV 

heterotrimers showing the location of integrin-binding sites within each molecule. NC1 domain binding sites, and 

cyanogen bromide-derived fragment (CB3) binding sites are indicated (Khoshnoodi et al. 2008). 

Other integrins may also participate in cell binding in addition to α1β1 and α2β1. Cell adhesion to 

Col IV mediated by α3β1 integrin was shown for small lung carcinoma cell line expressing low 

levels of other β1 integrins (Bredin et al. 1998). However, since integrin-specific antibody failed 

to block the adhesion of various cells and over-expression of α3β1 does not increase adhesion to 

the Col IV (Nishiuchi et al. 2003) the role of α3β1 as a Col IV receptor remains controversial 

(Elices et al. 1991). Recently, binding of two new integrins, α10β1 and α11β1, to Col IV have been 

reported (Tiger et al. 2001; Tulla et al. 2001). The α11 I domain binds stronger to collagen I 

through the same GFOGER motif as α2β1 integrin, while binding of α10 is more specific for Col 

IV similar to α1 I domain (Tulla et al. 2001). Nevertheless, the structure of the binding sites for 

the later two integrins on Col IV remains unknown. Expression of α10β1 and α11β1 is spatially and 
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temporally restricted to chondrocytes and fetal muscle cells, suggesting their specific role in 

development (Khoshnoodi et al. 2008). 

Thermal denaturation or proteolytic degradation can also result in the exposure of novel binding 

sites on collagen molecules, as it was described for Col I and later for Col IV, demonstrating an 

increased affinity to fibronectin (Aumailley and Timpl 1986). For this reason it was proposed that 

cell adhesion to denatured collagen could be mediated by fibronectin-α5β1 integrin bridge 

(Tuckwell et al. 1994). Nevertheless, this and other results suggest that degradation and 

proteolytic remodeling of BMs might expose cryptic sites within Col IV molecule with altered 

integrin specificity and biological functions. Recently, it was identified αvβ3 and αvβ5 integrins as 

endothelial receptors for α3 NC1 domain by affinity chromatography, which was further 

confirmed by the binding of purified integrins in vitro (Pedchenko et al. 2004). So far, specific 

integrin binding sites have been characterized only for α3 NC1 domain. Thus, collagen acts as 

ligand for distinct integrins through several binding sites that may mediate their anti-angiogenic 

and anti-tumor activities. Additional, yet uncharacterized binding sites have been reported by 

several groups suggesting also the interaction of cells with 7S domain of Col IV (Khoshnoodi et 

al. 2008). 

2.2.3 Laminin – structure and function 

The other main constituent of the BM is LAM - a heterotrimeric protein that normally presents a 

cruciform-shaped morphology, although rod-like or Y-shaped LAM morphologies may also occur 

(Miner and Yurchenco 2004). LAM is composed by one α, one β, and one γ chain and in 

vertebrates there are, five α, three β, and three γ chains that represent distinct gene products and 

can assemble into at least 15 LAM proteins (Miner and Yurchenco 2004). According to LAM 

chain composition the trimmers are alsonamed and Figure 2.6 show the most widely studied 

isoform, laminin-111, that is composed by one α1, one β1, and one γ1 chains (Durbeej 2010; 

Yurchenco 2011). All LAM chains share a common domain structure with a number of globular 

and rod-like domains. A globular laminin N-terminal domain (LN), globular domains laminin 4 

(L4) and laminin four (LF) separated by rod-like spacer formed by epidermal-growth factor like 

(LE) domains compose the short arms of laminin-111 (Miner and Yurchenco 2004).  

The LAM reach their final heterotrimeric form by assembly inside the cell, but further 

extracellular proteolytic processing may also occur (Timpl and Brown 1996). The long arm of 

LAM is formed by all three chains, giving a α-helical coiled coil domain and a C-terminal end, 

which is composed of five homologous globular domains (LG domains, each of approximately 20 

kDa) that are unique to the α chain (see Figure 2.6a) (Durbeej 2010). The size of the cross-shaped 

LAM molecule was estimated to range between 70–100 nm, however, it depends on the 
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conformation of the molecule because the maximal dimensions of the completely extended 

cruciform molecule is 125 nm long, 72 nm wide, and 2.2 nm thick (Chen et al. 1998). 

Figure 2.6 - Diversity of laminin structure. a) Overall structure of LAM; b) Biologically active domains within LAM 

molecules; c) LAM assembly model; and d) Major cell receptors responsible for binding to LAMs and their presumed 

mode of recognition. Adapted from (Durbeej 2010). 

The ability to polymerize is associated with LAMs short arms. The three-arm interaction model 

describes the production of a lattice-type supramolecular network by the interaction of the three 

N-terminal short arms in a calcium dependent bounding (Figure 2.6b). In addition to polymerize 

LAM molecules are incorporated in BM by interactions with other ECM proteins such as Col IV, 

nidogen and fibulin, or other LAMs (Yurchenco et al. 1986; Timpl and Brown 1996; Colognato 

and Yurchenco 2000).  

Several LAM domains have key biological activities, ranging from self-assembly, binding to 

other matrix proteins and specific recognition by cell surface receptors, which have been mapped 

and are shown in Figure 2.6b (Durbeej 2010). The LAMs play a prominent role in providing 

a b c

d
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structure to the ECM and anchorage for cells to the basement membrane. Thus, the main role of 

LAMs is to link the BM to the cells through interactions with cell surface receptors that influence 

cell signaling and behavior, in addition to providing a structural role (Van Agtmael and Bruckner-

Tuderman 2010). LAM is crucial for the assemble of the basement membrane since in the 

absence of LAM, or the presence in a truncated form where the cell-adhesive LG domains are 

absent, the basement membrane do not assemble (Miner and Yurchenco 2004). Mutations in 

LAM molecules or the use of block antibodies results in a group of diseases known as 

epidermolysis bullosa (JEB), and muscular dystrophy. LAM was also shown to be critical to 

neural development by promoting cell survival and migration, neurite outgrowth and synapse 

formation (Colognato and Yurchenco 2000; Perris and Perissinotto 2000; Testaz and Duband 

2001). For that reason LAM coatings have been extensively used to promote nerve cell adhesion 

and growth on different substrates for tissue engineering applications (Yu et al. 2008). 

2.2.4 Laminin interaction with cells 

Both integrins and non-integrin molecules are the major LAM cellular receptors (Mecham 1991). 

LAMs can be recognized at least by eight integrins (α1β1, α2β2, α3β1, α6β1, α6β4, α7β1, α9β1, αvβ3) 

that recognize sequences mainly in the αLG domains 1-3 and in αLN domains (Figure 2.6a, and 

d). However, integrin binding was also associated to the C-terminals of β1, β2, γ1 and γ2 chains 

(but not γ3) (Belkin and Stepp 2000; Taniguchi et al. 2009; Durbeej 2010). Once LAM bounds to 

its proper ligand, the intracellular cytoplasmic portion of integrin can activate focal adhesion 

kinases (FAK), small rho GTPases and mitogen-activated protein kinase (MAPK) pathways to 

effect cellular activities (Tzu and Marinkovich 2008). Dystroglycan, syndecans, and Lutheran 

blood group glycoprotein are the non-integrin receptors for LAMs (Figure 2.6c). Dystroglycan 

have high affinity for LAM α1 and α2 chains but moderate or low affinity for other α chains. It 

was demonstrated that syndecans consist of four members that all bind synthetic peptides mainly 

from the LG4 domain. The other non-integrin receptor, the Lutheran glycoprotein, binds only to 

LAM containing α5 chain (Mecham 1991; Colognato and Yurchenco 2000; Durbeej 2010; 

Yurchenco 2011). 

2.3 Extracellular matrix remodeling 

The process of ECM remodeling is critical during development and tissue repair. ECM 

remodeling is also associated with several pathological conditions, such as hypertension, 

restenosis following angioplasty, heart failure, fibrosis and cancer which points on its important 

role in already formed tissues. ECM remodeling comprises three main processes: ECM synthesis, 

arrangement and degradation. The balance between these processes will determine the loss or net 

accumulation of ECM (Ala-aho and Kahari 2005; Berk et al. 2007; Daley et al. 2008; Wynn 

2008; Shi et al. 2010). Different ECM proteins, and their combination can have different effects 
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on the phenotype of cells, affecting important processes such as cell survival, growth, 

differentiation, and migration (Sechler and Schwarzbauer 1998; Wynn 2008). Furthermore, the 

products of ECM proteolysis can accumulate in vivo and contribute to the changes in cell 

behavior because they can have distinct properties from the intact parental protein (Giannelli et al. 

1997; Weathington et al. 2006). Therefore, mechanisms that control ECM fragments 

accumulation are very important for regulating a variety of cell processes. 

The major enzymes that degrade ECM and cell surface associated proteins are matrix 

metalloproteinases (MMPs) (Page-McCaw et al. 2007). As shown on Figure 2.7, MMPs are a 

family (24 members) of zinc dependent endopeptidases, which together with adamalysin-related 

membrane proteinases that contains disintegrin and metalloproteinase domains (ADAMs or 

MDCs), such as thrombin, tissue plasminogen activator (tPA), urokinase (uPA) and plasmin, are 

involved in the degradation of ECM proteins. MMPs are either secreted or anchored to the cell 

membrane by a transmembrane domain or by their ability to bind directly uPA receptor (uPaR) 

and integrin αvβ3(Buck et al. 1992; Page-McCaw et al. 2007). 

Figure 2.7 - Schematic structure of MMPs. a) MMPs are secreted as pro-proteins. The combination of a cleavage in 

the pro-domain and the interaction between the pro-domain and catalitic domain results in the removal of the pro-

domain and consequent activation of the MMP. Structurally MMPs share a conserved domain structure of pro-domain, 

catalytic domain, hinge region and hemopexin domain. b) MMP2 and MMP9 are also known as collagenases and 

represent the main MMPs that degrade Col IV. Apart from the other basic MMPs they have three-fibronectin type II 

repeats in their catalytic domains. Adapted from (Page-McCaw et al. 2007). 
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Initially, MMPs were thought to function mainly as enzymes that degrade structural components 

of the ECM. In addition however, MMP proteolysis can create space for cells to migrate, can 

produce specific substrate-cleavage fragments with different biological activity, can regulate 

tissue architecture through effect on the ECM and intercellular junctions, and can activate, 

deactivate or modify the activity of signaling molecules both directly and indirectly (Page-

McCaw et al. 2007). MMPs can cleave ECM proteins and change their cellular functions because 

this cleavage of ECM components generates fragments that have different biological activities 

from their precursors. For example, the exposure of cryptic sites that promotes migration results 

from the cleavage of laminin-5 or Col IV (Egeblad and Werb 2002). MMP1 degrades type I 

collagen and this process is necessary for epithelial cell migration and wound healing (Page-

McCaw et al. 2007). The degradation of ECM molecules can also result in the release of ECM-

bound growth factors, including insulin growth factors (IGF) and FGF (fibroblast growth factor) 

(Egeblad and Werb 2002; Page-McCaw et al. 2007). 
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3. Cell-Biomaterials Interaction 

Understanding the cellular events that take place at the biomaterials interface is fundamental for 

biology and medicine and is a key for understanding the phenomena of biocompatibility 

(Williams 2008). Nowadays it is clear that biomaterials for tissue engineering should promote cell 

adhesion for the successful incorporation of implants and the proper colonization of scaffolds 

(Griffith and Naughton 2002; Sipe 2002). Cell-biomaterials interaction can be divided on early 

and late. Early events concern the recognition of the signals, incorporated in the material or 

coming from the soluble adhesive proteins that rapidly adsorb to the biomaterial surface followed 

by the generation of proper biological signals that are transmitted to cell interior. Later events 

need a continuous exchange of biological signals with the biomaterial surface that support cell 

functionality promoting proliferation and their proper differentiation (Griffith and Naughton 

2002; Sipe 2002; Place et al. 2009). The initial cell-biomaterial interaction mimics to a certain 

extent the natural communication of cells with the ECM. However, cells cannot interact directly 

with the biomaterials surface, they rather recognize the adsorbed soluble matrix proteins that like 

fibronectin are available in most biological fluids (Hynes 2002). The most important soluble 

adhesive proteins include fibronectin (FN), vitronectin (VN), and fibrinogen (FBN). Therefore, 

according to the classical ligand receptor theory (Grinnell 1986) the initial cell-biomaterial 

interaction is a multi-step process initiated by the adsorption of proteins from the surrounding 

medium, followed by cell adhesion, spreading and polarization (Grinnell 1986; Altankov et al. 

2010). 

3.1 Cell adhesion 

Cell adhesion is a fundamental process that is extremely important for cells functionality and 

proper arrangement of tissues. Cells adhere through several cell adhesion mechanisms that 

involve their connections to the internal cytoskeleton, which determine the overall architecture of 

the tissue. Therefore, cell adhesion system is considered as basic mechanisms that help to 

translate genetic information into the complex three-dimensional patterns of cells in tissues 

(Gumbiner 1996; Yamada and Geiger 1997; Geiger and Yamada 2011). The three general classes 

of proteins that form the multi-protein adhesive complexes are the cell adhesion receptors, the 

ECM proteins and the cytoplasmic plaque/peripheral membrane protein complex (Gumbiner 

1996). The cell adhesion receptors are usually transmembrane glycoproteins that mediate biding 

interactions at the extracellular surface and determine the specificity of cell-cell and cell-ECM 

recognition. Cell adhesion receptors include members of integrin, cadherin, immunoglobulin, 

selectin, and proteoglycan (e.g., syndecans) superfamilies (Aplin et al. 1998; Hynes 2009). 

Conversely, the ECM proteins are large glycoproteins that assemble into fibrils or other complex 
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macromolecules and include the collagens, fibronectins, laminins and proteoglycans. Cell 

adhesion receptors recognize specific sequences within these glycoproteins and tightly associate 

these ECM components with the cell surface (Gumbiner 1996; Geiger and Yamada 2011). In the 

intracellular part, adhesion receptors associate with various structural and signaling proteins 

forming the cytoplasmic plaque. The cytoplasmic plaque proteins serve to link the adhesion 

system to the cytoskeleton, to regulate the functions of the adhesion molecules and to transduce 

signals initiated at the cell surface by the adhesion receptors (Yamada and Geiger 1997; Geiger et 

al. 2001). 

3.2 Integrin receptors 

Integrins are a large family of structurally and functionally similar transmembrane glycoproteins 

that act as the major cell surface receptors for ECM proteins. They are present at cell membranes 

as heterodimers of non-covalently associated α- and β- subunits (Hynes 2009). The structure of 

each subunit consist of a large extracellular domain, that bind to specific amino acid sequences 

such as RGD recognition motif present in many ECM proteins; a short transmembrane domain; 

and a C-terminal cytoplasmic domain, with affinity for cytoskeletal plaque or peripheral 

membrane proteins (Srichai and Zent 2010). So far, 18 α and 8β subunits have been identified in 

mammalian cells known to interact in a tissue-restricted manner to form 24 distinct family 

members (Hynes 2002). The specificity of integrin binding to ECM components like fibronectin, 

laminins and collagens depends on the extracellular domains of α- and β- integrin subunits 

(Figure 3.1). 

Figure 3.1 - Integrin receptors superfamily. The mammalian integrin receptors consist of α and β subunits that 

associate in a specific way which determine the receptor affinity to ECM proteins (Hynes 2002). 
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Figure 3.2 describes the three states of integrin extracellular domain: (a) When integrins are 

unbound to their ligand they are in a bent conformation (inactive) and the transmembrane and 

cytoplasmic regions are closely associated (Figure 3.2a); (b) Once integrins recognize a specific 

ligand they are activated by talins and kindlins, and extend their extracellular domain (Figure 

3.2b); (c) Activated integrins cluster (Figure 3.2c) to provide intracellular signals and form tight 

focal adhesions (FA) that are very important for actin cytoskeleton assembly and the activation of 

further downstream signals that control various cellular functions (Takada et al. 2007; Srichai and 

Zent 2010). 

Integrins play a central role in development, organization, maintenance and repair of various 

tissues by providing anchorage and triggering signals that direct cell survival, migration, cell 

cycle progression and expression of differentiated phenotypes (Danen and Sonnenberg 2003). 

Abnormalities in integrin adhesive interactions are often associated with pathological states, 

including blood clotting and wound healing defects as well as malignant tumors formation 

(Wehrle-Haller and Imhof 2003). 

Figure 3.2- Integrin activation cascade (Srichai and Zent 2010). 

3.3 Focal adhesion contacts 

When integrins are occupied they clusterize and became activated which results in the formation 

of focal adhesion (FA) complexes. FA is the places where the actual anchorage of cells takes 

place and where subsequent cellular response is triggered (Damsky and Ilić 2002). The functions 
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of the FA can be divided into two groups: mechanical and signaling. The association of FA as cell 

surface sites with the actin cytoskeleton illustrates their mechanical function. FA assures the 

support for cells movements and allows the cell to remodel the matrix through alteration of the 

stress in certain locations (Halliday and Tomasek 1995; Geiger et al. 2001). The stress applied, 

often termed tension or contractility, is generated by the actomyosin cell system, but the 

talin/vinculin connection plays a major role for the force transmission (Evans and Calderwood 

2007). This cellular tension is fundamental for FA contacts maintenance and their formation and 

stabilization depends highly on the activity of one of the major contractility regulators-Rho. The 

close relation of FA with mechanical tension exchanged between the cells and environment offers 

the opportunity to consider these structures as mechanosensors that transmit information about the 

physical characteristics of the substrate and allow the cell to respond with adequate contractility 

(Evans and Calderwood 2007; Geiger and Yamada 2011). 

The other function of the FA is to register and transmit chemical signals. The clustering of 

integrins initiates a cascade of specific biochemical events known as integrin signaling. As the 

cytoplasmic tail of integrins does not have enzymatic activity it depends on the recruitment of 

adaptor and signaling molecules (Geiger et al. 2001). These include activation of tyrosine kinases 

such as focal adhesion kinase (FAK) and Src; serine/theonine kinases such as integrin linked 

kinase (ILK), MAP kinases, jun kinases (JNK), and protein kinase C (PKC), intracellular ions 

such as protons and calcium, the small small GTPase Rho, lipid mediators such as 

phosphoinositides, diacyglycerol and arachidonic acid metabolites (Geiger et al. 2001; Thiery 

2003). A very important and well-studied mechanism in integrin signaling is the FAK-mediated 

signal transduction. When integrins clusterize they provoke auto-phosphorylation of FAK 

tyrosine 397 either in an inter- or intra-molecular manner. This phosphorylation leads to the 

recruitment and activation of the Src family kinases, which lead to phosphorylation of additional 

sites on FAK. The induced phosphorylation of FAK on tyrosine 925 seems to play a major role in 

activating the pro-survival Ras/Raf/MEK/MAPK pathway (Geiger et al. 2001; Hanks et al. 2003). 

This activation is crucial for cell growth and differentiation since it activates MAPK signal-

transduction pathway inducing transcriptional regulation of genes. The MAPK pathway give cells 

the ability to perceive, respond and change in response to their environment (Boudreau and Jones 

1999). These signaling events, controlled by FA, offer an important tool for fine assessment of 

surface biocompatibility (Owen et al. 2005). By testing the activity of the major signal 

transduction pathways one can evaluate the ability of the new biomaterial to ensure normal cell 

survival and growth. 
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3.3.1 Fibrillar adhesions 

The next step in the maturation of integrin adhesions, observed particularly in fibroblasts adhering 

to FN matrix, is the formation of “fibrillar adhesions” (Pankov et al. 2000; Geiger and Yamada 

2011). They consist of elongated matrix contacts that are particularly prominent in central regions 

of cultured fibroblasts. This type of adhesions incorporates the information of a fibrillar FN 

matrix in the actin cytoskeleton using α5β1 integrins as transmembrane receptors and tensin and 

praxilin complexed in the cytoplasmic tail of these integrins. They are associated with populations 

of highly activated α5β1 integrins that together with tensin rapidly move from regions of focal 

contacts towards the center of the cell body along actin filaments. This movement of integrins 

applying tensile stretch to fibronectin molecules is a mechanism to induce FN fibrillogenesis 

(Pankov et al. 2000). The formation of these fibrillar adhesions, the FA complexes, and the 

consequent matrix reorganization are all force dependent process that highlight the 

mechanosensitive nature of integrins, from the earliest to the most mature (Zhong et al. 1998; 

Geiger and Yamada 2011). 

3.3.2 Three-dimensional matrix adhesions 

The study of cells under conditions that reproduce an in vivo environment involves the 3D culture 

approach. Normally cell-derived or laboratory-produced 3D matrices are used and the big 

advantage against the 2D cultures is that in 3D system the artificial dorsal-ventral polarization is 

lost (Cukierman et al. 2001; Cukierman et al. 2002). In these 3D systems fibroblasts form the 

third type of integrin adhesive structures - 3D matrix adhesions. Something that supports the 

existence of this type of adhesions in living organisms is that similar types of adhesions were also 

identified in tissues sections. The 3D matrix adhesions differ from the other two types of 

adhesions reported here mainly by their extraordinary elongation. The formation of 3D matrix 

adhesion induces important alterations on cell behavior. Cells cultured on 3D matrices showed 

increased proliferation, faster migration and altered morphology when compared with cells 

cultured on 2D surfaces (Cukierman et al. 2001). Whether cells sense artificial materials prepared 

for example for implantation as a real 3D environment is difficult to answer. However, the 

existence of different balance between signal transduction pathways in 3D versus 2D 

environment, together with the specific morphological characteristics of 3D matrix adhesions, 

may provide a sensitive tool for assessment of the three-dimensionality that allow precise 

characterization of diverse artificial scaffolds prepared for use in regenerative medicine (Pankov 

and Momchilova 2010). 
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3.4 Dynamics of cell adhesion 

All the described types of adhesions appear in a specific consequence of time, which allow 

identification of the in vitro evolution or maturation of cell matrix adhesions (Cukierman et al. 

2002). The first integrin complexes that are formed at cell substrate contacts are normally named 

focal complexes. The mechanical forces generated by the intracellular contractile machinery 

involve the activation of the small GTPase family – Rho, which results in the stabilization and 

growth of the focal complexes into focal adhesions (Geiger et al. 2001). The maturation process 

from adhesion sites to focal complexes is accompanied by the recruitment of other plaque 

proteins like paxilin, vinculin, FAK, and α-actinin building up a strong connection to the actin 

cytoskeleton (Arnaout et al. 2007). As stated previously, although focal adhesion play an 

important role in attachment, migration and signaling on ECM substrates, they also play a vital 

role in the production and organization of newly formed ECM (Pankov et al. 2000). Yamada´s 

group showed that focal adhesion serves as sites for support from which activated α5β1 integrins 

bound to fibronectin, depart and move centripetally. The centripetal movement of α5β1 integrins 

bounded to ECM FN fibrils drives the formation of a distinct type of cell-matrix adhesion - the 

fibrillar adhesions. FN fibrillogenesis is believed to be the result of the tension applied by α5β1 

adhesion structures on FN molecules inducing the exposition of cryptic sites for polymerization 

(Pankov et al. 2000). In fact, the new 3D environment for the cells results from ongoing 

fibrillogenesis that leads to accumulation of thicker matrix. As result, the cells detach from the 

surface and become completely embedded in a new 3D environment where the formation of 

different contacts analogous to those seen in multicellular organisms appears – e.g. 3D-matrix 

adhesions. This process can be considered as a way of cells to adapt to the flat and rigid 

environment of in vivo conditions, which is one process expected to appear on the surface of a 

biomaterial after implantation, and transforming flat systems into way of testing the 

biocompatibility of a biomaterial (Pankov and Momchilova 2010). 

Figure 3.3 integrates the main information described in this chapter describing the dynamic cross-

talk between cells and ECM: The ECM contributes to the assembly of individual cells into 

tissues, thus affecting this process at both receptor and cytoskeleton levels; Adhesion-mediated 

signaling based on cell’s capacity to sense the chemical and physical properties of the matrix 

affects both global cell physiology and the local molecular scaffolding on the adhesion sites. 

Finally, the molecular interactions within the adhesion site stimulate, in turn, the signaling 

process, by clustering together the structural and signaling components (Streuli 1999; Hynes 

2002; Geiger and Yamada 2011). 
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Figure 3.3 - Dynamic cross-talk between cells and ECM (Geiger and Yamada, 2011). 
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4. Protein behavior at interfaces 

4.1 Protein adsorption and biocompatibility 

When cells get in contact with a biomaterial, it is rare that they establish direct contact with its 

surface. Normally the adsorption of proteins from blood or serum is the process that “translates” 

the composition of the foreign biomaterial surface into a “biological language” (Wilson et al. 

2005). Therefore, protein adsorption plays a fundamental role in biocompatibility. This language 

will determine cell behavior because cells depend on specific proteins for anchorage and 

extracellular instructions. For this reason, the adsorbed proteins, if correctly presented, can 

stimulate constructive cell response, favoring wound repair and tissue integration while if proteins 

are not in a recognizable state this might indicate a foreign material to be removed or isolated 

(Vogel and Baneyx 2003; Latour 2005). 

Protein adsorption is the first step in many biological processes such as transmembrane signaling 

or in the blood coagulation cascade. On biomedical implants that are in contact with blood stream 

protein adsorption can lead to thrombosis whereas on artificial tissue scaffolds protein adsorption 

is the key factor for a proper cellular interaction and/or neovascularization (Vogel and Baneyx 

2003). Inflammation cascades or fouling processes are possibly promoted by the adhesion of 

particles, bacteria or cells to adsorbed proteins. Nonspecific adsorption on sensors surfaces, 

protein chips, or assay platforms is a serious problem degrading the analytical performance of the 

device (Hlady and Buijs 1996). All these happens because protein adsorption to solid surfaces can 

cause a protein to undergo conformational changes that denature epitopes for cell biding 

receptors, such as integrins, or expose other domains that may provide signals to inflammatory 

cells, such as macrophages. So it would be very helpful if one can quantitatively predict the 

orientational and conformational rearrangements that occur due to adsorption to synthetic surfaces 

and with it control cellular response (Hu et al. 2001; Nakanishi et al. 2001; Gray 2004; Latour 

2005; Rabe et al. 2011). Many factors are known to affect protein adsorption and can be divided 

in external parameters, protein properties and surface properties (Rabe et al. 2011). In this chapter 

we will review the factors governing the process of protein adsorption particularly the effect of 

surface properties to serve as base to understand Col IV behavior onto model biomaterial 

surfaces. 

4.2 Effect of external parameters in protein adsorption 

The adsorption behavior of a protein is highly influenced by external parameters. Consequently, 

the conditions under which the protein adsorption experiments are conducted have a decisive 

influence on protein adsorption behavior. The temperature, pH, ionic strength, and buffer 
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composition are therefore external parameters, which should be fixed if one wants to mimic true 

physiological conditions. 

4.2.1 Temperature effect on protein adsorption 

The amount of adsorbed proteins normally increases at elevated temperatures since it has an 

effect on both the equilibrium state and the kinetics of protein adsorption. This means that 

elevated temperatures accelerate diffusivity of proteins towards the sorbent surface resulting in 

increased adsorption rates. High temperatures induce entropy gain arising from the release of 

surface adsorbed water molecules, salt ions, and from structural rearrangements inside the protein 

which are the major driving force of protein adsorption (Hlady and Buijs 1996; Norde 1996). 

4.2.2 Effect Ionic strength on protein adsorption 

The term ionic strength is related to the concentration of dissolved ions in the solution containing 

the protein and is another parameter controlling protein adsorption. The Debye length (e.g. the 

distance over which significant charge separation can occur) correlating with the damping 

distance of the electric potential of a fixed charge in an electrolyte is determined by the ionic 

strength. This means that the higher the ionic strength the shorter are the electrostatic interactions 

between charged entities. As a consequence the adsorption to like-charged substrates is enhanced 

whereas the adsorption of charged proteins to oppositely charged substrata is hampered. 

Therefore the adsorption kinetics can be influenced by such a electrostatic effects. The efficient 

screening of the electric potential of proteins can reduce lateral interactions that are usually of 

electrostatic nature. This can result in increase packing density, a suspension of cooperative 

effects, or protein-protein repulsions since increase tendency for protein aggregation result from 

high ionic strength conditions (Jones and O’Melia 2000; Lubarsky et al. 2005; Rabe et al. 2011). 

4.2.3 Effect of pH on protein adsorption 

The electrostatic state of proteins is determined by the pH. A protein is a net neutral molecule 

when the pH equals the isoelectric point (pI) and the number of negative and positive charges is 

balance. Proteins are negatively charged at high pH conditions when (pH>pI) and at low pH 

conditions (pH<pI) proteins are positively charged. Higher packing densities on the surface are 

reached at the isoelectric point since electrostatic protein-protein repulsions are minimized. 

Electrostatic attractions accelerate the protein migration towards the surface therefore adsorption 

rates are high when protein and substrate bear opposite charges. Nevertheless, the higher 

adsorption is generally observed at the isoelectric point (Bremer et al. 2004; Lubarsky et al. 

2005). 
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4.2.4 Effect of buffer composition on protein adsorption 

Other external factor affecting protein adsorption is the buffer composition. Buffer type as well as 

buffer concentration can have significant effects on protein adsorption. This sensitivity to buffer 

type and buffer concentration means that care must be exercised when selecting the buffer 

conditions for adsorption studies and when evaluating biomedical implants as well as when 

comparing adsorption data. The behavior of PBS buffer, the most commonly used buffer at 

physiological pH, is particularly complex in adsorption studies due to the various types of 

phosphate ions present and the tendency of these ions to adsorb competitively and/or to form 

complexes either with the proteins or with the surfaces. The “Hofmeister-series” concept 

describes the fact that salt ions differ by their ability to precipitate proteins from a solution. 

Kosmotropes are the ions that promote protein precipitation (e.g. SO4 
2-, F-, Mg2+, and Ca2+) and 

chaotropes ions the ones that decelerate protein precipitation (e.g. ClO4
-, SCN-, and NH4

+). The 

native conformation of proteins, which influences their adsorption tendency, is correlated with the 

ability to stabilize (kosmotropic effect) or destabilize (chaotropic effect) protein conformation 

(Evers et al. 2009; Rabe et al. 2011). 

4.2.5 “Vroman” effect 

Another important consideration has to be done if the solution in contact with a surface is a 

mixture of proteins. The protein in highest concentration and with higher diffusivity has the best 

chance of adsorbing to a surface. This protein will dominate the surface if this protein binds to the 

surface at a rate that depletes all available surface sites before any other protein approaches. If a 

protein binds to the surface loosely, it can be easily replaced by other protein that may be present 

in much lower concentration but may bind to the surface with much higher surface affinity 

predominantly (e.g. higher molecular weight). This effect is called “Vroman” (Lu et al. 1994; 

Noh and Vogler 2007) and may play important role when one seek to follow the behavior of a 

single protein at biomaterials interface. 

4.3 Measurement of protein adsorption 

To understand protein adsorption to solid surfaces two types of measurements are used (a) the 

adsorption isotherm and (b) the adsorption kinetics. Although it is considered that protein 

adsorption is much more complex and is not reversible (as for gases) the Langmuir isotherms 

have been used to characterize the protein adsorption process. This is complex to approximate 

because during initial protein-surface contact the adsorption process is partially reversible but 

once the surface gets saturated with protein almost none of the adsorbed proteins can be removed 

by the solvent alone. Adsorption kinetics probably is the best way to characterize protein 
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adsorption since you plot surface concentration of protein with time.  Figure 4.1 shows an 

example of the both types of measurements from a high vs low protein concentration solution 

adsorbing on hydrophilic vs hydrophobic surfaces (Magnani et al. 2002; Tie et al. 2003; Latour 

2005). 

Figure 4.1- Illustration of the final state of a protein layer adsorbed from a single protein solution. (I) Comparison 

between adsorbed protein layers in high vs. low protein concentration solution on to hydrophobic (a, c) and hydrophilic 

(b, d) surfaces at different time points (T1 and T2). (II) Plot of the amount of adsorbed protein vs. time for conditions 

(a)–(d). (III) It results in irreversible adsorption isotherm with reversible Langmuir isotherm-like appearance. Each 

point on the isotherm plot represents a fully saturated irreversibly adsorbed protein layer (Latour 2005).  

Study the adsorption of protein to surfaces requires high accuracy since in some cases the amount 

of protein per unit of area is really low. Several techniques have been used to measure adsorbed 

proteins on solid surfaces and are described in Table 1 including their description, principle and 

information obtained. 
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Table 1 -Summary of techniques used to study protein adsorption behavior. Adapted from (Nakanishi et al. 2001). 

Technique Principle Information obtained 

Depletion 
Decrease in solute concentration after incubation with 

solid surface. 
Amount of adsorbed molecules. 

Radiotracer 
Decrease in concentration of radioisotope-labelled 

molecules in solution. Radioactivity in in the surface 

due to radioisotope-labelled molecules adsorbed. 

Amount of adsorbed molecules 
from single- and multi-

competent solutions. 

Amount of irreversibly 

adsorbed molecules 

Quartz crystal 

microbalance (QCM) 
Change in the oscillating frequency of piezoelectric 

devices upon mass loading 
Courses of adsorption and 

desorption 

Enzyme-linked 

immunosorbent assay 

(ELISA) 
Epitope recognition by primary antibodies 

Amount of irreversibly 

adsorbed molecules 

Ellipsometry Change in the state of polarized light upon reflection 
Amount and thickness of 

adsorbed protein and their 

changes 

Total internal reflection 

fluorescence (TIRF) 
Fluorescence due to surface-adsorbed molecules 

excited by evanescent field 
Amount of fluorophores 

adsorbed on the surface 

Neutron reflection Reflectivity of neutrons at solid-water interface 
Amount and layer thickness of 

protein adsorbed on the surface 

Fourier transform 

infrared spectroscopy 

(FTIR) 
Change in infrared spectrum of protein on adsorption 

Conformation of the protein 

adsorbed on the surface 

Fluorescence 

spectroscopy 
Change in fluorescence spectrum of protein on 

adsorption 
Conformation of protein 

molecules on the surface 

Atomic force microscopy 

(AFM) 
Atomic interaction between surface and scanning 

probe 
Three dimensional image of the 

surface 
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5. Engineering of Cell - Biomaterial Interface 

5.1 Control of protein adsorption 

5.1.1 Effect of intrinsic properties of the proteins on adsorption 

The problem of predicting the adsorption behavior of a protein came from the complexity and 

diversity of their structure. They differ between each other from the basic structure of amino acid 

sequence to the posterior arrangements. For that reason to classify proteins in respect to their 

interfacial behavior we have to consider properties like size, structural stability and composition 

(Andrade et al. 1992). “Hard” proteins are the ones that have little tendency for structural 

alterations upon adsorption and usually comprise the small and rigid proteins (e.g. α-

chymotrypsin, ribonuclease, lysozyme and β-lactoglobulin (β-Lg)) (Norde 1996; Norde 2008). 

The majority of the abundant plasma proteins (albumin, transferrin, immunoglobulins, etc) are 

considered intermediate size proteins and are susceptible to undergo conformational 

reorganization upon adsorption and are denominated as “soft” proteins (Andrade et al. 1992). One 

way to simplify protein complex structure is to divide their structure into domains exhibiting 

specific properties like hydrophilic/hydrophobic, polar/non-polar or charged/uncharged. Hard 

proteins only adsorb to polar surfaces and if are electrostatically attracted more commonly they 

do not adsorb (Figure 5.1).  

Figure 5.1 – Soft versus hard protein adsorption on hydrophilic surfaces. The loss of ordered (secondary) structure 

might drive “soft” proteins to adsorb onto hydrophilic and electrostatically repelling surfaces. “Hard” proteins if are 

electrostatically attracted to polar surfaces do not adsorb (Norde 2008). 
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Soft proteins are susceptible for structural changes, which can result in the secondary structure 

reordering with entropy gain that leads them to adsorb at a polar, electrostatically hostile surfaces 

(Figure 5.1) (Andrade and Hlady 1986). 

5.1.2 Effect of surface properties on protein adsorption 

Important parameters that have to be considered for the effect of surface properties in protein 

adsorption include surface energy, polarity, charge, and morphology. Important also is to consider 

that protein-surface interactions are affected by the protein’s properties on one side and by the 

surface properties on the other side (Hlady and Buijs 1996). The experimental work normally 

determines the material choice. The more commonly used materials include quartz, mica, glass, 

metals, or graphite since they are easily modified to obtain suitable model surfaces. One of the 

more frequently used methods to functionalize surfaces is the silanization of hydroxyl group 

bearing substrates through chlorosilanes or ethoxysilanes. In this way any of the above materials 

can easily be modified with a monolayer of desired functionality without changing optical 

properties of the material like transparency. This method is called self-assembled monolayers 

(SAMs) and can be used also to modify conducting substrates by exposing alkanethiols to nobel 

metal substrates, normally gold. This technique and the use of these model materials will be 

further discussed in this chapter. Other materials used to study protein adsorption include polymer 

coated surfaces, films or membrane filter material, and Langmuir-Blodgett films. All of them 

enable the easily tune of parameters such as surface energy, charge, and polarity by choosing the 

appropriate functionality (Anand et al. 2010; Rabe et al. 2011). By using these model surfaces 

combined with AFM one is able to determine the adhesion energy of proteins varying in tension, 

polarity, charge and wettability. It’s assumed from previous data that proteins tend to adhere more 

strongly to non-polar than polar, to high surface tension than to low surface tension and to 

charged then to uncharged. Belfort et al. described that non-polar surfaces destabilize proteins and 

thereby facilitate conformational reorientations leading to strong inter-protein and protein-surface 

interactions (Anand et al. 2010). This explains the fact that affinity of proteins to surfaces 

increases on hydrophobic substrates and decreases on hydrophilic (Andrade and Hlady 1986). 

The involvement in directing reactions to surface topography is less clear than differences in 

surface chemistry and wettability. There is some evidence that proteins adsorb differentially with 

variations in surface roughness, although relatively scarce. The dominance of surface area effects 

on rough surfaces cannot be ruled out, so many of these studies do not categorically explain the 

mechanism and biological effects of roughness differences, particularly in relation to the 

adsorption characteristics (Wilson et al. 2005). Topographic features may create confined spaces 

apart from increasing the surface area. It has been speculated that these may interfere with wetting 

of hydrophobic surfaces, which lead to a localized dilution of the coating solution, or restrict 
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protein exchange between the surface and solution (Wilson et al. 2005). It has been suggested that 

topographic effects on protein adsorption relate to an increase in surface energy, but this has not 

been well substantiated (Von Recum and Van Kooten 1996). 

5.1.3 Protein adsorption orientation 

When in solution proteins rotate freely but when get closer to a surface they acquire an orientation 

that will determine the part that is in contact with the surface and the part that is exposed to the 

bulk solution (Xu et al. 2006). Depending on the amino acid residues composition and in the 

complex structure of the protein they exhibit different affinities in different regions. These regions 

can be divided in hydrophilic, hydrophobic, positively or negatively charged. In hydrophilic and 

hydrophobic surfaces proteins normally expose to the surface the same hydrophilic or 

hydrophobic patches while when proteins adsorbing positively or negatively charge surfaces they 

expose oppositely charged regions (Latour 2005; Rabe et al. 2011). If a protein is structurally 

stable and is attached to a surface through its long axis one can characterize his orientation as 

“side on” while if protein is attached through its short axis his orientation will be “end-on”. 

Normally the proteins adsorb in the orientation that favors more the surface-protein interaction 

resultant from electrostatic attraction. At lower concentrations this repulsion does not have 

significant effect because distance between proteins is large but since this distance became 

smaller the initial adsorption orientation becomes less favorable compared to other orientation 

that minimizes the repulsive forces. As result the proteins change orientation by rotation 

associated with a loss of binding energy which for one way stabilizes the adsorbed proteins but on 

the other can increase the desorption rate (Lhoest et al. 1998; Karlsson and Carlsson 2005). 

5.1.4 Conformational changes 

Since the free energy of a protein when is in contact with a surface does not correspond to the free 

energy of this protein in solution it is widely accepted that it undergoes conformational changes 

upon adsorption. The native state of the proteins in solution is not obligatory to be the preferred 

orientation on a surface since the interaction of protein-to-surface starts to prevail. In this sense it 

is expected that conformational and/or orientational changes after adsorption affect proteins 

biological function. Other possible option is that after adsorption the protein suffers from 

alterations that block their refold into the native structure after desorption. In the other hand the 

adsorption of proteins to a surface can stabilize their structure and improve their resistance to 

denaturation when compared to dissolved proteins (Hlady and Buijs 1996; Gray 2004; Rabe et al. 

2011). 
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5.1.5 Protein assembly at solid surface 

Once in contact with a surface the protein solution will favor the surface coverage. The formed 

protein layer can be densely or loosely packed in a monolayer or multilayers (Rabe et al. 2011). 

Monolayer formation is associated with weak protein-protein interactions or with repulsive 

forces. This means that monolayers formation is associated with the strength of the electrostatic 

repulsions between adsorbed-proteins. When pH ≠ pI and at low ionic strength conditions the 

protein bears a relatively high net charge consequently proteins assemble into loose layers while 

when pH = pI or in high ionic strength conditions proteins are net neutral and assemble in more 

densely packed layer (Malmsten 1998; Lubarsky et al. 2005). One factor influencing the protein 

surface density is the bulk solution concentration since at low concentration the coverage is slow 

and the conformational changes in protein can take place while at high bulk concentration the 

surface is rapidly covered and structural changes in proteins are hindered due to the lack of 

available empty surface (Rabe et al. 2011). If there is no significant protein-protein interaction the 

proteins will adsorb to empty places but if a protein oriented towards the surface hit another 

protein it will be rejected to the bulk solution. Normally this results in a surface coverage full of 

gaps between proteins where no new protein can be accommodated (Andrade 1985; Norde and 

Anusiem 1992; Latour 2005). 

5.1.6 Lateral interactions between adsorbed proteins 

The lateral interactions comprise the interaction between proteins, not only with the surface as 

described above. If buffer solution does not fit the isoelectric point of a protein other proteins 

from the same species will bear a net charge that will result in high inter protein repulsions. This 

is the reason for higher packing density of protein when buffer has pH = pI (compared to when 

pH is higher or lower than pI). In this case the monolayer is more likely to be a lose layer. 

Conversely, if the repulsion forces between charged proteins are shielded by the screening effect 

of dissolved ions, an increase of the protein packing density may be observed (Rabe et al. 2011). 

Nevertheless, important is to notice that these effects only enter in scene after a considerable 

coverage of the surface and when decrease in the distance between adsorbed proteins takes place 

(Höök et al. 1998; Bremer et al. 2004; Rabe et al. 2011). Of course, lateral interactions may 

appears in other more specific reasons, coming from the natural structure of the protein, for 

example like in the network-forming protein such as type IV collagen (Yurchenco and Furthmayr 

1984), laminin (Colognato and Yurchenco 2000), or FN (Lhoest et al. 1998), that are separately 

described. 
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5.2 Self-assembled monolayers as model biomaterial surfaces  

In order to understand the complex process of protein adsorption and the consequent cellular 

response it is important to use model materials. In that sense SAMs of silanes build on some 

hydroxyl group bearing substrates, or alkanethiolates on gold surfaces permit the control over the 

properties of the interface at the molecular scale (Mrksich and Whitesides 1996; Mrksich 2009). 

5.2.1 Self-assembled monolayers 

When molecules in solution or in vapor phase adsorb they spontaneously organize into a single 

layer forming a self-assembled monolayer. This may happen only after the contact of functional 

organic molecules onto a suitable solid substrate. The molecules that assemble are normally 

composed of three parts (Figure 5.2): the head group (that is responsible for anchoring the 

molecules onto the substrate); the alkyl chain (that provides stability and ordering of the 

monolayer due to van der Waals interactions); and the terminal end group (that add the chemical 

functionality into the monolayer important for the overall properties of the surface) (Ulman 1996; 

Raynor et al. 2009). 

Figure 5.2 – General self assembled monolayers structure and formation. Formation of self assembled monolayers 

by immersion of a surface-active material into a solution (Ulman 1996). 

5.2.2 Silane based self-assembled monolayers 

The more commonly used silanes for preparing SAMs are those based on alkylchlorosilanes, 

alkylalkoxysilanes, and alkylaminosilanes and all require hydroxylated surfaces as substrates for 

their formation. The hydrolytic bond formation of the siloxane with -OH surface groups forms a 

cross-link that stabilizes the molecules in the surface (Mrksich and Whitesides 1996; Raynor et al. 

2009; Haensch et al. 2010). Thus, different chemical functionalities can be presented by the 

monolayer. The different chemistries can be obtained essentially by two methods. First is to use 
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pre-functionalized molecules (e.g. octadeclytriclorosilane (CH3) which can be synthesized by 

different synthetic routes and subsequent self-assembly of these moieties on the surface. The 

other approach is to chemically modify the monolayer by using a chemical surface reaction. This 

method enables the introduction of a wide range of terminal end groups on well-defined base 

monolayers by the application of a large variety of organic reactions (Ulman 1996; Haensch et al. 

2010). Silicon oxide, aluminum oxide, quartz, glass, mica, zinc selenide, germanium oxide and 

gold are materials that have been successfully modified using these monolayers. These surfaces 

provide the possibility to tailor surface properties like wettability, chemistry, charge, and 

conductivity in a controlled way since with the modification of the terminal end groups of the 

monolayer the effective tune of these properties were obtained. The adsorption of these 

monolayers is irreversible but is a process highly sensitive to water since the presence of water 

might induce the formation of multilayers. Once formed this monolayers are thermally stable but 

easily disrupted by UV radiation (Mrksich and Whitesides 1996; Ulman 1996; Raynor et al. 2009; 

Haensch et al. 2010). One example of silane SAM is presented in figure 5.3B. 

5.2.3 Self-assembled monolayers of alkanethiolates on gold 

The formation of this SAMs is based on the adsorption of a long-chain alkanetiol [i.e., HS–

CH2n–X, where n ≥ 10] from solution (or vapor) to a gold surface. The gold atoms of the surface 

coordinate with the sulfur atoms of the adsorbate. As for silane SAMs the physicochemical 

properties of the monolayer are determined by the chemical composition of the terminal group of 

the adsorbate. The so-called mixed SAMS (Mrksich and Whitesides 1996), can be formed, by 

exposing the gold surface to a mixture of two alkanethiolates. Once prepared this SAMs are stable 

for large periods of time (moths) in air, or in contact with water, but they are disrupted by 

temperatures above 70ºC or by UV irradiation. An example of thiol SAM structure is presented 

on figure 5.3A (Whitesides and Gorman 1995; Mrksich and Whitesides 1996; Mrksich 2009; 

Shekaran and Garcia 2011). 

Figure 5.3 -Models for SAMs of alkanethiolates on gold and alkylsiloxanes on hydroxylated surfaces. (A) The 

thiol groups coordinate to the hollow threefold sites of the gold (1 1 1) surface, and the alkyl chains pack in a quasi-

crystalline array. (B) The conformations of alkylsilanes and the details of their bonding to surface hydroxyl groups are 

less clear; a mixture of possible conformations and geometries is probably involved. The surface properties of both 

SAMs are controlled by the terminal function of group X. 
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5.2.4 Bio-specific motifs presented by self-assembled monolayers 

The first approach to use SAMs to expose bio-specific motifs appeared with the inert surfaces. 

The big majority of the work done is on the use of poly(ethylene glycol) that was reported to 

exclude protein adsorption due to a mechanism dependent on the conformational properties of 

highly solvated polymer layers. Further work showed selective interaction of proteins with SAMs 

prepared from oligo(ethylene glycol)-terminated alkanethiols where approximately 1% of the 

chains presented a covalently attached ligand (Prime and Whitesides 1993; Mrksich 2009). The 

role of peptide ligands in cell adhesion and migration was also studied using specific protein 

motifs RGD against a background of tri(ethylene glycol) groups. It was found that fibroblasts 

cultured in this SAMs were able to attach and spread, develop focal adhesion complexes through 

clustering of integrins, and organize actin stress filaments. The simple addition of soluble RGD 

was able to block the adhesion. This work proved the potentiality of monolayers to control ligand-

receptor interactions using cells.  This monolayers can be used to study the influence of both 

ligand density and affinity on cell attachment because they are sufficiently structurally ordered 

(Houseman and Mrksich 2001). 

5.3 Control of material surface properties 

5.3.1 Most important methods for surfaces characterization 

Several experimental techniques are employed to probe the quality and chemical nature of 

biomaterial surfaces, from local techniques that examine the structure of the SAMs or polymer 

coatings down to atomic resolution. In this section we will describe mainly the ones used in the 

experimental part of this thesis. 

5.3.2 Contact angle goniometry 

Contact angle is generally used to measure the ability of a liquid to spread on a surface. The 

method is based on measuring the angle between the outline tangent of a drop deposit on a solid 

and the surface of this solid (Andrade et al. 1979). It is linked to the surface energy and so one 

can calculate the surface tension and discriminate between polar and apolar interactions (Owens 

and Wendt 1969). Employing this technique one can obtain three different parameters: (i) the 

affinity of a liquid to a solid surface (e.g. using water a small angle indicates hydrophilic and a 

big angle hydrophobic character of the surface); (ii) using different referent liquids one can 

calculate the surface energy of the surface, discriminating between polar and dispersive 

components; finally (iii) one can obtain information about the homogeneity of the surface 

(rugosity, contamination, etc.) by measuring the hysteresis – e.g. the difference between 

advancing and receding angles (Gao and McCarthy 2006). 
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5.3.3 X-ray photoelectron spectroscopy 

To probe the chemical nature of the surfaces most often is used X-ray photoelectron spectroscopy 

(XPS). This techniques uses incident X-rays to bombard the sample with electrons that are ejected 

from the core shells of the atoms. The electrons are collected and dispersed in an analyzer, and the 

binding energies can be calculated by measuring the kinetic energies of the electrons entering the 

analyzer. Kinetic energies are specific for each element and give also indication on the oxidation 

states of the elements. This technique also enables measuring the thickness, for example of SAM 

by comparing ratios of substrate signal before and after SAM formation (Biebuyck et al. 1994; 

Smith et al. 2004). 

5.3.4 Fourier-transform infrared spectroscopy 

Other method to analyze the chemical composition and the vibrational frequencies of molecules 

attached to surfaces (or of bonds within molecules) is the Fourier-transform infrared spectroscopy 

(FTIR). This technique only detects molecules whose vibrations are perpendicular to the surface. 

It has been used to characterize the general order of n-alkyl tails of SAMs on gold (Smith et al. 

2004), as well as for the determination of the concentration and distribution of lipids and proteins 

across the vascular wall of internal mammary artery and saphenous vein and the presence of 

chemical species, such as lipid esters, that could favor atherogenesis (Reno et al. 2003).  

5.3.5 Atomic force microscopy 

Atomic force microscopy is an instrument with multiple potentialities to characterize surfaces 

including SAMs. Many permutations were performed in order to obtain much more than merely 

topographic information (Smith et al. 2004). AFM uses a micrometer-scale cantilever, with a 

nanometric sharp tip, to apply well-defined forces on a sample (Kasas et al. 1997). The cantilever 

will deflect to a certain degree depending on the attractive and repulsive forces between the tip 

and the chemical environment of the sample (Meyer 1992; Radmacher et al. 1992). A laser is 

pointed at the tip of the cantilever and is reflected to a sensor. In tapping mode, as the tip goes up 

and down, the laser hits different parts of the sensor. With the information the sensor collects, an 

image of the surface can be recreated (Figure 5.4). In force mode, by approaching the cantilever 

towards the sample and monitoring the exerted force, allows acquisition of a curve relating the 

exerted force to the indentation created (Cappella and Dietler 1999). The forces due to 

magnetism, friction, surface charge or potential, or capacitance can be also measured by AFM 

(Kasas et al. 1997). For that many scanning probes that are specific to molecular-scale properties 

have been developed. One example of mode of operation chosen to characterize SAMs at the 

nanoscale is the lateral force microscopy that uses tribological differences to distinguish different 

chemical functionalities on patterned surfaces (Smith et al. 2004). In the present thesis AFM was 
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used in tapping mode in air to characterize the SAMs and the consequent adsorption of Col IV to 

the different materials. 

Figure 5.4 - AFM´s operation mode. Differences in substratum features are detected by rastering along the surface a 

sharp tip that resides at the end of a cantilever. The deflection of the AFM tip as function of surface properties is 

recorded by pointing a laser beam on the top of the cantilever´s back and detect the reflection using a position-sensitive 

photodiode. 

5.4 Control of cell behavior-Applying SAMs to study cell-materials interaction 

5.4.1 Influence of terminal end groups on cellular responses 

Due to the fact that surface functional groups affect protein adsorption and consequent protein-

cell interaction substantial research efforts have been placed on studying the influence of SAMs 

on the cellular response to biomaterials (Wilson et al. 2005; Thevenot et al. 2008). Here we 

describe some data about the application of different SAMs used in the experimental part of our 

work, namely: hydrophilic (OH); negatively charged (COOH); positively charged (NH2); and 

hydrophobic (CH3) surfaces. 

5.4.2 Hydrophilic (-OH) surface 

It was suggested that -OH functionality has low protein affinity, and thus protein repelling 

properties because of its charge neutrality and hydrophilic nature. Indeed, -OH functionality 

showed reduced plasma protein adsorption and thus higher blood compatibility (Tidwell et al. 

1997). However, high levels of FAK and α5β1 integrin expression leading to increased cell 

adhesion strength were found when -OH surfaces were coated with fibronectin in comparison to 

surfaces presenting -CH3 functional groups (Keselowsky et al. 2003). Higher levels of osteoblasts 

differentiation and mineralization were also found on -OH surfaces when were compared with 

other functional groups (Wilson et al. 2005; Thevenot et al. 2008). In vivo studies however 
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showed high levels of inflammatory cells infiltration and development of thickened fibrotic 

capsule (Kamath et al. 2008). 

5.4.3 Negatively charged (-COOH) surface 

The -COOH functionality is usually used when one need to exposes a negative charge on the 

surface. Using this approach it was for example shown that FN and albumin adsorption is lowered 

when compared with various other model coatings (Tidwell et al. 1997). These functionalities 

were also associated with enhanced cell grow but a more recent study showed that it depends on 

the concentration of -COOH groups on the surface; since the concentration of -COOH increases 

the number of negative charges increases and inhibit cell growth (Ohya et al. 2004). High 

expression of α5β1 and αvβ3 integrins associated with structural and signaling components related 

to focal adhesions formation were shown when -COOH surfaces were pre-treated with FN 

(Keselowsky et al. 2004). However, the inhibition of osteoblats differentiation and mineralization 

was also shown related to αvβ3 exposure (Lan et al. 2005). Also, although cell proliferation levels 

were high, a low level of myoblast differentiation was found on -COOH surfaces again with 

increased expression of αvβ3 integrin (Lan et al. 2005). In vivo studies using -COOH 

functionalities showed that it attenuates inflammatory responses and reduces fibrotic capsule 

formation (Kamath et al. 2008). 

5.4.5 Positively charged (-NH2) surface 

A positive charge on the biomaterial surface is usually modeled by the inclusion of amine 

functionality. Using this approach for example a favorable FN and osteopontin conformations 

after adsorption to positively charge -NH2 surface were found (Keselowsky et al. 2004). 

Particularly high density of focal adhesion components was found on FN pre-treated -NH2 

surfaces. Enhanced differentiation and mineralization of osteoblasts and increased endothelial cell 

growth were also demonstrated (Keselowsky et al. 2004). Fibroblasts on -NH2 surface showed 

preferable adhesion, growth, and matrix formation when compared to other surface coatings 

(Faucheux et al. 2004; Keselowsky et al. 2005). Interestingly, an increased cell spreading on -NH2 

surface with formation of focal adhesion plaques was shown just after 45 minutes of cell culture 

(Keselowsky et al. 2005). Other study showed low levels of myoblast differentiation combined 

with the higher level of proliferation on this functionality (Lan et al. 2005). In vivo studies using -

NH2 chemistry indicated that this surface triggers acute inflammatory responses, thick fibrotic 

capsule formation, and cell infiltration (Kamath et al. 2008). 

5.4.6 Hydrophobic (-CH3) surface 

The -CH3 functionality providing a hydrophobic surface is one of the most commonly used model 

surface (Keselowsky et al. 2004). It is widely accepted that hydrophobic -CH3 functionality 
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promotes protein adsorption but mainly in conformations that are not desirable for cellular 

interaction (Keselowsky et al. 2004). This was showed by increased FN binding, platelet 

accumulation and thus poor blood compatibility (Lindblad et al. 1997). The -CH3 bearing surfaces 

showed also the highest strength of interaction with fibrinogen (FBG), albumin, and IgG in a 

study for measuring adhesion strength (Kidoaki and Matsuda 1999). These observations suggest 

that -CH3 surfaces do not favor surface interactions with cells because of the magnitude of 

interaction of bound proteins. It was suggested that these proteins probably will expose sites 

attracting inflammatory cells (Thevenot et al. 2008). Indeed, high recruitment of inflammatory 

cells and thick fibrotic capsule formation was shown in vivo (Barbosa et al. 2006). 

5.4.7 Surfaces with mixed functionalities 

With aim to combine the “good properties” of two different functionalities a lot of work have 

been done in the recent decade. It utilizing mainly mixed SAMs chemistries leading to interesting 

conclusions. For example, one study using the combination of -NH2 (positive charge) and -COOH 

(negative charge) chemistries in different proportions showed that surface presenting a near 

neutral charge possesses lowest platelet adhesion (Chuang and Lin 2007). The blood 

compatibility of biomaterials was therefore related to the possible importance of surface neutrality 

(Chuang and Lin 2007). Other study with mixing -OH and -CH3 functionalities showed decreased 

fibrinogen adsorption as well as decrease in platelet adhesion and activation with increasing 

hydrophilicity, attributed to the -OH chemistry. The decrease in blood platelet adhesion was also 

reported (Rodrigues et al. 2006). A more recent study using mixed surface functionalities 

demonstrate higher adhesion of HUVEC to a mixed CH3/OH SAMs at water contact angle around 

40º. Employing other combinations of mixed SAMs such as CH3/COOH and CH3/NH2, again 

increased adhesion of HUVEC with increasing the wettability was found (Arima and Iwata 2007). 

Interestingly, using other cell line of epithelial origin (HeLa) showed again similar maximum of 

adhesion on CH3/COOH SAMs with around 50º. Using other mixed SAMs was confirmed a 

general trend that cell adhesion increased with the increase of surface wettability (Arima and 

Iwata 2007). The use of mixed SAMs in in vivo is till now sparsely reported but would be of great 

value in the biocompatibility studies (Thevenot et al. 2008). 

5.4.8 Cellular interaction with surfaces varying in wettability 

It is well documented that physicochemical properties of biomaterials surfaces have a great 

impact on protein adsorption and subsequent adhesion and proliferation of cells (Altankov and 

Groth 1994; Sipe 2002; Keselowsky et al. 2003). Presumably the most important surface 

parameter is the wettability characterized by water contact angle (WCAº) measurements 

(Altankov and Groth 1994; Sipe 2002; Wilson et al. 2005; Arima and Iwata 2007) although other 
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physical parameters might also be critical. Based on Vogler’s definition hydrophobic surfaces are 

those exhibiting water contact angles above 65° (Vogler 1998). The difference in the array of 

proteins adsorbed to hydrophilic and hydrophobic materials from serum, plasma, or whole blood 

is one mechanism of enhanced cell response on hydrophilic surfaces (Elwing Hans et al. 1995). 

The competition for adsorption sites is clearly apparent on hydrophilic surfaces, shown 

particularly for vitronectin (Fabrizius-Homan and Cooper 1992). In contrast, a marked reduction 

in cell adhesion is found when fibronectin is adsorbed to hydrophobic surfaces (Grinnell and Feld 

1982). The ability of FN to retain its functionality on hydrophilic surfaces is therefore considered 

as a reason for improved cell responses in these classical studies. 

5.4.9 Cellular interaction with surfaces varying in charge 

Since virtually all interfaces are charged in aqueous solution, and the fact that cell membranes 

carry a negative charge, it is close to the mind that electrostatic interactions will play a role in the 

biological response to implant materials (Lubarsky et al. 2005; Thevenot et al. 2008). However, 

although interactions between negatively charged cell membranes and charged substrata are 

significant, many authors point out that these alone are not sufficient to explain the observed 

differences in adhesion and migration of cells on both positively and negatively charged surfaces. 

The mode of cell adhesion is distinct for positive and negative charges: cell membranes contact 

only at distinct points on near-neutral and negatively charged surfaces, while they adhere much 

closely to positively charged ones (Thevenot et al. 2008). 

5.4.10 Cellular interaction with surfaces varying in topography 

This topic is out of the scope of our study but we will briefly describe, as it is one of the major 

concerns in tissue engineering, particularly for the optimization of scaffolds architecture for cell 

colonization. The role of different protein adsorption for mediating cell responses to the 

topography is extensively studied (Bowers et al. 1992; Mustafa et al. 2000). Several studies 

revealed few consistent trends on the effects of surface topography on initial cell adhesion 

(Wilson et al. 2005), however, differences and inadequacies in characterizing the morphology, as 

well as magnitude of surface topography, gave rise to complicated interpretation of results. 

Furthermore, altered surface chemistry and/or physicochemical properties could be the result of 

used methods to produce surface textures—for example, sandblasting, grinding, and plasma-

spraying of titanium (Bowers et al. 1992; Thevenot et al. 2008). The type of cells used also 

influences the results. The most commonly observed trends are that the differentiation and/or 

extracellular matrix synthesis increases, with a corresponding reduction in cell proliferation as the 

roughness and disordering of the surfaces increase (Kieswetter et al. 1996). However, once again, 

these trends are not absolutely consistent (Kieswetter et al. 1996). Regardless of the mechanism, it 

seems inevitable that the size, shape, and distribution of surface topographic features will 
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constrain the mode of cell adhesion and the resultant cell morphology (Thevenot et al. 2008) 

simply because they mimic to a certain extent the natural cues of the ECM (Altankov et al. 2010). 

5.5 Substratum effects on focal adhesion formation and integrin signaling 

As described previously one way to access the biocompatibility of a biomaterial is by analyzing 

the macroscopic cellular responses to material properties (Yamada et al. 2003). Several studies 

showed that the focal adhesion formation is strongly affected by the surface properties of a 

biomaterial since completely altered formation of focal adhesion contacts was found on low 

biocompatible materials (Altankov et al. 2010). In contact with low compatible materials the cells 

normally present a more rounded morphology suggesting delay cell spreading. At the same time 

cells are not able to develop focal contacts and present in some cases irregular protrusions 

(Altankov et al. 1996). Previous work from our group showed altered focal adhesion formation on 

fibroblasts adhering on hydrophobic octadecylsilane (ODS) surface and normal focal adhesion 

formation shown by clustering of αv integrins and high phosphotyrosine expression on hydrophilic 

glass (Altankov et al. 1996). In the same study co-localization experiments of αv integrins with 

phosphotyrosine showed that the cells not only attach better on hydrophilic surfaces but also 

transmit the proper signals to the cell interior. This results show the importance of studying the 

initial cell interaction by the formation of focal adhesion complexes since on low biocompatible 

materials cells do not receive the proper signals and consequently will not interact with the 

material interface (Altankov et al. 1996). 

Other experiments focused on the effect of the surface properties in integrin dynamics showed no 

big differences in ventral focal adhesion formation but a clear difference on integrin behavior on 

the dorsal cell surface (Altankov and Groth 1997). A well-pronounced linear arrangement of 

antibody tagged β1clusters were observed on hydrophilic glass while almost no integrin cluster 

was found on hydrophobic substrata (Altankov and Groth 1997). 

5.6 Control of matrix remodeling 

5.6.1 Remodeling of ECM proteins at cell-biomaterial interface 

The ECM remodeling is a dynamic process, which consists of two opposite events: assembly and 

degradation. These processes are mostly active during development and regeneration of tissues, 

but when miss-regulated, can contribute to diseases such as atherosclerosis, fibrosis, ischemic 

injury and cancer (Holmbeck et al. 1999; Curino et al. 2005; Heymans et al. 2006; Reisenauer et 

al. 2007). Previous data from our group showed that cells tend to rearrange adsorbed matrix 

proteins such as FN, FBG and collagen, at material interface in a fibril like pattern (Altankov and 

Groth 1996; Altankov and Groth 1997; Tzoneva et al. 2002). Using SAMs as model surfaces it 
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has been shown that this cellular activity is abundantly dependent on the surface properties of 

materials, such as wettability, surface chemistry and charge (Altankov et al. 2010). These results 

point to the possibility that tissue compatibility of a biomaterial may be connected with the 

allowance of cells to remodel surface associated proteins presumably as an attempt to form their 

own matrix (Grinnell 1986; Altankov and Groth 1994; Altankov and Groth 1997; Pankov et al. 

2000). The remodeling is particularly pronounced for stromal cells like fibroblasts since one of 

their main functions is to produce ECM proteins. However other cell lines like endothelial cells 

(Tzoneva et al. 2002), keratinocytes (Altankov et al. 2001), osteoblasts (Gustavsson et al. 2008), 

and cancer cells (Maneva-Radicheva et al. 2008) also show the ability to organize provisional 

ECM in vitro (Tzoneva et al. 2002; Maneva-Radicheva et al. 2008; Altankov et al. 2010). One 

can divide the matrix formation activity when studied in vitro in two types: early and late matrix 

formation. 

5.6.2 Development of early matrix 

As stated above, it was shown that within few hours either fibroblast either endothelial cells both 

seeded on FN were able to rearrange this protein in a fibril like pattern (Altankov and Groth 1994; 

Tzoneva et al. 2002). This cellular activity was also shown to be highly dependent on surface 

properties of materials, such as wettability (Altankov and Groth 1994; Tzoneva et al. 2002), 

surface chemistry and charge (Gustavsson et al. 2008). Only on highly hydrophilic surfaces WCA 

= 10º the fibroblasts were able to reorganize FN in a fibril like pattern (Altankov and Groth 

1994). This activity was not specific only for FN since other work identified similar differences 

for adsorbed fibrinogen in contact with endothelial cells (Tzoneva et al. 2002). 

5.6.3 Development of late matrix 

Once fibroblasts are cultured in vitro they synthesize and tend to arrange secreted FN in a specific 

fibrillar pattern on the materials interface (Lutolf and Hubbell 2005). Important is to notice that 

the formation of this late FN matrix is altered on low biocompatible hydrophobic materials 

(Altankov and Groth 1996). Based on previous investigations using different cell models 

including endothelial cells (Tzoneva et al. 2002), osteoblasts (Gustavsson et al. 2008), 

keratinocytes (Altankov et al. 2001), and even carcinoma cells (Maneva-Radicheva et al. 2008), 

one can support the existence of a common cellular mechanism for the provisional ECM 

formation on biomaterials interface (Altankov et al. 2010). Moreover, as stated above the cells 

show ability to arrange different matrix proteins, since even Col IV which is not a fibrillar protein 

was shown to be arranged in a linear like pattern (Maneva-Radicheva et al. 2008) in a process 

where FN seems to play a leading role because it co-localizes with arranged Col IV molecules 

(Maneva-Radicheva et al. 2008). Taken together these results point to the possibility that the 
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allowance of cells to remodel surface associated proteins and to form provisional extracellular 

matrix may determine to great extent the tissue compatibility of a biomaterial. 

5.4.4 Proteolytic remodeling of surface associated ECM 

The remodeling of ECM by cells also involves enzymatic degradation carried out by a variety of 

proteases (such as cathepsins, matrix metalloproteases, serine proteases etc.) before or after the 

deposition of new matrix (Daley et al. 2008; Place et al. 2009). The degradation of scaffolds by 

proteolysis can also lead to the loss of their mechanical strength and structure therefore 

compromising their fate. However, the cellular degradation of a scaffold can be used to generate a 

material temporal profile in tune with the generation of new tissue (Lutolf and Hubbell 2005; 

Larsen et al. 2006; Daley et al. 2008; Place et al. 2009). An example, pioneered by Hubbell´s 

group in Switzerland, consists of 3D materials (gels) that are cross-linked by enzyme-degradable 

peptide sequences, and a combination of cell-mediated degradation and integrin biding is 

expected to allow the cells to migrate through the gel in a process similar to tissue remodeling 

(Lutolf et al. 2003). Other example is the incorporation of cleavage sequences into multidomain 

peptides as the recombinant, crosslinkable elastin-like protein that harbors an adhesion motif 

(REDV) and an elastase-sensitive sequence. Cleavage of the latter yields a bioactive Val-Gly-Val-

Ala-Pro-Gly (VGVAPG) fragment intended to stimulate cell proliferation and improve tissue 

repair (Girotti et al. 2004). Such functionalization’s mimic the complex bioactivity of the ECM, 

where enzymatic remodeling can result in the liberation of cryptic sites contained within the 

amino acid sequences of ECM proteins that possess different bioactivity and have direct effect on 

processes ranging from cell migration to differentiation, proliferation and angiogenesis (Schenk 

and Quaranta 2003; Girotti et al. 2004). Recent investigations also showed that surface chemistry 

is an important parameter able to trigger proteolytic routes of cells in an MMP-dependent manner, 

particularly when FN is adsorbed on planar surfaces (Llopis-Hernández et al. 2011). However, in 

general such studies dedicated on the degradation of adsorbed proteins on planar surfaces are 

sparsely reported and further studies in the field are strongly desirable in order to improve 

synthetic biomaterials design. It represents new tool to direct ECM remodeling at biomaterials 

interface with all the biological consequences that it can cause. 
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6. Aim and Specific Objectives 

6.1 Aim  

With this study, we strive to learn more about the fate of adsorbed Col IV on model biomaterial 

surfaces, which vary in their wettability, chemistry and charge. We want to know can we control 

Col IV behavior and the consequent cellular response with cues coming from the materials site 

that would finally favor the vascular tissue engineering application.  

 6.2 Specific objectives 

- Development of model biomaterial surfaces varying in their wettability, chemistry and 

charge. 

- Study the adsorption kinetic of Col IV on different model surfaces. 

- Study the molecular organization of adsorbed protein layer at nanoscale. 

- Cellular interaction with adsorbed Col IV on different model surfaces. 

A. Development of adequate cellular models (primary endothelial cells and 

fibroblasts); 

B. Morphological examination of adhering cells (including overall cell 

morphology, immunofluorescence visualization of focal adhesions, actin 

cytoskeleton, α1β1 and α2β1 integrins and p-FAK; 

C. Quantification of cell adhesion and spreading via image analysis; 

D. Quantitative studies of p-FAK expression by western-blot; 

E. Quantitative studies on the strength of cellular interaction using flow 

chamber; 

- Remodeling of adsorbed Col IV by living cells on different model surfaces – organization 

and degradation activity. 

A. Reorganization of adsorbed Col IV – morphological studies;  

B. Cellular mechanisms involved in the reorganization of Col IV; 

C. Degradation of adsorbed Col IV via pericellular proteolysis – morphological 

evaluation; 

D. Quantification of degradation activity by measuring of FITC-Col IV release; 

E. Quantification of MMP2 and MMP9 activity by zymography. 

- Studies on the ability of HUVEC to form capillary-like structure on Col IV coated model 

surfaces. 

A. Morphological evaluation; 

B. Quantitative studies on FITC-Col IV degradation during capillary formation.  
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Chapter 2 – Material and Methods 

Model biomaterial surfaces 

Hydrophilic glass 

To render the hydrophilic surface, glass coverslips (22 x 22 mm, 22 x 40 mm, or rounded with d = 

15 mm, Fisher Scientific) were cleaned in an ultrasonic bath for 10 minutes (min) in a 1:1 mixture 

of 2-propanol and tetrahydrofuran. The samples were then exposed to piranha solution (30% (v/v) 

H2O2 and 70% (v/v) H2SO4) for 30 min followed by a copious rinsing with milliQ water (18.2 

MΩ) and dried.  

Hydrophobic surface (CH3) 

The hydrophobic surface was prepared according previously described protocol (Gustavsson et al. 

2008) using an organosilane trichloro-(octadecyl)-silane (ODS) (Sigma-Aldrich). Before 

silanization the glass samples were pre-cleaned as above and then placed in a solution containing 

12.5 mL of carbon tetrachloride (CCl4), 37.5 mL of heptane (n-C7H16) and 220 μL ODS. The 

samples were left in this solution for 18 min at room temperature and the excess of silane was 

washed away with pure heptane. Samples were then heated for one hour at 80 ºC. 

Positively charged NH2 surface 

The self-assembled monolayers (SAMs) presenting NH2 groups were prepared according to 

previously described protocol (Gustavsson et al. 2008). Before functionalization the glass samples 

were pre-cleaned as above and then immersed for 18 min at room temperature in a solution 

containing 30 mL methanol, 10 mL of 4% acetic acid and 3-(2-

aminoethylamino)propyltrimethoxysilane (C8H22N2O3Si, Sigma-Aldrich) to yield a final 1% 

concentration. Excess of silane was washed away by immersion in excess solvent solution. 

Samples were air-dried and the heated at 80 ºC for one hour. 

Negatively charged COOH surface 

The SAMs presenting COOH groups were prepared in two steps; first the pre-cleaned glass 

samples as above were immersed in a 1:3 mixture of CCl4 and n-C7H16 containing 0.01 M 10-

(carbomethoxy)-decyl-dimethylchlorosilane (C14H29ClO2Si, ABCR GmbH&Co) for four hours at 

4 ºC, which create COOHCH3 functionalities. Samples were then washed in silane-free solvent, 

heated as above and immersed overnight in a 12 M HCl solution to create COOH surfaces as 

second step. 
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Model materials with tailored density of -OH groups 

Model materials with tailored density of OH groups were developed and characterized in the 

Center for Biomaterials and Tissue Engineering at Polytechnic University of Valencia (Professor 

M. Salmerón-Sánchez group). Briefly, copolymers sheets were obtained by polymerization of a 

solution of two monomers, ethyl acrylate (EA) (99 % pure, Sigma-Aldrich) and hydroxy ethyl 

acrylate (HEA) (96 % pure, Sigma-Aldrich), in the proportion as indicated, using 0.1 wt% of 

benzoin (98 % pure, Scharlau) as photoinitiator and a 2 wt% of ethyleneglycol dimethacrylate 

(Sigma-Aldrich) as cross-linking agent. The polymerization was carried out up to limiting 

conversion and against a glass surface seeking to obtain surfaces of controlled and reproducible 

roughness. Five monomer feed compositions were chosen, gien by the weight fraction of HEA in 

the initial mixture of XOH = 1; 0.7; 0.5; 0.3; and 0 (it refers to the fraction X of HEA in the 

copolymer). After polymerization, low molecular mass substances were extracted from the 

material by boilingin ethanol for twenty-four hours, and then drying in vacuum to a constant 

weight. Small disks (∗10 mm diameter) were cut from the polymerized sheets to be used in the 

protein adsorption and cell adhesion studies. The samples we sterilized with gamma radiation (25 

KGy) before the experiments. 

Mixed NH2/CH3 self-assembled monolayers 

The mixed SAM surfaces were developed and characterized in the Center for Biomaterials and 

Tissue Engineering as above based on a protocol described elsewhere (Keselowsky et al. 2003) 

using alkanethiols 1-dodecanethiol (HS-(CH2)11-CH3) (Sigma-Aldrich) and 12-amino-1-

mercaptododecane (HS-(CH2)12-NH2) deposited on gold (AU). 

AU-coated glass coverslips (Fisher Scientific) were prepared by deposition of thin films of Ti 

(150 Å) followed by Au (150 Å) using a high vacuum evaporator (Polaron E6100) at a deposition 

rate of 2 Å/s and a chamber base-pressure of 2.10-6 Torr. Glass coverslips were pre-cleaned with 

70 % H2SO4 and 30 % H2O2 at room temperature for one hour, rinsed consequently with 

deionized H2O and 95 % ethanol, and dried under a stream of N2 prior to metal deposition. 

Freshly prepared Au-coated surfaces were immersed in alkanethiol solutions (1 mM in absolute 

ethanol) with different ratios (NH2/CH3) and allowed to assemble overnight. SAMs were finally 

rinsed in 95% ethanol and dried under N2. 
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Characterization of model surfaces 

Water contact angle and equilibrium water content 

The wettability of surfaces was estimated with water contact angle measurements using sessile 

drop technique performed on Dataphysics Contact Angle System OCA15. Average values were 

obtained from at least ten different samples. The equilibrium water content (mass of water 

absorbed referred to the dry mass of the substrate) of the polymers sheets was also measured 

under the Dataphysics Contact Angle System. 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed in a PHI 5500 Multitechnique System (Physical Electronics) 

using a monochromatic X-ray source and calibrated to the 3d5/2 line of Ag. The analyzed area was 

a circle of 0.8 mm diameter, and the selected resolution for the spectra was 23.5 eV of pass 

energy and 0.1 eV�step-1. All measurements were made in an ultra high vacuum chamber 

pressure. We used the XPS elemental sensitivity factors according to the MULTIPAK program 

for PHI instruments. An automatic XPS signal fitting software has been developed under 

MATLAB v7.2 (The MathWorks, Inc.) environment to deconvolute the experimental spectra as 

described elsewhere (García et al. 2009). 

Protein adsorption 

The adsorption of native Col IV (Abcam) on model surfaces was performed at indicated 

concentrations in 0.1 M sodium acetate (pH 4.5) for 30 min (cellular studies) or 10 min (AFM 

studies) at 37 ºC.  

The adsorption of LAM (Sigma-Aldrich) to model materials with tailored density of -OH groups 

was performed at indicated concentrations in phosphate-buffered saline (PBS) (pH 7.4) solution 

in the same conditions as for Col IV. Some samples were coated consecutively, first with Col IV 

than LAM, with extensive washing with PBS between incubations. 

Adsorption of DQTM Collagen type IV (FITC-Col IV, Molecular Probes) where FITC molecules 

are highly quenched was performed at indicated concentrations in PBS (pH 7.4) as above. 

Quantification of Adsorbed FITC-Collagen IV 

The adsorption of FITC-Collagen IV at different model surfaces was quantified by NaOH 

extraction as described before (Gustavsson et al. 2008). Briefly, the model surfaces were cleaned 

with distilled water in an ultrasonic bath dried and coated for 30 min at 37 ºC with FITC-Col IV 

at concentrations from 5 to 50 μg/mL dissolved in PBS. It should be noted that according to the 

manufacturer’s manual this protein (collagen type IV from human placenta origin) is conjugated 
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with FITC in such a conditions that part of its fluorescence is quenched thus increasing 

significantly the quantum yield upon extraction under denaturing conditions or when is 

enzymatically cleaved. After coating the samples with different FITC-Col IV concentrations, as 

indicated, they were rinsed three times with PBS. The adsorbed FITC-Col IV was extracted with 

250 μL of 0.2 M NaOH for two hours at room temperature. In some cases the samples were 

seeded with cells and then compared with “no-cells” preparations at least in triplicates. The 

fluorescent intensity of the extracts was measured with a fluorescent spectrophotometer (Horiba-

Jobin y Von) at 488 nm (excitation) and 530 nm (emission) and compared to a standard curve 

based on known concentrations of FITC-Col IV solutions in 0.2 M NaOH. 

Atomic force microscopy 

We have used the AFM type NanoScope III (Digital Instruments) to follow the Col IV and LAM 

adsorption profile and the morphology of the adsorbed protein layer operating in the tapping 

mode in air. Si cantilevers (Veeco) were used with a force constant of 2.8 N/m and a resonance 

frequency of 75 kHz. The phase signal was set to zero at the resonance frequency of the tip. The 

tapping frequency was 5-10% lower than the resonance frequency. Drive amplitude was 200 mV 

and the amplitude set-point Asp was 1.4 V. The ratio between the amplitude set-point and the free 

amplitude was kept equal to 0.7. AFM images were analyzed using the WSxM software 

(Nanotec) to observe the topography of non-coated surfaces, as well as, the typical protein 

distribution on the different substrata. A tailor-made, MATLAB software (The MathWorks, Inc.), 

was used for volume calculations of the adsorbed protein layer. 

Cells 

Human Umbilical Vein Endothelial Cells 

Human Umbilical Vein Endothelial cells (HUVEC, PromoCell) were culture in endothelial cell 

growth medium supplemented with SupplementMix (PromoCell) containing 0.4% ECGS/H, 2% 

fetal calf serum, 1 ng/mL epidermal growth factor, 1 mg/mL hydrocortison, and 1 ng/mL basic 

fibroblast factor. The medium was exchanged each 3rd day. For the adhesion experiments the cells 

were detached from around confluent flasks with Trypsin/EDTA (Invitrogen) and the remained 

trypsin activity was stopped with 100 % Fetal Bovine Serum (FBS) before two times washing 

with medium without supplements. Finally, the cells were counted and reconstituted in serum-free 

endothelial cell medium to be seeded on the different modelsurfaces. 

Human dermal Fibroblasts 

Human Dermal Fribroblast (HF) (PromoCell) were cultured in Dulbecco´s Modified Eagle´s 

Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), 1 mM Sodium Pyruvate, 2 
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mM L-Glutamine, and Penicillin-Streptomycin, all of them purchased from Invitrogen. The 

growth medium was exchanged each 3rd day. For the experiments the cells were detached from 

around confluent flasks with Trypsin/EDTA and the remained trypsin activity was stopped with 

FBS as above. Finally the cells were reconstituted in serum free DMEM. 

Initial cellular interaction 

Overall Cell Morphology 

To study the overall cell morphology we used actin-stained samples. For that purpose, 5x104 

cells/well were seeded in 24-well Tissue Culture (TC) plates (Costar) containing the samples for 

two hours in the serum-free medium. Typically, the samples had been pre-coated with Col IV as 

stated above, at concentration 50 μg/mL in 0.1 M sodium acetate pH 4.5 for 30 min at 37ºC.  At 

the end of incubation, the cells were fixed with 4 % paraformaldehyde (10 min), permeabilized 

with 0.5 % Triton X-100 for 5 min and saturated with 1 % albumin in PBS (15 min). Actin 

cytoskeleton was visualized with Alexa Fluor 488 Phalloidin conjugate (Molecular probes) and 

the nuclei with Hoeschst 34580 (Invitrogen) dissolved in PBS containing 1% albumin. Finally the 

samples were mounted with Mowiol (Sigma Aldrich) and viewed and photographed on a 

fluorescent microscope Axio Observer Z1 (Zeiss) at low magnification (10X and 20X, see 

below). At least three representative images were acquired for each magnification. 

Quantification of Cell Adhesion and Spreading 

The number of adhering cells and the mean cell surface area were quantified using the image J 

plug-ins (National Institute of Health). The adhesion was measured by counting the cells nuclei in 

at least three randomly chosen squares of each sample (photographed at 10 x magnification) using 

the blue channel of the microscope (viewing the cells nuclei). The average cells area was further 

measured (μm2) using the same samples but viewed at 20x magnification in the green channel of 

the microscope (to visualize cellular actin). The results presented correspond to at least three 

independent experiments. 

Immunofluorescence 

Visualization of Focal Adhesion Contacts 

For visualization of focal adhesion contacts 5 x 104 cells/well were seeded as described above on 

Col IV model materials in non-supplemented endothelial cell medium/DMEM. Vinculin was 

visualized using monoclonal anti-vinculin antibody (Sigma Aldrich) dissolved in PBS - 1 % 

albumin for 30 min followed by Alexa Fluor 555 goat anti-mouse (Molecular Probes) as 

secondary antibody. The samples were viewed and photographed in a fluorescent microscope as 

above, but at higher magnification (63X or 100X). At least three representative images were 
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acquired for each experimental condition. For most experiments Alexa Fluor 488 Phalloidin 

conjugate was added to the secondary antibody to visualize actin cytoskeleton together with focal 

adhesion contacts. 

Visualization of Integrins 

For the visualization of α1 and α2 integrins we used monoclonal anti-human integrin α1 

(Millipore) or α2 (Abcam) for 30 min followed by Alexa Fluor 555 goat anti-mouse as secondary 

antibody. Alexa Fluor 488 Phalloidin conjugate was usually added to the secondary antibody as 

above. 

Co-staining for Vinculin and Focal Adhesion Kinase 

For some experiments focal adhesion contacts were visualized together with phosphorylated focal 

adhesion kinase (p-FAK) to learn whether the development of focal adhesions is accompanied 

with the recruitment of phosphorylated signaling molecules. For this propose we used the same 

monoclonal anti-vinculin antibody followed by Alexa Fluor 488 goat anti-mouse (Molecular 

Probes). The p-FAK was viewed using p-FAK specific to tyrosine 925 (Tyr 925) polyclonal 

antibody (Cell Signaling) dissolved in PBS - 1 % albumin for 30 min, followed by Alexa Fluor 

555 goat anti-rabbit (Molecular Probes) as secondary antibody. Preliminary studies with omitting 

of the corresponding secondary antibodies were performed to confirm no cross-reactivity in the 

system. 

Western-blot analysis 

FAK Assay 

To analyze the expression of p-FAK by western blot the cells were detached from confluent layer 

with Trypsin/EDTA after two times washing with endothelial cell medium without supplements. 

Then 1x106 cells were seeded (usually in 1 ml medium) on the model materials (22 x40 mm) 

coated with 50 μg/mL Col IV and further cultured for two hours in serum free medium. Cells 

were lysed in RIPA buffer containing protease and phosphatase inhibitors: (1 % Triton X-100, 1% 

sodium deoxycholate, 0.1 % SDS, 150 mM NaCL, 50 mM Tris-HCL (pH 7.5), 1 mM PMSF, 10 

mg/mL leupeptin, 10 mg/mL aprotonin, 1% NPO4, 50 mM NaF, and 200 mM NaVO4). Total 

protein was quantified using micro-BCA kit (Pierce). Equal amounts cell lysates were mixed in 

sample buffer (50 mM Tris-HCL pH 6.8, 100 mM DTT, 2 % SDS, 10 % glycerol, and 0.1 % 

bromophenol blue) and separated by SDS-Page. After electro-transferring to nitrocellulose 

membranes (Biorad) they were temporary stained with Ponceau red (Sigma Aldrich) to check the 

transfer and blocked with 5 % nonfat dry milk in Tris-saline buffer. The membranes were 

subsequently incubated in the solution of primary polyclonal antibodies against FAK (dilution 

1:1000, Cell Signaling), or p-FAK (Tyr 925) (dilution 1:1000, Cell Signaling) overnight at 4 ºC. 
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After extensive washing with TBS-Tween (20 mM Tris-HCL pH 7.6, 137 mM NaCL, 0.1 % 

Tween-20), and pure TBS, HRP-conjugated anti-rabbit secondary antibody (dilution 1: 3000, 

Santa Cruz) was added for one more hour. Protein signal was detected using the ECL 

chemiluminescent system (Amersham). Densitometry analysis, standardized to FAK as control 

for protein loading, was performed using Image J software (National Institute of Health).  

MMP2 assay 

To detect the expression of MMP2 in cellular lysates prepared as above primary monoclonal 

antibody against MMP2 (dilution 1:1000, Santa Cruz) was used. Equal control samples were 

stained with polyclonal anti-vinculin antibody (dilution 1:1000, Sigma Aldrich). The 

corresponding HRP-conjugated secondary antibodies were anti-mouse and anti-rabbit (both from 

Santa Cruz), respectively. Densitometry was standardized to the vinculin content as control for 

protein loading. 

Strength of cell interaction using a parallel flow-chamber 

The parallel-flow chamber is well described elsewhere (Owens et al. 1987; Missirlis and Spiliotis 

2002) and the flow generated within the chamber can be easily analysed mathematically. In our 

system we used a Pump (ISMATEC) to provide a fluid steady-state flow along the chamber. The 

upper plate of the chamber was a 22 x 40 mm glass coverslip, coated with protein (as above) or 

not (as control), where 1x106 human fibroblasts were seeded for 2 hours in serum free DMEM. A 

solution of 1% PBS (supplemented with 4 mMKCl, 5 mMMgCl2, and 1 mM CaCl2) at 37 ºC was 

used to fill the chamber before closing with the sample. The chamber was then placed in an 

inverted microscope and connected to the pump. An initial phase contrast image of adhering cells 

(T=0) was taken before exposition to flow. In some cases, fluorescein diacetate (FDA), at final 

concentration 1 µg/ml was added to the medium to verify cells vitality. After that, the cells were 

exposed to different flow rates and corresponding images were acquired. The image J software 

was used to calculate the number of cells at each condition, as above. 

Calibration of the flow system 

To exert a constant shear stress over the cell culture various parameters of the flow profile were 

characterized. Wall shear stress (Tw) was calculated from the volumetric flow rate (Q). Briefly, 

the fluid movement creates a sheer stress at the wall, which may be calculated from equation 1: 

 

 

(1) 
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where ΔP is the pressure drop (outlet-inlet pressure), ΔP=(12L/h3W)µQ, h is the height, L is the 

length and W is the width of the chamber, µ is the fluid viscosity and Q is the volumetric flow 

rate. The assumption is that the wall shear is approximately equal to the shear that is exerted on 

the cells, as the fibroblast height is two orders of magnitude less than the chamber height. Figure 

1 shows the scheme of the chamber used with channel dimensions L = 2.352 cm, W = 1.245 cm, 

and h = 0.035 cm. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 - The parallel flow chamber. 

The Reynolds number (Re) must be below the critical value of 2300, to maintain laminar flow 

inside the chamber. The entrance length (le) that is the necessary distance for the fluid to become 

steady inside the chamber was also determined to ensure steady flow over the area of interest. 

Finally, in order to analyse an area where the cells were subjected to a similar shear stress we 

placed the microscope objective in the middle half of the chamber channel width. To characterize 

the above described parameters under our conditions we determined the Re number and le as 

function of the shear stress we wanted to subject the cells. Reynolds number for each flow rate 

was calculated using the following equation: Re = (v*ρ*Dh)/μ, where v is the linear flow rate, ρ 

the density of the fluid, Dh is the hydraulic diameter and μ the viscosity. The hydraulic diameter 

was calculated by the following equation: Dh=4*A/P, where A is the cross sectional area of the 

chamber (that is equal to width (W) times height (h)), and P is the perimeter of the chamber. The 

entrance length was determined with following equation: le=0.05*Dh*Re. 
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Visualization of adsorbed Collagen IV 

To study the fate of adsorbed Col IV glass cover-slips (22 x 22 mm) were placed in 6-well tissue 

culture plates and coated with Col IV or FITC-Col IV as above. After three times washing with 

PBS, 5x104 fibroblasts/HUVEC were seeded in serum free medium and cultured for a time as 

indicated (2, 5 or 24 hours). For longer than 2 hours experiments 10 % serum was added to the 

medium after one hour of culture in serum free medium. 

All samples were fixed with 4% paraformaldehyde (20 min), permeabilized with 0.5% triton X-

100 (5 min) and saturated with 1% albumin in PBS (15 min). Immunofluorescence for native Col 

IV was performed using monoclonal anti-collagen IV antibody (Milllipore) followed by Cyth 3-

conjugated Affini Pure Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch) or Alexa Fluor 

488 anti-mouse (Invitrogen) as secondary antibodies. 

Samples were viewed and photographed on fluorescent microscope (Nikon Eclipse E800) or Axio 

Observer Z1 (Zeiss). Some double stained samples were viewed on Laser Scanning Confocal 

Microscope LSM (Leica TCS-SL). 

Preparation of FITC-Labeled Fibronectin 

Human plasma fibronectin (FN) (Sigma Aldrich) was dissolved in 0.1 M sodium bicarbonate 

buffer (pH = 9.0) at 1 mg/mL. Then 10 μL of fluorescein isotiocianate (FITC; Sigma Aldrich) 

dissolved in dimethylsulfoxide to 10 mg/mL was added and left for 2 h at room temperature. The 

labeled FN was separated from non-conjugated dye on 10 ml Sephadex G-25 (Sigma Aldrich) 

desalting columns equilibrated with 7 volumes PBS solution. The final protein concentration was 

estimated by measuring the absorbance at 280 nm, while the degree of FITC-labeling was 

calculated against the absorbance at 494 nm - see equation 2 below: 

             

(2) 

 

where, 0.3 is the correction factor for the absorbance of FITC at 280 nm, and 1.2 is the extinction 

coefficient of fibronectin (i.e. the absorbance of 1 mg/mL FN at 280 nm). The samples were 

stored at 4°C. 

Co-Localization of Collagen IV with secreted Fibronectin 

To study Col IV co-localization with secreted FN cells were cultured in different protocols on Col 

IV or FITC-Col IV coated samples for 5 or 24 hours as indicated. Native Col IV was visualized 
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by immunofluorescence using monoclonal anti-Col IV antibody followed by Alexa Fluor 488 

anti-mouse as secondary antibody. In this case FN was viewed using polyclonal anti-FN (Sigma 

Aldrich) followed by Alexa Fluor 555 anti-rabbit (Invitrogen) secondary antibody. In other cases, 

when cells were cultured on FITC-Col IV, the secreted FN was co-viewed in red using the same 

polyclonal anti-FN antibody, but followed by Alexa Fluor 555 anti-rabbit secondary antibody. 

Co-Localization of Collagen IV with exogenously added Fibronectin 

To study co-localization of Col IV with exogenously added soluble FN, Human Plasma 

Fibronectin (FN, Sigma Aldrich) was added to the medium in different protocols. In the first, the 

cells were cultured on Col IV coated glass for 5 hours (1st hour in serum free medium, then serum 

was added). As next step, 100 μg/mL of FN was added to the medium for the last hour of 

incubation and then both proteins viewed by double immunofluorescence, using monoclonal anti-

collagen IV antibody followed by Cyth 3-conjugated AffiniPure Goat Anti-Mouse IgG (H+L) and 

anti FN rabbit polyclonal antibody (Sigma Aldrich) followed by Alexa Fluor 555 anti-rabbit 

(Invitrogen) secondary antibody. In second protocol we used FITC-FN for adding to the medium 

(prepared as described before) and the samples were further stained with monoclonal anti-

collagen IV antibody followed by Cyth 3-conjugated AffiniPure Goat Anti-Mouse IgG (H+L) (as 

above). In third protocol, the glass slides were coated with FITC-Col IV and after 4 hours of 

culture 100 μg/ml of FN was added to the medium for the last 1 hour of culture. Then FN was 

stained in red using monoclonal anti-FN (Sigma Aldrich) followed by Cyth 3-conjugated 

AffiniPure Goat Anti-Mouse IgG (H+L) as secondary antibody. 

Co-Localization of secreted FN with exogenously added FITC-Collagen IV 

In this protocol the glass slides were coated with serum for 30 minutes and then the cells were 

seeded in 10% FBS DMEM medium and cultured for 23 hours. After 100 μg/mL of FITC-Col IV 

was added to the medium for 1 more hour before fixation. Subsequently, the secreted FN was 

viewed using monoclonal anti-FN antibody as above followed by Cyth 3-conjugated AffiniPure 

Goat Anti-Mouse IgG (H+L), while FITC - Col IV was viewed directly in the green channel. 

Collagen IV degradation 

Fluorescent assay 

Three different conditions were used to study adsorbed FITC-Col IV: a) direct extraction of 

adsorbed protein after coating; b) extraction after adding medium for 5 or 24 hours measuring the 

remaining adsorbed protein (with or without cells), and finally c) measuring the released 

fluorescent signal after culturing the cells for 5 and 24 hours. As stated above, the adsorbed FITC-

Col IV was extracted with 250 μL of 0.2 M NaOH for two hours at room temperature. The 

fluorescent intensity of the extracts and supernatants were measured with a fluorescent 
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spectrophotometer (Horiba-Jobin y Von) set to 488 nm (excitation) and 530 nm (emission) and 

compared to a standard curve based on known concentrations of FITC-Col IV solutions in 0.2 M 

NaOH.  

Zymography 

The conditioned medium from 24 hours cultured cells (HUVEC or Fibroblasts) on Col IV coated 

model materials was used to study the activity of the two major MMPs known to cleave Col IV, 

namely MMP2, and MMP9. For that purpose, 25 μL of each supernatant was mixed with 5 μL of 

sample buffer (0.04 M Tris-HCL pH 6.8, 4 % SDS, 33 % glycerin, 0.04 % bromophenol blue) 

and these samples were charged on a Ready Gel Zymogram (Biorad, 15-well) containing 10 %, 

gelatin, and subjected to a gel electrophoresis (SDS-PAGE). The gel was then incubated in 2.5 % 

Triton X-100 for 30 minutes before overnight incubation with renaturation buffer (1 M Tris-HCL 

pH 7.5, 5 M NaCl, 1 M CaCl2, 10 % Triton X-100) at 37 ºC. After staining with 0.5 % Coomassie 

brilliant blue R-250 (in 30 % methanol/10 % acetic acid) and destaining with the same solution 

without Coomassie, gelatinolytic activity was detected as unstained bands on the blue background 

of the sample and quantified using a molecular imager gel Doc+ (imaging system, Biorad). 

In vitro capillary tube formation by HUVEC 

HUVEC ability to form capillary-like tubes on different Col IV coated model materials was 

accessed using basement membrane extract (BME) to overly the samples. First, 5x104 cells of 

HUVEC were seeded on Col IV coated model materials placed in 24 well plates and further 

cultured for 2 hours in non - supplemented endothelial cell medium.  Afterwards the medium was 

removed and 250 μL of basement membrane extract BME (AMS Biotechnology) containing 1 % 

FITC-Col IV at 4oC was added to each sample and incubated for 30 min at 37 ºC to form a gel. 

After that, supplemented endothelial cell medium was added and the cells were further cultured 

for 5 and 24 hours. Three representative images of each condition were acquired using the phase 

contrast mode of the microscope Axio Observer Z1 (Zeiss).  Parallel experiments without cells 

were also performed as negative control for spontaneous degradation activity, where the released 

FITC fluorescence was measured.  In other set of experiments, the released FITC was measured 

after 1mg/mL of collagenase (Sigma Aldrich) treatment as positive control for complete 

degradation. The supernatants and extracts were centrifuged (1000 g for 10 min) before the 

fluorescent intensity was measured with a fluorescent spectrophotometer (Horiba-Jobin y Von) 

set to 488 nm (excitation) and 530 nm (emission) bands. 
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Chapter 3 - Results 

1. Different Assembly of Type IV Collagen on Hydrophilic and Hydrophobic 
Substrata Alters Endothelial Cells Interaction 

1.1 Preface 1 

The initial events that take place at biomaterials interface mimic to a certain extent the natural 

communication of cells with the ECM. This is a cascade of events that are usually initiated by the 

adsorption of soluble adhesive proteins available in biologic fluids and followed by cell adhesion, 

spreading and polarization. Apart from the soluble adhesive proteins however, other less soluble 

ECM proteins like collagen and LAM can also associate with the biomaterial surface eliciting 

distinct cellular responses. We are particularly interested on the surface behavior of Col IV, the 

major structural component of the basement membrane (BM). The BM is a specialized form of 

ECM that provides structural support to tissues and regulates almost all aspects of the cellular 

behavior. Apart from the rough ECM the BM may be considered as a rather two-dimensional 

(2D) structure, at least in respect to the cells that reside on it. Nowadays, tissue engineering 

strives to mimic the 3D organization of ECM with scaffolds that support cellular response and 

regeneration. However, the development of surfaces that resemble the 2D architecture of BM is 

also a challenging task as tissue cells often meet such an environment in contact with implanted 

bioengineering devices (e.g. engineered vascular tissue, bio artificial organs etc.). On the other 

hand, the behavior of Col IV at biomaterials interface in contact with endothelial cells gains a 

distinct tissue engineering interest as it can be critical for the successful interaction of implants 

with this cells – an issue that should be considered if one wants to mimic the natural organization 

of the vessel wall. 

With the aim of mimicking the BM organization at biomaterial interface and considering the 

vascular tissue engineering application, we studied the Col IV adsorption pattern on model 

hydrophilic and hydrophobic trichloro(octadecyl)silane (ODS) surfaces known to strongly affect 

the behavior of other ECM proteins. AFM studies revealed a fine, nearly molecular size network 

arrangement of Col IV on hydrophilic glass, which turns into a relatively thicker – growing in size 

– polygonal network on hydrophobic ODS, presumably consisting of molecular aggregates. We 

further compared the biological activity of these different surface-driven assemblies of Col IV 

following the interaction with human umbilical vein endothelial cells (HUVEC). We choose 

primary endothelial cells considering their role in the functional organization of the vascular BM, 

as well as their involvement in the endothelization of implants and/or their vascularization 

potential, both events critically important for most tissue engineering applications. We generally 

found that cells attach less efficiently on hydrophobic ODS, while the fine Col IV network on 
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hydrophilic substrata support HUVEC interaction involving both α1 and α2 integrins clustering in 

the focal adhesions and concomitant development of actin cytoskeleton. Details of this study are 

presented in the paper below. 

!
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Abstract

Considering the structural role of type IV collagen (Col
IV) in the assembly of the basement membrane (BM) and
the perspective of mimicking its organization for vascular
tissue engineering purposes, we studied the adsorption
pattern of this protein on model hydrophilic (clean glass)
and hydrophobic trichloro(octadecyl)silane (ODS) surfaces
known to strongly affect the behavior of other matrix
proteins. The amount of fluorescently labeled Col IV was
quantified showing saturation of the surface for
concentration of the adsorbing solution of about 50μg/ml,
but with approximately twice more adsorbed protein on
ODS. AFM studies revealed a fine – nearly single molecular
size – network arrangement of Col IV on hydrophilic glass,
which turns into a prominent and growing polygonal
network consisting of molecular aggregates on hydrophobic
ODS. The protein layer forms within minutes in a
concentration-dependent manner. We further found that
human umbilical vein endothelial cells (HUVEC) attach
less efficiently to the aggregated Col IV (on ODS), as judged
by the significantly altered cell spreading, focal adhesions
formation and the development of actin cytoskeleton.
Conversely, the immunofluorescence studies for integrins
revealed that the fine Col IV network formed on hydrophilic
substrata is better recognized by the cells via both α1 and
α2 heterodimers which support cellular interaction, apart
from these on hydrophobic ODS where almost no clustering
of integrins was observed.

Keywords: Collagen type IV, adsorption, assembly,
hydrophilic, hydrophobic, surfaces.
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Introduction

The initial cell-biomaterials interaction mimics to a certain
extent the natural communication of cells with the
extracellular matrix (ECM); it starts with the adsorption
of soluble matrix proteins from the surrounding medium
followed by cell adhesion, spreading and polarization
(Grinnell and Feld, 1982; Griffith and Naughton, 2002;
Sipe, 2002). In some cases however, less soluble ECM
proteins such as collagens or laminins also associate with
the biomaterial surface eliciting distinct cellular responses.
In this study we were particularly interested in the behavior
of adsorbed type IV collagen (Col IV) – a unique
multifunctional matrix protein that plays a crucial role in
the organization of the basement membrane (BM). The
BM is a highly specialized ECM common to many types
of tissues providing spatial organization to the cells and
involved in a remarkable number of physiological and
pathological processes, such as cell adhesion, migration,
development, wound healing and cancer progression
(Timpl and Brown, 1996; Charonis et al., 2005; Brown et
al., 2006; LeBleu et al., 2007; Khoshnoodi et al., 2008);
in addition, it serves as a reservoir for growth factors and
enzymes and is responsible for the molecular sieving
(Timpl and Brown, 1996). The BM is a fine
(approximately 100-300 nm thick) structure that may be
considered as two dimensional (2D) in respect to the range
of cell size. Nowadays, tissue engineering strives to mimic
the three dimensional organization of ECM with scaffolds
that support cellular response and regeneration (Daley et
al., 2008). However, the development of materials and
surfaces that resemble the 2D structure of BM is also a
challenging task; moreover, the cells often meet such
environments in contact with implanted bioengineered
devices. An example is the engineered vascular tissue. To
date, blood contacting devices including small diameter
vascular grafts, stents, hard valves, etc, suffer from a
common defect – the lack of significant endothelial cells
ingrowth – presumably caused by the absence of the
specialized BM, resulting in an accelerated device failure
(Keresztes et al., 2006). In this respect, the molecular
assembly of Col IV at different materials interface gains
a distinct bioengineering interest (Hudson et al., 1993;
Keresztes et al., 2006) as it can be critical for the successful
interaction with EC –  a fact that should be considered to
mimic the natural organization of vessel wall.

DIFFERENT ASSEMBLY OF TYPE IV COLLAGEN ON HYDROPHILIC AND
HYDROPHOBIC SUBSTRATA ALTERS ENDOTHELIAL CELLS INTERACTION
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The supramolecular structure of Col IV was extensively
studied during the last two decades (Timpl and Brown,
1996; Gelse et al., 2003; White et al., 2004; Charonis et
al., 2005; Brown et al., 2006; LeBleu et al., 2007;
Khoshnoodi et al., 2008). Once secreted, the triple-helical
heterotrimeric molecules of Col IV self-associate to form
a 2D network which serves as molecular scaffold for other
BM components, such as laminin, perlecans and
proteoglycans (Timpl and Brown, 1996; Brown et al.,
2006). Detailed in situ analysis of high resolution electron
micrographs revealed that Col IV molecules self-assemble
in the BM forming polygonal networks held together by
overlapping and lateral interactions along the triple-helical
domain and the N- and C-terminal end-domains ( Timpl
and Brown, 1996; Charonis et al., 2005).

Like other ECM proteins Col IV is recognized by the
cells via integrins – a family of cell surface receptors that
provide trans-membrane links between the ECM and the
cytoskeleton (Hynes, 2002; White et al., 2004). Out of the
24 integrin heterodimers α1β1, α2β1, α10β1, and α11β1
act as primary receptors for collagens ( Vandenberg et al.,
1991; Kern et al., 1993; Kapyla et al., 2000; Hynes, 2002;
White et al., 2004; Popova et al., 2007), but most
abundantly expressed are α1β1 and  α2β1 (White et al.,
2004; Khoshnoodi et al., 2008). When integrins are
occupied they cluster in focal adhesion complexes where
specific bidirectional integrin signaling converges with
other molecular pathways (Hynes, 2002). Depending on
the conformation of adsorbed protein layer, however,
different integrin activity may be expected (Grinnell and
Feld, 1982; Kapyla et al., 2000; Keresztes et al., 2006;
Ludwig et al., 2006).

Despite the extensive research on the biochemistry and
physiology of Col IV (Hudson et al., 1993; Gelse et al.,
2003; Keresztes et al., 2006) and its involvement in a
number of human disorders (Gelse et al., 2003; Charonis
et al., 2005), surprisingly little is known about the behavior
of Col IV at the biomaterials interface, which in turn,
determines the successful cellular interaction.

To learn more about the biological performance of Col
IV at the biomaterial interface we followed its adsorption
profile and molecular organization of the adsorbed protein
layer on model hydrophilic and hydrophobic surfaces
known to strongly influence the activity of other proteins
(Grinnell and Feld, 1982; Tamada and Ikada, 1994;
Altankov et al., 1996; Altankov and Groth, 1996; Altankov
et al., 1997; Kowalczynska et al., 2005). Atomic force
microscopic (AFM) studies revealed a fine near molecular
size network arrangement of Col IV on hydrophilic glass
which turns into a relatively thicker – growing in size –
polygonal network on hydrophobic ODS consisting of
molecular aggregates. We further compared the biological
activity of these surface-induced differently assembled Col
IV layers following the interaction with human umbilical
vein endothelial cells (HUVEC). We found that cells attach
less efficiently on hydrophobic ODS, while the fine Col
IV network on hydrophilic substrata support HUVEC
interaction involving both α1 and α2 integrins. Details of
this study are presented below.

Material and Methods

Preparation of hydrophilic and hydrophobic surfaces
To render the surface hydrophilic, glass coverslips (22x22
mm, Fisher Bioblock, Thermo Fisher Scientific, Waltham,
MA, USA) were cleaned in an ultrasonic bath for 10 min
in a 1:1 mixture of 2-propanol and tetrahydrofuran. The
samples were then exposed to piranha solution (30% (v/
v) H2O2 and 70% (v/v) H2SO4) for 30 min followed by a
copious rinsing with milliQ water (18.2 MΩ) and dried.

A hydrophobic surface was prepared according to a
previously described protocol (Gustavsson et al., 2008)
using an organosilane trichloro-(octadecyl)-silane (ODS)
purchased from Sigma (St. Louis, MO, USA) (Cat. No
104817). Before silanization the samples were pre-cleaned
as above and then placed in a solution containing 12.5 ml
of carbon tetrachloride, 37.5 ml of heptane and 220 μl
ODS. The samples were left in this solution for 18 min at
room temperature and the excess of silane was washed
away with pure heptane. Samples were then heated for
one hour at 80ºC.

The wettability of surfaces was estimated with water
contact angle measurements using sessile drop technique
performed on Dataphysics Contact Angle Systems OCA15.
Average values were obtained from at least ten different
samples.

Quantification of adsorbed FITC-Collagen IV
The adsorption of FITC-Collagen IV was quantified by
NaOH extraction of the protein as described previously
(Gustavsson et al., 2008). Briefly, the model surfaces were
cleaned with distilled water in an ultrasonic bath. The
triplicate samples were dried and coated for 30 min at 37oC
with DQTM Collagen type IV (Molecular Probes, Eugene,
OR, USA; Cat. No D-12052) from human placenta that
was fluorescein isothiocianate conjugated (FITC-Col IV)
and dissolved in phospahate-buffered saline (PBS) at the
indicated concentrations. After coating at 37ºC the samples
were rinsed three times with PBS and dried. The adsorbed
FITC-Col IV was extracted with 250 μl of 0.2M NaOH
for 2h at room temperature. The fluorescent intensity of
the extracts were measured with a fluorescent
spectrophotometer (Horiba-Jobin Yvon, Edison, NJ, USA),
set to 488 nm (excitation) and 530 nm (emission) and
compared to a standard curve based on known
concentrations of FITC-Col IV solutions in 0.2M NaOH.

Atomic force microscopy
We have used the AFM type NanoScope III from Digital
Instruments (Santa Barbara, CA, USA) to follow the Col
IV adsorption profile and the morphology of the adsorbed
protein layer operating in the tapping mode in air. Si
cantilevers from Veeco (Manchester, UK) were used with
a force constant of 2.8N/m and a resonance frequency of
75 kHz. The phase signal was set to zero at the resonance
frequency of the tip. The tapping frequency was 5-10%
lower than the resonance frequency. Drive amplitude was
200 mV and the amplitude set-point Asp was 1.4V. The
ratio between the amplitude set-point and the free
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amplitude was kept equal to 0.7. Several AFM images were
analyzed using the WSxM software (Nanotec, Madrid,
Spain) to observe the topography of non coated surfaces,
as well as, the typical protein distribution on the different
substrata.

Cells
Human Umbilical Vein Endothelial Cells (HUVEC)
purchased from PromoCell (Heidelberg, Germany; Cat No
C-12200) were cultured in Endothelial Cell Growth
Medium (PromoCell, Cat No C-22010) supplemented with
SupplementMix (PromoCell Cat No C39215) containing
0.4% ECGS/H; 2% Fetal Calf Serum, 1 ng/ml Epidermal
Growth Factor, 1 μg/ml hydrocortison and 1 ng/ml basic
fibroblast factor. For the experiments the cells were
detached from around confluent flasks with Trypsin/EDTA
(Invitrogen, Carlsbad, CA, USA) and the remaining trypsin
activity was stopped with 100% fetal bovine serum (FBS)
before 2 times washing with medium without supplements.
Finally the cells were counted and reconstituted in serum
free EC medium.

Overall cell morphology
To study the overall cell morphology of adhering HUVEC
the cells were stained for actin. For that purpose, 105 cells/
well were seeded in 6 well TC plates (Costar, Corning,
Lowell, MA, USA) containing the samples for 2h in serum
free medium. Typically, the samples had been pre-coated
with native Col IV (Abcam, Cambridge, UK; Cat. No
ab7536,) at a concentration of 50 μg/ml in 0.1M sodium
acetate pH 4.5. At the end of incubation, the cells were
fixed with 4% paraformaldehyde (10 min) and
permeabilized with 0.5% Triton X-1000 for 5 min. Actin
cytoskeleton was visualized with 20 μg/ml AlexaFluor 488
phalloidin (Molecular Probes, Eugene, OR; Cat No
A12379) in PBS, and finally mounted in Mowiol
(Polysciences, Warrington, PA, USA. In some cases
phalloidin was added to the secondary antibody solution
(e.g., for vinculin staining – see below). The samples were
viewed and photographed at 10x objective on a fluorescent
microscope (Nikon Eclipse E800; Nikon, Tokyo, Japan)
where at least 3 representative images were acquired.

Quantification of cell adhesion and spreading
Morphological parameters such as number of adhering cells
and mean cell surface area were evaluated using the Image
J plug-ins (NIH, Bethesda, USA; http://rsb.info.nih.gov/
ij/). The adhesion was measured by counting the cells in 3
randomly chosen images of actin stained samples to obtain
the number of cells per cm2. Data were collected from at
least 3 independent experiments and the average cell area
was further measured for each individual image (in μm2),
and calculated for each condition.

Statistical analysis was performed with ANOVA software
using multiple comparison Fisher’s test to determine
statistically significant differences between groups
(p<0.05). Each data point represents mean ± standard
deviation (SD) for at least three independent experiments.

Immunofluorescence
Visualization of focal adhesion contacts. 1 x 105cells/
well were seeded as described above on native Col IV
coated model surfaces for 2h in serum free medium. To
visualize focal adhesions fixed and permeabilized samples
were saturated with 1% albumin in PBS for 15 min.
Vinculin was visualized using monoclonal anti-vinculin
antibody (Sigma, Cat No V9131) dissolved in PBS-1%
albumin for 30 min followed Cy 3-conjugated Affini-Pure
Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch,
Newmarket, Suffolk, UK, Cat. No 115-165-062) as
secondary antibody. The samples were viewed and
photographed in a fluorescent microscope Nikon at high
magnification (100x). At least 3 representative images were
acquired for each experimental condition.

Visualization of α1 and α2 integrins was performed
with monoclonal anti-human integrin alpha-1 (Chemicon,
Cat No MAB1973; Millipore, Billerica, MA, USA) or
alpha-2 (Abcam, No Ab24697) also for 30 min followed
by Cy3-conjugated Goat Anti-Mouse IgG (H+L) (Jackson
ImmunoResearch, No 115-165-062) as secondary
antibody.

Results

Characterization of surfaces
The data presented in Table 1 show a significant increase
of water contact angle (WCA0) after coating the glass with
ODS. Both advancing and receding WCA0 were found to
increase about 4 times (p<0.05) on ODS confirming the
strongly hydrophobic nature of this surface. At the same
time an approximately doubled average roughness was
measured by AFM on plain ODS in comparison to glass
(both substrata non-coated with protein), as shown in Table
2 (left column “Plain”), confirming the homogenous
coating of the surface with the silane.

Quantification of adsorbed FITC-Collagen IV
FITC-Col IV adsorption from solutions with different
concentration was determined by comparison of extracted
fluorescence signals to a standard curve with known FITC-
Col IV concentrations (see Methods section). Detectable
values were obtained for each concentration (Fig. 1). Both
substrata show typical saturation curves at approximate
concentrations of 50 μg/ml. ODS surfaces, however,
demonstrated significantly higher signal showing about
twice more adsorbed protein for each concentration.

ecafruS
elgnAtcatnoCretaW

gnicnavdA gnideceR

cilihpordyH 0.7±4.52 0.8±6.81

SDOcibohpordyH 2.3±3.301 6.6±9.69

Table 1. Values for advancing and receding WCA of
model hydrophilic and hydrophobic surfaces.

The measurements were made on 10 samples in
triplicates.
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Fig. 1. Adsorption profile of FITC-Col IV
on model hydrophilic and hydrophobic ODS
surfaces. Triplicate measurements of
extracted fluorescence were done for both
substrates at different coating concentrations
and the values calibrated to a standard curve
with known FITC-Col IV concentration.

ecafruS

detaoc-noN detaoc-VIloC

egarevA
ssenhguor

egarevA
thgieh

egarevA
ssenhguor

egarevA
thgieh

cilihpordyH 10.0±97.0 08.1±50.2 71.0±11.1 23.0±39.3

SDOcibohpordyH 50.0±95.1 97.0±83.5 33.0±83.4 08.2±88.71

Table 2. Average roughness and height of the model surfaces characterized by AFM

The values were obtained with Roughness analysis tool on the WSX software using at least three scans of 1μm2 for
each model surface.

Fig. 2. AFM images of adsorbed native collagen type IV to hydrophilic (A) and hydrophobic (B) surfaces. Adsorption
concentration increases from up to down and magnification increases from left to right.
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Atomic force microscopy
In the tapping mode of AFM, the cantilever oscillates with
the probing tip close to its free resonance frequency at a
given amplitude. The interaction between the sample and
the probe gives rise to a shift in the probe vibration
respective to that measured in a free oscillation, i.e., with
the probe far away from the sample. The vertical
displacement (height) needed to keep the set amplitude
provides information about topography of the system. On
the other hand, the measured phase shift may be caused
by variation in the viscoelastic properties in different parts
(or phases) of the sample, and in this sense it can provide
some information about the morphology of the system.

However, differences in phase lag may be caused by
geometric features such as edges, and can be a mere
reflection of the topography of the system. There are
several strategies for programming the apparatus
parameters to obtain both accurate surface topographies
(height) and morphologies (phase). Recent studies have
shown that only when the amplitude of the vibrating
cantilever is programmed to be equal to that of the free
cantilever, does the height of the topography represent a
true surface topography, and that a much harder tapping is
necessary to observe maximum phase shift contrast
between stiff and soft regions of the material (Rodriguez
Hernandez et al., 2007).

Fig. 3. Fraction of substrate covered by the protein as a function of the concentration of the initial solution (A).
Collagen tends to cover larger areas on the hydrophilic than on the hydrophobic substrate. Total volume occupied by
the protein on a 2x2 cm2 area of the substrate (B). The total volume occupied by the protein on the hydrophobic
surface is higher than on the hydrophilic one.

Fig. 4.  AFM images of adsorbed native collagen type IV to hydrophilic (A) and hydrophobic (B) surfaces at adsorption
concentration was 50 μg/ml for 30 minutes.

Fig. 5. Overall morphology of HUVEC adhering on native Col IV coated hydrophilic (A) and hydrophobic ODS
(B) surfaces. The cells were stained for actin. Bar = 100 μm.
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Fig. 2 shows the complex AFM images of native Col
IV adsorbed for 10 min at acidic conditions (0.1 M Na
acetate, pH 4.5) on hydrophilic (Fig. 2A) and hydrophobic
ODS (Fig. 2B) model substrates. Overall, the organization
of collagen layers changes as function of the concentrations
from which the protein is adsorbed increasing as 5, 10, 20
and 50 μg/ml (from top to bottom). At lowest coating
concentration of 5 μg/ml, mainly single, isolated features
was found on both substrates, representing elongated fibril-
like morphology on hydrophilic glass (Fig. 2A) and rather
globular clusters on ODS (Fig. 2B). At 10 μg/ml these
structures enlarge on the hydrophobic substrate and tend
to connect to each other (on both substrata) suggesting the
initial formation of intermolecular links, i.e., the
establishment of protein-protein contacts through the
surface. Further increase of the coating concentrations
results in the formation of networks on both surfaces, which
again differ significantly in morphology. On hydrophilic
glass, AFM revealed formation of a thin protein network
with nearly single molecule size (see the gray scale bar)
tending to cover the surface. The average height of the

layers quantified using WSxM software was 3.93 ± 0.32
nm (see Table 2 right column entitled “Col IV coated”),
which confirms the single molecule arrangement of the
network. Conversely, on ODS the thickening of the
observed fibril-like structures make rise to a prominent
protein network (Fig. 2B, see 20 μg/ml and 50 μg/ml)
consisting of well-defined interconnected fibrils arranged
in polygonal features with 300-400 nm long arms and about
20 nm thick. More precise WSxM measurements revealed
that the average height of the layer amounted to 17.9 ± 2.8
nm (see Table 2, right column), which suggests the
formation of supramolecular aggregates.

Considering the fact, that the non-homogenous
distribution of the observed features could influence the
biological activity of the protein (e.g., the accessibility to
the cells) we measured the fraction of substrate covered
by protein as a function of the concentration of the
adsorbing protein (Fig. 3A). A significantly lower coverage
of the surface was found on ODS (approx. 30%) versus
glass (50%) at all concentrations. Nevertheless, the total
volume of the adsorbed protein (Fig. 3B) was also

Fig. 6. Quantification of cell adhesion expressed as number of cells per cm2 (A) and the average spreading area
measured in mm2 (B) to hydrophilic and hydrophobic Col IV coated surfaces.

Fig. 7. Development of focal adhesions contacts and actin stress fibbers of HUVEC seeded on Col IV coated
hydrophilic (A, B, C) and hydrophobic ODS (D, E, F) surfaces. Bar = 10 μm.
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significantly higher on the hydrophobic surface
(approximately twice) than on the hydrophilic one,
confirming the same trend for different adsorption of Col
IV, particularly at near saturation concentrations (Fig. 1).

For the biological studies we have used conditions for
Col IV adsorption (e.g., a saturating concentration of 50
μg/ml for 30 min at pH 4.5), that have been previously
established (Maneva-Radicheva et al., 2008; Tuckwell et
al., 1994). The organization of the thus deposited protein
layer on both hydrophilic and hydrophobic substrata is
shown in Fig. 4. Overall, we found more protein bound to
the surfaces although the same pattern of deposition was
observed on hydrophilic glass (Fig. 4A). Predominantly
multilayer-globular aggregates however appeared on
hydrophobic ODS (Fig. 4B), obviously because the
protein-protein interactions are favored on this surface.
This results initially in a network thicker than a single
molecule (seen in Fig. 2B, after 10 min), giving rise to
globular aggregates growing afterwards on the top (Fig.
4B, after 30 min). Presumably the network is not seen at
later times because several superimposed layers of protein
are scanned.

Cell adhesion and spreading
The overall morphology of HUVEC adhering on Col IV
coated hydrophilic and hydrophobic ODS substrates is
shown in Fig. 5 (A and B, respectively). Generally less
cell adhesion and delayed cell spreading were observed

on hydrophobic ODS (Fig. 5B); the cells were round and
smaller apart from hydrophilic glass where they display a
typical flattened morphology (Fig. 5A). Image J software
was used to quantify the morphological observations. Fig.
6 shows that both the amount of adhering cells (Fig. 6A)
and the cell spreading area (Fig. 6B) differ significantly
(p<0.05) between Col IV coated ODS and glass samples.
On later approximately 3 times more cells and with about
doubled main surface area (in comparison to ODS) are
found. On non-coated hydrophilic and hydrophobic
surfaces only negligible adhesion and spreading were
observed (not shown).

To learn more about the effectiveness of cell adhesion
to Col IV the focal contacts were visualised via vinculin
together with actin cytoskeleton (Fig. 7). More flattened
and elongated cells on glass represented well developed
focal adhesion contacts (Fig. 7A) where prominent stress
fibres of the actin cytoskeleton often insert (Fig. 7B), better
seen on merged images (Fig. 7C).  Conversely, on
hydrophobic ODS round shaped cells with almost missing
focal adhesion complexes (Fig. 7D) and less developed
actin cytoskeleton (Figs. 7E and 7F) were typically
observed.

Distribution of ααααα1 ααααα2 integrins
To learn which integrins are involved in the adhesion of
HUVEC to Col IV we studied the expression and
functional organization of both α1 and α2 subunits,

Fig. 8. Expression of alpha 1 (A, C) and alpha 2 (B, D) integrins in HUVEC adhering on hydrophilic (A, B) and
hydrophobic ODS (C,D) surfaces coated with Col IV. Bar =10 μm.
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representing the most abundantly expressed collagen
receptor heterodimers α1β1 and  α2β2  (Hynes, 2002;
Khoshnoodi et al., 2008). As shown in Fig. 8 both integrins
were found to cluster pronouncedly on hydrophilic
substrata (Fig. 8A and B), but α2 (Fig. 8B) tends to localize
in the focal adhesion complexes (arrows) while α1 is more
diffusely organized (Fig. 8A) in dot-like contacts.
Conversely, the almost missing α1 and α2 integrin
organization on ODS (Figs. 8C and D, respectively)
correlates well with the observed absence of adhesive
complexes in HUVEC on the same substratum (Fig. 7D).

Discussion

This study is consistent with the emerging field of tissue
engineering aimed at reproducing the functional
architecture of BM, and particularly the BM of vascular
tissue. More specifically, we investigated the fate of
exogenously added type IV collagen on model biomaterial
surfaces to learn more about the role of substratum
hydrophobicity in its biological performance. We further
address the interaction with endothelial cells, considering
their important role in the physiology of the vessel wall,
aiming to understand their behaviour in contact with
foreign materials interfaces. While EC procurement
technologies for seeding blood-contacting devices have
significantly improved, adhered cells often dedifferentiate
or detach which accelerate device failure. We anticipate
as a possible reason could be the missing environmental
signals from the BM, which in turn, might be reproduced
on the biomaterials interface.

Wettability has long been recognized as an important
surface parameter for the materials biocompatibility
(Grinnell and Feld, 1982; Altankov et al., 1997; Rodriguez
Hernandez et al., 2007). In general, hydrophilic surfaces
support cellular interaction, fact usually attributed to
appropriate conformation of adsorbed adhesive proteins
(Grinnell and Feld, 1982; Altankov et al., 1997;
Kowalczynska et al., 2005; Rodriguez Hernandez et al.,
2007). However, this is not always straightforward since
materials with very high wettability, which bind much
water like hydrogels, do not support protein adsorption
and cell adhesion (Tamada and Ikada, 1994; Gugutkov et
al., 2010). However, gels from natural polymers like
collagen, gelatin or fibrin are good substrata for cell
attachment (Brown et al., 2006; Daley et al., 2008) and
work well also in adsorbed state (Tamada and Ikada, 1994;
Ludwig et al., 2006). Conversely, strongly hydrophobic
surfaces may support cell adhesion, for example, due to
the spontaneous protein network assembly (Gurdak et al.,
2006; Rodriguez Hernandez et al., 2007; Gugutkov et al.,
2009; Gugutkov et al., 2010). Col IV cannot form gels as
it is not fibrillar protein, but it strongly promotes cell
adhesion through binding to α1β1 integrin via sequence
localized in a spatial vicinity of Asp461 on α1(IV) chain
and Arg461on α2(IV) chain (Tuckwell et al., 1994), or
via α2β1  integrins which recognize the GFOGER motif
in the αI domain (Knight et al., 1998; Zhang et al., 2003).
The role of substratum wettability for Col IV assembly

and its subsequent biological recognition is not clear,
although some recent studies describe the surface
arrangement of fibrillar type I collagen (Dupont-Gillain
et al., 2005; Gurdak et al., 2006; Keresztes et al., 2006).
Our results show that adsorption of FITC-Col IV is strongly
dependent on substratum wettability. It reaches saturation
at approximately 50 μg/ml coating concentration, for both
kind of surfaces, although the hydrophobic ODS represents
significantly higher adsorption, approximately twice in
comparison to glass. Further increase of coating
concentration or increasing the coating time lead to the
additional formation of molecular aggregates as we found
for ODS (Fig. 4) which also increased the extracted
fluorescence signal with about 30% at concentration 200
μg/ml (not shown). This result is not surprising since many
proteins represent stronger adsorption to hydrophobic
substrata due to the polar interactions (Grinnell and Feld,
1982), although, this is often not in correlation with their
biological activity. As labeling of Col IV with FITC could
interfere its native configuration, we studied the adsorption
pattern of native (acid soluble) Col IV with AFM. The
results confirmed the above difference as about twice
higher volume of adsorbed protein was found on ODS,
but also showed that Col IV tends to arrange in a different
pattern: a fine near single molecular network on
hydrophilic substrata which turn to much thicker polygonal
network arrangements on hydrophobic ODS. This fact
suggests that Col IV has different affinity depending on
the substratum hydrophobicity. As Col IV molecules
arrives to the surface, adsorption takes place on the
hydrophilic substrate up to forming a single monolayer of
protein that maintains even after long-term adsorption (Fig.
4) suggesting a conformation of the protein with
diminished inter-molecular interaction; whereas, on the
hydrophobic ODS, once a few molecules are adsorbed on
the surface, the newly arriving ones from the solution tend
to form multilayer aggregates rather than occupying empty
space on the substrate. This points to the possibility that
the molecular conformation of the protein is different on
each surface, since only ODS favors the formation of
multiple protein layers. Moreover, it is suggested that
protein-protein contacts are favored on the hydrophobic
ODS which results, first in a thicker than molecular size
network (Fig. 2) and afterwards – in the long term – giving
rise to multilayer-adsorption of the protein in the form of
aggregates after the substrate’s surface is covered (Fig.
4B).

Type IV collagen molecules are heterotrimers of about
390 nm long composed of three alpha chains existing in
six genetically distinct forms. In vivo these isoforms
organize into a unique network that provides BM
specificity (Hudson et al., 1993). Assembly of type IV
collagen is initiated by the formation of protomers (Timpl
et al., 1985; Siebold et al., 1988) where three alpha chains
associate through their non-collagenous domains before
folding into a triple helices (Timpl et al., 1985; Hudson et
al., 1993). The lateral association of the triple helix, the
covalent binding of 7S domains and the association of
alpha chains at the NC1 domains are essential for the
formation of the protomeric network that serves as a
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scaffold for BM constituents. AFM studies revealed
spontaneous in vitro assembly of Col IV in di- and
tetramers upon adsorption to mica (Chen and Hansma,
2000), which suggest a similar assembly of Col IV in our
conditions. At least it is the case at the hydrophilic interface,
where both globular and linear fibril-like features are
visible at low coating concentration (Fig.2A upper row).
But the study also showed that at higher concentration,
Col IV molecules assemble in a fine network that tends to
cover the surface. The size of these linear structures is in
the range of 300-400 nm in length and of about 3-4 nm
thick suggesting a single molecule arrangement.

Another novel observation in this study is that on
hydrophobic environment Col IV assemble in a completely
different way. Depending on the concentration it may
represents single globular aggregates, which tend to
connect over the substratum as the concentration increases.
Thus at coating concentration of 50 μg/ml these aggregates
already form a well-established network where globular
features disappear on early stages of adsorption. This
suggests a non-physiological molecular arrangement.
Moreover, the average height of the layer is 17.9 ± 2.8 nm
(see Table 2) confirming the formation of supra molecular
aggregates which obviously become globular at longer
adsorption time (Fig. 4). Interestingly, although the amount
of adsorbed protein is about twice as high on hydrophobic
ODS, obtained by both extracted fluorescence and AFM
approaches, the ratio of the occupied surface area on AFM
images is significantly less, i.e. about 30% from the total
substratum area is covered in comparison to 50% for glass
– a fact again suggesting stronger intermolecular
interaction.

An important question is how the observed difference
in the organization of self-assembled Col IV layer affects
its biological performance. It is well documented that
protein adsorption depends on the surface properties which
produces great impact on the cellular interaction (Altankov
et al., 2000; Keselowsky et al., 2003; Lan et al., 2005).
Here we found that significantly increased Col IV
adsorption on hydrophobic ODS does not support cellular
interaction, a fact observed also for other matrix proteins
(Grinnell and Feld, 1982; Tzoneva et al., 2002) and cell
systems (Grinnell and Feld, 1982). The initial adhesion of
HUVEC was strongly altered on ODS accompanied with
delayed cell spreading and nearly absent focal adhesion
complexes. This point to the possibility that aggregated
conformation of adsorbed Col IV is less recognizable for
the cells, which correlates with the altered development
of actin cytoskeleton and integrin clustering. That is to
say, the different patterns observed by AFM must be linked
to the reduced availability of the binding site for both α1
and α2 integrins located most probably approximately 100
nm away from the amino-terminus within cyanogen
bromide fragment CB3 (Timpl et al., 1985; Hudson et al.,
1993; Khoshnoodi et al., 2008). But even in the case that
adsorption of Col IV on hydrophobic substrates took place
in a conformation that allowed adequate CB3 exposition
its density would not be enough since most of the domains
must be hidden due to lateral interactions between chains.
This is obviously not the case on hydrophilic substrata

because of the single molecule distribution of adsorbed
Col IV layer (Fig. 2A). We found also higher accumulation
of α1 and α2 integrins on hydrophilic glass and despite
the observation that α2 tend to localize in focal adhesion
complexes while α1 is more diffusely organized, this
suggests stronger involvement of both  α1β1 and  α1β2
collagen receptors in EC spreading under these conditions.
Although data exist for predominant recognition of Col
IV by α1β1integrin (Gardner et al., 1996) other authors
state that Col IV express additionally two binding sites for
α2 integrins (Kern et al., 1993) which could well explain
the observed agonistic expression of α1 and α2 subunits.
But why they organize differently during endothelial cells
spreading in hydrophilic environments remains unclear.
Nevertheless, both integrins looked inactive on
hydrophobic surfaces as no organization was found
suggesting very low specific recognition of adsorbed Col
IV by HUVEC.

Conclusion

A novel observation in this study is the different
substratum-induced assembly of Col IV on hydrophilic
and hydrophobic environment, a nearly single molecular
network arrangement on hydrophilic glass and prominent
polygonal network consisting of molecular aggregates on
hydrophobic ODS surface. We further found that
endothelial cell attach less efficiently to the aggregated
form of Col IV, although twice as much adsorbed protein
was observed, while the fine Col IV network on hydrophilic
substrata is well recognized by the cells via both α1 and
α2 integrins. Thus, the material surface wettability appears
to be a powerful tool for tailoring the appropriate
arrangement of Col IV on foreign materials interface,
particularly applicable in vascular tissue engineering.
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1.3 Supplementary results 1 

Atomic force microscopy 

Collagen IV 

AFM studies were performed using also a low Col IV adsorption concentration (1 µg/mL) on the 

same model hydrophilic (Figure 1 A) and hydrophobic ODS (Figure 1 B) surfaces. At this 

concentration, mainly single, isolated features, representing elongated fibril-like morphology on 

hydrophilic glass (A) and globular clusters on ODS (B) were found. 

Figure 1 - AFM images of Col IV adsorbed onto hydrophilic (A) and hydrophobic (B) surfaces. Different 

magnifications (increasing from right to left) are presented. Adsorption concentration is 1 µg/mL. 

FITC-Collagen IV 

AFM studies at two different coating concentrations were also performed to follow the adsorption 

pattern and the organization of FITC-Col IV layer on the same model surfaces. Figure 2 shows 

different surface dependent patterns of adsorbed FITC-Col IV resembling network-like structures 

on hydrophilic glass (A) presumably arranged from single molecules and globular molecular 

aggregates on hydrophobic ODS (B).  

Figure 2 – AFM images of FITC-Col IV adsorbed onto model hydrophilic (glass) and hydrophobic (ODS) surfaces. 

Two different adsorption concentrations were studied, 20 µg/ml and 50 µg/ml as indicated. 

As the coating concentration increases the single molecular arrangements of FITC-Col IV 

augments on hydrophilic glass (A) while on hydrophobic ODS (B) already bigger molecular 

aggregates are observed.  
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2. Arrangement of Type IV Collagen and Laminin on Substrates with 

Controlled Density of –OH Groups 

2.1 Preface 2 

Col IV and LAM are the main components of the vascular BM where endothelial cells reside in a 

rather 2D environment, e.g. in a similar geometry as when adhering to the surface of blood 

contacting devices, where endothelization is highly desirable. Tailoring the behavior of adsorbed 

Col IV and LAM on biomaterials interface would provide a powerful tool (from the material site) 

for maintaining the functional performance of an implant. In the first section we described a 

distinct phenomenon of material-induced assembly of Col IV on model hydrophilic and 

hydrophobic substrata. However, except on wettability, the substrata used differ also in their 

chemistry, which raise some obstacles in the interpretation of results. Here we describe the 

material-driven arrangements of adsorbed Col IV and LAM in correlation with the biological 

performance of the adsorbed protein layers formed on model surfaces where fraction of -OH 

groups vary as an independent parameter. This well defined family of polymer substrates was 

developed in the Center for Biomaterials and Tissue Engineering at Polytechnic University of 

Valencia (Professor M. Salmerón-Sánchez group) and successfully used previously for tailoring 

the adsorption pattern and bioactivity of other ECM proteins, including fibronectin, vitronectin 

and fibrinogen. In fact, here we extend these studies corroborating them with the substrate 

behavior of Col IV and LAM as main BM constituents. We tested the biological activity of the 

adsorbed proteins using again primary endothelial cells. 

Our results demonstrate that the adsorption pattern of both Col IV and LAM is strongly dependent 

on the surface fraction of -OH groups. AFM studies reveled specific substratum-induced 

assembly of these proteins, from single molecule arrangements to specific networks - the later 

better pronounced on hydrophobic environment. The initial interaction with endothelial cells 

surprisingly shows two optima - a hydrophilic (XOH = 1) and a hydrophobic one (XOH = 0.3) - 

evaluated by changes in the adhering cells morphology, the quantities of cell adhesion and 

spreading and the development of focal adhesions and actin cytoskeleton. When both proteins 

were adsorbed consecutively, a distinct complex morphology of the adsorbed protein layer was 

observed resulting in a hydrophobic shift in the cellular interaction (to XOH = 0). Details of this 

study are presented in the paper below. 

The Supplementary results showed similar trend in the cellular interaction with adsorbed Col IV 

when higher adsorbing concentration (e.g. saturating) of 50 µg/mL was used. Furthermore we 

demonstrate that the improved interaction of HUVEC on hydrophilic (XOH = 1) and relatively 

hydrophobic (XOH = 0.3) substrates involves the clustering of both α1 and α2 integrins. 
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Arrangement of Type IV Collagen and Laminin
on Substrates with Controlled Density of –OH Groups

Nuno Miranda Coelho, (Ph.D. student)1,2 Cristina González-Garcı́a, (Ph.D. student)3,4

Manuel Salmerón-Sánchez, Ph.D.,3,4 and George Altankov, M.D., Ph.D.1,3,5

Collagen IV (Col IV) and laminin (Lam) are the main structural components of the basement membrane where
they form two overlapping polymeric networks. We studied the adsorption pattern of these proteins on five
model surfaces with tailored density of –OH groups obtained by copolymerization of different ratios ethyl
acrylate (EA) and hydroxyl EA (HEA): XOH = 0, XOH = 0.3, XOH = 0.5, XOH = 0.7, and XOH = 1 (where X refers the
ratio of HEA). Atomic force microscopy revealed substratum-specific adsorption patterns of Col IV and Lam,
ranging from single molecules deposition on more hydrophilic substrata to the formation of complex networks
on hydrophobic ones. Human umbilical endothelial cells were used to study the biological performance of
adsorbed proteins, following the overall cell morphology, the quantities for cell adhesion and spreading, and the
development of focal adhesion complexes and actin cytoskeleton. Surprisingly, two optima in the cellular
interaction were observed—one on the most hydrophilic XOH = 1 and other on the relatively hydrophobic
XOH = 0.3 substrate–valid for both Col IV and Lam. When the proteins were adsorbed consecutively, a hydro-
phobic shift to XOH = 0 substratum was obtained. Collectively, these data suggest that varying with the density of
–OH groups one can tailor the conformation and the functional activity of adsorbed basement membrane
proteins.

Introduction

Tissue engineering strives to replace the damaged tis-
sue with scaffold (colonized or not with cells) that

mimics the natural 3D organization of extracellular matrix
(ECM).1–3 However, the various currently used medical de-
vices such as stents, prosthesis, and metal implants cannot
avoid the 2D contact with tissues. Upon implantation they
hamper the local organization of ECM and alter the bio-
compatibility of implant. The initial cellular events that take
place at the biomaterials interface mimic to a certain extent
their natural interaction with the ECM.4–6 Although the cells
avoid direct contact with foreign materials, they readily at-
tach to the adsorbed soluble matrix proteins such as fibro-
nectin, vitronectin, fibrinogen, and others,3,5 which are
uniformly available in the biological fluids. At longer contact
with tissues, however, other less soluble ECM proteins such
as collagens and Lam may also associate with the biomaterial
surface influencing significantly the adjacent cells behavior
and function.3,7,8 Recently, we are particularly interested on
the fate of adsorbed type IV collagen (Col IV) and Lam

considering their important role for the assembly of base-
ment membranes (BM)—a highly specialized ECM common
to many types of tissues.9 The BM provides underlinement
for the organ-specific cells supporting their functional orga-
nization.10 Consequently, the biohybrid organ technologies
require construction of modules based on membranes in
order to mimic the spatio-temporal organization and per-
meability of BM.3,11 However, despite the extensive studies
on the role of BM components in various physiological and
pathological conditions—ranging from the early develop-
ment, wound healing, and angiogenesis,12 to the athero-
sclerosis, tissue fibrosis, and cancer13,14—our knowledge on
the behavior of Col IV and Lam at biomaterials interfaces
is limited. Making use of atomic force microscopy (AFM) we
recently described a distinct phenomenon of material-
induced assembly of Col IV on model hydrophilic and hy-
drophobic substrata.15 We found a spontaneous formation of
a fine network on hydrophilic glass and a prominent po-
lygonal network on hydrophobic octadecylsilane (ODS) that
alters significantly Col IV activity.15 However, except on
wettability the substrata we used differ in their chemistry,
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2Universitat Politècnica de Catalunya, Barcelona, Spain.
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which rise obstacles for interpretation of results. Moreover,
we did not consider the behavior of the other main BM
player–the Lam–particularly in conditions where both pro-
teins are adsorbed. Therefore, here we describe the material-
driven arrangements of adsorbed Col IV and Lam on model
surfaces16 where fraction of –OH groups vary as an inde-
pendent parameter. Using this well-defined family of poly-
mer substrata,16 we recently described the adsorption
pattern of various ECM proteins, including fibronectin,17

vitronectin,18 and fibrinogen,19 showing that it may strongly
influence their biological activity.16–18 Here we extend these
studies corroborating the substrate behavior Col IV and Lam
as main BM constituents. To follow their biological perfor-
mance we choose primary endothelial cells considering their
role for the functional organization of vascular BM and their
involvement in the neovascularization3,11 both events criti-
cally important for most tissue engineering applications.11,12

Here we demonstrate that the adsorption patterns of both
Col IV and Lam are strongly dependent on the surface
fraction of –OH groups. AFM studies revealed specific
substratum-induced assembly of these proteins, from single
molecule arrangements to the specific networks—the later
better pronounced on hydrophobic environment. The initial
interaction of endothelial cells surprisingly shows two
optima—a hydrophilic (XOH = 1) and a hydrophobic one
(XOH = 0.3)—evaluated from the changes in adhering cells
morphology, the quantities for cell adhesion and spreading,
and the development of focal adhesions and actin cyto-
skeleton. When both proteins were adsorbed consecutively,
a distinct complex morphology of the adsorbed protein
layer was observed resulting in a hydrophobic shift in the
cellular interaction (to XOH = 0). Details of this study are
reported herein.

Materials and Methods

Materials

Copolymer sheets were obtained by polymerization of a
solution of both monomers ethyl acrylate (EA) (Aldrich, 99%
pure) and hydroxyl EA (HEA) (Aldrich, 96% pure), in the
desired proportion, using 0.1 wt% of benzoin (Scharlau, 98%
pure) as photoinitiator and a 2 wt% of ethyleneglycol di-
methacrylate (Aldrich, 98% pure) as crosslinking agent. The
polymerization was carried out up to limiting conversion
and against a smooth glass surface seeking to obtain surfaces
of controlled and reproducible roughness. Five monomer
feed compositions were chosen, given by the weight fraction
of HEA in the initial mixture of XOH = 1, 0.7, 0.5, 0.3, and 0 (it
refers to the fraction X of HEA in the copolymer). After po-
lymerization, low molecular mass substances were extracted
from the material by boiling in ethanol for 24 h and then
drying in vacuo to constant weight.

The equilibrium water content (mass of water absorbed
referred to the dry mass of the substrate) and the water
contact angle (using a Dataphysics OCA) were measured for
the different substrates.

Small disks (*10 mm diameter) were cut from the poly-
merized sheets to be used in the protein adsorption and cell
adhesion studies. The samples were sterilized with gamma
radiation (25kGy) before the experiments.

XPS experiments were performed in a PHI 5500 Multi-
technique System (from Physical Electronics) with a mono-

chromatic X-ray source and calibrated using the 3d5/2 line of
Ag. The analysed area was a circle of 0.8 mm diameter, and
the selected resolution for the spectra was 23.5 eV of pass
energy and 0.1 eV$step - 1. All measurements were made in
an ultra high vacuum chamber pressure. XPS elemental
sensitivity factors according to the MULTIPAK program for
PHI instruments were used. An automatic XPS signal fitting
software has been developed under MATLAB v7.2 (The
MathWorks, Inc.) environment to deconvolute the experi-
mental spectra as described elsewhere.20 The fitting software
makes use of an independent Voigt function per peak (which
in our case means four Voigt functions to fit the C 1s spectra
and three Voigt functions to fit the O 1s peaks).

Protein adsorption

The adsorption concentration for both proteins was 20 mg/
mL: in 0.1 M sodium acetate (pH 4.5) for Col IV (Abcam) and
in phosphate-buffered saline (PBS) (pH 7.4) for LAM (Sig-
ma). Some samples were coated consecutively, first with Col
IV than Lam, with extensive washing with PBS between in-
cubations. The incubation period was of 10 min for AFM
studies and 30 min for cellular interaction, both at 37�C.
Afterward, the samples were extensively washed with PBS.

AFM

Samples with the adsorbed protein were quickly dried
using Nitrogen air flow. AFM was performed in a Nano-
Scope III from Digital Instruments operating in tapping
mode in air. Si-cantilevers from Veeco were used with force
constant of 2.8 N/m and resonance frequency of 75 kHz. The
phase signal was set to zero at a frequency 5%–10% lower
than the resonance one. Drive amplitude was 200 mV and the
amplitude set-point Asp was 1.4 V. The ratio between the
amplitude set-point and the free amplitude Asp/A0 was kept
equal to 0.7. The WSxM software was used to process height
AFM images to obtain topographical profile (number of
event per given altitude) and a tailor-made MATLAB soft-
ware (The MathWorks, Inc.) for volume calculations of the
adsorbed protein layer. Volume protein calculated following
this procedure must be interpreted in a relative way. That is
to say, the total real volume of the adsorbed protein must be
higher due to the hydration effects. Moreover, our calculated
protein volume cannot be directly used to infer protein mass
density on each surface. Nevertheless, assuming the drying
process will equally modify both Col IV and Lam on every
surface, the obtained values provide valuable information to
compare the amount of adsorbed protein among surfaces
and the influence of their sequential adsorption.

Cells

Human umbilical vein endothelial cells (HUVEC, Pro-
moCell) were cultured in endothelial cell growth medium
supplemented with SupplementMix (PromoCell) containing
0.4% ECGS/H, 2% fetal calf serum, 1 ng/mL epidermal
growth factor, 1mg/mL hydrocortison, and 1 ng/mL basic
fibroblast factor. For the adhesion experiments the cells were
detached from around confluent flasks with Trypsin/EDTA
(Invitrogen) and the remained trypsin activity was stopped
with 100% FBS before two times washing with medium
without supplements. Finally, the cells were counted and
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reconstituted in serum-free endothelial cell medium to be
seeded on the different surfaces.

Overall cell morphology

To study the overall cell morphology of HUVEC adhering
to different samples, 5 · 104 cells/well were seeded in 24-well
TC plates (Costar) containing the samples for 2 h in the
serum-free medium. At the end of incubation, the cells were
fixed with 4% paraformaldehyde (10 min) and permeabilized
with 0.5% Triton X-100 for 5 min. For the overall morphology
studies and cell adhesion measurements the actin cytoskel-
eton was stained with 20 mg/mL AlexaFluor 488 phalloidin
(Molecular Probes) in PBS before the samples were washed
and mounted in Mowiol. In some cases phalloidin was ad-
ded to the secondary antibody solution (for double vinculin/
actin staining). The samples were viewed on fluorescent
microscope (Nikon Eclipse E800) and at least three repre-
sentative images were acquired.

Quantification of cell adhesion and spreading

Morphological parameters such as number of adhering
cells and mean cell surface area were evaluated using the
ImageJ plug-ins (NIH; http://rsb.info.nih.gov/ij/). The ad-
hesion was measured by counting the cells in three randomly
chosen images of actin-stained samples to obtain the number
of cells per cm2. Data were collected from at least three in-
dependent experiments and the average cell area was further
measured for each individual image (in mm2) and calculated
for each condition.

Immunofluorescence

Observation of focal adhesion contacts. About 5 · 104

cells/well were seeded as above for 2 h in serum-free me-
dium. To observe focal adhesions, fixed and permeabilized
samples were saturated with 1% albumin in PBS for 15 min.
Focal adhesion complexes were observed using monoclonal
anti-vinculin antibody (Sigma) dissolved at 1% albumin
solution in PBS for 30 min followed by Cy3-conjugated Affini-
Pure Goat Anti-Mouse IgG (H + L) ( Jackson ImmunoResearch)
as secondary antibody. The samples were viewed and photo-
graphed on a Laser Scanning Confocal Microscope Leica at
high magnification where at least three representative images
were acquired for each experimental condition.

Statistical analysis. All cellular studies were performed
with at least three replicates. Morphological quantification
for each surface and each condition was obtained from at
least six representative pictures, which were digitally ana-
lyzed. Statistics was performed using StatGraphics Plus
software employing ANOVA simple and Kruskal–Wallis
tests to determine statistically significant differences between
groups ( p < 0.05). Each data point represents mean – standard
deviation from at least three independent experiments.

Results and Discussion

Col IV and Lam are the main component of the vascular
BM11,12 where endothelial cells reside in a rather 2D envi-
ronment, for example, in a similar geometry when adhering
to the surface of blood contacting devices where the en-
dothelization is highly desirable.7,11,12 However, while en-

dothelial cells procurement technologies for seeding
implants have significantly improve, adhering cells often
dedifferentiate and act in a counterproductive manner, ac-
celerating device failure.3,4,6 We anticipate that an important
factor for this altered endothelization response might be the
missing environmental signals from the natural BM. Thus,
tailoring the behavior of adsorbed Col IV and Lam on bio-
materials interface would provide a powerful tool (from the
materials site) for maintaining the functional performance of
implant.

It is well documented that the substratum –OH groups
strongly affect both the conformation and biological perfor-
mance of adsorbed proteins.17,19,21,22 Relatively little is
known, however, about the intermolecular associations of
adsorbed protein molecules, particularly when they tend to
assembly within the protein layer. In this study we used a
family of model substrates based on the copolymerization of
EA and HEA monomers, which have a vinyl backbone chain
with the side groups –COOCH2CH3 and –COOCH2CH2OH,
respectively. Their combination gives rise to a random co-
polymer22 with tailored concentration of –OH groups that
determines both the surface energy and the hydrophilicity of
the substrate (Table 1).

Topography of the surfaces examined by AFM prior pro-
tein adsorption yielded similar roughness parameters re-
gardless the polymer composition. Roughness parameters
obtained were Ra = 18 – 4 nm and Rms = 22 – 4 nm (Ra is the
arithmetic average of the height deviations; Rms is defined
as standard deviation of the height values).

The fraction of –OH groups on the surface was assessed by
XPS. Table 1 includes the surface HEA molar fraction for
each of the copolymers. It is noteworthy that the fraction of
hydrophilic units on the surface is similar to the initial ratio
of HEA in the feeding mixture of co-monomers. That is to
say, most of the hydroxyl groups in the system remain
available to interact with the biological media.

Behavior of adsorbed Col IV on surfaces
with different –OH content

The network-forming Col IV is a triple helical molecule
composed of three alpha chains, which self-assemble by anti-
parallel interactions and extensive disulfide bounding.10 In
the BM these monomers associate with their C-terminal
globular NC1 domains to form dimers or with N-terminals
to form tetramers.10,23,24 Observations have been made that

Table 1. Equilibrium Water Content and Water

Contact Angle for the Different Substrates

with Increasing Fraction of –OH Groups

XOH EWC (%) WCA (�) XOH (XPS)

0 1.7 – 0.4 89 – 1 0
0.3 7.6 – 0.9 80 – 2 0.25 – 0.05
0.5 18.2 – 1.7 67 – 1 0.45 – 0.08
0.7 40.6 – 0.4 55 – 1 0.68 – 0.06
1 134 – 5 45 – 2 1

The first column represents the fraction of HEA units used in the
copolymerization process; the last one is the fraction of HEA units
available on the material surface as obtained from XPS analysis.

EWC, equilibrium water content; WCA, water contact angle; HEA,
hydroxylethyl acrylate.
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Col IV could be linearly organized during early BM assem-
bly,25 suggesting that cells are also involved in the process.
While the molecular mechanisms that endow the spatial or-
ganization of Col IV in the BM are still debatable, our current
results15,26 suggest that material surface-associated Col IV
may undergo cell-dependent rearrangement, presumably
through reversible association with FN fibrils—a fact that
brings forth our interest on the molecular arrangement of BM
proteins at biomaterials interface.

Structure of Col IV molecule was extensively studied during
last decades23,24,27 and AFM provide significantly insight.28

AFM is an exceptional tool to explore the conformation and
distribution of matrix proteins at the biomaterial interface.
Since roughness for most of the biomaterials surfaces is well
above the height of protein molecules (5–10 nm)28 direct ob-
servations of ECM proteins deposition on commonly used
biomaterials are sparsely reported. In previous research we
could show that the phase magnitude in tapping mode AFM is
a good approach to obtain significant information on protein
configuration.21 The reason why we have chosen working in
air in this study is mainly due to the stability of the system,
which continues to be much better in air compared to the
scanning in liquid environments. For example, we have found
that on hydrophobic materials, images obtained in air are
comparable to those acquired in liquid but with much better
resolution. By contrast, on very hydrophilic surfaces that
moreover adsorbed large amounts of water, the interpretation
of the AFM images must be done carefully.

The AFM phase images shown on Figure 1A describe the
surface behavior of adsorbed Col IV depending on the
fraction of –OH groups, which vary from XOH = 0 to XOH = 1.
Two general trends might be distinguished: (i) single mole-
cules arrangement (see arrowhead on XOH = 0.5) character-
istic for the intermediate hydrophobic substrata, and (ii) a
tendency for molecular assembly in network (see arrow on
XOH = 0.7), which increase with hydrophobicity, leading to
the formation of an augmented network structure at XOH = 0,
presumably consisting of molecular aggregates. Elongated
fibril-like features were observed also on the most hydro-
philic poly EA; equal to XOH = 0 (PEA) surface presumably
representing few laterally associated molecules (arrowhead
on XOH = 1). When Col IV adsorbs on mica it typically forms
dimers through intermolecular interactions of two Col IV
monomers via the globular NC1 domains.28 Indeed, such
globular features connected with long arms can be easy
distinguished on intermediate hydrophilic XOH = 0.5 and
XOH = 0.3 samples (see arrowhead on XOH = 0.5). Even on
mica, however, Col IV dimers display a variety of configu-
rations often forming loops and folds,28 which may explain
the appearance of rather complex shapes seen on XOH = 0.7.
The formation of tetramers via interactions of 7S domains is
also feasible28 (see arrow on XOH = 0.3) presumably involved
in the formation of networks (upon decrease of –OH content)
as single tetramer features were not observed. Nevertheless,
the longitudinal sizes of obtained structures vary between
300 and 600 nm (see arrowhead on XOH = 0.5), which is in the
range of individual molecules size of unfolded Col IV
monomer (346 + 3.8 nm)28 and dimers might be maximally
doubled, for example, around 700 nm, but when are com-
pletely unfolded. The Col IV arrangement on XOH = 0.3 is
more subtle. Here the links between individual molecules
cause a tendency for network assembly. Since there are no

FIG. 1. Phase AFM images of adsorbed Col IV on sub-
strates with increasing fraction of –OH groups (A) following
the order: XOH = 0, XOH = 0.3, XOH = 0.5, XOH = 0.7, XOH = 1
from the top to the bottom. Corresponding topographic
profiles of adsorbed Col IV on the same substrates (B)
viewed by AFM software (see Methods section). AFM,
atomic force microscopy; Col IV, collagen IV.
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overlapping regions, arrangement at single molecules level is
very probable. More precise topographical analysis also
shows the most homogenous size distribution of the features
on this sample (Fig. 1, column B) suggesting formation of
complex structure consisting of small repeating units. That is
to say, the topography histograms (1B) show a single dis-
tribution of molecules within the interval 5–15 nm for most of
the samples that even narrows to 2–6 nm for XOH = 0.3. In-
deed, we cannot discard that the formation of structures on
this surface is partly a consequence of the drying process,
which could lead to lateral reorganization of the adsorbed
layer at the air–liquid interface, but this process seems to be
favored on very hydrophilic surfaces because of the absence
of protein–surface interactions strong enough to prevent
protein relaxation during water release.39

As shown in Table 2, the total amount of adsorbed Col IV
decreases sharply as the hydrophilicity of the sample in-
creases and then remains in barely constant. Conversely, on
pure PEA (XOH = 0) the process turns to the formation of an
augmented network that enhances interactions between
molecules, resulting in the formation of a complex protein
structure (aggregate) where individual molecules cannot be
distinguished any more. This arrangement of Col IV on PEA
(XOH = 0) occurs as on hydrophobic ODS but with different
volumetric distribution: multilayer aggregates on ODS ver-
sus lateral interactions on XOH = 0.15 This fact supports the
idea that the concrete underlying chemistry—not only the
wettability of the substrate—determines protein adsorption
and distribution at the material interface.16,17

Biological response to the adsorbed Col IV

The surface wettability has long been recognized as an
important parameter for protein adsorption and cellular in-
teraction.5,16,29 In general, hydrophilic surfaces support cell
adhesion and spreading, usually attributed to the appropri-
ate conformation of adsorbed matrix proteins.5,21,30,31 How-
ever, this is not always straightforward since materials with
very high wettability, which bind much water-like hydro-
gels, do not support protein adsorption and cell adhesion.32

Our study shows a very good interaction of HUVEC with the
most hydrophilic XOH = 1 substratum, which is not surpris-
ing, as this surface might be considered as moderately wet-
table where the best cellular interaction is expected.32,33

Indeed, the cells look well spread (Fig. 2A, left column) and
develop an elongated morphology. The promoted cellular
interaction is confirmed by the quantitative measurements
for the adhesion (Fig. 2D, left chart) and spreading (Fig. 2D,

right), both optima showing a significant increase over other
conditions ( p < 0.05) Surprisingly, however, HUVEC repre-
sents a second optimum for cell interaction, that is on the
relatively hydrophobic XOH = 0.3 surface (hydrophobic ef-
fect), where adhesion and spreading again significantly
( p < 0.05) improve (Fig. 2A). For comparison, on the same
chart are shown the quantities for adhesion and spreading to
glass (as a positive control). It can be seen that adhesion, but
not spreading, of cell on XOH = 0.3 is significantly higher,
whereas on XOH = 1 it equal with the control. The spreading
area is equal for all XOH = 0.3, XOH = 1, and control samples.
The overall morphology of cells on the control sample might
be seen on Fig. 5C. Further decrease of –OH groups (XOH = 0
surface) tends to diminish the cellular interaction. HUVEC
fail to interact also with the intermediate fractions of XOH =
0.5 and XOH = 0.7: overall, the cells tend to round (Fig. 2, row
A) and both adhesion and spreading show significantly
lower ( p < 0.05) quantities (Fig. 2D), all this confirming the
optimum at XOH = 0.3. Nevertheless, on the XOH = 0 and
partly XOH = 0.3 surfaces, the cells represent an irregular
shape with often appearance of star-like protrusions, rich on
actin (see Fig. 2A and C), but normal focal contacts formation
(Fig. 2B), which suggest a rather good cellular interaction. To
rationalize this cellular behavior in terms of protein ad-
sorption shown on Figure 1, it suggests that supramolecular-
sized fibrillar features formed on the XOH = 1 substrate favor
cell adhesion; that is to say, Col IV is adsorbed in such a way
that it provides enhanced availability of the binding site (for
a1 and a2 integrins) located *100 nm away from the amino-
terminus.23,24,27 As the hydrophilicity of the substrate di-
minishes, protein distribution became complicated, from
more complex features seen on XOH = 0.7 (see Fig. 1A), the
isolated fibrils are more characteristic for XOH = 0.5 (Fig. 1A),
but why these structures appear worse for the cellular in-
teraction is not clear. Moreover, lateral protein interactions
are enhanced on XOH = 0, which must hidden binding do-
mains resulting in poorer cell interaction.

Assembly of LAM on surfaces with
different –OH density

It is proposed that the assembly of BM is initiated by Lam.
It self-assembles into heterotrimers that bind to the cell sur-
face via integrin receptors.34–36 The structure of Lam mole-
cules has been extensively studied during the recent decades
employing electron microscopy and also AFM.16,37,38 Con-
sistent with this studies an appearance of cross-shaped
molecules with approximate size of 70–100 nm (depending
on their conformation) might be expected as the maximal
dimensions of the completely extended cruciform Lam
molecule is 125 nm long, 72 nm wide, and 2.2 nm thick.37

The phase images on Figure 3A show Lam distribution
after adsorption from solution of a high concentration
(20mg/mL). Note, although such concentration is not opti-
mal for AFM imaging, it is the one used for the cellular
investigations. We found a clear tendency for protein as-
sembly in networks at almost all ranges of surfaces (Fig. 3,
column A). However, these networks vary significantly in
their thickness and organization: on substrates with low OH
content, these structures are prominent (XOH = 0–XOH = 0.5),
whereas a rather subtle protein deposition is characteristic
for XOH = 1 and XOH = 0.3 surfaces (see Fig. 3, row A). It

Table 2. Total Volume Occupied by the Protein

on a 1mm
2

Area of the Substrate as Calculated

from AFM Data After Adsorption of Col IV,
Lam, or Col IV + Lam

XOH Col IV Lam Col IV/Lam

0 6.0 – 1.1 5.0 – 1.2 8.0 – 1.3
0.3 2.1 – 0.3 3.0 – 0.9 3.5 – 1.1
0.5 0.7 – 0.2 2.5 – 0.8 3.7 – 1.2
0.7 1.5 – 0.2 0.7 – 0.2 6.0 – 1.4
1 1.2 – 0.3 6.0 – 1.5 4.5 – 1.3

AFM, atomic force microscopy; Col IV, Collagen IV; Lam, Laminin.
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FIG. 2. Overall morphology
of HUVEC adhering on Col
IV-coated substrates with in-
creasing –OH density (A). Bar
100 mm. The same samples
were stained for vinculin (B)
and actin (C) to study the
formation of focal adhesion
contacts and actin cytoskele-
ton organization, respec-
tively. Bar 10 mm. The
quantities for cell adhesion
expressed as number of cells
per cm2 (D, left graph) and
cell spreading area shown in
mm2 (D, right graph) are
compared to the control glass
samples (white bars).
HUVEC, human umbilical
vein endothelial cells.
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seems that increasing the fraction of –OH groups tend to
diminish the network formation presumably reducing the
lateral intermolecular interactions. However, on most hy-
drophilic XOH = 1 surface, Lam shows again surprisingly
high protein deposition as extrapolated from the calculations
for the adsorbed protein volume (Table 2). The same non-
monotonic trend in the amount of adsorbed protein was
previously found on this family of surfaces using fibronec-
tin.21 Note, on the same surface we have previously found
globular-like Lam deposition after adsorption from solutions
of much lower protein concentration,16 which stress the im-
portance of the competition between protein–protein versus
protein–material interactions to determine the conformation
of LAM at the material interface. On a collateral side,
swelling of polymer may result in the entrapment of some
Lam aggregates within the polymer, which may also explain
the biphasic size distribution of features seen on XOH = 1
substratum only (Fig. 3, column B, bottom). Also, the drying
process could lead to lateral reorganization of the adsorbed
protein layer at the air–liquid interface, and this process
seems to be favored on very hydrophilic surfaces because of
the absence of protein–surface interactions strong enough to
prevent protein relaxation during water release.39 Never-
theless, independently of the complex arrangements of Lam
on our surfaces some cross-shaped structures that resemble
single molecules seen on mica37 can be sparsely observed on
XOH = 0.3 and XOH = 1 surfaces (Fig. 3A, arrowheads), sug-
gesting a protein deposition in a near-natural configuration.

Cellular interaction with LAM

Figure 4A describes the behavior of HUVEC on Lam ad-
sorbed on the same substrates order. Again, two maxima in
the cellular interaction were obtained at XOH = 1 and XOH =
0.3 surfaces. Overall, the cells look better spread in com-
parison to Col IV samples (Fig. 2), evident from the
well-developed focal adhesion complexes (Fig. 4, column B)
and prominent actin stress fibers (Fig. 4, column C). Like-
wise, the cellular interaction is abolished on XOH = 0.7 and
XOH = 0.5 samples, which is confirmed from the quantitative
measurements of both adhesion (Fig. 4D, left) and spreading
(Fig. 4C, right), showing significantly lower values ( p < 0.05).
Interestingly, here both the adhesion and spreading to
XOH = 0.3 and XOH = 1 override the values of control glass
samples (Fig. 4D) although not significantly ( p > 0.05). The
overall morphology of cells on the control Lam-coated
sample might be seen on Figure 5D. Again, a tendency for
diminished cellular interaction on the most hydrophobic
XOH = 0 surface was found (Fig. 4A).

This family of Lam-coated polymers was used for in vitro
studies with other cell systems. While better adhesion of
Schwann cells was obtained at XOH = 0.8 (close to the maxi-
mum XOH = 0.7 found with HUVEC), the best performance
using neural progenitors was found for XOH = 0.5, on which
HUVEC interact worst.40,41 Taken together, it points out
the cell type specificity in the interaction with Lam-coated
materials.

Spontaneous interaction of HUVEC
with bare substrata

AFM images show areas of bare polymer, which raise an
important question: do the cells adhere to the plain polymers

FIG. 3. Phase AFM images of adsorbed Lam on substrates
with increasing fraction of –OH groups (A) following the
same order as in Figure 1. Corresponding topographic pro-
files of adsorbed Lam on the same substrates (B) viewed by
AFM software. Lam, Laminin.
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FIG. 4. Overall morphology of
HUVEC adhering to Lam-coated
substrates with increasing –OH
density (A). Bar 100 mm. Cells
were stained also for vinculin (B)
and actin (C) as in Figure 2.
Bar 10 mm. Quantities for cell
adhesion (D, left graph) and
spreading (D, right graph) are
compared to control glass
samples (white bars).

2252 COELHO ET AL.



and does this adhesion vary with –OH density? To address
this we performed separate experiment exploring the cellular
interaction with bare surfaces. Figure 5 (column A) clearly
demonstrates that the cells attach less efficiently and look
shrink on all bare substrata suggesting a nonphysiological
attachment, but a surprising tendency for higher attachment

on XOH = 1 and XOH = 0.3 was found, further confirmed by
the quantitative measures for cell adhesion ( p < 0.05) (Fig.
5H, upper chart), which suggests that these substrates pro-
vide better physical environment for cell attachment even in
comparison to the control glass surface. However, it concerns
cell adhesion, but not spreading, as the latter was even

FIG. 5. Overall morphology of HUVEC adhering on plain substrates with increasing OH density (A), and different control
samples including plain glass (B), Col IV-coated glass (C), Lam-coated glass (D), and sequential Col IV/Lam-coated glass (E).
Bar 100 mm. The last two images demonstrate spontaneous secretion of Col IV (F) and Lam (G) by HUVEC within 2 h of
incubation on glass. Bar 20 mm. The charts below represent quantities for cell adhesion (H) and spreading (I) to bare samples
compared with glass control (white bars).

SURFACE ARRANGEMENT OF TYPE IV COLLAGEN AND LAMININ 2253



lowered versus control glass (Fig. 5H, lower chart), showing
that these polymers provide conditions that are not sufficient
to support the development of normal cell shape. On the
other hand, it seemed unlikely that the cells adhere directly
to bare substrates; therefore, the existence of some traces of
adhesive proteins in the system might be expected. Pre-
sumably, they have to be secreted by HUVEC, as the effect of
serum proteins can be excluded after the two times washing
step we use for cell harvesting (See Methods section). Indeed,
when HUVEC were stained for Col IV and Lam, both pro-
teins were identified on the substratum beneath the cells
even after 2 h incubation (Fig. 5F and G, respectively).
Therefore, the improved spontaneous adhesion of HUVEC
on XOH = 1 and XOH = 0.3 should be attributed to the consti-
tutive release of Col IV and Lam (and may be other adhesive
proteins), which influence the cellular interaction during the
adhesion process. It is noteworthy, however, that this be-
havior of Col IV and Lam differs significantly from other
matrix proteins, such as fibronectin17 and fibrinogen.19 Al-
though they also tend to assemble on pure PEA (XOH = 0) the
cellular interaction gradually increases as the fraction of OH
groups diminishes. Conversely, vitronectin cannot form
networks18 but show the same trend in bioactivity. The very
similar biphasic behavior of HUVEC on Col IV and Lam-
coated XOH = 0.3 and XOH = 1 substrata suggests that the
adsorbed proteins acquire a configuration close to the natu-
ral one, and interestingly, single molecular-size features were
observed for both proteins on XOH = 0.3 only (see arrow on
Fig. 1A and arrowhead on Fig. 3A).

Sequential deposition of Col IV and Lam

The resemblances in the behavior of Col IV and Lam in
respect to their assembly and cellular interaction suggest that
similar forces might guide their organization in the BM,
where they form overlapping polymeric network.10,13,24,42

This provoked our interest in a joint Col IV-Lam deposition,
which could provide insights on their natural interplay in the
BM. Unfortunately, these two proteins possess different
solubility (Col IV dissolves in acid, whereas Lam in neutral
conditions), which exclude their assembly together. Thus, the
only simple solution was to adsorb them consequently, first
Col IV and then Lam.

Figure 6A displays the complex phase images obtained
after sequential Col IV/Lam adsorption. A tendency for joint
network formation was found on most surfaces, except on
XOH = 1, where rather globular protein deposition (resem-
bling the behavior of Lam) was obtained (see Fig. 3, column
A). It is still difficult to distinguish Col IV or Lam features,
though clearly better network formation is seen on XOH = 0.3
sample. Sequential adsorption shows that the amount of
adsorbed protein (see Table 2) is not just a superposition of
these obtained for Col IV and Lam independently. Except for
XOH = 1, it is always above these quantities (Table 2), which is
consistent with the possibility that some Lam is additionally
deposited on the surface. Interestingly, Lam tend to absorb
preferentially on XOH = 0.5 and XOH = 0.7 surfaces after Col
IV deposition than on the bare polymers (Table 2), suggest-
ing heterotypic intermolecular interaction.

The structure of the protein layer looks different on PEA
(XOH = 0). Here prevails the homogenous ‘‘sponge-like’’
protein deposition interrupted by polygonal empty spaces,

FIG. 6. Phase AFM images of sequentially adsorbed Col IV
and Lam on substrates with increasing fraction of –OH
groups (A) following the same order as in Figure 1. Corre-
sponding topographic profiles of adsorbed proteins on the
same substrates (B) viewed by AFM software.
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FIG. 7. Overall morphology of
HUVEC adhering to sequen-
tially adsorbed Col IV and Lam
on substrates with increasing
–OH density (A). Bar 100 mm.
The cells were stained also for
vinculin (B) and actin (C). Bar 10
mm. Quantities for cell adhesion
(D, left graph) and spreading (D,
right graph) are compared to
control glass samples (white
bars).
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thus resembling the pattern of both Col IV (Fig. 1A) and Lam
(Fig. 3A) networks. As Col IV adsorbs first it probably serves
as a template for subsequent Lam assembly. The dominating
sponge-like structure, however, presumably represents a
joint Col IV-Lam network as it is not seen on the single
protein series. Interestingly, the morphology of this complex
network structure looks similar to those shown on the to-
pographic AFM images of the natural BM underlying the
corneal epithelium.43

The above assumption is confirmed by the improved cel-
lular interaction that we obtained on XOH = 0 surface. As
shown on Figure 7A, HUVEC represents the best morphol-
ogy exactly on this sample demonstrating advanced cell
spreading and polarized cell morphology reflecting their
active crawling on the substratum. The most extensive for-
mation of focal adhesions (Fig. 7B) and actin stress fibers
(Fig. 7C) also confirm the improved cellular interaction. This
suggests the appearance of a hydrophobic shift in bioactivity,
confirmed also by the quantitative measurements, as cell
spreading was significantly higher not only within the
group, including control glass (Fig. 7D, right), but also
compared to all other single protein series. Note, though the
cells are well spread on XOH = 0.3 (optimum for single Col IV
and Lam-coated series), they are often lacking their focal
adhesions at cell borders, which points for a lowered
strength of interaction with the substratum; that is, these
samples start to represent lowered bioactivity when the
matrix proteins are jointly assembled. Conversely, the com-
plex Col-Lam network formation obviously supports the
cellular interaction on the most hydrophobic XOH = 0 surface,
which provides better environment for the cells presumably
because it resembling the natural structure of the BM.43

Conclusion

This work describes the behavior of the main components
of the BMs—Col IV and LAM—on well-defined surfaces
with tailored density of hydroxyl groups. AFM studies re-
vealed substratum-induced assembly of both proteins from a
single-molecule arrangement to the specific networks better
pronounced on hydrophobic environment.

The interaction of endothelial cells surprisingly shows two
optima, a hydrophilic (XOH = 1) one and a hydrophobic
(XOH = 0.3) one, reveled from the changes in the adhering
cells morphology, the quantities for cell adhesion and
spreading, and the development of focal adhesion com-
plexes. When both proteins were applied consequently, dis-
tinct complex morphology of the adsorbed protein layer was
observed resulting in a ‘‘hydrophobic shift’’ in cellular in-
teraction. In this article, we do not describe the specific
conformation of individual molecules as it is difficult to
follow with AFM on such rough environment. However, we
show that the supramolecular assembly of both Col IV and
Lam play an important role, which is the rationale of this
work. Although at this time we cannot provide a real model
for the functional interplay between proteins and cells, we
could show the main players that affect the surface behavior
of these matrix proteins: (1) the tendency (not obligatory!) for
single molecule deposition on more hydrophilic substrata;
(2) the hydrophobic environment provokes the assembly of
proteins in networks (including joint Col IV-Lam networks);
(3) these networks improve the cellular interaction (with

optimum at XOH = 0.3), and (4) the very hydrophilic envi-
ronment may also provoke the cellular interaction, presum-
ably providing better molecular conformation (unfolded) of
proteins that is more accessible for integrin receptors. Con-
versely, we do not state that these findings are universal, as
our previous data show that other proteins like fibronec-
tin,17,21 vitronectin,18 and fibrinogen19 behave differently on
the same family of surfaces.

This work opens the door of using similar approaches to
study different protein systems involved in cell–biomaterial
interaction and BM organization.
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2.3 Supplementary results 2 

Cell adhesion and spreading 

When model materials with tailored density of -OH groups were coated with 50 µg/mL Col IV 

the same trend on the initial HUVEC interaction was found. HUVEC interact better with Col IV 

when is adsorbed to the most hydrophilic XOH = 1 substrata (e) and presented another optimum of 

interaction on relatively hydrophobic XOH = 0.3 substrata (b), followed by XOH = 0, as judged by 

the elongated and flatten cell morphology with prominent actin stress fibers arranged in the 

direction of cell polarization (b, e and g, j). Conversely on the other intermediate substrata (XOH = 

0.5 and XOH = 0.7) HUVEC presented delayed spreading with rather small actin fibers (a, c, d and 

h, i). The effectiveness of HUVEC interaction was further evaluated by studying the focal 

adhesion contacts formation. Again on the two optimums, XOH = 1 and XOH = 0.3, cells presented 

best-developed focal adhesion contacts (l and O). These morphologic observations were further 

confirmed by quantitative measurements for adhesion (Figure 1B) and spreading area (Figure 1C) 

both showing significant increase in XOH = 1 and XOH = 0.3 over the other conditions. 

Figure 1 - (A)- Overall morphology (a-e) of HUVEC adhering to Col IV-coated substrates with increasing density of –

OH groups. Bar 100 µm. At higher magnification is viewed the actin stress fibers arrangement (f-j) and focal adhesion 

contacts visualized by vinculin (k-o). Bar = 20 µm. Quantities for cell adhesion expressed as number of cells per cm2 

(B) and cell spreading area shown in µm2 (C). 
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Integrin signaling 

To learn which integrins were involved in the adhesion process we further studied the 

organization of α1β1 and α2β1 heterodymers. Figure 2 shows that both integrins are expressed in 

HUVEC adhering to XOH = 1 and XOH = 0.3 surfaces (B, E, G, and J). α1 however represents a 

rather punctual organization (B, E), also visible on XOH = 0 substrata (A), while α2 show more 

pronounced clusters resembling focal adhesion contacts (G and J). In contrast on XOH = 0.5 and 

XOH = 0.7 surfaces no any integrins organization was found (C, D, H, and I), which correlates 

with the suppressed development of adhesive complexes on these materials (Figure 1). On more 

hydrophobic surface, as XOH = 0, α 2 expression was similar to α 1, both presenting a dot like 

morphology. 

Figure 2 - Expression of alpha 1 (A to E) and alpha 2 (F to J) integrins in HUVEC adhering to the same Col IV coated 

model surfaces with increasing density of OH groups from left to right. Bar 20µm. 
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3. Arrangement of Type IV Collagen on NH2 and COOH Functionalized 

Surfaces 

3.1 Preface 3 

Molecular engineering of cell-materials interface can be advantageously obtained by in vitro 

reconstruction of supramolecular structures of extracellular matrix (ECM). In this respect 

collagen is an extremely important molecule because of its abundance in mammalian organisms 

and its wide variety of specific functional interactions.  As stated before we are particularly 

interested on the surface behavior of Col IV as a unique multifunctional matrix protein involved 

in the organization of vascular BM. Despite extensive studies on Col IV biochemistry and its 

involvement in various human disorders, surprisingly little is known about it behavior at 

biomaterials interface. In Section 1 and 2 we showed that substratum wettability significantly 

affects Col IV adsorption pattern, and in turn, it alters endothelial cells interaction. Except 

wettability however, a variety of other surface properties, including chemistry and charge may 

alter protein adsorption/conformation, and thus influencing the cellular response. Here we 

describe the behavior of Col IV in contact with two new model surfaces, the self-assembled 

monolayers (SAMs) exposing positively charged -NH2 and negatively charged -COOH 

functionalities, in order to learn more about the effect of substratum chemistry and charge on the 

biological performance of materials. 

AFM studies revealed distinct patterns of Col IV assembly resembling network-like structures on 

NH2 and aggregates on COOH substrates suggesting altered protein conformation at later. Col IV 

on NH2 surface presented close to single molecular arrangement at low coating concentrations 

where biologically relevant structures resembling dimers and tetramers can also be seen. As the 

coating concentration increases the Col IV molecules assemble in linear features. Conversely, on 

COOH the sponge-like morphology with appearance of rather globular protein aggregates 

remains almost unaltered with increasing the coating concentration. HUVECs attached less 

efficiently to Col IV adsorbed on negatively charged COOH surface as judged by altered cell 

spreading, focal adhesions formation, and actin cytoskeleton development. Immunofluorescence 

studies further revealed a better Col IV recognition by both α1 and α2 integrins on positively 

charged NH2 substrata resulting in higher p-FAK recruitment to the focal adhesion complexes. 

Conversely, on COOH surface no integrin clustering was observed. This study provides a further 

causal link between the protein conformation and the endothelial cells interaction. It suggests that 

NH2 functionalization combined with Col IV pre-adsorption comprises a prospective tool for the 

engineering of biomimetic interface that might improve the endothelization of implants. Details of 

this study are presented in the paper below. 
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Abstract 

Apart from the paradigm that cell-biomaterials interaction depends on the adsorption of 

soluble adhesive proteins we anticipate that upon distinct conditions other, less soluble 

ECM proteins such as collagens, also associate with the biomaterials interface and the 

cellular response they elicit might be of significant bioengineering interest. Making use 

of Atomic Force Microscopy (AFM) we seek to follow the nanoscale behaviour of 

adsorbed type IV collagen (Col IV) – a unique multifunctional matrix protein involved 

in the organization of basement membranes (BM) including vascular one. Likewise we 

have previously shown that the substratum wettability affects significantly Col IV 

adsorption pattern which in turn alters endothelial cells interaction. Now we introduce 

two new model surfaces (SAMs), a positively charged -NH2 and negatively charged -

COOH to learn more about the particular effect of these uniformly available bio-

functionalities. AFM studies revealed distinct pattern of Col IV assembly resembling 

different aspects of network-like structure or aggregates suggesting altered protein 

conformation. The amount of adsorbed FITC labelled Col IV was also quantified 

showing about twice more protein on NH2 substrata. We further found that human 

umbilical vein endothelial cells (HUVEC) attach less efficiently to Col IV adsorbed on 

negatively charged –COOH surface judged by the altered cell spreading, focal 

adhesions formation and actin cytoskeleton development. Immunofluorescence studies 

revealed also better Col IV recognition by both α1 and α2 integrins on positively 

charged -NH2 substrata resulting in higher pFAK recruitment in the focal adhesion 

complexes, apart from -COOH surface where no integrin clustering was observed. 

Collectively, these results point to the possibility that combined NH2 and Col IV 

functionalization may support endothelization of cardiovascular implants. 
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Introduction 

To date, blood contacting devices including small diameter vascular grafts, stents, hard 

valves etc., suffer from a common defect – the lack of significant endothelial cells 

ingrowth – presumably caused by the absence of specialized basement membrane (BM). 

It results in restenosis and an accelerated device failure (Baber et al. 2010; de Mel et al. 

2008; Dvir et al. 2011). In this context we seek to learn more about the surface 

behaviour of type IV collagen (Col IV) as this unique multifunctional matrix protein 

plays a vital role in the organization and functional performance of BM (Charonis et al. 

2005; Hudson et al. 1993; Khoshnoodi et al. 2008; Kruegel and Miosge 2010), 

including the vascular one (Kalluri 2003). We anticipate that understanding how Col IV 

assembly at biomaterials interface (Coelho NM 2010; Hudson et al. 1993; Keresztes et 

al. 2006) might provide critical impact if one wants to mimic the natural organization of 

the vessel wall. 

When a foreign material is implanted the rapid adsorption of proteins from the 

surrounding medium precedes the subsequent cellular interaction (Altankov et al. 1996; 

Allen et al. 2006; Lee et al. 2006). A variety of surface properties including wettabillity, 

chemistry, topography and charge, have been shown to alter protein 

adsorption/conformation thus influencing the cellular response (Altankov et al. 1996; 

Allen et al. 2006; Keselowsky et al. 2005; Sherratt et al. 2005; Xu and Siedlecki 2007). 

Relatively little is known however about the behavior of matrix proteins which are less 

soluble in the biological fluids, such as collagens, laminins and others that exist in the 

tissues as natural polymers. At longer contact or under distinct non-physiological 

conditions these proteins may also associate with the surfaces thus determining the 

cellular interaction. Employing AFM and other nano indentation techniques recently we 

have shown that some surface properties such as wettability may strongly affect the 
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pattern of Col IV adsorption (Coelho NM 2010); we found that even adsorbed from acid 

conditions it assembly in a nearly single molecular features on hydrophilic substrata 

(glass) while tend to form prominent polygonal shapes consisting of molecular 

aggregates on the hydrophobic octadecylsilane surface; likewise, the endothelial cells 

attach more efficiently to the single molecular arrangements in comparison to the 

aggregated form of Col IV (Coelho NM 2010). Here we describe the behavior of Col IV 

in contact with two new model surfaces, the self assemble monolayer’s (SAMs) 

exposing positively charged -NH2 and negatively charged –COOH functionalities, to 

learn more about the effect of substratum chemistry. Indeed, AFM studies revealed 

distinct pattern of Col IV assembly resembling different aspects of network-like 

structure on NH2 and aggregates on COOH substrata, which were further shown to 

corroborate with the endothelial cells interaction.  

Col IV is recognized by integrins – a family of cell surface receptors that provide trans-

membrane links between the ECM and the cytoskeleton (Barczyk et al. 2010; Hynes 

2002; White et al. 2004). Out of the known 24 integrin heterodimers, α1β1, α2β1, α10β1, 

and α11β1 act as primary receptors for collagens(Barczyk et al. 2010; Hynes 2002; 

Kapyla et al. 2000; Kern et al. 1993; Popova et al. 2007; Vandenberg et al. 1991), but 

most abundantly expressed are α1β1 and α2β1 integrins (Khoshnoodi et al. 2008; White 

et al. 2004). Upon occupation integrins clusterize in focal adhesion complexes where 

their specific bidirectional signalling converges with other signalling pathways (Hynes 

2002) through a tyrosine phosphorylation dependent mechanism. It involves Focal 

Adhesion Kinase (FAK) and many other signalling components including Src, Cas, and 

paxillin (Guan 1997; Michael et al. 2009; Sieg et al. 1999). Depending on the 

conformation of adsorbed protein however, different cellular interaction (Grinnell and 
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Feld 1982) and integrin signalling may be expected (Kapyla et al. 2000; Keresztes et al. 

2006; Ludwig et al. 2006). 

We found that human umbilical vein endothelial cell (HUVEC) attach less efficiently on 

negatively charged –COOH surface, as judged by the altered cell spreading, focal 

adhesions formation and actin cytoskeleton development. Likewise, 

immunofluorescence studies revealed better Col IV recognition on positively charged 

NH2 substrata involving both α1 and α2 integrins and resulting in higher p-FAK 

recruitment. This suggests successful transmission of adhesive signals to the cells 

interior, apart from COOH substrata where almost no integrin clustering was observed. 

Thus, our studies provide a causal link between the protein conformation and the 

endothelial cells interaction. Details of this study are presented below.   

Material and Methods 

Self-assembly monolayers: Two SAMs were prepared according to previously described 

protocol(Gustavsson et al. 2008). Shortly, round shaped glass coverslips (Fisher 

Bioblock 15 mm diameter) were cleaned in an ultrasonic bath for 10min in a 1:1 

mixture of 2-propanol and tetrahydrofuran. The samples were then exposed to piranha 

solution (30% (v/v) H2O2 and 70% (v/v) H2SO4) for 30 min followed by a copious 

rinsing with milliQ water (18.2MΩ) and dried. For NH2 functionalization the samples 

were immersed for 18min at room temperature in a solution containing 30ml methanol, 

10ml of 4% acetic acid glacial and 3-(2-aminoethylamino) propyltrimethoxysilane 

(C8H22N2O3Si, Fluka) to yield a final 1% concentration. Excess of silane was washed by 

immersion in excess solvent solution. Samples were air dried and than heated at 80ºC 

for 1h. COOH functionalization was performed in two steps, by immersing the samples 

in a 1:3 mixture of CCl4 and n-C7H16 containing 0.01M 10-(carbomethoxy) deciyl 

dimethylchlorosilane (C14H29ClO2Si, ABCR GmbH &Co) for 4h at 4ºC, which create 
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COOHCH3 functions. Samples were then washed in silane-free solvent, heated as above 

and immersed overnight in a 12M HCl solution to create COOH surfaces as second 

step. 

Water contact angle: Wettability of -NH2 and -COOH SAMs was estimated with water 

contact angle measurement using sessile drop technique under Dataphysics Contact 

Angle Systems OCA15. The same measurements were also performed after coating the 

samples with 50µg/ml native Col IV (see below) for 30 min at 37
0
C. Average values 

were obtained from 3 measurements in at least three different samples. 

Quantification of adsorbed FITC-Collagen IV: The adsorption of FITC-Collagen IV 

was quantified by NaOH extraction as described previously(Coelho NM 2010). Briefly, 

the model surfaces were cleaned with distilled water in an ultrasonic bath, dried and 

coated for 30min at 37ºC with DQTM Collagen type IV (Molecular Probes, Cat. No D- 

12052) at concentrations 5-50 µg/ml dissolved in PBS. This collagen (type IV from 

human placenta origin) is conjugated with FITC (FITC-Col IV) in such a way that part 

of it fluorescence is quenched thus increasing significantly the quantum yield upon 

extraction under denaturing conditions. After coating the samples with different Col IV 

concentrations, as indicated, they were rinsed three times with PBS and dried. The 

adsorbed FITC-Col IV was extracted with 250µl of 0.2M NaOH for 2h at room 

temperature. The fluorescent intensity of the extracts were measured with a fluorescent 

spectrophotometer (Horiba-Jobin y Von, USA) set to 488nm (excitation) and 530nm 

(emission) and compared to a standard curve based on known concentrations of FITC-

Col IV solutions in 0.2M NaOH. 

Atomic force microscopy: For AFM measurements -NH2 and -COOH samples were 

coated with native Col IV (Abcam, Cat. No ab7536, UK) at indicated concentrations 1-

50µg/ml in 0.1M sodium acetate (pH 4.5) for 10 min and then dried. We have used the 
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AFM NanoScope III from Digital Instruments (Santa Barbara, CA) operating in the 

tapping mode in air utilising Si cantilever from Veeco (Manchester, UK) with force 

constant of 2.8N/m and resonance frequency of 75 kHz. The phase signal was set to 

zero at the resonance frequency of the tip. The tapping frequency was 5-10% lower than 

the resonance one. Drive amplitude was 200mV and the amplitude set-point Asp was 

1.4V. The ratio between the amplitude set-point and the free amplitude was kept equal 

to 0.7. Some AFM images were analyzed using the WSxM software (Nanotec, Spain) to 

observe the initial topography of non coated surfaces, as well as, the uniform 

distribution of protein on the different SAMs. 

Cells: Human Umbilical Vein Endothelial Cells (HUVEC) purchased by PromoCell 

(Cat No C-12200) were cultured in Endothelial Cell Growth Medium (PromoCell, Cat 

No C- 22010) supplemented with SupplementMix (PromoCell Cat No C39215) 

containing 0.4% ECGS/H; 2% Fetal Calf Serum, 01ng/ml Epidermal Growth Factor, 

1µg/ml Hydrocortison and 1ng/ml basic fibroblast factor. The growth medium was 

exchanged at each 3
rd

 day. For the experiments the cells were detached from around 

confluent flasks with Tripsin/EDTA (Invitrogen) and the remained tripsin activity was 

stopped with 100% FBS before 2 times washing with pure medium to remove any 

traces of serum proteins. Finally the cells were reconstituted in serum free EC medium. 

Overall Cell morphology: To study the overall cell morphology we used actin stained 

samples. For that purpose, 10
5
 cells/well were seeded in 6 well TC plates (Costar) 

containing the samples for 2h in serum free medium. Typically, the samples had been 

pre-coated with native Col IV as stated above, at concentration 50µg/ml in 0.1M sodium 

acetate pH 4.5 for 30 min. At the end of adhesion, the cells were fixed with 4% 

paraformaldehyde (20min) and permeabilized with 0.5% Triton X-1000 for 5min. Actin 

cytoskeleton was visualized with FITC-phalloidin (Molecular Probes, Cat No A12379) 
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and the nuclei with Hoechst 34580 (Invitrogen, Cat No H21486) dissolved in PBS 

containing 1% albumin. Finally the samples were mounted in Mowiol. The samples 

were viewed and photographed on a fluorescent microscope Axio Observer Z1, (Zeiss, 

Germany) at different magnification (see below). At least 3 representative images for 

each magnification were acquired. 

Quantification of cell adhesion and spreading: The number of adhering cells and the 

mean cell surface area were evaluated using the Image J plug-ins (NIH, 

http://rsb.info.nih.gov/ij/, USA). The adhesion was measured by counting the cells 

nuclei in at least 3 randomly chosen squares of each sample (photographed at 10X 

magnification) using the blue channel of microscope (viewing the cells nuclei). The 

average cells area was further measured (in µm
2
) using the same samples but viewed at 

20x magnification in the green channel of microscope (to visualize cellular actin). Three 

slides were studied for each condition and the results presented correspond to 3 

independent experiments.  

Immunofluorescenece: 10
5
cells/well were seeded for 2h as above. To visualize focal 

adhesions and phosphorilated focal adhesion kinase (pFAK) the  fixed and 

permeabilized samples were saturated with 1% albumin in PBS for 15min. Vinculin was 

visualized using monoclonal antibody (Sigma, cat No V9131) dissolved in PBS-1% 

albumin for 30min followed by AlexaFluor 488 goat anti-mouse (Invitrogen) as 

secondary antibody. The p-FAK was visualized using pFAK (Tyr925) polyclonal 

antibody (Cell Signaling cat No 3284) dissolved in PBS-1% albumin for 30min, 

followed by AlexaFluor 555 goat anti-rabbit (Invitrogen) as secondary antibody. When 

double or triple staining was used, the preliminary studies with omitting of the 

corresponding secondary antibodies were performed confirming no cross-reactivity. α1 

and α2 integrins were viewed with monoclonal anti-human integrin Mabs (Chemicon, 
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Cat No MAB1973) and (Abcam, No Ab24697), respectively, followed by AlexaFluor 

555 goat anti-mouse (Invitrogen) as secondary antibody. In some cases FITC phalloidin 

was added to the secondary antibody. The samples were viewed and photographed in a 

fluorescent microscope Axio Observer as above. At least 3 representative images were 

acquired (63X) for each experimental condition. 

Statistical analysis was performed using Stat Graphics Plus software employing 

ANOVA test to determine statistically significant differences between groups (p<0.05). 

Each data point represents mean ± standard deviation (SD) from at least three 

independent experiments. 

Results 

Water contact angle measurements: The data presented in Table 1 show a significant 

increase of water contact angle (WCAº) after silanization of the samples confirming the 

homogenous coating with SAMs. NH2 surfaces show WCAº of 53.2 + 6.9
o
, which is 

about 30% higher than COOH (p<0.05). However, after coating with Col IV the WCAº 

of both surfaces substantially decrease to a relatively hydrophilic value of 24-27
º
, which 

suggests that the cells will not “sense” significant differences in wettablility upon 

contact with above surfaces. 

Adsorption of Col IV on NH2 and COOH surfaces: Commercially available FITC-Col 

IV (monomeric) was used to study it adsorption kinetic to the model surfaces. Adsorbed 

Col IV was determined by comparison of extracted fluorescence signals (using 0.2M 

NaOH) to a standard curve with known FITC-Col IV concentrations as previously 

described(Coelho NM 2010; Gustavsson et al. 2008). Detectable values were obtained 

on both substrata (Fig. 1) showing typical saturation curves with a tendency for 

equilibrium at about 50µg/ml. NH2 surfaces demonstrated about twice significantly 

higher fluorescent signal for concentrations above 20µg/ml. 
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Atomic Force Microscopy: Fig. 2 represents the nanoscale adsorption pattern of Col IV 

studied with AFM onto NH2 (A) and COOH (B) surfaces as function of the coating 

concentrations from which the protein is adsorbed, increasing as 0, 1; 5; 10; 20; and 

50µg/ml (ordered from top to bottom). At lower concentrations as 1µg/ml multiple 

features with nearly single molecule size distribution were found which can not be seen 

on both plain surfaces (0µg/ml) and this morphology appears to be similar for 

concentrations up to 10µg/ml. At concentrations above 20µg/ml large linear structures 

appeared on NH2 surface, presumably consisting of molecular aggregates (Fig. 2A), 

which correlates with the observed twice higher amount of protein (Fig. 1). Conversely, 

on COOH surface (Fig. 2D) the sponge-like morphology with appearance of rather 

globular protein aggregates that remains almost unaltered with increasing the coating 

concentration is observed. Another evidence for the higher amount of protein on NH2 

surfaces is the considerably greater thickness of the protein layer (see the reference z-

scale bar on the right). In fact, as brighter is the image the ticker is the protein layer and 

this difference is obviously better pronounced at higher coating concentrations (above 

20µg/ml), also used for the biological studies (50µg/ml).  

Cell adhesion and spreading: The overall morphology of HUVEC adhering for 2h on 

Col IV coated NH2 and COOH surface is shown on Fig. 3. On COOH cells represent 

delayed spreading (Fig. 3B) with short actin filaments (Fig. 3D), while on NH2 they are 

more flattened (Fig. 2A) with prominent actin stress fibbers extending to the direction 

of cell polarization (Fig. 3C). The quantitative data presented on Fig. 3E and 3F shows a 

significant increase in both cell adhesion (p<0.05) and cell spreading area (p<0.05), 

respectively, on NH2 in comparison to COOH substrata. On non-coated samples only 

negligible cell spreading was observed with no difference between substrates (not 

shown).  
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The difference in the effectiveness of cell adhesion was confirmed by the simultaneous 

visualization of focal adhesion contacts (red) and the actin cytoskeleton (green) shown 

on Fig. 3. The flattened and elongated cell morphology of HUVEC on NH2 (Fig. 3C) 

correlates with the well developed focal adhesion contacts, where stress fibres often 

insert (see the arrow in merges at Fig. 3C). Conversely, on COOH surface round shaped 

morphology correlates with less expressed focal adhesion complexes (Fig. 3D). 

Signalling by integrins: To learn which integrins are involved in the adhesion process 

we studied the organization of α1β1 and α2β1 heterodymers referred to us as main 

collagen receptors: the first specific for Col IV, and the second recognizing all collagen 

types (Hynes 2002; Khoshnoodi et al. 2008). As shown in Fig. 4 both integrins are 

expressed in HUVEC adhering on Col IV coated NH2 surface (Fig. 4A and C); α1 

represents a rather linear organization (Fig. 4A) along with actin stress fibres (not 

shown) while α2 show well pronounced clusters resembling focal adhesion contacts 

(Fig. 4C). Conversely, almost missing α1 and α2 integrins organization on COOH was 

found (Fig. 4B and D, respectively), which correlates with the worse development of 

adhesive complexes (Fig. 3D). 

To learn whether the development of focal adhesions induced recruitment of 

phosphorylated signalling molecules we co-stain the samples for vinculin and pFAK. 

The data presented on Fig. 5 show a higher level of co-localisation between the well 

developed focal adhesion contacts (viewed by vinculin in green) and pFAK (red) on 

NH2 substrata resulting in orange in merges (see inset on Fig. 5E). Conversely, Fig. 5 B, 

D and E demonstrates that even some cells are able to make focal contacts (Fig. 5B), 

significantly less p-FAK is recruited on COOH (Fig. 5D), resulting in prevalent green at 

merges (see the enlarged view on Fig. 5F) - an observation suggesting altered 

transmission of signal to the cell interior. 
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Discussion 

Despite the extensive studies on biochemistry of Col IV (Gelse et al. 2003; Hudson et 

al. 1993; Keresztes et al. 2006) and its involvement in various human disorders 

(Charonis et al. 2005; Gelse et al. 2003), surprisingly little is known about the behavior 

of this important matrix protein at biomaterials interface. This study demonstrates a 

clear dependence of Col IV adsorption pattern on the substratum chemistry and 

provides a causal link between the protein conformation and the cellular interaction. 

The NH2 and COOH functions are abundantly expressed in all biological systems and 

their influence on the substratum behavior of adsorbed proteins is critical (Lee et al. 

2006; Thevenot P Fau - Hu et al. 2008). As the amount of free COOH and NH2 groups 

in proteins is equal, the difference in their substratum behavior might be attributed to 

their intrinsic physical properties. One possibility is that the positively charged NH2 

surfaces possess higher affinity because of the net negative charge of Col IV molecules 

in acidic conditions. Likewise, the appearance of repulsive forces might be expected on 

the negatively charged COOH substrata (Lee et al. 2006; Mrksich 2009; Thevenot P 

Fau - Hu et al. 2008). However, the AFM studies revealed that Col IV molecules do not 

adsorb stochastically, but rather tend to assembly in networks or aggregates, which 

points on the involvement of intermolecular forces. In fact, we obtained a specific 

surface induced assembly of Col IV which tends to augment with increasing the coating 

concentrations. It confirms our previous study (Coelho NM 2010) showing similar 

networks of Col IV on hydrophilic vs. aggregates on hydrophobic surfaces. However, 

this similarity is valid only for the low coating concentrations, as at higher, the 

volumetric distribution of the protein differs significantly: on NH2 the Col IV molecules 

tend to associate in fibril-like features (Fig.2A), while on COOH the aggregated, 

sponge-like morphology remains.  Thus, the increased amount of Col IV on NH2 
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substrata should be attributed to the protein-protein interactions, while on COOH the 

substratum interactions are prevalent. That is to say, the specific interaction between the 

chemical groups on the surface (either NH2 or COOH) and the different domains of the 

Col IV molecule results in altered conformation upon adsorption that facilitates 

intermolecular association of collagen molecules on NH2 or leads to a favoured 

interaction with COOH surface. This behaviour however is rather particular, if one 

keeps in mind that electrostatic interactions should enhanced the opposite, which 

suggests the existence of specific biological-non/biological interactions with stronger 

probability than just the electrostatic interactions. 

On NH2 surface Col IV molecules tend to organize in large linear structures, 

surprisingly resembling fibbers. It should be noted however that Col VI is not fibrillar 

protein as it typically forms 2D networks in the BM (Shamhart and Meszaros 2010; 

Timpl et al. 1985). Similar linear arrangement of Col IV has been found during early 

BM assembly (Fleischmajer et al. 1998) or deposited by embryonic mouse cells on the 

culture substratum (Chen and Little 1985). Fibroblasts can also remodel Col IV in fibril 

like pattern (Maneva-Radicheva et al. 2008), but it has to be admitted that all these 

arrangements are cell-dependent. The present study provides evidence for the first time 

that Col IV may assembly in linear features spontaneously, provoked by the substratum 

chemistry.  

The supramolecular structure of Col IV was extensively studied during the last decades 

(Hudson et al. 1993; Khoshnoodi et al. 2008; Kühn 1995; Timpl et al. 1985). Like many 

other matrix proteins Col IV is secreted as monomeric pro-form (Kalluri 2003; Kühn 

1995; LeBleu et al. 2007). Once secreted the triple-helical heterotrimeric molecules of 

Col IV self-associate to form 2D network which serves as molecular scaffold for other 

BM components (Charonis et al. 2005; Kalluri 2003; Kruegel and Miosge 2010). 
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Detailed in sito analysis of high resolution electron micrographs revealed that Col IV 

molecules self-assemble forming polygonal networks held together by overlapping and 

lateral interactions along the triple-helical domain and the N- and C-terminal end-

domains (Abrams et al. 2000).  Thus, Col IV is not soluble in the biological fluids 

(Gelse et al. 2003), but in vitro it can be adsorbed to the materials from acid conditions, 

where the triple helical molecules are unfolded and the lateral interactions minimized 

(Timpl et al. 1985). Many studies have shown that the acid soluble collagen is in a 

reversible configuration (Kühn 1995) and once switched to a physiological environment 

(pH 7.4, 37
º
C and distinct ionic content) polymerize in a highly functional gel-like 

matrix (Sung et al. 2009). An important observation from this and also from our 

previous  study (Coelho NM 2010) is that upon adsorption the soluble Col IV tends to 

assembly in a rather 2D network - a configuration similar to those in the BM (Kühn 

1995). Now we provide new insight in the diverse mechanisms for Col IV assembly on 

oppositely charged substrata showing that NH2 substrata promote networks formation 

that influence positively it biological performance.  

The use of primary endothelial cells in this study is not accidentally. Col IV is the main 

component of the vascular BM (Rivron et al. 2008; Sephel et al. 1996), where 

endothelial cells reside in a rather 2D environment, i.e. in geometry similar when 

adhering to blood contacting devices (de Mel et al. 2008; Rivron et al. 2008; Sephel et 

al. 1996). However, while endothelial cells procurement technologies for seeding 

implants have significantly improve, adhering cells often dedifferentiate and act in a 

counterproductive manner, accelerating device failure (Daley et al. 2008; Griffith and 

Naughton 2002; Sipe 2002). We anticipate that a reason might be the missing 

environmental signals from the natural BM. Our data show significantly improved 

interaction of HUVEC on Col IV coated NH2 surface suggested by the well developed 
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focal adhesion complexes and actin cytoskeleton. Conversely, a delayed cell spreading 

was observed on COOH substrata. The reason for this difference is not clear, but it is 

obviously connected with the conformation of adsorbed protein. Presumably the 

aggregated Col IV is less favored for the cells because of screening the recognition 

sequences. The main cellular receptor for collagens is α2β1 integrin (Kapyla et al. 2000; 

Kern et al. 1993; Popova et al. 2007), while α1β1 is Col IV specific (Kapyla et al. 2000; 

Kern et al. 1993; Vandenberg et al. 1991). Our results show that both α1 and α2 

integrins are involved, which correlates with a previous observations (Coelho NM 

2010). On NH2 surface however α2 integrin form structures, resembling focal 

adhesions, while α1 integrin appears in a rather linear pattern, resembling fibrilar 

adhesions (Cukierman et al. 2001) which corroborates with the previously obtained co-

localization of substratum arranged Col IV with fibronectin fibrils (Maneva-Radicheva 

et al. 2008). Nevertheless, these patterns of the receptors are missing on COOH 

substrata suggesting lowered recognition of the protein.  

Upon adsorption on mica Col IV forms dimmers and tetramers (Chen and Hansma 

2000). It is noteworthy that similar features resembling dimmers (see arrow in the 

augmented insets of Fig. 2C) or tetramers (arrowhead) might be distinguished on NH2 

substrata (at low coating concentrations only), obviously representing configuration that 

is easily recognized by the cells. The spontaneous formation of fibril-like structures at 

higher coating concentrations however should not be underestimated. It is well 

documented that the cells can “read” the geometry of the underlining substrata (Daley et 

al. 2008) which can dramatically change their behavior. Indeed, the better recognition of 

Col IV on NH2 surface is confirmed by the obvious recruitment of p-FAK in the focal 

adhesion complexes. The focal adhesion kinase (FAK) plays an important role in 

integrin signaling (Barczyk et al. 2010; Groth and Altankov 1996; Michael et al. 2009; 
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Sieg et al. 1999). The activation of FAK by integrin clustering results in 

autophosphorilation at tyrosine 397, which is a binding site for Src family kinases. The 

recruitment of Src kinases result in the phosphorilation of several tyrosine residues 

(Calalb et al. 1995) which include the one selected by us (Tyr925) reflecting the 

transmission of signals from the substratum to the cell interior (Calalb et al. 1995; 

Geiger et al. 2001; Groth and Altankov 1996; Guan 1997). In fact, our results confirm 

the higher activity of integrin – p-FAK pathway upon Col IV recognition on NH2 

surface. p-FAK co-localizes well with the focal adhesion complexes (see augmented 

insets on Fig. 5E), confirming an improved transmission of signal. Conversely, on 

COOH surface the altered integrin clustering correlates with an abrogated expression of 

p-FAK (see the augmented inset at Fig. 5E) which imply on it lowered biocompatibility. 

Collectively, these results suggest that NH2 functionalization combined with Col IV 

pre-adsorption comprises a prospective tool for the engineering of biomimetic interface 

that might improve the endothelization of cardiovascular implants. 
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Table 1 - Water contact angles of NH2 and COOH surfaces before and after coating 

with Col IV. 

Figure 1 - Adsorption profile of FITC-Col IV on model NH2 and COOH SAMs. 

Triplicate measurements were done at different coating concentrations and the main 

values compared to a standard curve with known FITC-Col IV concentration. 

Figure 2 - AFM images of adsorbed native collagen type IV to model NH2 (A) and 

COOH (B) surfaces. Adsorption concentration increases from up to down and 

magnification increases from left to right for each panel. Some amplification zones 

shown on A and B are presented on C and D, respectively. 

Figure 3 - Overall cell morphology of HUVEC adhering on native Col IV coated NH2 

(A,C) and COOH (B,D) surfaces. On the upper panel the cells were viewed for actin 

and nuclei at low magnification (bar 100µm). The lower panel represents the merged 

images of focal adhesion contacts (vinculin, red) and actin (green). Bar 20 µm. The 

results from the quantitative measurement of cell adhesion (E) and spreading (F) are 

presented on the on the right part of the figure. 

Figure 4 - Expression of alpha 1 (A, B) and alpha 2 (C, D) integrins in HUVEC 

adhering on NH2 (A, C) and COOH (B,D) samples coated with Col IV. Bar 20 µm.  

Figure 5 - Recruitment of the signalling molecule p-FAK (C,D-red) in the focal 

adhesion complexes (A,B-green) in HUVEC seeded on Col IV coated NH2 (A, C, E) 

and COOH (B;D, F) samples. The merged images are shown on (E and F) including the 

enlarged insets of the focal complexes. Bar 20 µm. 
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Figure 1 - Adsorption profile of FITC-Col IV on model NH2 and COOH SAMs. Triplicate measurements 
were done at different coating concentrations and the main values compared to a standard curve 

with known FITC-Col IV concentration.  
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Figure 2 - AFM images of adsorbed native collagen type IV to model NH2 (A) and COOH (B) 
surfaces. Adsorption concentration increases from up to down and magnification increases from left 
to right for each panel. Some amplification zones shown on A and B are presented on C and D, 

respectively.  
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Figure 3 - Overall cell morphology of HUVEC adhering on native Col IV coated NH2 (A,C) and COOH 
(B,D) surfaces. On the upper panel the cells were viewed for actin and nuclei at low magnification 
(bar 100µm). The lower panel represents the merged images of focal adhesion contacts (vinculin, 
red) and actin (green). Bar 20µm. The results from the quantitative measurement of cell adhesion 

(E) and spreading (F) are presented on the on the right part of the figure.  
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Figure 4 - Expression of alpha 1 (A, B) and alpha 2 (C, D) integrins in HUVEC adhering on NH2 (A, 
C) and COOH (B,D) samples coated with Col IV. Bar 20µm.  
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Figure 5 - Recruitment of the signalling molecule p-FAK (C,D-red) in the focal adhesion complexes 
(A,B-green) in HUVEC seeded on Col IV coated NH2 (A, C, E) and COOH (B;D, F) samples. The 
merged images are shown on (E and F) including the enlarged insets of the focal complexes. Bar 

20µm.  
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4. Fibroblasts Remodeling of Type IV Collagen at Biomaterials Interface 

depends on Fibronectin and Substratum Chemistry 

4.1 Preface 4 

ECM undergo distinct remodeling at cell-biomaterials interface as it mimic to a great extent the 

natural cell-ECM interactions. In vivo the cells accept distinct mechanical stimuli from the 

surrounding matrix to strengthen their connections with the cytoskeleton, thus responding to the 

mechanical properties of the environment. As the stiffness of the surrounding matrix is in the 

same order of magnitude as cells, they tend to organize this matrix in a way optimal for their 

functioning (Lutolf and Hubbell 2005; Daley et al. 2008). The cells behave similarly also in vitro 

as they tend to rearrange adsorbed proteins in a fibril-like pattern presumably as an attempt to 

make their oun matrix (Altankov et al. 2010). On the other hand, the cells often degrade atjacent 

proteins via a process known as pericellular proteolysis (Stamenkovic 2003), which is a way to 

remove excess ECM from the surface. However,  upon implantation of a material these local 

relations may be hampered, particularly if the material have hydrophobic or too rough surface that 

support imflamatory cell respone. Examples are the over-accumulation of ECM forming fibrous 

capsule around the implants, or conversely, the failure of an implant because of a gap-formation 

caused by missing ECM deposition (Moon et al. 1999; Stamenkovic 2003). Therefore, any in 

vitro study providing information about the balance between these processes and their outcome in 

vivo is strongly desirable. 

The intimal part of the vascular BM is the place where endothelial cells reside, but from outside 

the BM is also in contact with the rough connective tissue where the fibroblasts are the principal 

cells. Fibroblasts synthesize most ECM constituents, including Col IV and laminin, thus 

contributing to the formation of BMs, but they are also an important source of ECM-degrading 

proteases, such as MMPs, which highlights their role in maintaining the ECM homeostasis. The 

process of degradation is a type of remodeling that strives to remove the excess ECM and some 

recent investigations, including ours, show that it occurs also at cell-biomaterials interface. Our 

current data suggest that fibroblasts are able to remodel various surface associated proteins, 

including VN, FNG and Col IV, however the mechanisms that stay behind these processes needs 

to be elucidated, moreover it differ between proteins. Indeed, using AFM and other 

nanoindentation techniques we found different arrangements of Col IV on surfaces varying in 

wettability, chemistry and charge that resulted in different endothelial cells response. Here we 

extend this study exploring the activity of fibroblasts to remodel Col IV. We strive to learn how 

above different surface arrangements of Col IV influence the pattern of it organization, 

reorganization and degradation by adhering fibroblasts. 
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Our studies showed that in vitro fibroblasts not only interact with adsorbed Col IV, but also tend 

to remodel it in a morphologically distinct pattern. Two types of cell activities might be clearly 

distinguished when the substratum associated Col IV is labeled directly or viewed by 

immunofluorescence: first, a trend for Col IV organization in distinc substratum dependent 

pattern, and second, of Col IV degradation via pericellular  enzymatic cleavage. Our results 

suggest FN as the driving force for the linear organization of Col IV since these proteins 

frequently co-localize. 

We show that fibroblasts, very similarly to HUVEC, interact better with the single molecular 

arrangements of Col IV on hydrophilic and NH2 surfaces and it is altered in contact with the 

aggregated forms of Col IV on hydrophobic and COOH surfaces. Hydrophilic, COOH and NH2 

surfaces also support fibroblast reorganization of Col IV in fibril-like pattern that co-localized 

with FN fibrils, while the hydrophobic environment provoce their Col IV degradation activity. 

These observations are supported by the quantitative measurement of FITC-Col IV release, either 

directly in the medium, or when is extracted from the substratum. The details of this study are 

presented below in the form of a manuscript prepared for publication in Matrix Biology. 

!
!
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Abstract 

This paper describes the fate of adsorbed type IV collagen (Col IV) - the main structural 

component of the basement membrane (BM) – in contact with fibroblasts on model biomaterial 

surfaces, varying in wettability, chemistry and charge. We found that fibroblast not only interact 

with adsorbed Col IV but also tend to reorganize it in fibril like pattern that is strongly dependent 

on the surface properties. Following the trend of adsorption - NH2>CH3>COOH>OH - the 

reorganization improves with lowering the amount of adsorbed protein. However, the cells 

interact better with NH2 and OH surfaces, e.g. act independently on the amount of adsorbed Col 

IV - fact confirmed by the quantitative measurements of cell adhesion and spreading and also by 

the expression of α1 and α2 integrins and p-FAK. Conversely, the fibroblasts tend to round on 

COOH and CH3 surfaces correlating with the altered development of focal adhesion complexes 

and actin cytoskeleton as well as with the lowered integrin and p-FAK expression – all 

characterizing altered function of cell adhesion machinery. We further found that fibroblats 

remodel adsorbed Col IV in two ways: by mechanical translocation and via proteolytic 

degradation. We identify the role of FN for the reorganization process as the linearly arranged Col 

IV often co-localize with FN fibrils formed either from secreted or exogenously added FN. We 

found also that this reorganization is better pronounced on hydrophilic OH and positively charged 

NH2 surfaces. Conversely, on hydrophobic CH3 and negatively charged COOH the degradation 

activity toward FITC labeled Col IV and gelatin (zymography) override the reorganization 

process, observed morphologically and further proved quantitatively by the significantly 

increased released fluorescence in the medium. Taken together these results support the idea that 

fibroblast remodeling of surface associated proteins strongly affect the biological performance of 

a biomaterial. Moreover, we show that Col IV remodeling may be tailored from the materials site, 

which favors it tissue engineering application. 

Keywords: type IV collagen, surfaces, adsorption, remodeling, reorganization, fibronectin. 
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1. Introduction 

The behavior of cells within tissues is strongly dependent on the extracellular matrix (ECM) - a 

hierarchically organized structure consisting of fibrillar matrix proteins and proteoglycans (Daley 

et al., 2008).  Initially thought to function as a scaffold that maintain tissue and organ structure, 

nowadays it become clear that ECM contains various spatiotemporal cues (Aumailley and 

Gayraud, 1998; Kolahi and Mofrad, 2010) that affects virtually all aspects of cell functioning, 

including cell growth, survival, shape, migration and differentiation (Aumailley and Gayraud, 

1998; Goody and Henry, 2010; Hynes, 2009; Kolahi and Mofrad, 2010). ECM is highly dynamic 

structure continuously remodeled within tissues since cells build and reshape the surrounding 

matrix by degrading and reassembling it (Daley et al., 2008). ECM remodeling is an important 

process, which is critical during development, tissue repair, fibrosis, and tumor progression (Ala-

aho and Kähäri, 2005; Daley et al., 2008; Larsen et al., 2006; Wynn, 2008). It comprises of 

synthesis, arrangement and degradation and the balance between these three processes determine 

the loss or net accumulation of ECM (Shi et al., 2010). 

ECM undergo remodeling also in contact with biomaterials (Irvine et al., 2011; Llopis-Hernández 

et al., 2011; Place et al., 2009) as the molecular events that take place at biomaterials interface 

mimic to a certain extent the natural interaction of cells with the ECM (Altankov et al., 2010; 

Ratner and Bryant, 2004; Stevens and George, 2005). Cell-materials interaction starts with the 

adsorption of proteins from the surrounding medium (Grinnell and Feld, 1982) some of which are 

recognized by integrins at distinct site of the molecule, such as RGD and others motifs (Altankov 

et al., 1996; García, 2005; Hynes, 2002). Ligands for cell adhesion might be included also within 

the structure of the material (Mager et al., 2011; Wheeldon et al., 2011) as exemplified by the 

biomimetic biomaterials (Huebsch and Mooney, 2009; Langer and Tirrell, 2004; Lutolf and 

Hubbell, 2005). When integrins bind to their ligand they clusterize in focal adhesion complexes 

where the specific bidirectional integrin signaling converges with other signaling pathways 

(García, 2005; Hynes, 2002). It goes through a common tyrosine phosphorylation mechanism 

(Geiger et al., 2001) that involves focal adhesion kinase (FAK) and other signaling molecules 

including Src, Cas, and paxillin (Yamada and Geiger, 1997). Depending on the conformation of 

adsorbed protein, different cellular interaction (Grinnell and Feld, 1982) and integrin signaling 

may occur (Altankov and Groth, 1996; Keselowsky et al., 2003; Keselowsky et al., 2004) which 

influence the biocompatibility of materials (Käpylä et al., 2000; Keresztes et al., 2006).   

A large and growing body of evidences show that the cells need to accept distinct mechanical 

stimuli from the surrounding structures to strengthen their connections with the cytoskeleton 

(Janmey and McCulloch, 2007), thus responding to the mechanical properties of the environment 

(Geiger et al., 2009; Janmey and McCulloch, 2007). As the stiffness of the surrounding ECM in 
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vivo is in the same order of magnitude as cells, they tend to reorganize this matrix in a way 

optimal for their functioning (Grinnell, 1986; Hubbell, 2003). However, it may be hampered upon 

implantation of a material, particularly of these biomaterials that represent hydrophobic or rough 

surfaces. Examples are the over-accumulation of ECM forming fibrous capsule around the foreign 

body (Stamenkovic, 2003; Thevenot et al., 2008) or the failure of an implant because of a gap-

formation caused by missing ECM deposition from the surrounding tissues (Daley et al., 2008). 

The formation of soft connective tissue surrounding a dental inset, named peri-implant, is critical 

for it successful integration (Moon et al., 1999); it forms a biological seal at the gingival site 

(Moon et al., 1999). Collagen is the major component of this peri-implant tissue and fibroblasts 

play a crucial role on its formation (Abrahamsson et al., 2002; Moon et al., 1999). After initial 

ECM deposition however, fibroblasts secrete metalloproteinases (MMPs) that cleave the ECM 

proteins and if this process of resolution fails it can trigger fibrotic response (Daley et al., 2008; 

Stamenkovic, 2003). 

Our previous studies have shown that cells not only interact but also tend to rearrange the 

adsorbed proteins, such as fibronectin (FN) (Altankov and Groth, 1994) or fibrinogen (FNG) 

(Tzoneva et al., 2002) in a linear, fibril-like pattern, presumably as an attempt to form provisional 

ECM (Altankov and Groth, 1996; Altankov et al., 2010). The biological significance of this 

phenomena is still not clear, but using model surfaces we could demonstrate that this cellular 

activity is dependent on the type of cells (Altankov and Groth, 1994; Gustavsson et al., 2008; 

Maneva-Radicheva et al., 2008; Tzoneva et al., 2002) and on the surface properties of the material 

(Altankov and Groth, 1994; Gustavsson et al., 2008; Tzoneva et al., 2002). This let us to 

hypothesize that tissue compatibility of materials depends on the allowance of cells to remodel 

surface associated proteins and to organize provisional ECM (Altankov et al., 2010). We further 

anticipate that under specific conditions other, non-soluble ECM proteins like collagens may also 

associate with the biomaterial interface and the cellular response they elicit is of significant 

bioengineering interest (Altankov et al., 2010). One such protein is type VI collagen (Col IV) 

(Coelho et al., 2010; Coelho et al., 2011), which although not fibrillar protein, is actively 

reorganized by the adhering cells such as stromal fibroblasts (Maneva-Radicheva et al., 2008) in a 

fibril like pattern. The physiological significance of this phenomena is also not clear, but it 

undoubtedly represents a cell-dependent process (Maneva-Radicheva et al., 2008). Col IV is 

recognized by the cells via integrins and from the known 24 integrin heterodimers, α1β1, α2β1, 

α10β1, and α11β1 that act as primary receptors for collagens (Barczyk et al., 2010; Hynes, 2002; 

Käpylä et al., 2000; Kern et al., 1993) α1β1 and α2β1 are the most abundantly expressed 

(Khoshnoodi et al., 2008; White et al., 2004).  
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Col IV is the main structural component of the basement membranes (BM) (Khoshnoodi et al., 

2008; Kühn, 1995; Timpl and Brown, 1996) - a highly specialized ECM that divide tissues into 

structural compartments. Thus it play crucial role in various fundamental biological processes, 

including embryonic development, tissue remodeling, angiogenesis and wound healing (Kalluri, 

2003; Khoshnoodi et al., 2008; Yurchenco and Schittny, 1990), and also in various pathological 

conditions, such as fibrosis, inflammation and cancer (Charonis et al., 2005; Van Agtmael and 

Bruckner-Tuderman, 2010; Wynn, 2008). As main component of the BM Col IV is involved in 

the spatiotemporal organization of internal organs (Kalluri, 2003; Yurchenco, 2011).  

The behavior of Col IV at biomaterials interface is an important issue as it encompasses various 

concerns in tissue engineering, such as material induced fibrosis, endothelization of implants, 

vascularization within many others (Charonis et al., 2005; Kalluri, 2003; Yurchenco, 2011). 

Recently, employing atomic force microscopy (AFM) and other nano-indentation techniques we 

have shown that the surface properties of materials, such as wettability (Coelho et al., 2010) and 

surface chemistry (Coelho et al., 2011) strongly affect the pattern of Col IV adsorption altering 

the organization of protein layer. It in turn affects cellular interaction but often in an unpredictable 

way. It is not clear how it corroborates with the Col IV remodeling activity carried out by the 

adhering cells, which might be critical for the fate of an implant.  

To address this we have employed fibroblasts as model system considering their involvement (as 

stromal cells) in the synthesis, organization and remodeling of ECM (Griffith and Swartz, 2006), 

including of type IV collagen (Kalluri and Zeisberg, 2006). We found that fibroblast not only 

interact with adsorbed Col IV but also reorganize it in fibril like pattern that is strongly dependent 

on the materials surface properties. Following the trend of adsorption NH2>CH3>COOH>OH the 

reorganization pattern of Col IV tend to improve with lowering the amount of adsorbed protein. 

However, the cells interact better with NH2 and OH surfaces (representing the highest and the 

lowest adsorption respectively), e.g. independently on the amount of adsorbed Col IV, and this 

was confirmed by the quantitative measurements of cell adhesion and spreading and by the 

expression of α1 and α2 integrins. Conversely, the fibroblasts tend to round on COOH and CH3 

surfaces correlating with the altered development of focal adhesion complexes and actin 

cytoskeleton as well as with the lowered integrin and p-FAK expression – all characterizing the 

altered function of cell adhesion machinery. We further found that fibroblats remodel adsorbed 

Col IV in two ways: by mechanical translocation over the surface and via proteolytic degradation. 

We identify the role of FN in the reorganization process as the linearly arranged Col IV often co-

localize with FN fibrils formed either from secreted or exogenously added FN. We found also that 

this reorganization is better pronounced on hydrophilic OH and positively charged NH2 surfaces. 

Conversely, on hydrophobic CH3 and negatively charged COOH the degradation activity toward 
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FITC labeled Col IV coated substrata override the reorganization process, proved 

morphologically and quantified by the released fluorescence in the medium showing significant 

increase, which corroborates with the altered cell morphology and abrogated cell adhesion 

machinery. Taken together these results support the view that fibroblast remodeling of surface 

associated proteins affects the biological performance of a biomaterial, moreover, Col IV 

remodeling can be tailored from the materials site, which favors the tissue engineering 

implication of this phenomenon. Details of this study are reported below. 

2. Results 

2.1. Fibroblast reorganization of Col IV 

Figure 1 (B, F) demonstrates that fibroblasts interact very well with adsorbed Col IV, both native 

(A) and monomeric FITC-Col IV (E) after 5 h of culture. The cells represent well-developed actin 

cytoskeleton and prominent stress fibers. On (A, C, D) adsorbed native Col IV is visualized by 

immunofluorescence, while  FITC-Col IV (E, G, H) is viewed directly; (A and E) view samples 

without cells confirming the homogenous distribution of proteins. Fig. 1 C and G show that 

fibroblasts not only interact with both collagen types, but also tend to reorganize them in fibril-

like pattern. The dark zones at cells borders represent places from where the protein was removed 

to be arranged. The remodeling of Col IV is well pronounced at 5th hour (C and G) and further 

augments at 24th hour (D and H). No difference in the pattern of remodeling between native and 

monomeric Col IV was observed. The impact of pericellular proteolysis is difficult to be 

distinguished morphologically. To determine proteolytic activity, released fluorescence from 

FITC-Col IV coated substrata was measured at 5 and 24 h. As seen on Fig.1 J however, only 

small and non - significant increase of fluorescence (versus spontaneous desorption) was found. A 

reason could be that either cleaved Col IV remains on the substratum. Nevertheless, spontaneous 

desorption of FITC-Col IV exist as the fluorescence increase about twice after 24 hours (again 

with no difference if cells are present or not), which relates to the strength of protein-substratum 

interaction, but not to proteolysis. However, when adsorbed FITC-Col IV was extracted with 

NaOH (Figure 1 I) a significant increase of the fluorescent signal was found in the presence of 

cells (vs. no cells), presumably resulting from the de-quenching of cleaved Col IV by fibroblasts 

(see Methods section). As NaOH extraction itself do not cause de-quenching of FITC-Col IV (not 

shown) we concluded that the ratio between signals, with and without cells, might characterize 

quantitatively the pericellular proteolysis of Col IV. 

 



!128 

Figure 1 - Human fibroblasts cultured for 5 h (B,C,F,G) or 24 h (D, H) on native (A-C) or FITC-conjugated Col IV (E-

G). The immunofluorescent images of plain Col IV (A) and FITC-Col IV (E) coated samples viewed are shown on the 

left panel. Panel (I) depict the extracted FITC-Col IV singal after 5 or 24 hours, with or without fibroblasts. Panel (J) 

show the amounts of spontaneously released in the medium FITC-Col IV or after 5 and 24 h of culture. FITC signal is 

present in relative photometric units as mean + SD. Bar = 10 μm. 

2.2. Col IV remodeling is supported by fibronectin 

Col IV is not fibrillar protein and therefore it linear arrangement on the substratum cannot be 

explained with spontaneous assembly (as for FN). Considering however our previous studies 

(Maneva-Radicheva et al., 2008) showing that Col IV may co-localize with fibronectin (FN), it 

rise the possibility that the cell-driven process of FN fibrillogenesis could be involved in Col IV 

reorganization. To prove such possibility we performed a separate experiment where FN and Col 

IV were “exposed” each other in three different protocols and the results are summarized on 

Figure 2. The upper panel (Figure 2 A-C) represents native Col IV reorganization by fibroblasts 

after 5 h of incubation (A) viewed simultaneously with secreted FN via immunofluorescence (B) 

and both images are merged on (C). Middle panel shows how reorganized Col IV (D) co-localizes 

with FN fibrils when exogenous FN was added to the medium (E), visualized as above and 

merged on (F). Finally, on the lower panel FITC-Col IV was added to the medium and viewed 

(H) together with secreted FN (G), and merged at (I). All three conditions showed high degree of 

co-localization suggesting involvement of fibroblasts FN matrix formation on Col IV 

reorganization. 
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Figure 2 - Co-localization between remodeled Col IV (A, D) and secreted (B) or exogenously added (E) fibronectin in 

fibroblasts adhering for 5h on Col IV. On the lower panel secreted fibronectin (G) is viewed simultaneously with 

exogenously added FITC-Col IV (H). The images are merged on the left panel (C, F, I). Bar – 20 μm. 

2.3. Model surfaces 

To learn whether the surface properties of a material such as charge and wettability, may affect 

Col IV remodeling, four model surfaces expressing OH (hydrophilic glass), CH3 (hydrophobic), 

NH2  (positively charged) and COOH (negatively charged) were prepared. The data presented in 

Figure 3 shows a significant change of water contact angles (WCAº) confirming the successful 

and homogenous coating with SAMs.  

Figure 3- Water contact angles of model surfaces measured before (black bars) and after coating with Col IV (white 

bars). 

The CH3 surface shows about twice higher WCAº when compared with NH2 and about triplet 

value when compared with OH and COOH substrata (p < 0.05). However, after coating with Col 

IV the WCAº of all surfaces decreased substantially and tend to equilibrate at values between 20º 
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- 35º, which suggest that the cells will not “sense” the difference in wettablility upon contact with 

model surfaces. 

2.4. Quantification of adsorbed FITC-Collagen IV 

The sensitive FITC-Col IV release assay was applied to study the differences in protein 

adsorption to the model surfaces. The adsorbed protein was measured by extraction with 0.2M 

NaOH and compared to a standard curve with known FITC-Col IV concentrations as previously 

described (Coelho et al., 2010; Coelho et al., 2011). Detectable values of protein were obtained 

for all substrata at coating concentration of 50 μg/mL (Figure 4 A), the concentration used for the 

cellular studies, where CH3 and NH2 surfaces demonstrated about twice more adsorbed protein 

compared to OH and COOH.  

Figure 4- Adsorption and desorption of FITC-Col IV on different model surfaces. A). The amount of adsorbed Col IV 

was determined by comparison of extracted fluorescence signals (using 0.2M NaOH) to a standard curve with known 

FITC-Col IV concentrations. B). The release of FITC-Col IV was measured after 5 h of incubation to characterize the 

spontaneous desorption of protein. Triplicate measurements were performed for each condition. Protein adsorption 

concentration was 50 µg/ml (see Methods section). 

No further increase in the fluorescent signal over this saturation concentration was found (not 

shown). The spontaneous release of FITC-Col IV in the medium was also measured (B) to 

characterize indirectly the protein to substratum interaction. Thus, significantly higher rates of 

desorption were found from CH3 and COOH substrata in comparison to OH and NH2 suggesting 

lowered strength of interaction. However, the quantitative interpretation of these results is 

embarrassed from the different initial amount of adsorbed protein, which may explain the 

surprisingly high release from hydrophobic CH3 shown to strongly bound proteins. Nevertheless, 

the strongest interaction of Col IV with NH2 substrata is obvious as it shows highest adsorption 

(A) and significantly low desorption (B). Conversely, the real desorption from glass (OH) should 

be much higher if one consider the approximately 3 times lower adsorption in comparison to NH2 

(A) at almost same desorption (B) as from CH3.  
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2.5. Cell adhesion and spreading onto model surfaces 

The overall morphology of fibroblasts adhering on Col IV coated model surfaces for 2 hours is 

shown in Figure 5.  

Figure 5 - Overall morphology of human fibroblasts adhering on Col IV coated model materials for 2 h in serum free 

conditions. Cells were stained simultaneously for actin and vinculin. On (A-D) the cells are viewed for actin at low 

magnification (Bar 100 µm). The higher magnification on (E-H) depicts the development of focal adhesions contacts 

and actin stress fibbers (Bar 20µm). Below are presented the quantities for cell adhesion (I) and spreading (J). 

On OH (A) and NH2 (C) surfaces the amount of cells was higher and the fibroblasts presented 

flattened morphology. On COOH (D) and CH3 cell adhesion was less and the morphology of 

fibroblasts was non-homogeneous with appearance of round cells suggesting delayed spreading. 

The quantitative data presented in Figure 5 I and J confirms these morphological observations as a 

significant increase in both cell adhesion (p < 0.05) and spreading area (p < 0.05) on OH and NH2 

in comparison to CH3 substrata was found. On non-coated with Col IV samples only negligible 

cell spreading was observed with no significant difference between substrates (not shown). The 

difference in quality of cell adhesion was confirmed by the simultaneous visualization of focal 

adhesion contacts (red) and the actin cytoskeleton (green) shown in Figure 5: the flattened and 

elongated cell morphology on OH and NH2 correlates with the well-developed focal adhesion 

contacts, where stress fibers often insert (5E and G). Conversely, on CH3 surface round shaped 

cell morphology correlates with less expressed focal adhesion complexes (5F). Interestingly, on 

COOH substrate, although the cells are small they show well-expressed actin stress fibers and 

focal adhesions (Figure 5H).  
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2.6. Integrin expression 

To learn which integrins are involved in the adhesion process we studied the organization of α1β1 

and α2β1 heterodymers, referred to us as main collagen receptors, the first, more specific for Col 

IV, while second recognizes all collagen types (Hynes, 2002; Khoshnoodi et al., 2008). As shown 

in Figure 6, both integrins are well expressed in fibroblasts adhering on Col IV coated OH and 

NH2 surface (Figure 6A, C and E, G). 

Figure 6- Expression of alpha 1 (A-D) and alpha 2 (E- H) integrins by fibroblasts adhering on Col IV coated model 

surfaces. Bar 20 μm. 

However, α1 integrin represents a rather linear organization (Figure 6A and C) going along with 

actin stress fibers (data not shown), while α2 shows well-pronounced clusters resembling focal 

adhesion contacts (Figure 5E and G). These data confirm our previous observation with 

endothelial cells (HUVEC) on the same surfaces (Coelho et al., 2010; Coelho et al., 2011). In 

contrast, on CH3 and COOH surfaces almost no α1 clusters were found (Figure 6B and D, 

respectively), but α2 integrins were still expressed and formed clusters resembling small focal 

adhesions (Figure 6F and H). 

2.7. Signaling of integrins 

To learn whether the development of focal adhesion complexes induced recruitment of 

phosphorylated signaling molecules we co-stained the cells for vinculin and p-FAK. The data 

presented in Figure 7 shows higher degree of co-localization between the well-developed focal 

adhesion contacts (viewed by vinculin in green) and p-FAK (red) on OH and NH2 substrata, 

resulting in orange when merged (Figure 7 I and K). Conversely, on CH3 and COOH surfaces 

although some cells are able to make focal contacts (Figure 5 B and D), less p-FAK is recruited 

(Fig. 7 F and H) as seen on merges (Fig. 7 J and L) - suggesting altered transmission of signal to 

the cell interior. 
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Figure 7 - Recruitment of the signaling molecule p-FAK (E-H-red) in the focal adhesion complexes (A- D-green) of 

human fibroblasts seeded on Col IV coated model surfaces. The merged images are shown on (I-L). Bar=20µm. 

2.8. Different remodeling of Col IV on model surfaces 

Fibroblasts were seeded for 5 and 24 hours on Col IV coated model OH, CH3, NH2, and COOH 

surfaces to learn whether the differences in the initial cell interaction would affect Col VI 

remodeling. Hydrophilic glass samples (OH) in this case served as controls and link to the 

previous investigations. The pattern of Col IV reorganization was studied simultaneously with FN 

matrix secretion to follow how these processes corroborate with the substratum properties. Figure 

8 (upper panel A-D) shows substantial differences in the rearrangement of Col IV, namely, a 

pronounced linear fibril-like arrangement on OH and NH2, while an appearance of dark zones of 

removed protein around cell borders are often found on CH3 and COOH substrata, which do not 

corroborate with the amount of rearranged protein, particularly on CH3 (B). The FN matrix fibrils 

(middle panel) co-localize well on OH, NH2 and COOH substrata (E, G, H, respectively) resulting 

in yellow at merges (I, K and L, respectively), while on CH3 surface the larger dark zones (B) 

show very low, rather punctual deposition of FN matrix (F). 
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Figure 8 - Fibroblast remodeling of native Col IV on different model surfaces after 5 hours. The cells were stained 

simultaneously for Col IV and FN. Upper panel represents Col IV (A-D green) co-viewed with FN (E-H red); both 

images are merged on (I-L). Bar 20 μm. 

After 24h of culture (Figure 9 A-D) the remodeling progress, but followed the same trend of 

improved reorganization on OH and NH2 correlating with stronger deposition of FN matrix. FN 

deposition was particularly strong on NH2 substrata followed by COOH and OH. Again, the worst 

reorganization was found on CH3.  

Figure 9 – Fibroblasts remodeling of native Col IV on different model materials after 24 h. The cells were 

simultaneously stained for Col IV and FN and only merged images are shown (A-D). Middle panel (E) shows the 

zymography of conditioned medium where Line 1 is MMP9 and Line 2 – MMP2, of 97 and 72 KDa respectively. 

Lower panel shows the densitometry data for MMP9 (F) and MMP2 (G) activity. 



Results 

 

! 135 

 

Analyzing the conditioned medium with zymography we could prove the involvement of both 

MMP9 and MMP2 in Col IV remodeling (Figure 9 E). The densitometry analysis however did not 

show significant differences in MMP2 activity between model materials, while MMP9 activity 

was significantly depressed on NH2 substrata. 

Figure 10– Fibroblasts remodeling of FITC-Col IV on different model surfaces for 5 h (A-D). The cells are 

simultaneously stained for FN. Upper panel represent FITC-Col IV reorganization (A-D) on the different substrata, 

which is co-viewed with secreted FN (E-H); both imaged are merged on (I-L). Bar 20 mm. (M) The graph on right 

represents the quantitative difference in the de-quenching rate of FITC-Col IV caused by the proteolytic activity of cells 

(see text). 

Similar were the morphological observations with FITC-Col IV. As shown on Figure 9 (A-L) the 

cells easily arrange Col IV on OH and NH2, followed by COOH and CH3 substrata. Although the 

arrangement followed the same trend, an advantage of this system is that it can be used for the 

quantification of fibroblast degradation activity leading to de-quenching of FITC Col IV (Figure 

1G). Considering however, the differences in the initial amount of adsorbed protein, only the 

ratios between the extracted fluorescent signal with cells and without cells were compared. The 

graph on Figure 9 M depict the calculated de-quenching ratios for the different model surfaces 

showing significantly higher fibroblast Col VI degradation on CH3 followed by COOH and OH 

surfaces. The lowest degradation of Col VI was measured on NH2 surface. 

3. Discussion 

Cell-biomaterials interaction depends on the surface associated ECM proteins deposited and 

frequently remodeled by the adhering cells (Chen et al., 2008; Mager et al., 2011). Over or less 

deposition of ECM in tissues strongly affects the fate of implant (Daley et al., 2008) and because 

it often progress in an unpredictable way, any in vitro studies providing information about the 

balance of these processes are strongly desirable (Daley et al., 2008; Hubbell, 2003). This study 

demonstrates that human fibroblasts not only interact well with adsorbed Col IV in vitro, but also 

tend to remodel it in a morphologically distinct pattern. Two types of cell activities might be 
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foreseen: first, Col IV reorganization, and second, the degradation of this protein via enzymatic 

cleavage. In agreement with previous investigation (Maneva-Radicheva et al., 2008) we show that 

fibroblast are able to mechanically reorganize adsorbed Col IV in fibril-like pattern that 

frequently co-localize with FN matrix fibrils (Altankov and Groth, 1996; Grinnell, 1986). An 

important question is whether this process of spatial reorganization is physiologically relevant, as 

fibroblasts in 2D cultures often behave differently from their normal 3D environment in vivo 

(Beningo et al., 2004). Col IV is a non-fibrillar matrix protein typically observed in the basement 

membranes (BM), where it assembles in a sheet-like structure providing the major structural 

support for epithelial cells (Kalluri, 2003; Khoshnoodi et al., 2008; Kühn, 1995; Yurchenco, 

2011). The way of it spatial arrangement in the BM is not clear. It is widely accepted that it self-

assembles by anti parallel interactions and extensive disulfide bounding of four molecules to form 

7S domain (Kalluri, 2003; Khoshnoodi et al., 2008). Further lateral interaction of it C-terminal 

globular domains create the network that forms the BM (together with laminin and other linkage 

proteins) (Khoshnoodi et al., 2008; Vanacore et al., 2004). From this angle the fibroblast 

rearrangement of adsorbed Col IV does not look physiologically relevant, but it clearly represents 

a cell-dependent process. It is noteworthy however, that similar linear organization of Col IV has 

been observed during early basement membrane assembly in an in vitro 3D skin culture model 

(Fleischmajer et al., 1998), shown to be also a cell-driven process (Fleischmajer et al., 1998). In 

addition, our previous investigations on Col IV remodeling in contact with cancer cells also 

demonstrate the involvement of a2b1 integrins in the process (Maneva-Radicheva et al., 2008). 

Notwithstanding debates on the role of cells, our data suggest that the driving force for Col IV 

reorganization is the association with FN fibrils. In fact, such mechanism is demonstrated before 

for fibrillar collagens type I and III (Kadler et al., 2008; Velling et al., 2002), and also for 

adsorbed fibrinogen (Tzoneva et al., 2002), but we are the first connecting this mechanism with 

Col IV. Indeed, our double staining experiments clearly show a high degree of co-localization 

between FN and Col IV confirming involvement of FN in the reorganization. The co-localization 

however is not obligatory, suggesting also an independent translocation of the protein onto the 

cell surface presumably dependent on integrins (Sottile and Hocking, 2002). FN is synthesized by 

many adherent cells, including stromal fibroblasts, which assemble it into a fibrillar network 

(Wierzbicka-Patynowski and Schwarzbauer, 2003). During it assembly, FN undergoes 

conformational changes that expose FN-binding sites and promote intermolecular interactions 

important for the fibril formation (Mao and Schwarzbauer, 2005). The earlier work of Dzamba et 

al (Dzamba et al., 1993) show that FN binding site in fibrillar type I collagen may regulates FN 

fibril formation in fibroblasts. Sottile and Hocking (Sottile and Hocking, 2002) also show that FN 

polymerization into the ECM is required for the deposition of type I collagen. In fact, the 

association between these two ECM proteins is not surprising, as FN molecule has at least two 
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binding sites for collagens (Larsen et al., 2006; Mao and Schwarzbauer, 2005) and corresponding 

binding sites for FN have been identified on the collagen molecule (Sottile and Hocking, 2002; 

Velling et al., 2002; Zoppi et al., 2004). Furthermore, Chernousovet al. (Chernousov et al., 1998) 

reported that Schwann cells use directly a Col IV-dependent mechanism for FN fibril assembly. 

Consistent with this are our results showing that fluorescently labeled FN and Col IV 

(monomeric) frequently co-localize, either when pre-adsorbed or exogenously added in the 

medium (Figure 2). Hence, in contrast to the earlier belief that collagen polymerization occurs via 

self-assembly (Kalluri, 2003) our data showed that the preformed FN matrix is essential for Col 

IV network formation and presumably the specific integrin binding supports this process. It 

corroborates also by the previously observed coextensive (linear) assembly of Col IV along the 

actin cytoskeleton (Maneva-Radicheva et al., 2008) - an organization typical for FN matrix fibrils 

(Christopher et al., 1997; Clark et al., 2005; Wu et al., 1995), as well as, for the substratum 

reorganized FN (Altankov and Groth, 1996; Grinnell, 1986). On the other hand, it looks that Col 

IV reorganization does not require the native configuration of protein as it is equal and even 

supported when partly denatured (monomeric) Col IV have been used. This, together with the fact 

that denatured collagen possess higher affinity for FN (Ingham et al., 1988) suggests that the 

transient association with FN fibrils is more important for Col IV reorganization than it specific 

recognition by integrins. 

A novel observation of this study is that fibroblast reorganization of Col IV is dependent on the 

material surface properties: it is strongly supported on hydrophilic glass, followed by positively 

charged NH2 and negatively charged COOH substratum. Finally, it is abrogated on hydrophobic 

CH3 surface. The pattern of Col IV reorganization also is different: on hydrophilic glass and 

partly on COOH the dark zones, from where the protein is removed to be reorganized, are clearly 

visible, while on NH2 surface the reorganization goes along with FN fibrils and no zones of 

removal were observed. Following the trend of adsorption - NH2>CH3>COOH>OH - the 

reorganization improves with lowering the amount of adsorbed protein. However, the cells 

interact better with NH2 and OH surfaces, e.g. they act independently on the amount of adsorbed 

Col IV. This was confirmed by the quantitative measurements of cell adhesion and spreading and 

also by the expression of a1 and a2 integrins and p-FAK – all characterizing the proper function of 

cell adhesion machinery. Conversely, the fibroblasts tend to round on COOH and CH3 surfaces 

correlating with the altered development of focal adhesion complexes. Presumably, these 

differences are a consequence of the different strength of protein to substratum interaction, as 

NH2 represents about twice higher adsorption of Col IV and less desorption after 24 h in 

comparison to OH and COOH surfaces. Conversely, on CH3 despite high protein adsorption, a 

predominant removal, but not reorganization of both Col IV and FN is observed, which raise the 
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possibility for their proteolytic cleavage by the cells. Indeed, when released fluorescence signal 

from FITC-Col IV was measured, a significantly higher amount of cleaved protein was observed 

on CH3, followed by COOH and OH surface. It seems that when cells face the aggregated forms 

Col IV characteristic for this protein in hydrophobic environment (Coelho et al., 2010; Coelho et 

al., 2011) they trigger their proteolytic activity, presumably as an attempt to remove it.  

Interestingly, on NH2 substrata although highest amount of protein adsorbs, almost no proteolytic 

degradation was observed, which correlates with the absence of Col IV aggregates on this 

substrata (Coelho et al., 2011). With further culturing all these processes progress, but keeping the 

same trend. 

Taken together these results support our view that the ability of cells to remodel surface 

associated proteins strongly affects the biological performance of a biomaterial. They also show 

that the appropriate chemical functionalization (NH2, OH), combined with Col IV pre-adsorption, 

comprises a prospective biomimetic modification that might improve endothelization of 

cardiovascular implants. 

4. Experimental procedures 

4.1. Model surfaces 

To render the surface hydrophilic (Coelho et al., 2010) glass coverslips (22x22 mm, Fisher 

Bioblock) were cleaned in an ultrasonic bath for 10min in a 1:1 mixture of 2-propanol and 

tetrahydrofuran. The samples were then exposed to piranha solution (30% (v/v) H2O2 and 70% 

(v/v) H2SO4) for 30 min followed by a copious rinsing with milli Q water (18.2MΩ) and dried.  

Self-assembled monolayers: The hydrophobic CH3 surfaces were prepared as previously 

described (Coelho et al., 2010; Gustavsson et al., 2008) using an 

organosilanetrichloro(octadecyl)silane (ODS) purchased from Sigma (Cat. No 104817). Briefly, 

the cleaned as above samples were placed in a solution containing 12.5 ml of carbon tetrachloride, 

37.5 ml of heptane and 220 μl ODS. The samples were left in this solution for 18 min at room 

temperature and the excess of silane was washed away with pure heptane. Samples were then 

heated for one hour at 80ºC.  

For NH2 functionalization pre-cleaned as above samples were immersed for 18 min at room 

temperature in a solution containing 30 ml methanol, 10ml 4% acetic acid glacial and 3-(2-

aminoethylamino) propyltrimethoxysilane (C8H22N2O3Si, Fluka) to yield a final 1% concentration. 

Excess of silane was washed by immersion in an excess of solvent solution. Finally, the samples 

were air dried and heated at 80ºC for 1h.  
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COOH functionalization was performed in two steps, by immersing the pre-cleaned samples in a 

1:3 mixture of CCl4 and n-C7H16 containing 0.01M 10-(carbomethoxy) decyldimethylchlorosilane 

(C14H29ClO2Si, ABCR GmbH &Co) for 4h at 4ºC, which create COOHCH3 functions. Samples 

were then washed in silane-free solvent, heated as above and immersed overnight in a 12M HCl 

solution to create COOH surfaces as second step. 

4.2. Water contact angle measurement 

The wettability of OH; CH3; NH2 and COOH SAMs was measured with water contact angles 

using sessile drop technique performed on Dataphysics Contact Angle Systems OCA15. The 

same measurements were performed for all surfaces after coating with 50 μg/ml Col IV (Abcam, 

Cat. No ab7536, UK) in 0.1M sodium acetate, pH 4.5 for 30 min at 37 ºC. Average values were 

obtained from 3 measurements of at least three different SAMs. 

Statistical analysis was performed using Stat Graphics Plus software employing ANOVA test to 

determine statistically significant differences between groups (p<0.05). Each data point represents 

mean ± standard deviation (SD) from at least three independent experiments. 

4.3. Cells 

Human Dermal Fribroblast purchased by PromoCell (Cat No C-12302) were cultured in 

Dulbecco´s Modified Eagle´s Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 1mM Sodium Pyruvate, 2mM L-Glutamine, and Penicillin-Streptomycin, all of them 

purchased from Invitrogen. The growth medium was exchanged each 3rd day. For the experiments 

the cells were detached from around confluent flasks with Tripsin/EDTA (Invitrogen) and the 

remained tripsin activity was stopped with FBS before 2 times washing with pure medium to 

remove any traces of serum proteins. Finally, the cells were reconstituted in serum free DMEM. 

4.4. Overall Cell Morphology 

105 cells/well were seeded in 6 well TC plates (Costar) containing the samples for 2 h in serum 

free medium. Typically, the samples were pre-coated with native Col IV as stated above for WCA 

measurements, at concentration 50 μg/ml, in 0.1M sodium acetate, pH 4.5 for 30 min. At the end 

of incubation, the cells were fixed with 4% paraformaldehyde (20 min) and permeabilized with 

0.5% Triton X-100 for 5 min. To study the overall cell morphology we viewed simultaneously the 

actin cytoskeleton with FITC-phalloidin (Molecular Probes, Cat No A12379) and the nuclei with 

Hoechst 34580 (Invitrogen, Cat No H21486) stained for 30 min dissolved in PBS containing 1% 

albumin. Finally, the samples were mounted in Mowiol, viewed and photographed on a 
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fluorescent microscope Axio Observer Z1, (Zeiss, Germany). At least 3 representative images for 

each magnification were acquired. 

4.5. Quantification of cell adhesion and spreading 

The number of adhering cells and the mean cell surface area were quantified using Image J plug-

ins (NIH, USA). The adhesion was measured by counting the cells nuclei in at least 3 randomly 

chosen squares from the images acquired for each sample (photographed at 10X magnification) 

using the blue channel of microscope (viewing the cells nuclei). The average cells area was 

further measured (in μm2) on the same samples but viewed at 20x magnification in the green 

channel of microscope (to visualize cellular actin). Three samples were studied for each condition 

and the results presented are from 3 independent experiments. 

4.6. Integrin Signaling 

105 cells/well were seeded for 2h as above. a1 and a2 integrins were viewed with monoclonal anti-

human integrin antibodies (Chemicon, Cat No MAB1973) and (Abcam, Cat No Ab24697) 

followed by AlexaFluor 555 goat anti-mouse (Invitrogen) as secondary antibody. In some cases 

FITC-phalloidin was added to the secondary antibody. The samples were viewed and 

photographed in a fluorescent microscope Axio Observer as above. At least 3 representative 

images were acquired (63X) for each experimental condition. 

To visualize simultaneously the focal adhesions and phosphorylated focal adhesion kinase (p-

FAK) the fixed and permeabilized samples were saturated with 1% albumin in PBS for 15min. 

Vinculin was visualized using monoclonal antibody (Sigma, cat No V9131) dissolved in PBS-1% 

albumin for 30min followed by AlexaFluor 488 goat anti-mouse (Invitrogen) secondary antibody. 

The p-FAK was visualized using p-FAK (Tyr925) polyclonal antibody (Cell Signaling Cat No 

3284) dissolved in PBS-1% albumin for 30min, followed by AlexaFluor 555 goat anti-rabbit 

(Invitrogen) secondary antibody. For all double (or triple) staining protocols used, the preliminary 

studies with omitting of first or the corresponding secondary antibodies were performed 

confirming no cross-reactivity. 

4.7. Collagen IV remodeling 

To study the fate of adsorbed Collagen IV glass cover-slips (22x22 mm) were placed in 6-well 

tissue culture plates and coated with Col IV as above. After three times washing with PBS, 5x104 

fibroblasts were seeded in serum free medium and cultured for a time as indicated (2, 5 or 24 

hours). For 5 and 24 hours incubations 10% serum was added to the medium after one hour of 

culture in serum free medium. 
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At the end of incubations all samples were fixed with 4% paraformaldehyde (20 min) 

permeabilized with 0.5% triton X-100 (5min) and saturated with 1% albumin in PBS. The 

samples were processed for immunofluorescence using monoclonal anti-collagen IV antibody 

(Milllipore, Cat. No. MAB1910) followed by Cyth 3-conjugated Affini Pure Goat Anti-Mouse 

IgG (H+L) (Jackson ImmunoResearch, Cat. No 115-165-062) or Alexafluor 488 anti-mouse 

(Invitrogen Cat. No. A11001) secondary antibodies, as specified below. 

Most samples were viewed and photographed on fluorescent microscope (Nikon Eclipse E800) 

and only some double stained ones were viewed on Spectral Laser Scanning Confocal 

Microscope LSM (Leica TCS-SL). 

4.8. Quantification of adsorbed FITC-Collagen IV  

The adsorption of FITC-Collagen IV was quantified by NaOH extraction as described previously 

(Coelho et al., 2010). Briefly, the model surfaces were cleaned with distilled water in an 

ultrasonic bath dried and coated for 30 minutes at 37 °C with FITC Collagen type IV (Molecular 

Probes, Cat. No D- 12052) at concentrations 50 μg/ml dissolved in PBS. This collagen (type IV 

from human placenta origin) is conjugated with FITC (FITC-Col IV) in such a way that part of its 

fluorescence is quenched thus increasing significantly the quantum yield upon extraction under 

denaturing conditions.   

Three different conditions were used to study adsorbed FITC-Col IV: a) direct extraction of 

adsorbed protein after coating; b) add medium for 5 and for 24h and then extract remaining 

adsorbed protein (keeping exactly the same condition as with cells) and C) culture cells for 5 and 

24h measure fluorescent signal released to the supernatant and extract the remaining adsorbed 

protein. The adsorbed FITC-Col IV was extracted with 250 μl of 0.2 M NaOH for 2 h at room 

temperature. The fluorescent intensity of the extracts and supernatants were measured with a 

fluorescent spectrophotometer (Horiba-Jobin y Von, USA) set to 488 nm (excitation) and 530 nm 

(emission) and compared to a standard curve based on known concentrations of FITC-Col IV 

solutions in 0.2M NaOH. 

4.9. Co-localization of collagen IV with fibronectin 

To study co-localization of remodeled Col IV with secreted FN the cells were cultured in native 

Col IV coated glass for 5 or 24 hours as indicated in serum free DMEM for the first hour then 

10% serum was added to the medium. Col IV was viewed by indirect immunofluorescence using 

monoclonal anti-Col IV antibody (Milllipore, Cat. No. MAB1910) followed by Alexafluor 488 

anti-mouse (Invitrogen Cat. No. A11001) as secondary antibody. Secreted FN was viewed by 

polyclonal anti-FN (Sigma, Cat. No. F3648) followed by Alexafluor 555 anti-rabbit (Invitrogen, 
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Cat. No. A21428) as secondary antibody.  In other experimental set up the cells were cultured on 

FITC-Col IV and viewed directly while the secreted FN was viewed as above.  

To study co-localization of Col IV with exogenously added FN, the cells were cultured for 4 hour 

on native Col IV substrata in the presence of 10% serum. After 100 μg/ml of Human Plasma 

Fibronectin (Sigma, Cat. No F2006) was added to the medium for 1 h before fixation. To view 

native collagen and FN, the same combination of monoclonal anti-collagen IV and polyclonal anti 

FN antibodies were used. 

Another antibody was used to view FN in the second experimental set up, when slides were 

coated with FITC-Col IV. Exogenously added FN was viewed in these series using monoclonal 

anti-FN (Sigma, Cat. No F7387) followed by Cy3-conjugated AffiniPure Goat Anti-Mouse IgG 

(H+L). 

Co-localization of secreted FN with exogenously added FITC-Col IV. In these experiments the 

glass slides were coated with serum for 30 minutes and cells were seeded and cultured for 23 

hours in the presence of 10% serum. After that 100 μg/ml FITC-Col IV was added to the medium 

for 1 hour before fixation and saturation in 1% albumin (see below). Secreted FN was viewed as 

above using monoclonal anti-FN antibody followed with Cy3-conjugated Goat Anti-Mouse IgG. 

All samples were fixed with 4% paraformaldehyde (20 min) permeabilized with 0.5% triton X-

100 (5min) and saturated with 1% albumin in PBS for 15 min before staining. All samples were 

viewed and photographed on a fluorescent microscope Axio Observer Z1, (Zeiss, Germany) at 

different magnification. At least 3 representative images for each magnification were acquired. 

4.9. Zymography 

The conditioned medium from fibroblasts cultured for 24 hours on model materials was used to 

study the activity of the two major MMPs (MMP2 and MMP9) known to cleave Col IV. For that 

purpose, 25 μL of each supernatant was mixed with 5 μL of sample buffer (0.04 M Tris-HCL pH 

6.8, 4 % SDS, 33 % glycerin, 0.04 % bromophenol blue) and these samples were charged on a 

Ready Gel Zymogram (Biorad, 15-well) containing 10 %, gelatin, and subjected to a gel 

electrophoresis (SDS-PAGE). The gel was then incubated in 2.5 % Triton X-100 for 30 minutes 

before overnight incubation with renaturation buffer (1 M Tris-HCL pH 7.5, 5 M NaCl, 1 M 

CaCl2, 10 % Triton X-100) at 37 ºC. After staining with 0.5 % Coomassie brilliant blue R-250 (in 

30 % methanol/10 % acetic acid) and destaining with the same solution without Coomassie, 

gelatinolytic activity was detected as unstained bands on the blue background of the sample and 

quantified using a molecular imager gel Doc+ (imaging system, Biorad). 
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4.3 Supplementary Results 3 

Measurement of Cell Adhesion Strength via Flow Chamber  

Though the flow chamber was not used systematically in our studies, we performed a number of 

preliminary experiments aiming at calibration of the system, which is presented below. 

Calibration of the flow system 

Figure 1 - Relation between the volumetric flow and the shear stress applied in the wall of the chamber. 

Figure 1 shows the relation between the volumetric flow rate and the resultant sheer stress applied 

at the chamber wall calculated as described in materials and methods section. 

Figure 2- Reynolds number as function of the wall shear stress. 

As explained in the Methods section to exert a constant shear stress over the cell culture various 

parameters of the flow profile were considered. First, the Reynolds (Re) number has to be below 

the critical value of 2300 in order to maintain laminar flow (Owens et al., 1987). To determine if 

our system provides laminarity we plotted the shear stress as function of the Re number. As 

shown on Figure 3 all shear stress values used in the in vitro experiments gave values of Re 

number below 400 showing that our system maintain laminarity (Figure 2). Other important 

parameter is the entrance length (le) because the measurement should be taken at distances bigger 

than le to ensure steady flow over the area of interest (White, 2003). Figure 3 shows the result 
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determining the le at several shear stress values measured up to the maximum value used in our 

experiments. We defined as le 1.2 cm, a value slightly above the value obtained for our maximal 

shear stress. 

Figure 3- Entrance length as function of the wall shear stress. 

After calibration of the flow we defined six points (0.2, 0.5, 0.9, 1.8, 3.6, and 4.5 Nm-2) of flow 

rate to be used in the experiments.  

Fibroblast Adhesion Strength to Col IV on hydrophilic and hydrophobic surfaces 

Human fibroblasts were harvested from about confluent flasks and left to attach from a 

suspension with concentration of 1x106cells/ml in serum free medium to the glass cover of the 

chamber. The chamber was incubated for 2 h at 370C in an inverted position. The cover glass 

slides of the chamber were rendered hydrophilic or hydrophobic by pretreatment with Piranha or 

ODS solutions, respectively, before coating with 50 µg/ml Col IV (See Methods section). After 

adhesion the chamber was connected to the pump (strictly avoiding air bubbles) and subjected to 

different flow rates. Each shear stress was applied for two minutes before acquiring an image of 

the adhering cells (e.g. remained on the substratum). Then the flow was changed gradually to the 

next point up to 4.5 Nm-2.  

Figure 4 - Detachment of human fibroblast from hydrophilic glass and hydrophobic ODS as function of the shear stress 

applied (n=5). 
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The results show a clear trend for higher detachment of fibroblasts when adhering to Col IV 

coated hydrophobic ODS than to the hydrophilic glass substrata and the difference was significant 

for values above then 2 Nm-2.   

These differences in cell adhesion strength however, were difficult to be followed on other model 

materials, because of the high variability between experiments. This was the main reason we 

decided to stop using this method for characterizing the initial cell-biomaterial interaction. The 

other limitation was the necessity of using only transparent materials. 
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5. Remodeling of Type IV Collagen by Endothelial Cells 

5.1 Preface 5 

As stated in the results Section 4 the remodeling of ECM is an important process that involves 

ECM synthesis, organization and degradation accomplished mainly by stromal fibroblasts. 

However, endothelial cells are also involved in modifying ECM. The remodeling of vascular BM 

is a fundamental process during angiogenesis carried out in response to growth factors and MMPs 

secretion that promote not only the proliferation and migration of vascular endothelial cells, but 

also their organization. During angiogenesis the proteolysis accomplished by secreted MMPs can 

produce specific fragments with different biological activity that regulate tissue architecture 

through effect on the ECM (Stamenkovic 2003). As stated before, remodeling occurs also at 

biomaterials surface and at this level it can affect the vascularization of an implant, which in turn 

is a prerequisite for it successful integration in the tissues. Here we provide insights on the 

HUVEC ability to remodel adsorbed Col IV in contact with model biomaterial surfaces and show 

that varying with their wettability, chemistry or charge we can obtain control on this process. 

We compared the initial interaction of HUVEC with Col IV and their remodeling potential. 

Western-blot analysis of p-FAK expression was further performed to confirm the morphological 

observations. To quantify the proteolytic cleavage we prepared cellular extracts in order to detect 

early expression of MMP2 and we found significantly higher values when HUVEC were cultured 

on the aggregated form of Col IV, e.g. on hydrophobic substrata. Zymography of the conditioned 

medium however showed the involvement of both MMP2 and MMP9 in Col IV remodeling. 

We further studied the ability of HUVEC to form capillary-like tubes on Col IV coated model 

materials overlaid by basement membrane extract (BME) – containing 1% FITC-Col IV. After 

24h of culture HUVEC changed their phenotype and start to form tube-like structures. Important 

is to notice that in agreement with the supported initial interaction these structures were better 

developed on OH and NH2 surfaces. The experiments aimed to quantify the degradation activity 

of HUVEC also showed higher values on OH surfaces were the best capillary-like structures were 

found. 

Finally, considering the involvement of FN in Col IV remodeling (see the results in Section 4) 

and knowing that NH2 surfaces support FN fibrillogenesis while CH3 abrogate it, we create an 

order of model surfaces - mixed SAMs - expressing different partial ratios of these functions to 

learn more about the possibilities to control the fate of Col IV at cell-biomaterial interface, in this 

case, via modifying FN matrix formation. These model material surfaces were produced and 
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characterized in the Center for Biomaterials and Tissue Engineering at Polytechnic University of 

Valencia (Professor M. Salmerón-Sánchez group). 

We found higher amounts of FITC-Col IV on pure NH2 (100%) and CH3 (100%) SAMs 

suggesting different adsorption mechanisms. We also found that NH2 provoke Col IV 

organization while hydrophobic CH3 – its degradation. On this model we confirmed the 

involvement of both MMP2 and MMP9 in Col IV remodeling via zymography. Higher MMPs 

values were found again on 100%CH3 confirmed by the quantitative studies using FITC-Col IV 

release. Details of these studies are presented below as supplementary material. 

!
!
!
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5.2 Supplementary Results 4 

Signaling of endothelial cells on Col IV 

To learn whether the development of focal adhesion contacts on Col IV induces the recruitment of 

phosphorylated signaling molecules we co-stained the samples for vinculin and p-FAK. The data 

shown in Figure 1A shows a higher level of expression and co-localization between the well 

developed focal adhesion contacts (viewed by vinculin in green) and p-FAK (red) on OH (a and 

e) and NH2 (c and g) surfaces resulting in orange when merged (i and k). Conversely, on CH3 and 

COOH surfaces, although some cells were able to make focal contacts (b and d), a significantly 

less p-FAK is recruited (f and h), resulting in prevalent green in merges (j and l). These 

observations suggest successful transmission of signals to the cell interior on OH and NH2 

surfaces and altered transmission on CH3 and COOH surfaces. 

Figure 1 - (A) Recruitment of the signaling molecule p-FAK (e to h and i to l- in red) in the focal adhesion complexes 

(a to d and i to l- in green) in HUVEC seeded on Col IV coated OH, CH3, NH2, and COOH surfaces. Bar 20 μm. (B) 

Western-blot of cellular extracts of HUVEC adhering to the same Col IV coated model surfaces for 2h. Detection of p-

FAK, and FAK expression. (C) Densitometry analysis of p-FAK expression, standardized to FAK as control for protein 

loading.!

In order to confirm these morphologic observations we perform western blot analysis of HUVEC 

(cellular extracts) after two hours adhesion on Col IV coated model OH, CH3, NH2, and COOH 

surfaces. The results are shown on Figure 1B. The p-FAK expression is standardized to FAK as 

control for protein loading (Figure 1 C). We found higher values of p-FAK expression on OH and 
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NH2 surfaces and this difference was significant (p > 0.05) when both surfaces were compared 

with CH3 surface. The expression of p-FAK on COOH surface is lower, but the difference is not 

significant (p > 0.05). Collectively, these observations confirm the morphological data suggesting 

that HUVEC interact better with Col IV on OH and NH2 surfaces. 

In order to learn if the different adsorption/conformation of Col IV on the different materials 

induces different degradation activity of HUVEC we measured the MMP2 activity (comprising 

the major MMPs class known to degrade Col IV) of extracts prepared as for previous studies of p-

FAK expression. Figure 2 shows the western-blot (A) and the corresponding densitometry 

analysis for MMP-2 expression normalized to the amount of cellular vinculin (B) as control for 

protein loading. 

Figure 2 - (A) Western-blot of cellular extracts prepared from HUVEC adhering to Col IV coated model surfaces for 

2h. Detection of MMP2 and vinculin expression (B) Densitometry analysis of MMP2 expression is normalized to 

vinculin as control for protein loading. 

Significantly higher (p<0.05) expression of MMP2 was found on CH3 (Figure 2B) surface when 

compared to all other Col IV coated surfaces. The next was OH surface with still significantly 

higher activity than NH2, followed by COOH surface. These observations suggest that endothelial 

cells possess significantly higher degradation activity to Col IV on CH3 and OH surfaces.  

Morphological observations of Collagen IV remodeling by endothelial cells 

HUVECs were seeded for 5h or 24h on the Col IV coated model surfaces in the presence of 

serum (see Methods section) and consequently the Col IV reorganization and FN secretion were 

viewed simultaneously. The results are presented on Figure 3. A typical organization of secreted 

FN in fibrils that co-localize almost completely with substratum arranged Col IV in linear pattern 

was found on OH substrata (A and E), resulting in yellow when merged (I) after 5h of culture. 

Conversely, on CH3 surface the less Col IV arrangement was combined with appearance of dark 

zones where Col IV is removed (Figure 3 B), further corroborating with lowered deposition of FN 

fibrils (Figure 3 F). On NH2 the arrangement of Col IV was represented with shorter streaks that 

co-localize also well with secreted FN matrix, but note, the FN fibrils formation was substantially 

supported by this substrate (Figure 1 C, G, and K). Finally, on COOH again lowered 

rearrangement of both Col IV and FN was observed (Figure 3 D, H, and L respectively). 
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Figure 3 - HUVEC remodeling of adsorbed Col IV on different model surfaces after 5 h (A-D) and 24 h (M-P) 

corroborated with FN secretion, 5 h (E-H-red) and 24 h. Bar = 20 μm. 

The same trend was observed after 24 h (see Figure 3 M to P; only merges are presented) with 

increased dark zones on CH3 (N), much ticker FN fibrils on OH (Figure 3 M) and particularly 

augmented FN fibrils deposition on NH2 (Figure 3 O). The lowest cellular activity was again 

obtained on COOH surface (Figure 3 P).  

Zymography 

The conditioned medium collected after 24h of HUVEC cultured on Col IV coated model 

surfaces was used for zymography analysis to study the activity of MMP2 and MMP9 - the two 

major MMPs known to degrade Col IV. Figure 4 represents that in all conditions HUVEC secrete 

MMP2 and MMP9, but only MMP-9 seems to be secreted in both inactive and active forms 

(representing two bands). The densitometry analysis for MMP9 (Figure 4B) showed significantly 

higher values on CH3 and COOH, versus OH and NH2 surfaces, while MMP2 showed higher 

values for OH and COOH. Collectively, these observations support the morphological data, where 

the dark zones formed by HUVEC (consisting presumably of degraded Col IV) were visible 

mainly on CH3 and COOH surfaces, followed by OH and NH2 (Figure 3 A, B, D and M, N, P). 
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Figure 4 - Zymography of the conditioned medium of HUVEC cultured for 24 h on Col IV coated model materials. 

Line 1 MMP9 and Line 2 MMP2, 97 and 72 KDa respectively. (B) Densitometry for MMP9 and (C) for MMP2 

activity. 

Morphological data using the FITC labeled Col IV also confirms the general trend of differences 

between surfaces (Figure 5). They also confirm the observation that rearranged Col IV co-

localizes with FN fibrils, although much higher secretion of FN matrix was observed on NH2 

surface. All this suggested that FITC-Col IV might be used for further quantification of the 

differences in degradation activity of HUVEC toward Col IV. 

Figure 5 - FITC-Col IV remodeling by HUVEC on different model surfaces for 5 (A-D) and 24 (M-P) hours. FN 

secretion is also viewed by immunofluorescence after 5h (E-H-red) and 24h (M-P-red) of culture. Bar = 20 μm. 
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Indeed, the quantitative studies of FITC release to the supernatant revealed significantly higher 

values on CH3 and COOH surfaces in comparison to OH and NH2 model surfaces after 5h of 

HUVEC culture (Figure 6A). These results are in agreement with morphological observations 

where dark zones were mainly visible on CH3 (Figure 5B) and COOH (Figure D). However, after 

24 h of culture this difference was abolished, particularly on OH surface and only NH2 surface 

shows still significantly lowered value of FITC release suggesting low proteolysis. 

Figure 6 - Release of FITC in the supernatant after culturing HUVEC on FITC-Col IV coated model surfaces or 5 (A) 

and 24 (B) hours. Released fluorescent signal correlates with the proteolytic activity of the cells. 

Formation of capillary-like structures 

In this study we were interested to learn if the differences in the initial cell interaction would 

promote different capillary-like tubes formation. For that purpose the cells were seeded on Col IV 

coated model surfaces for two hours in serum free medium and then BME-containing 1%FITC-

Col IV was overlay at each sample. The morphological response of cells was studied after 5 and 

24 hours of culture. In agreement with our observations on early cellular interaction, the amount 

of cells on Col IV coated OH and NH2 surfaces (Figure 7A a, c) were higher than on CH3 and 

COOH (Figure 7A b, d) after 5h of culture. After 24h of culture however, in all cases HUVEC 

change their phenotype and start to form tube-like structures (Figure 7A e-h). Nevertheless, it is 

important to notice that still correlating with the difference in the initial cell adhesion, the 

formation of these structures looks pronounced on OH surface (Figure 7A e) followed by NH2 

surface (Figure 7A g), while on CH3  (Figure 7A f) and COOH surfaces (Figure 7A h) the 

formation seemed to be delayed. 

Figures 7B and C show our attempt to quantify the degradation activity of HUVEC via inclusion 

of FITC labeled Col IV included the BME. Figure 7B shows the amount of released FITC signal 

to the medium after 24h. However, no big difference between the materials was found, except 

between the positive (collagenase treated gels) and negative (pure medium) control samples (see 

Methods section). Conversely, when the remaining FITC-Col IV in the gel was extracted after 

24h of incubation (Figure 7C) we found significantly higher value on OH samples in comparison 
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to other three samples. On the other hand, all materials showed significantly higher signal than the 

negative control (pure medium) confirming the existing cellular activity. These results points to 

the possibility that although degraded by HUVEC FITC-Col IV may stay entrapped in the gel and 

not dissolve in the conditioned medium. 

Figure 7 - (A) HUVEC were cultured on Col IV coated model materials for 2h and then the samples were overlaid with 

BME-2%FITC-Col IV and further cultured for 5 (a-d upper panel) and 24 (e-h lower panel) hours. (B) The cellular 

proteolytic activity quantified by measuring intensity of the released FITC fluorescence in the medium after 24h of 

culture. (C) Remaining FITC signal in the gel measured after extraction with 1mg/ml collagenase. 

Studies on model surfaces with mixed SAMs  

Studies provided above have shown that NH2 and CH3 surfaces adsorb more Col IV, but provide 

completely different conditions for cellular interaction and FN matrix assembly. CH3 is strongly 

hydrophobic and suppress FN matrix organization while NH2 is moderately hydrophilic, but 

support FN matrix assembly.  Considering the involvement of FN in Col IV remodeling we 

decided to create an order of model surfaces – mixed SAMs - expressing different partial ratios of 

these functionalities to learn more about the possibilities to control the fate of Col IV at cell-

biomaterial interface. 

Adsorption of FITC-Col IV on mixed SAMs 

FITC-Col IV was again used to study protein adsorption profile onto model mixed SAMs. The 

amount of adsorbed Col IV was determined by comparison of extracted fluorescence signals 
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(using 0.2 M NaOH) to a standard curve with known FITC-Col IV concentrations as described 

above and detectable values were obtained on surfaces (Figure 8) using the adsorption 

concentration of 50 µg/ml. 

Figure 8 - FITC-Col IV adsorption on model mixed SAMs presenting different portions of NH2 and CH3 chemistries as 

follow: 100%NH2 (NH2); 90%NH210%CH3 (90%NH2/CH3); 70%NH230%CH3 (70%NH2/CH3); 50%NH250%CH3 

(50%NH2/CH3); 100%CH3 (CH3). Triplicate measurements were made using 50 µg/ml coating concentration and 

compared with standard curve with known FITC-Col IV concentration. 

The model surfaces that supported FITC-Col IV adsorption were the NH2, 50%NH2/CH3, andCH3, 

all showing no significant differences between each other, but adsorbing a significantly higher 

amount of protein when compared with the other two mixed SAMs (90% and 70% nNH2/CH3). 

Cell adhesion and spreading to mixed SAMs 

Figure 9A shows the overall morphology of HUVEC adhering for two hours on plane (a-e) and 

Col IV coated (f-j) model surfaces of mixed SAMs. On plane surfaces, the significantly low 

amount of adhered HUVECs correlates with the rounded cell morphology (a-e). Improved cell 

morphology was particularly pronounced on Col IV coated NH2, 90%NH2/CH3, 70%NH2/CH3 

SAMs (f, g, and h respectively), while on 50%NH2/CH3 and CH3 SAMs, less cells with rather 

rounded morphology were observed (i and j). The quantitative data for adhesion (Figure 9B) and 

spreading (Figure 9C) confirm these morphological observations showing a significantly higher 

amount of cells adhered to Col IV coated SAMs (B) and the number of adhering cells diminished 

with increasing the percentage of CH3 groups (Figure 9B-black bars). Cell spreading followed the 

same trend (Figure 9C). 
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Figure 9 - (A) Overall morphology of HUVEC adhering to plane (a-e) and Col IV coated (f-J) mixed SAMs. The cells 

are stained for actin and nucleus after 2 h of culture. Bar =100µm. (B) Represents the quantities for cell adhesion 

expressed as number of cells per cm2 and (C) spreading in µm2 for both plane (white bars) and Col IV coated (black 

bars) samples. 

Development of focal adhesion complex 

To learn more about the effectiveness of cell adhesion to adsorbed Col IV on mixed SAMs the 

focal adhesion contacts were visualized via vinculin together with actin cytoskeleton. As shown 

on Figure 10), the more flatten and elongated cells on NH2 and 90% to 70% NH2/CH3 SAMs 

represented also well developed focal adhesion contacts (F and G) where prominent actin stress 

fibers often inserts (A and B), as seen on merged images (K and L). On the other SAMs although 

decreasing in NH2 content, the cells still develop focal adhesion contacts, but diminishing in size 

(H-J) correlating with the less organized actin better seen in merged images (N, O). 
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Figure 10 - Development of focal adhesion contacts (F-J vinculin in red) and actin cytoskeleton (A-E) viewed by FITC 

phalloidin in green, of HUVEC seeded on Col IV coated mixed SAMs for 2h. The images are merged on the lower 

panel (K-O). Bar = 20 μm. 

To learn which integrins were involved in the adhesion we studied the expression and 

organization of α1 and α2 integrin subunits. As shown in Figure 11 both integrins are well 

expressed (A-E and F-J) although diminish as the percentage of CH3 groups increase (A-E and F-

J) becoming worst on CH3 (E, J). However, α1 represents a rather linear organization well seen on 

most SAMs (A - C) and going along with actin stress fibers (data not shown), while α2 shows 

well pronounced clusters resembling focal adhesion contacts (F- J), which diminish with 

increasing the percentage of CH3 groups (F-J), thus correlating with the smaller adhesive 

complexes (see Figure 10). 

Figure 11 - Expression of alpha 1 (A to E) and alpha 2 (F to J) integrins in HUVEC adhering on the same mixed SAMs 

coated with Col IV. Bar 20µm. 

Morphological evidence for Collagen IV remodeling on mixed SAMs 

HUVEC were seeded for 5h or 24h on Col IV coated mixed SAMs and both Col IV 

reorganization and FN secretion were viewed separately or superimposed. Figure 12 shows the 

typical organization of FN fibrils at 5th hour (F-G) that co-localize almost completely with linearly 

arranged Col IV (A-E). Merged images are presented on (K-O). Reorganization generally 

diminishes as the percentage of CH3 groups increase, but interestingly on 70%NH2/CH3 we found 
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peculiar optimum of Col IV arrangement that correlates with maximal FN fibrils assembly. 

Conversely, the worst Col IV arrangement on CH3 surface (E) corroborates with the lowered 

deposition of FN fibrils (J) where dark zones of Col IV removal (E) were also observed. 

The same trend was observed after 24 hours, shown on Figure 3 (P–T) where only merged images 

are presented. Note the increased dark zones on CH3 (T), suggesting higher Col IV removal, and 

the augmented FN fibrils deposition on 70%NH2/CH3 SAM (P-N).  

Figure 12 - Remodeling of adsorbed native Col IV by HUVEC on different mixed SAMs for 5 (A-E) and 24 (P-T) 

hours viewed simultaneously with secreted FN at 5 (F-J) and 24 hours (P-T, only merged images are shown). Bar = 20 

μm. 

Zymography 

By analogy with previous studies, the conditioned medium of HUVEC adhering on Col IV mixed 

SAMS was collected after 24h of incubation and used for zymography analysis to follow the 

activity of MMP2 and MMP9. Zymograms presented on Figure 13 show that HUVEC secrete 

MMP2 and MMP9 in all conditions, but only MMP-9 seems to be secreted in both inactive and 

active forms (two bands) while MMP2 was found only in inactive form (one band). The 

densitometry for MMP9 (Figure 13B) showed significantly higher levels for pure CH3 and 

50%NH2/CH3. This observation is partly in agreement with the morphological data where dark 

zones (presumably of degraded Col IV) were clearly visible on CH3 after 5h and 24h of culture 

(Figure 13S and T). For the other surfaces however this correlation is not so clear, but 

interestingly, the lowest MMP-9 (also MMP-2) was found on 70%NH2/CH3 surface where the 

highest Col IV and FN matrix organization was found (Figure 12). The densitometry for MMP2 

(Figure 13B) showed small differences, but again, the only significantly lowered expression was 

found on 70%NH2/CH3 surface. 
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Figure 13 - (A) Zymography of the conditioned medium of HUVEC cultured for 24 h on Col IV coated mixed SAMs. 

Upper line represents MMP-9 and the lower MMP-2, presenting 97 and 72 KDa, respectively. (B) Shows the 

densitometry values for MMP-9 and (C) for MMP-2 activity. 

Remodeling of FITC-Col IV on mixed SAMs 

Morphological data obtained with FITC-Col IV coated samples are shown on Figure 14. They 

confirm the general trend that rearranged Col IV co-localize with secreted FN fibrils. However, 

the optimum for Col IV remodeling at 70%NH2/CH3 is missing. Instead, a much higher secretion 

of FN matrix was observed on 70%NH2/CH3, 90%NH2/CH3 and pure NH2 SAMs that augment 

after 24 h (P-R). Conversely, appearance of dark zones of FITC-Col IV removal on both 

50%NH2/CH3 (D, J, N) and pure CH3 (E, J, O) surfaces was a typical observation after 5 h and 

better pronounced after 24 h of incubation. 

FITC-Col IV release from mixed SAMs 

Studies on FITC-Col IV release in the supernatant revealed significantly higher values on CH3, 

followed by 50%NH2/CH3 after 5h (Figure 15A), which is in agreement with the morphological 

observations where dark zones of Col IV removal were mainly visible. 

At 24th hour (Figure 15B) however, these differences were abolished, presumably because of the 

spontaneous desorption of protein in the medium. Nevertheless, the highest and significant FITC-

Col IV release (p<0.05) was found on CH3 surface. 
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Figure 14 - HUVEC remodeling of adsorbed FITC-Col IV on different model surfaces of mixed SAMs after 5 (A-E) 

and 24 (P-T) hours. Corresponding FN secretion viewed at 5 (F-J) and 24 h (P-T, only merges). Bar = 20 μm. 

Figure 15 - FITC-Col IV in the supernatants of HUVEC cultured for 5 (A) and 24 (B) hours on FITC-Col IV coated 

mixed SAMs. The released fluorescent signal is supposed to correlate with the proteolytic activity of cells. 
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Chapter 4 -Discussion 

It has been a long time since ligand-receptor theory was formulated which left us two important 

messages: first, the cells never interact with foreign materials directly, but with the adsorbed 

protein layer; and second, once cells recognize the protein, a cascade of biological events take 

place, which mimic their natural interaction with the ECM (Grinnell and Feld 1982; Griffith and 

Naughton 2002; Ratner and Bryant 2004; Lutolf and Hubbell 2005; Place et al. 2009). Cells 

interact with the surrounding microenvironment via transmembrane receptors – integrins - that 

bind to specific motifs on the matrix proteins, mostly fibronectin and vitronectin, which are 

uniformly available in the biological fluids (Griffith and Naughton 2002; Hynes 2002; Daley et al. 

2008). In vivo however they recognize much more matrix proteins of collagenous and non-

collagenous origin. Upon binding to ECM proteins integrins clusterize and transmit distinct 

stimuli to the cell interior, and as biological consequence, the cells spread and polarize (Gumbiner 

1996; Hynes 2002; Yamada et al. 2003). But they do this only in vitro, while in vivo these 

interactions are much more complex and dynamic (Cukierman et al. 2001; Griffith and Swartz 

2006; Altankov et al. 2010). Therefore the main strategy to design a scaffold or a biomaterial with 

tissue engineering application includes the use of such synthetic or natural materials that are able 

to interact with the biological environment to a level that allows the cells to participate actively in 

the pathways of tissue morphogenesis (Griffith and Naughton 2002; Lutolf and Hubbell 2005; 

Atala 2009; Place et al. 2009).  

The natural materials provide appropriate biochemical signaling, but generally do not allow 

modification of the scaffold properties such as mechanics, nanostructure, and degradation rate, 

apart from the fact that being animal-derived they may elicit an immune response (Lutolf and 

Hubbell 2005; Place et al. 2009; Shekaran and Garcia 2011). These limitations have led to 

extensive research that focuses on engineering specific properties into synthetic materials that are 

able to mimic the natural ECM while avoiding the problems that arise with the use of materials 

harvested from animal sources (Mooney and Langer 2000; Lutolf and Hubbell 2005; Place et al. 

2009; Sengupta and Heilshorn 2010; Dvir et al. 2011). 

One ECM characteristic that inspired several researchers is it fibrillar architecture (Lutolf and 

Hubbell 2005). In this sense polymer processing technologies such as electrospinning and others 

like supramolecular protein self-assembly (Zhang 2003) allowed the formation of fibrillar 

matrices that lay down to nanometric scale (Oberpenning et al. 1999; Zhang 2003; Lutolf and 

Hubbell 2005; Place et al. 2009). Other key ECM property is it hydrogel character, so it is not 

surprising that synthetic hydrogels had found increasingly important roles in biology and 

medicine. Furthermore, within such matrices is possible to incorporate a number of biological 
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characteristics, including cell adhesion ligands, proteolytic sequences and additives providing 

relevant elasticity (Langer and Tirrell 2004; Lutolf and Hubbell 2005; Huebsch and Mooney 

2009; Place et al. 2009; Phelps et al. 2010; Mager et al. 2011). ECM modulates tissue dynamics 

through its ability to locally bind, store, and release soluble bioactive molecules such as growth 

factors, and to direct them to the right place at the right time (Vogel and Baneyx 2003; Ratner and 

Bryant 2004; Lutolf and Hubbell 2005). It concerns the spatiotemporal organization of ECM. The 

main strategies of designing such synthetic matrices for temporal growth factors presentation 

focus on the control of their local concentration and on the sequential delivery of proteolyticaly 

activated bioactive molecules (Lutolf and Hubbell 2005; Place et al. 2009; Phelps et al. 2010). 

All these applications raise an important issue, connected with the dimensionality of cell 

biomaterials interaction. Nowadays, tissue engineering strives to mimic the 3D organization of 

the ECM with scaffolds that are able to support tissue specific cellular responses, including the 

local regeneration and/or repair (Griffith and Naughton 2002; Hubbell 2003; Griffith and Swartz 

2006; Atala 2009). However, various currently used medical devices such as stents, prosthesis, 

and metal implants cannot avoid the 2D contact with tissues. Upon implantation they hamper the 

local organization of ECM and alter the biocompatibility of implant. The basement membrane 

(BM) - a highly specialized type of ECM common to many types of tissues (Kalluri 2003; 

Yurchenco 2011) - also provides conditions for 2D cellular interaction. Apart from the fact that it 

determines the spatiotemporal organization of the organ specific (epithelial, endothelial) cells, 

BM is involved in a remarkable number of physiological and pathological processes, including 

cell adhesion, migration, embryonic development, wound healing and cancer progression 

(Paulsson 1992; Kalluri 2003; Van Agtmael and Bruckner-Tuderman 2010; Yurchenco 2011). In 

addition, it serves as reservoir for growth factors and enzymes and is responsible for the filtration 

and molecular sieving of physiological fluids (Paulsson 1992; Kalluri 2003; LeBleu et al. 2007; 

Van Agtmael and Bruckner-Tuderman 2010; Yurchenco 2011). As stated above, the BM is a fine 

(approximately 100-300 nm thick) structure that may be considered as 2D, at least to the range of 

a cell size. In this respect the in vitro surface behavior of Col IV - the major structural component 

of the BM - resemble at least to some extent the fate of this protein in vivo. Moreover, the cells 

often meet such 2D environments when are in contact with implanted bioengineering devices. An 

example is the engineered vascular tissue, which is the main target of our interest. To date, blood-

contacting devices including small diameter vascular grafts, stents, hard valves, etc., suffer from a 

common defect - the lack of sufficient endothelial cells ingrowth. As stated in two of the 

presented papers above, we anticipate that it is presumably caused by the absence of specialized 

BM resulting in an accelerated device failure (de Mel et al. 2008; Baber et al. 2010; Hibino et al. 

2010). Therefore, the development of materials and surfaces that support or reproduce closely the 

structure of Col IV in the BM is a challenging task. 
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In general, when a foreign material is implanted the rapid adsorption of proteins from the 

surrounding medium precedes the subsequent cellular interaction. Therefore, a variety of surface 

properties, including wettability, chemistry, topography and charge affect the cellular interaction, 

as have been shown they alter not only protein adsorption, but also it conformation (Wilson et al. 

2005; Barbosa et al. 2006; Arima and Iwata 2007; Thevenot et al. 2008). Apart from the soluble 

proteins however, relatively little is known about the behavior of the other matrix proteins that are 

less soluble in biological fluids. Such are the collagen, laminins, elastin and many others that exist 

within tissues as natural polymers (Hubbell 2003; Daley et al. 2008). At longer contact with 

tissues or under some non-physiological conditions (acid environment) these proteins may also 

associate with the biomaterial surfaces, and in that way to influence significantly the cellular 

interaction. In this context we are particularly interested on the surface behavior of Col IV as this 

unique multifunctional matrix protein play a vital role in the organization of vascular BM (Kalluri 

2003; Kruegel and Miosge 2010) . We anticipate that understanding how Col IV assembles at 

biomaterials interface might provide critical insights if one wants to mimic the natural 

organization of the vessel wall. 

Nowadays technologies enabled investigations on the fate of surface associated proteins at single 

molecular level, providing a possibility to learn more about their behavior in the nanometric scale. 

In this sense, the AFM and other nano-indentation techniques are exceptional tools to explore the 

conformation, distribution and organization of ECM proteins at biomaterials interface. However, 

since roughness for most of the biomaterials is well above the height of proteins (5-10 nm) 

(Fingerman and Fingerman 1975) direct observations of ECM components on commonly used 

biomaterials are sparsely reported. Using the AFM in tapping mode we could overcome some of 

these limitations (Hernández et al. 2007) and this led us to novel and even a bit surprising 

observations. We found that Col IV does not adsorb stochastically, but rather tend to self-

assemble in distinct patterns depending on the surface properties of the material. In this respect 

our studies were among the first highlighting the importance of the material surface properties for 

the fate of various ECM components at biointerfaces.  

Selection of model materials 

It is well documented that the surface properties of biomaterials have a great impact on protein 

adsorption and subsequent cellular interaction, thus determining the biocompatibility of a 

biomaterial (Grinnell and Feld 1982; Altankov and Groth 1997; Keselowsky et al. 2003; 

Keselowsky et al. 2004; Keselowsky et al. 2005). Among others, the wettability of a material has 

long been recognized as very important parameter affecting significantly both protein adsorption 

and cellular interaction. Therefore, not accidentally we choose hydrophilic glass, as a well-

established model surface from many previous investigations in the group. In general, hydrophilic 
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glass support cellular interaction although adsorbs less proteins, a fact usually attributed to the 

appropriate conformation of adsorbed adhesive components (Grinnell and Feld 1982; Altankov 

and Groth 1997; Keselowsky et al. 2003). However this is not always straightforward since 

materials with very high wettability, which bind much water like hydrogels, do not support 

protein adsorption and cell adhesion (Tamada and Ikada 1994; Gugutkov et al. 2010). Conversely, 

hydrophobic surfaces are normally associated with high protein adsorption, but in fact, it do not 

corroborates with an improved cellular response. Such surface is the octadecylsilane (ODS) 

coated substrate (SAM) that is also extensively studied before (Groth and Altankov 1996; 

Altankov et al. 1997; Krasteva et al. 2001; Ishizaki et al. 2010).  

Several studies reported also for the difference in the dynamic behavior of matrix proteins at 

biomaterials interface, resulting in varying ability of cells to reorganize them on surfaces varying 

in wettability. It includes several serum proteins, such as FN (Grinnell and Feld 1982; Altankov 

and Groth 1997), FBG (Hernández et al. 2009) and VN (Toromanov et al. 2010), but also of other 

less soluble ones, like collagens I (Storesund and Helle 1975) and laminin (Hernández et al. 

2007). These studies highlight the role of protein-substratum interaction in supporting (as do 

hydrophilic surfaces) or abrogating (hydrophobic ones) the ability of cells to organize their own 

fibril-like matrix on the biomaterials interface – a process that presumably affects their 

biocompatibility (Altankov and Groth 1994; Altankov et al. 1996; Altankov et al. 2010). 

Nevertheless, in some circumstances hydrophobic surfaces may also support cellular interaction, 

due to the spontaneous protein network assembly (Gurdak et al. 2006; Hernández et al. 2007; 

Gugutkov et al. 2009; Gugutkov et al. 2010), which do not corroborates with cell reorganization 

activity. 

When we started our investigations, the surface behavior of Col IV was only sparsely studied and 

poorly understood. Initially, we were interested on the adsorption profile and the molecular 

organization of the adsorbed Col IV layer, as well as, how it affects the biological performance on 

model hydrophilic and hydrophobic surfaces known to strongly influence the activity of other 

proteins. Indeed, as we showed in Section 1 (Coelho et al. 2010) we found a clear relationship 

between the organization of the protein layer and the subsequent cellular interaction. However, 

except on wettability the above model materials (glass and ODS) differed also in their chemistry, 

a fact that raised obstacles in the interpretation of results. Therefore, in the subsequent studies we 

introduced a new family of polymer substrates, where the fraction of –OH groups varies as an 

independent parameter without changing the chemistry. This family of polymers (developed by 

Prof. Salmeron-Sanchez group) is based on the copolymerization of ethyl acrylate (EA) and poly-

ethyl acrylate (PEA) in different ratios that gives rise to a random copolymer with tailor 

concentration of OH groups. This well defined family of polymer substrata was recently used to 
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follow the adsorption pattern of other ECM proteins, including fibronectin (Gugutkov et al. 2009; 

Gugutkov et al. 2010), vitronectin (Toromanov et al. 2010) and fibrinogen (Hernández et al. 

2009), showing that it also affect their biologic activity. With our studies we wanted widen these 

investigations following the behavior of Col IV and LAM aiming to understand the 

intermolecular associations when both assembly at differently wettable biomaterials. 

To further follow the effect of substratum chemistry and charge we introduced two new model 

surfaces (SAMs) expressing NH2 and COOH functions, which are abundantly expressed in all 

biological systems, moreover possess opposite charge (NH2 is positive and COOH is negative). 

During these studies however, we realized a new fact, that NH2 also support FN matrix synthesis, 

while CH3 strongly suppress it. As Col IV remodeling is dependent on FN we introduced a new 

system - mixed SAMs - expressing varying partial ratios of CH3 and NH2 functions to explore the 

novel possibility of obtaining control on Col IV behavior via modifying the FN assembly.  

Collagen IV adsorption and assembly on model surfaces 

Our data show that the adsorption of Col IV is strongly dependent on the material surface 

properties. Using FITC-Col IV we found that the hydrophobic CH3 represented significant higher 

adsorption, approximately doubled in comparison to hydrophilic OH and COOH surfaces. In 

respect to the literature in this field, one can consider that this result is not surprising since other 

proteins also represent stronger adsorption on hydrophobic substrata, presumably due to the polar 

interactions (Grinnell and Feld 1982), although this do not correlate with their biological activity. 

Interestingly, the slightly hydrophilic NH2 surface (WCAº ≈ 50) showed the highest amount of 

Col IV adsorption, more than hydrophobic CH3, resulting in the following sequence from higher 

to lower adsorption: NH2>CH3>COOH>OH. It is noteworthy the similar order was found when 

FN was adsorbed to SAMs of alkanethiols on gold expressing the same chemistry and close 

wettability (Keselowsky et al. 2003).  

One can support that the different adsorption pattern of Col IV on NH2 and COOH results from 

the different surface charge. However, the isoelectric point (pI) of collagen is reported to be at pH 

9.3 (Li et al. 2009), that is to say, it should be positively charged under neutral (PBS at pH 7.4) or 

acidic conditions (sodium acetate pH 4.5). Consequently, appearance of repulsive forces against 

the positively charged NH2 might be expected, which is against the observed higher Col IV 

adsorption on this substratum. Conversely on the negatively charged COOH electrostatic 

attraction should be expected (Lee et al. 2006; Thevenot et al. 2008; Mrksich 2009), which 

obviously is not the case, as significantly less protein is observed. An alternative explanation for 

these controversial observations might be the effect of the ionic strength e.g. the concentration of 

dissolved ions in the solution containing the protein. It is well documented that the higher the 
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ionic strength the shorter are electrostatic interactions between charged entities. As consequence 

the adsorption to same charged substrates is enhanced whereas the adsorption of charged proteins 

to oppositely charged substrata is hampered (Rabe et al. 2011). Another interesting observation 

was those with mixed NH2/CH3 SAMs model where two picks of adsorption were found: the first 

pick is on the most hydrophobic SAM (100%CH3) and the second, on the positively charged 

SAMs (100%NH2). This suggests that different mechanisms of adsorption are involved and the 

mixture of chemistries may disturb the “normal” trend of protein deposition (the negative 

correlation with surface wettability is endorsed) leading to unpredicted result. 

Our AFM studies led to another interesting observation. They revealed that Col IV do not adsorbs 

stochastically, but tend to make distinct patterns, resembling different aspects of network-like 

structure or aggregates. We further found that Col IV adsorption pattern is strongly dependent on 

material surface properties suggesting different lateral interactions between the protein molecules. 

It is interesting to note that the surface assembly of Col IV on strongly hydrophilic (OH) and 

moderately hydrophobic NH2 surfaces presented very similar and close to single molecular 

arrangement, particularly at lower concentrations where structures resembling dimers and 

tetramers may be distinguished. As the coating concentration increases the Col IV molecules start 

to assemble in network containing nearly molecular size features on OH, while forming much 

larger linear structures on NH2. Conversely, on CH3 and COOH the sponge-like morphology with 

appearance of rather globular protein aggregates correlates with the altered biological activity. At 

higher concentrations these structures remains almost unaltered on COOH while show prominent 

network consisting of molecular aggregates on CH3 with not clear biological consequence. 

There are no observations endorsing the substratum dependent Col IV assembly in the literature, 

though the supramolecular structure of Col IV was extensively studies during the last decades 

(Yurchenco and Furthmayr 1984; Timpl et al. 1985; Hudson et al. 1993; Khoshnoodi et al. 2008). 

It is well documented that Col IV molecules are heterotrimers of about 390 nm long composed of 

a combination of three alpha chains from the six genetically distinct forms that exist (Yurchenco 

and Furthmayr 1984; Kühn 1995; Khoshnoodi et al. 2008). Like many other matrix proteins Col 

IV is secreted as a monomeric pro-form. The assembly of Col IV is initiated by the formation of 

protomers where three alpha chains associate through their non-collagenous domains before 

folding into triple helix. The lateral association of the triple helix, the covalent binding of 7S 

domains and the association of alpha chains at the NC1 domains are essential for the formation of 

the protomeric 2D network that serves as scaffold for the BM (Yurchenco 1990; Timpl and 

Brown 1996; Kalluri 2003; Khoshnoodi et al. 2008). Col IV is not soluble in biological fluids 

(Gelse et al. 2003), but in vitro it can be adsorbed to the materials from acid conditions, where the 

triple helical molecules are unfolded and the lateral interactions minimized (Timpl et al. 1985). 
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Several studies have shown that acid-soluble collagens are in a reversible configuration (Kühn 

1995) and once switched to a physiological environment (pH 7.4, 37 ºC and distinct ionic content) 

they polymerizes in a highly functional gel-like matrix (Sung et al. 2009).  

An important observation of our studies was that upon adsorption soluble Col IV tends to 

assemble in a rather 2D network – a configuration similar to those in the BM (Kühn 1995). Thus, 

we provide new insight to the diverse mechanisms for Col IV assembly on substrata varying in 

wettability and chemistry showing different assembly of Col IV depending on material surface 

properties that in turn influence its biological performance. AFM studies reveled a spontaneous in 

vitro assembly of Col IV molecules in di- and tetramers upon adsorption to mica (Fingerman and 

Fingerman 1975), which suggest similar assembly of Col IV on biomaterials interfaces, at least it 

is the case on the OH and NH2 surfaces, where both di- and tetramers are visible at low coating 

concentrations. 

The surface behavior of Col IV on substrates with tailor density of –OH groups further confirmed 

our general observations, but also showed some unexpected effects. We observed: (i) a single 

molecule arrangement on intermediate hydrophobic substrata, and (ii) a tendency for molecular 

assembly in network, which increase with hydrophobicity. It leads to the formation of an 

augmented network at XOH = 0, presumably consisting of molecular aggregates, while elongated 

fibril-like features were observed on the most hydrophilic XOH = 1. These two trends suggest the 

possible involvement of both polar and non-polar adsorption mechanisms, which is out of the 

scope of this study, but presumably may explain the two optimums in the cellular interaction, one 

hydrophilic (XOH = 1) and one hydrophobic at XOH = 0.3 (see below). 

Another interesting observation from this study was that LAM also tends to make networks in the 

same as Col IV conditions. A clear tendency for LAM assembly in networks at almost all range of 

surfaces was found. However, these networks vary significantly in their thickness and 

organization: they were prominent on XOH = 0 and XOH = 0.5 surfaces and rather subtle on XOH = 1 

and XOH = 0.3. It seems that increasing the fraction of –OH groups tend to diminish the network 

formation presumably reducing the lateral interactions. However, on most hydrophilic XOH = 1 

surface, LAM shows again surprisingly high protein deposition as extrapolated from the 

calculations for protein volume (Coelho et al. 2011). Interestingly, the same non-monotonic trend 

of adsorption was previously found on this family of surfaces with fibronectin (Gugutkov et al. 

2009). Note, on the same surface Hernandez et al. have previously found globular-like LAM 

deposition after adsorption from solutions of much lower protein concentration (Hernández et al. 

2007), which stress on the importance of competition between protein-protein versus protein-

material interactions to determine the conformation of LAM at the material interface. 
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Nevertheless, independently of the complex arrangements of LAM some cross-shaped structures 

that resemble single molecules (Chen et al. 1998) can be sparsely observed on XOH = 0.3 and XOH 

= 1 surfaces, suggesting the deposition of protein in a near natural configuration. Note, on this 

same surfaces the optimal cellular interaction, with also two maximums as for Col IV, is 

observed. The resemblances in the behavior of Col IV and LAM in respect to their assembly and 

cellular interaction suggest that similar forces might guide their organization in the BM, were they 

form an overlapping polymeric network (Timpl and Brown 1996; Kalluri 2003; Khoshnoodi et al. 

2008; Van Agtmael and Bruckner-Tuderman 2010). This provoked our interest in a joint Col IV-

LAM deposition, which could provide insights on their natural interplay in the BM. Unfortunately 

these two proteins possess different solubility (Col IV dissolves in acid, whereas LAM in neutral 

conditions), which exclude their assembly together. Thus, the only simple solution was to adsorb 

them consequently, first Col IV and then LAM. As a result, a tendency for join network formation 

was found on most surfaces except for the most hydrophilic XOH=1, where a rather globular 

deposition (resembling the behavior of LAMon this substratum) was obtained. It is interesting to 

mention that the consequent pre-adsorption favored the LAM adsorption pattern especially on 

intermediate substrates. As Col IV adsorbs first it probably serves as a template for subsequent 

LAM assembly, but the dominating sponge-like structure presumably representing a joint Col-

LAM network cannot be seen on single protein series. It is noteworthy that this complex network 

structure looks similar to those seen on the topographic AFM images of the natural BM 

underlying the corneal epithelium (Abrams et al. 2000). 

Cellular interaction 

To understand the impact of the different Col IV arrangements on the cellular interaction we used 

primary endothelial cells (HUVEC). To choose these cells we considered that Col IV is the main 

structural component of the vascular BM (Sephel et al. 1996; Kalluri 2003; Rivron et al. 2008) 

where endothelial cells reside. On the other hand, when endothelial cells attach to flat and smooth 

surfaces they encounter a similar geometry to those when interact with blood contacting devices, 

where endothelization is highly desirable (Sephel et al. 1996; de Mel et al. 2008; Van Agtmael 

and Bruckner-Tuderman 2010). In general, the endothelization of implants is a main concern in 

tissue engineering. However, while endothelial cells procurement technologies for seeding 

implants have been significantly improved, adhering cells often dedifferentiate and act in a 

counterproductive manner, accelerating device failure (Griffith and Naughton 2002; Sipe 2002; 

Daley et al. 2008; de Mel et al. 2008). As stated in two of the papers above, we anticipate that a 

reason for this failure might be the missing environmental signals from the natural BM and this 

was the second issue we wanted to address in this work.  
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In general, we found that HUVEC interact better with the single molecular arrangements of Col 

IV and conversely, show altered attachment to protein aggregated morphology and it derivatives. 

The improved cell adhesion, focal contacts formation and actin cytoskeleton development 

correlates with the pronounced integrin clustering and p-FAK recruitment, confirming a favored 

interaction of HUVEC with NH2 and OH surfaces, and also the proper transmission of signals to 

the cell interior. Conversely, the coarse network of Col IV aggregates on hydrophobic CH3 and 

negatively charged COOH surfaces correlates with the altered interaction of HUVEC, resulting in 

down regulation of all cell adhesive machinery. Presumably, the aggregated Col IV molecules are 

less favorable for cells because of screening of their recognition sequences such as RGD and 

GOFGER motifs (Vandenberg et al. 1991; Kern et al. 1993). The main cellular receptor for 

collagens is α2β1 integrin (Kern et al. 1993; Käpylä et al. 2000; Popova et al. 2007), but α1β1 is 

considered as more specific for Col IV (Vandenberg et al. 1991; Kern et al. 1993; Käpylä et al. 

2000). That is to say, the aggregated pattern of Col IV observed by AFM must be linked to the 

reduced availability of the binding site for both α1 and α2 integrins located approximately 100 nm 

away from the amino-terminus within its CB3 fragment (Timpl et al. 1985; Hudson et al. 1993; 

Khoshnoodi et al. 2008). But even in the case that adsorption of Col IV on CH3 and COOH 

surfaces is in conformation that allowed adequate CB3 exposition, its density would not be 

enough since most of the domains must be hidden due to lateral interaction between proteins that 

are favored instead of protein surface interaction (Coelho et al. 2010; Coelho et al. 2011). 

Conversely, the single molecular arrangement of Col IV induced different integrin clustering 

since α2 integrins formed clear focal adhesions, while α1 integrins appeared in a rather linear 

pattern, resembling fibrillar adhesions (Cukierman et al. 2001). It corroborates well also with the 

confirmed for all materials co-localization of substratum arranged Col IV with FN fibrils 

(Maneva-Radicheva et al. 2008). 

As stated above, the interaction of HUVEC with Col IV and LAM on substrates with controlled 

density of –OH groups showed surprisingly two optima, a hydrophilic one (XOH = 1) and a 

hydrophobic (XOH = 0.3), reveled from changes in the adhering cells morphology, the quantities 

for cell adhesion and spreading and the development of focal adhesion complexes. However, 

when both proteins were applied consequently leading to the distinct complex morphology of the 

adsorbed protein layer, a “hydrophobic shift” in cellular interaction was observed, confirmed also 

at higher coating concentrations (50 µg/ml) in the supplementary results. These observations 

suggest a synergistic behavior of these two BM components, resulting in a similar HUVEC 

response even when both proteins are adsorbed separately. One possible explanation for this 

hydrophobic shift is that the strength of the LAM-Col IV binding overrides the protein-substratum 

interaction resulting in a favored cell-binding configuration of both molecules. 
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Remodeling of Col IV 

ECM is a highly dynamic structure since cells continuously build and reshape it (Daley et al. 

2008). ECM remodeling is an important process that is critical during development, tissue repair, 

fibrosis, and tumor progression (Ala-aho and Kähäri 2005; Larsen et al. 2006; Daley et al. 2008; 

Wynn 2008). It comprises synthesis, arrangement and degradation and the balance between these 

processes determine the loss or net accumulation of ECM (Shi et al. 2010). ECM undergoes 

distinct remodeling also at cell-biomaterials interface (Place et al. 2009; Irvine et al. 2011; Llopis-

Hernández et al. 2011). A large and growing body of evidences show that the cells need to accept 

distinct mechanical stimuli from the surrounding structures to strengthen their connections with 

the cytoskeleton (Janmey and McCulloch 2007), thus, responding to the mechanical properties of 

the environment (Janmey and McCulloch 2007; Geiger et al. 2009). As the stiffness of the 

surrounding matrix in vivo is in the same order of magnitude as cells, they tend to reorganize this 

matrix in a way optimal for their functioning (Grinnell 1986; Hubbell 2003). However, these 

relations may be hampered upon implantation of a material, particularly of it represents rough or 

too hydrophobic surface. Examples are the over-accumulation of ECM forming fibrous capsule 

around the most implants (Stamenkovic 2003; Thevenot et al. 2008) or the failure of an implant 

because of the gap-formation caused by missing ECM deposition from the surrounding tissues 

(Daley et al. 2008). The formation of soft connective tissue surrounding the implant, named peri-

implant, is critical for it successful integration (Moon et al. 1999). It forms for example the 

biological seal of dental implants at the gingival site (Moon et al. 1999). Collagens are the major 

component of this peri-implant tissue and fibroblasts play a crucial role for its formation and 

remodeling (Moon et al. 1999; Abrahamsson et al. 2002). Therefore, in our general studies we 

explored the fibroblast cell model although in later investigations we show that endothelial cells 

also provoke Col IV remodeling at biomaterials interface. 

On the other hand, after initial ECM deposition (consisting mainly of collagen), fibroblasts 

secrete MMPs and other enzymes that cleave the ECM proteins and if this process of resolution 

fails it can trigger fibrotic cell response (Stamenkovic 2003; Daley et al. 2008). We anticipate that 

the good cellular interaction with adsorbed proteins is not sufficient to determine the success of an 

implant. Cells should be allowed to remodel the surface associated proteins (Tzoneva et al. 2002; 

Daley et al. 2008; Altankov et al. 2010; Llopis-Hernández et al. 2011), which requires that 

proteins are loosely bound to the surface, so that that cell can easy organize them in a matrix-like 

structure (Altankov and Groth 1994; Altankov et al. 2010). In the time we start our studies there 

were limited studies on the substratum behavior of Col IV.  

As stated before, in fact the balance between matrix organization and it degradation is of critical 

importance since over/or less deposition of ECM strongly affects the implant fate (Daley, Peters 
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et al. 2008). Therefore, these processess need to be studied simultaneously and explored in a way 

that help to understand and obtain a control on their ballance. As the matrix remodelling often 

progress in an unpredictable way, any in vitro study providing information about it outcome is 

strongly desirable (Sipe 2002; Hubbell 2003; Daley et al. 2008). In fact, this was a rationale that 

provoked our studies with model material surfaces; we wanted to learn if we can obtain a control 

on Col IV remodeling with “tools” from the materials site.  

The vascular BM is the place where endothelial cells reside but this specialized structure contact 

also the surrounding connective tissues where fibroblasts are the principal cells able to synthesize 

and arrange BM constituents (Kalluri and Zeisberg 2006). They are also an important source of 

ECM-degrading proteases such as MMPs, which highlights their crucial role in maintaining the 

ECM homeostasis (Simian et al. 2001; Kalluri and Zeisberg 2006) and the matrix turnover during 

tissue repair (Tomasek et al. 2002). Thus fibroblasts are the main mediators of scar formation and 

tissue fibrosis (Hu et al. 2001; Kalluri and Zeisberg 2006; Wynn 2008) and this was the second 

reason to explore them as model cell system.  

Recent investigation showed that fibroblasts are able to remodel surface associated Col IV and 

that the pattern of this remodeling is altered in contact with cancer cells (Maneva-Radicheva et al. 

2008). These studies however, did not clarify the physiological relevance of this process. Thus, 

with an aim to maximally reproduce the functional architecture of the vascular BM we widen our 

knowledge in the field following the fibroblasts Col IV remodeling at engineered substratum 

properties. 

Our in vitro studies revealed that fibroblasts not only interact with adsorbed Col IV, but also tend 

to remodel it in a morphologically distinct pattern. Two types of cell activities were foreseen: 

first, a trend for linear, fibril-like organization, and second, a tendency for degradation of 

substratum associated protein via enzymatic cleavage. Thus, in agreement with previous 

investigations (Maneva-Radicheva et al. 2008) we show that fibroblasts are able to mechanically 

translocate adsorbed Col IV in fibril-like pattern that frequently co-localizes with FN matrix 

fibrils. An important question was whether this spatial reorganization of Col IV by the cells is 

physiologically relevant, as fibroblasts in 2D cultures often behave differently from their normal 

3D environment (Beningo et al. 2004). Col IV is not a fibrillar protein and assembles in a sheet-

like structure in the BMs, also in the vascular BM where it provide the major structural and 

mechanical support for endothelial cells (Kühn 1995; Kalluri 2003; Khoshnoodi et al. 2008; 

Yurchenco 2011). From this angle, the observed linear rearrangement of adsorbed Col IV by both 

fibroblasts and endothelial cells does not look physiologically relevant, but it obviously represents 

a cell-dependent process. It is noteworthy that similar linear organization of Col IV was observed 
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during early BM assembly in an in vitro 3D skin culture model (Fleischmajer et al. 1998), 

representing also a cell driven process. In conjunction with the previous investigations on Col IV 

remodeling by cancer cells (Maneva-Radicheva et al. 2008) in our study we demonstrate the 

partial involvement of α1 and α2 integrins in the process. On the other hand, our results suggest 

that the main driving force for the substratum Col IV reorganization is the association with FN 

fibrils. Such a mechanism for co-assembly is not new in the literature and is demonstrated for 

example during the arrangement of fibrillar proteins, like collagens type I and III (Velling et al. 

2002; Kadler et al. 2008) and also for adsorbed fibrinogen by endothelial cells (Tzoneva et al. 

2002), but we are the first showing that it works for non-fibrillar Col IV.  

FN is synthesized by many adherent cells, including stromal fibroblasts but also endothelial cells, 

which assemble it into a fibrillar network (Wierzbicka-Patynowski and Schwarzbauer 2003). 

During its assembly, FN undergoes conformational changes that expose FN-binding sites and 

promote intermolecular interactions important for fibril formation (Mao and Schwarzbauer 2005). 

It was shown that FN binding site in fibrillar Col I may regulate FN fibril formation by fibroblasts 

(Dzamba et al. 1993). Sottile and Hocking also showed that FN polymerization into the ECM is 

required for the collagen type I deposition, furthermore Chernousov et al. reported that Shawann 

cells use directly a Col IV-dependent mechanism for FN fibril assembly. Actually the association 

of these two ECM proteins is not surprising, as FN molecule has at least two biding sites for 

collagens (Mao and Schwarzbauer 2005; Larsen et al. 2006) and corresponding binding sites for 

FN have been identified on the collagen molecule (Sottile and Hocking 2002; Velling et al. 2002; 

Zoppi et al. 2004). Consistent with this are our results showing that FITC-FN and Col IV 

frequently co-localize each other either when are pre-adsorbed and reorganized by fibroblasts, or 

when are exogenously added in the medium. Hence, in contrast to the earlier belief that collagen 

polymerization occurs mainly via self-assembly (Kalluri 2003) our data showed that a preformed 

FN matrix is essential for collagen network formation and presumably the specific integrin biding 

of adsorbed collagen supports this process. On the other hand, it looks that Col IV reorganization 

does not require native configuration of the protein as it runs well and is even supported when 

partly denatured (monomeric) Col IV have been used for coating the substrates. Indeed, our 

double staining experiments clearly show a high degree of co-localization between FN and Col IV 

in various model conditions. The co-localization however is not obligatory since there are zones 

of absent overlapping, suggesting also an independent translocation of the protein onto the cell 

surface presumably dependent on α1  and α2 integrins. 

Another very important observation from this work was that the pattern of Col IV remodeling 

mediated by both fibroblasts and endothelial cells is strongly dependent on the material surface 

properties. Following the trend of the initial cellular interaction they were able to mechanically 
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translocate Col IV on hydrophilic and NH2 surfaces where it represents rather single molecular 

arrangement. However, on hydrophobic surface, the dark zones (from where the adsorbed protein 

is removed) are often visible around cell periphery suggesting direct enzymatic cleavage of the 

protein. Conversely, on NH2 substrata, although the highest amount of protein adsorbs, almost no 

zones of protein removal were observed. Interestingly, although on COOH surfaces the Col IV is 

aggregated fibroblasts were able to reorganize it in a similar pattern as on hydrophilic surfaces, 

which might be explained with the loose interaction of the protein with substratum. 

Degradation of adsorbed Col IV 

The prominent network of molecular aggregates observed on hydrophobic surfaces, obviously 

block the ability of cells to rearrange Col IV, but it is also accompanied with appearance of dark 

zones around cells suggesting local protein removal. This raises the possibility for an enzymatic 

cleavage of the adsorbed protein by the cell. To check this opportunity we developed a new 

fluorimetric approach measuring the released fluorescence from adsorbed FITC-Col IV. Indeed, 

when the released fluorescence signal was measured, a significantly higher amount of cleaved 

protein was observed on CH3, followed by COOH and OH suggesting increase in the degradation 

activity of cells. The lowest proteolysis was measured on NH2 for both fibroblasts and endothelial 

cells. 

The vascular BM undergoes continuous remodeling and endothelial cells are also involved and 

this process, particularly during angiogenesis (Kalluri 2003). It involves synthesis and 

degradation in response to growth factors and MMPs, also promote the proliferation and 

migration of vascular endothelial cells (Kalluri 2003; de Mel et al. 2008; Arnaoutova et al. 2009). 

During angiogenesis the proteolysis can induce specific substrate-cleavage of fragments with 

different biological activity that may regulate tissue architecture both directly and indirectly 

(Page-McCaw et al. 2007). MMPs secreted by vascular cells cleave ECM proteins that can 

change the cellular behavior because generate fragments, which have different biological 

activities from their precursors. An example is the exposure of cryptic sites on Col IV molecules 

that promote endothelial cell migration (Kalluri 2003). The degradation of ECM molecules can 

also result in the release of ECM-bound growth factors, including insulin growth factors and 

fibroblast growth factors (Egeblad and Werb, 2002; Page-McCaw et al., 2007). How this relates 

to the fate of Col IV at biomaterials interface was not clear. 

We found that HUVEC as fibroblasts are able to remodel surface associated Col IV similarly and 

the pattern of this remodeling is again strongly dependent on the material surface properties. On 

hydrophilic glass and NH2 endothelial cells reorganize adsorbed Col IV in fibril like pattern 

depending on FN fibrillogenesis and this process is again abolish on hydrophobic CH3, exchanged 
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by a prevalent pericellular proteolysis (appearance of dark zones without protein arrangement). 

Some novel observations come from using the mixed SAMs expressing different ratios of NH2 

versus CH3 functions. These studies were performed recently and are still not arranged for 

publication, but they further support the observed tendency of triggering degradation activity from 

the aggregated forms of Col IV. In addition, this model system allowed us to identify new 

phenomena, namely the supported FN secretion on NH2 surfaces. The mechanism of this process 

is still not clear (which actually delay the publication), but we speculate that it might be connected 

with the strongest substratum interaction of the protein layer and once the cells cannot remodel it 

on NH2 they start to secrete FN in order to favor provisional matrix organization. Why the 

pericellular degradation activity is not triggered (as on CH3) however, is not clear. 

In order to further prove that the different adsorption/conformation of Col IV may induces 

HUVECs degradation activity we analyzed the expression of MMP2 and MMP9 - both essential 

in the remodeling of the BM during angiogenesis (Egeblad and Werb 2002; Monaco et al. 2006; 

Page-McCaw et al. 2007). Indeed, the zymography confirmed that the remodeling of surface 

associated Col IV involves both MMP2 and MMP9. A tendency of higher secretion of these 

MMPs on hydrophobic environment, followed by COOH and OH surfaces, was observed. The 

lowest activity was found on NH2. The differences however were significant only for MMP-9 

where both active and inactive forms were easily identified.  

When released fluorescent signal from adsorbed FITC-Col IV was measured to quantify the 

HUVEC degradation activity on the different surfaces, we confirmed the same trend of higher 

FITC release on hydrophobic CH3, followed by COOH, OH and NH2 surfaces. This confirmed the 

higher tendency for degradation of Col IV when is in aggregated form, presumably because the 

strong protein-protein interactions hide the recognition sequences for cell integrins. We speculate 

that once Col IV cannot be recognized this triggers the cellular proteolytic machinery to remove 

it. It cannot be excluded also that via degrading of aggregated Col IV HUVEC may attempt to 

find new binding sites. 

Collectively these results show that materials do not induce any specific effect on endothelial 

cells ability to remodel Col I but are rather dependent on the protein to substratum interaction that 

constrain the lateral intermolecular associations. 

Neovascularization 

The in vitro formation of capillary-like tubes by endothelial cells is a powerful method to screen 

the factors that promote or inhibit angiogenesis (Arnaoutova et al. 2009). Initially cells attach to a 

given matrix, then migrate toward each other, align and form tubes. These processes are 

accompanied by concomitant remodeling of surrounding matrix, but also by protein synthesis, 
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including proteases (Arnaoutova et al. 2009). Therefore, we decided to test our system for both 

tube formation and pericellular proteolysis by culturing the cells for 2 h on Col IV coated model 

surfaces and then adding basement membrane extract containing FITC-Col IV for the next 24 

hours. Our results (still unpublished) showed that after 24 h of culture HUVEC changed their 

phenotype and start to form tube-like structures on all model materials. No visible de-quenching 

activity of FITC-Col IV was observed morphologically. It is important to notice however, that 

correlating with the initial cell adhesion the formation of capillary-like structures were more 

pronounced on OH surface followed by NH2, while on CH3 and COOH surfaces the process 

seemed to be delayed. It was partly confirmed quantitatively when FITC-Col IV was extracted 

from the samples showing significantly higher fluorescence on OH substratum presumably caused 

by the proteolytic de-quenching. 

Collectively evaluated, this is the first systematic study on the behavior of Col IV at cell-

biomaterial interface providing major insights on the role of material surface properties. We 

described for the first time phenomena of material-driven assembly of Col IV established in nano 

scale, which strongly alters the cellular interaction and functionality. Finally, we provide different 

surface modifications able to tailor the fate of Col IV, which outline their great potential for tissue 

engineering application. 
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Chapter 5 – Conclusion 

- We have successfully developed and characterized model biomaterials surfaces varying in 

wettability, chemistry and charge, further complemented with two complex systems of 

mixed SAMs and PEA/PHEA co-polymer providing controlled variations with density of 

CH3, NH2 and OH functions.  

- The adsorption kinetics of FITC-Col IV showed saturation at concentrations of about - 50 

µg/mL - for all surfaces. Maximal adsorption was found on NH2 decreasing 

monotonically in the order NH2>CH3>COOH>OH.  

- AFM studies revealed that Col IV does not adsorbs stochastically but tend to self-

assembly in a specific substratum–dependent pattern, ranging from fine meshwork 

formed from single molecules on OH and NH2 to the complex networks consisting of 

molecular aggregates on CH3 and COOH surfaces. 

- Single and complex LAM/Col IV networks were observed on substrates with tailored 

density of OH groups. A natural trend for single molecular arrangements on strongly 

hydrophilic and moderately hydrophobic surfaces shift to a tendency for aggregation at 

intermediate hydrophobic surfaces. 

- Human umbilical vein endothelial cells (HUVEC) and fibroblasts were used to study the 

cellular response. 

  

• It was developed a system for morphological evaluation of cell-materials 

interaction based on the estimation of overall cell morphology and the focal adhesion 

complex formation (including reorganizations in actin cytoskeleton, p-FAK, α1 and 

α2 integrins). 

• It was developed an approach for quantitative estimation of cellular 

interaction, including cell adhesion, cell adhesion strength using flow chamber and 

cell spreading.  

• It was found that primary endothelial cells and fibroblasts interact better 

with the fine single molecular arrangements of Col IV on OH and NH2 surfaces. 

• Cellular interaction with aggregated Col IV networks is suppressed on 

hydrophobic CH3 and negatively charged COOH surfaces. 

• Cellular interaction with Col IV is nearly independent on the amount of 

adsorbed protein. 
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• Studies with tailored surface expression of -OH functions revealed two 

maximums in endothelial cells interaction with Col IV, LAM and complex Col 

IV/LAM networks – a hydrophilic and a hydrophobic ones. 

• Fibroblasts showed higher strength of interaction with Col IV on 

hydrophilic versus hydrophobic surface. 

 

- Both endothelial cells and fibroblasts tend to remodel adsorbed Col IV in two ways: via 

mechanical reorganization and via enzymatic degradation. 

 

• Cells reorganize adsorbed Col IV in fibril-like pattern along with FN 

matrix fibrils. 

• Col IV degradation activity of both endothelial cells and fibroblasts 

involves MMP-2 and MMP-9. 

• Substratum remodeling of Col IV is strongly dependent on the materials 

surface properties.  

• Cells reorganize Col IV better when it is arranged in single molecular 

features or meshwork characteristic for hydrophilic and positively charged NH2 

surfaces. 

• Aggregated forms of Col IV on hydrophobic CH3 and negatively charged 

COOH surfaces provoke pericellular proteolysis. It is evident from the quantitative 

measurements of FITC-Col IV release and zymography. 

 

- Hydrophilic surfaces support the development of capillary-like tubes by endothelial cells, 

which corroborates with the increased pericellular degradation activity revealed by FITC-

Col IV release. 

 

!
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