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�Nature composes some of her loveliest poems for the microscope and the telescope.�

Theodore Roszak (1933 - )

�A scienti�c truth does not triumph by convincing its opponents and making them see the

light, but rather because its opponents eventually die and a new generation grows up that

is familiar with it.�

Max Planck (1858 - 1947)

�I am enough of an artist to draw freely upon my imagination. Imagination is more

important than knowledge. Knowledge is limited. Imagination encircles the world.�

Albert Einstein (1879 - 1955)
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1. Introduction

One of the most challenging tasks of tissue engineering nowadays is to exploit the princi-

ples of rational design of sca�olds and to elicit appropriate signals to cells. Such sca�old

characteristics are expected to promote biological processes, thus leading to production of

new tissues or repair of damaged ones. In this context, the nature's ideal biological scaf-

fold - the extracellular matrix (ECM), comes as a key regulator of cell behavior, providing

individual cells with architectural cues of time and space, modulating bioavailability of

soluble growth and di�erentiation factors, and organizing the multicellular tissue devel-

opment (1). Since the complex 3-dimensional organization of the ECM has not been fully

understood and characterized, it is pivotal to �nd means to explore the interaction be-

tween di�erent structural and functional molecules, and thus provide a tool for controlling

cell behavior and tissue morphogenesis upon contact with these microenvironments (2).

Although naturally derived ECMs have proved e�ective in many basic and clinical appli-

cations, the need for custom-made matrices for tissue-speci�c cell biological investigations

drives reconstitution of their key characteristics in synthetic or biohybrid materials (3),

especially in the light of problems with immunologic responses (4, 5). In the absence of

nature's superior building mechanisms facilitating such a supramolecular hierarchy as the

ECM, it is pivotal to de�ne and furthermore ful�ll the requirements for a native matrix

on the way of producing a novel bioscafold which is to be used for tissue engineering later

on.

In their most elemental biomechanical function, synthetic ECMs should provide a struc-

tural sca�old that in combination with the surrounding interstitial �uid, should be able to

resist tensile (via the �brils) and compressive (via the hydrated network) stresses (3). In

this context, the majority of structural proteins (mostly collagens type I and IV) can build

mechanically robust structures with typically less than 1% mass proportion to the whole

system. At one level, ECM can be considered a network of tensile elements, consisting of

�brillar and amorphous structural proteins, bicontinous with a network of compressive el-

ements, consisting of amorphous glycosaminoglycans (GAG) and proteoglycans (PG) (6).

In addition to mimicking the structural character of the ECM, a very important step is to

parallely comply with the bioadhesive properties, or else called molecular recognition of its

elements. In that sense, collagen type I is predestined for tissue engineering for its ability

to not only maintain tissue integrity but also interact with nearly 50 di�erent molecules,
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including almost all natural PGs, and the majority of ECM proteins (7). Other molecules

with recognized adhesive functions include �bronectin, laminin, collagen IV. Because of

the tight connection between the cytoskeleton and the ECM through cell surface receptors,

cells sense and respond to the mechanical properties of their environment by converting

mechanical signals into chemical ones (8,9).

The viscoelastic behavior, biomechanical properties, and ability to support cell attach-

ment through collagen, �bronectin and laminin ligands are insu�cient alone to explain the

constructive remodeling events that are observed following in vivo implantation of ECM

sca�olds (2). Is is essential that synthetic matrices are designed in such a way that they

also serve as reservoir for growth factors and cytokines and thus allowing the �exibility to

modulate tissue dynamics (3,10). In nature, these bioinductive properties are ensured by

the presence of negatively charged GAGs and PGs which act as mandatory coreceptors for

number of growth factors as �broblast growth factors (FGF), hepatocyte growth factors

(HGF), vascular endothelial growth factors (VEGF), etc (11�13). By interacting elec-

trostatically with these molecules the growth factors may become sequestered from their

signaling receptors, they may become activated (via proteolytic processing), and they may

be presented to the cells in a manner signi�cantly altering their bioactivity (10).

As growth factors are required in only small amounts to elicit a biological response, the

main focus in designing synthetic matrices for growth factor presentation is to control

their localized delivery. Several strategies to engineer growth factor release from biomate-

rials have been presented over the past years and some initial success have been reported

in animal models for regeneration of bone and skin as well as induction of vascularization,

exploiting various polymer matrices and hydrogels (14�16). Nevertheless as many cellular

processes involved in morphogenesis require a complex network of several signaling path-

ways and usually more than a single growth factor type, other reports focused on schemes

for sequential delivery of multiple growth factors (17). The use of biological feedback

mechanisms in growth factor delivery has also been explored (18). In this case, a growth

factor is bound to the matrix and released upon cellular demand through cell-mediated

localized proteolytic cleavage from the matrix (19,20); this approach substantially mimics

the mechanism by which these factors are released in vivo from depots in the natural ECM

by invading cells in tissue repair. An intriguing conundrum is to what extent the covalent

binding a�ects the structural recognition, folding and ability of the growth factors to elicit

their e�ect. Therefore, recent years have seen a substantial interest in the growth factor

delivery based on the pure electrostatic interaction coming from the high negative charge

of GAG chains (21).

The aim of the work is to analyze and structurally characterize a matrix build-up based

on two native ECM components, collagen type I and the high negatively charged GAG

heparin. Utilizing a structural analysis via a range of microscopy techniques we shed some
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light on the kinetic aspects of the characteristic collagen I �brillogenesis in the presence

of heparin (22). Additionally, we studied in detail the ability of the �brillar collagen I

to exhibit varying structural and hierarchical characteristics in�uenced by a potentially

intercalating agent as the polysaccharide (23). At the end, we provide means via which

to mechanically characterize such a protein-polysaccharide coassembly and to relay the

results to the previously observed kinetic and structural properties of the system. The

already performed analysis is of particular interest for understanding and gaining a control

over a rather versatile and already heavily exploited advanced cell culture system (24�27).





2. Theoretical background

2.1. The extracellular matrix as a biological sca�old

The development and normal functioning of all cell types in an organism depend upon

interactions with molecules in their environments. The major classes of molecules that

regulate cellular development and function include growth and di�erentiation factors, cell

adhesion molecules, and components of the ECM. Originally de�ned morphologically as

extracellular material, visible as �brils and sheets in electron microscopy, extracellular

matrix is now understood in a much broader way as to include essentially all secreted

molecules that are immobilized outside cells (28) (Fig.2.1).

Figure 2.1.: Schematic structural organization (A) (modi�ed after (29)) vs. native complexity (B)
of the ECM. (B) represents native ECM produced by human umbilical vein endothelial
cells (HUVECs) seeded at polymeric substrates.

The composition and ultrastructure of the ECM are determined by factors that in�uence

the cell phenotype including mechanical forces, biochemical milieu, oxygen requirements,

pH and inherent gene expression patterns (30). Major constituents include collagens, non-

collagenous proteins, PGs and GAGs. In turn, ECM in�uences the behavior and type of

the residents cells. It is in a state of a 'dynamic equilibrium' with the cells, organs and

tissues it is a part of, while serving at the same time as an 'information highway' between
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cells. Furthermore, cell attachment, migration, proliferation and three dimensional spatial

arrangement are strongly a�ected by matrix composition and structure.

2.1.1. Collagens and glycoproteins

Most ECM components appear to be present in all metazoans and are therefore evolu-

tionary ancient, as can be seen from their amino acid sequence and quaternary structure

which are highly conserved across species lines. Collagen is the most abundant protein

within the mammalian ECM, accounting for more than 90% of the dry weight of ECM

from the most tissues and organs (31). The vertebrate family of collagens contain more

than 40 genes encoding various a chains which can form at least 29 di�erent subtypes (32).

Each type of collagen is of course a product of speci�c gene expression patterns as cells

di�erentiate in tissues, and tissues and organs develop and spatially organize (Table 2.1).

Sub-family Members

Fibrillar collagens Types I, II, III, V, XI, XXIV and XXVII

FACIT collagens Types IX, XII, XIV, XVI, XIX, XX, XXI and XXII

Beaded �lament forming collagen Type VI

Basement membrane collagens Types IV, VII, XV and XVIII

Short chain collagens Types VIII and X

Transmembrane collagens Types XIII, XVII, XXIII and XXV

Other collagens Types XXVI and XXVIII

Table 2.1.: Classi�cation of collagen types in vertebrates (modi�ed after (33)).

Collagen type I is the major structural protein present in tissues and is ubiquitous within

both animal and plant kingdoms. It is typically abundant in tendinous and ligamentous

structures thus providing the necessary strength to accommodate the uniaxial and mul-

tiaxial mechanical loading to which these tissues are commonly subjected. Other �brillar

collagen types include type II which has a more speci�c tissue distribution being limited

essentially to cartilage; type III, found in relatively elastic tissues such as embryonic skin,

lung and blood vessels, as well as submucosal tissue of selected organs such as the urinary

bladder, a location in which tissue �exibility and compliance are required for appropriate

function as opposed to the more rigid properties required of a tendon or ligament; type

V, found as a quantitatively minor collagen in association with type I, with particularly

high amounts in cornea; and type XI, which is normally minor component of cartilage in

association with collagen type II (33).
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Basement membrane collagens constitute of predominantly collagen type IV which is

found within the basal lamina of most vascular structures and at tissue boundaries, un-

derlying epithelial, endothelial, fat, muscle and nerve cells. Other representatives of the

same sub-family include collagen type VII which is found in epidermal region and func-

tions as an anchoring �bril to protect the overlying keratinocytes from shear stress. The

largest collagen subfamily includes the �bril associated collagens with interrupted triple

helices (FACITs). Some of them decorate the surface of the �brillar collagens and mediate

their interaction with other matrix proteins (acting as molecular bridges). However, since

there's no direct evidence about the association of all subfamily members to �brils, they

are most likely to have other functions, too. Another interesting subfamily is represented

by the collagens with transmembrane domains (34), which participate in the formation

of cell-matrix contact sites such as hemidesmosomes and focal adhesions. Furthermore

their extracellular parts can be proteolitically shed out from the cell surface and the

ectodomains can contribute to the remodi�cation of the matrix. The beaded �lament

forming collagen type VI has a relatively small molecular size, serving as a connecting

unit between GAGs and larger structural proteins such as type I collagen, thus providing

a gel-like consistency to the ECM.

The genetic code of collagens determines both the structural interactions among them

and with other glycosylated non-collagenous proteins and PGs, thus contributing to the

tissue speci�c ultrastructure of every ECM. In nature, collagens are intimately associated

with glycosylated proteins, growth factors, and other structural proteins to provide unique

ECM properties. The glycosylated protein �bronectin is the second most prominent as

quantity molecule after collagen type I. It is typically a dimeric molecule of 250 kDa

subunits existing in both soluble and tissue-bound isoforms and found typically in the

ECM of submucosal structures, basement membranes, and interstitial tissues. The cell-

adhesive characteristics of this protein have made it an attractive substrate for in vitro

cell culture. It possesses ligands for adhesion of many cell types, being particularly rich

in Arg-Gly-Asp (RGD) subunits; a tripeptide which is important in cell adhesion via

some cell receptors (i.e. a5b1 integrins). It is usually found at an early stage within

ECM of developing embryos and is typical for the normal biologic development, especially

the development of vascular structures. Another complex basement membrane adhesion

protein is the trimeric laminin who exists in numerous forms dependent on the particular

mixture of peptide chains (e.g. a1, b1, g1). Similarly to �bronectin the protein also plays

a prominent role in early embryonic development and particularly in the formation and

maintenance of vascular structures. The protein appears to be among the �rst and most

critical ECM factors in the process of cell and tissue di�erentiation. This molecule carries

numerous binding sites for other proteins typically proteins and GAGs (30).

The ECM abounds with number of cell surface receptors and adhesion molecules re-



8 CHAPTER 2. Theoretical background

sponsible for both cell-cell and cell-matrix interactions. The most prominent cell surface

receptors are comprised of the integrin and discoidin domain receptor (DDR) families

which have evolved particularly in directing the cell adhesion to speci�c types of both

�brillar and non-�brillar subfamilies of collagen (35). Furthermore, it was suggested that

collagen receptors participate in the organization of some of the collagen monomers into

�brils. Current in vitro models suggest that a2b1 and a11b1 integrin promote �bril for-

mation (36), while DDR2 receptors may inhibit it (37).

ECM is a dynamic and constantly developing structure. Proteolytic enzymes including

those in the matrix metalloproteinases (MMPs), serine protease and cysteine protease

families in�uence matrix dynamics and contribute to its constant remodeling at multiple

levels. Most common ways are by converting structural molecules into signaling molecules

via the release of small bioactive peptides and growth factors stored within the ECM or

direct degradation of matrix proteins (38).

2.1.2. Glycosaminoglycans and proteoglycans

The ECM contains various mixtures of GAGs depending upon the tissue location of the

ECM in the host, the age of the host and the microenvironment (30). These are long linear

heteropolysaccharides possessing a characteristic disaccharide repeat sequence composed

of hexosamine and an uronic acid (39, 40). Both units are variably N- and O-sulfated,

which adds to the heterogeneity of these complex macromolecules. Literature abound with

classi�cations of di�erent GAG structures but most commonly they are separated into 4

groups: 1) chondroitin/dermatan sulfate (CS/DS); 2) heparin/heparan sulfate (HS); 3)

keratan sulfate (KS); 4) hyaluronic acid (HA), representative structures for which are

shown in Fig.2.2.

All GAG structures are strongly negatively charged due to their high content of uronic

acids and partly of sulfate groups. With the exceptions of heparin and HA, GAG chains

are covalently attached at their reducing end through an O-glycosidic linkage to a serine

residue or N-linked to asparagine residue of a protein, thus resulting in macromolecules

termed PGs (41). A major function of cell surface PGs is their involvement in cell adhe-

sion and migration, dynamic processes that are mediated through interactions between

the GAG chains and other ECM components, such as laminin, collagen, �bronectin.

These interactions contribute to the general architecture and permeability properties of

the ECM, and thus they also play a structural role. Furthermore, GAGs are known to

a�ect the functionality of other ECM molecules with regards to cell adhesion, coupling,

release and presence of cell-speci�c growth factors and enzymes that are immobilized

in the ECM (10, 42). In addition to their conventional structural roles, CS and DS

have important functions in central nervous system development, wound repair, infec-
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Figure 2.2.: Representative structures of GAGs (from (41)).

tion, growth factor signaling, morphogenesis (43, 44). DS has been particularly shown

to participate in in�ammatory processes by interacting with various GAG binding pro-

teins like �broblast growth factor 2 (FGF2), platelet factor 4 (PF4), interleukin 7 (IL7),

P- and L-selectins (45). CSPGs are often related to neural development and neural cell

migration, brain plasticity, axon regeneration via interactions with growth factors (46).

Another important biological function is mediated by the CS chains of the PG aggrecan

which together with collagen type II contributes to the structure and mechanical stability

of articular cartilage (1).

Among the various physiological processes in which HS is involved, the interaction with

extracellular signaling molecules, i.e. growth factors and chemokines, with lipid- and

membrane-binding proteins, with adhesion proteins, and with certain proteases and es-

terases, as well as with HS degrading enzymes, deserves special attention (47�49). HS was

shown to protect chemokines from proteolytic degradation and to induce their oligomeriza-

tion thus promoting local high concentrations in the vicinity of their G-coupled signaling

receptors (50). It has been established that HS is required for the activation of the FGF1

and FGF2 while several models have been proposed trying to explain FGF/HS/FGF-

receptor complex formation and its stoichiometry which are essential to promote angiogen-

esis (51,52). Additionally, heparin and HSPGs bind to a number of ECM proteins such as

collagens, �bronectin, laminin, thrombospondin, tenascin, vitronectin and others (40,53).

Similarly to HS, heparin also interacts with FGF1 and FGF2, PF4, VEGF, platelet de-

rived growth factor (PDGF), heparin-binding epidermal growth factor (HBEGF), as well

as with a number of cytokines like stromal cell-derived factor 1 (SDF1) and PF4 (48).

HA is the only non-sulfated and the largest of all GAGs with a molecular weight of

usually several MDa which is widely distributed in most of adult and embryonic tissues.



10 CHAPTER 2. Theoretical background

Due to its intramolecular charge repulsion, hydrophilic and hydrophobic self-interactions

and molecular entanglement, HA forms an expanded, sti�ened, coiled and intertwined

network, that encompasses an enormous volume of immobilized water. Consequences

of these properties are its high viscosity and dramatic e�ects on molecular exclusion,

�ow resistance, tissue osmosis, lubrication, and hydration (54), all of which are likely

to be important for HA-rich matrices such as are found in synovium, umbilical cord,

bone marrow, connective, subcutaneous tissues, and so on. Its most prominent function

in most tissues is to act as a structural organizer, a function which is normally relayed

by interaction with other PG like aggrecan in cartilage and versican in other tissues

(55,56). The molecule is especially enriched in the bone marrow where it is produced by

both stromal and hematopoietic stem cells, at which surface it is retained by interaction

with its hyaladherin receptors like CD44 and receptor for hyaluronan-mediated motility

(RHAMM) (57).

2.1.3. Therapeutic necessity for xenogeneic sca�olds

The complex 3-dimensional organization of the structural and functional molecules of

which the ECM is composed has not been fully understood and characterized, therefore

synthesis of this biomaterial in the laboratory is not possible (2). Various forms of intact

allogeneic and xenogeneic ECM has been used to promote the constructive remodeling

of tissues and organs, typically harvested from small intestine (58), urinary bladder (59),

skin (60). A number of these materials have also been commercialized for a variety of

therapeutic applications (2).

Another typical complication from the use of intact xenogeneic ECMs regards the so called

'host-recipient' immune response. Although a number of non-autologous biologic materi-

als have been used in humans for many years without evidence of adverse immunologic

outcomes, major concerns still remain for the use of xenogeneic ECMs. For example it was

shown that some xenogeneic ECMs contain various amounts of galactosyl-1,3-galactose

epitope (a-gal epitope) (61), naturally not expressed in humans who can speci�cally inter-

act with anti-gal antibodies (1% of circulating immunoglobulins) and thus lead to comple-

ment activation or cell mediated rejection following transplantation (62). Other studies

emphasize the role of mononuclear macrophages in the host response towards implanted

biological sca�olds, suggesting either pro-in�ammatory or anti-in�ammatory di�erentia-

tion towards a phenotype associated either with cytotoxic in�ammation or constructive

remodeling (63). Further complications arise from the incomplete decellularization of in-

tact ECMs upon their transplantation, a problem which seems to be related to the very

tight control of matrix turnover in some tissues (e.g heart muscles) by MMPs and tissue

inhibitors of matrix metalloproteinases (TIMPs) (64). The incomplete decellularization
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leaves a number of donor active MMPs which makes the chances of receding such a ma-

trix slim at the very best case. Another drawback of the incomplete decellularization is

the tissue cytokine and humoral response, typically associated with activation of the Th1

pathway producing interleukin 2 (IL2), interferon g (IFNg) and tumor necrosis factor

b (TNFb) leading to macrophage activation, stimulation of complement �xing antibody

isotypes (IgG2a and IgG2b in mice) and di�erentiation of CD8+ cells to a cytotoxic phe-

notype (65).

Although naturally derived ECMs have proved e�ective in many basic and clinical appli-

cations, the need for custom-made matrices for tissue-speci�c cell biological investigations

drives reconstitution of their key characteristics in synthetic or biohybrid materials (3),

especially in the light of problems with immunologic responses. In the absence of nature's

superior building mechanisms facilitating such a supramolecular hierarchy as the ECM

it is pivotal to de�ne and furthermore ful�ll the requirements for a native matrix on the

way of producing a novel bioscafold which is to be used for tissue engineering later on.

2.2. Collagen type I

As previously discussed collagen I is the most abundant protein in mammals, having

outstanding mechanical properties, and being present in virtually every extracellular tissue

with mechanical function. Its versatility as a building material is mainly due to its complex

hierarchical structure. It is therefore pivotal to understand the molecular basics leading

to the origin of this structural hierarchy that can be adapted at every level.

2.2.1. Structure of tropocollagen

The hallmark of collagen is a 300 nm long and 1.5 nm thick molecule called tropocollagen

that is composed of three polypeptide a chains, each of which contains one or more

regions characterized by the repeating amino acid motif (Gly-X-Y), where X and Y can

be any amino acid (33). This motif allows the chains to form a right-handed triple-helical

structure accepted today, with all glycine residues buried within the core of the protein,

and residues X and Y exposed on the surface, having a single interstrand helical bond

per triplet and a tenfold helical symmetry with a 28.6-Å axial repeat (10/3 helical pitch)

(Fig.2.3 A,B).

Depending on the type of a-chains which comprise the tropocollagen molecules, the triple

helices can be either homo- or heterotrimeric. Individual a chains are identi�ed by the

following nomenclature: an(N), where N is the Roman numeral indicating collagen type

and n is the number of the a chain (33). Usually collagen type I is found in nature

mainly as an (a1)2a2 heterotrimer, but the a1 chain is also able to form homotrimers.
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Figure 2.3.: Triple-helical organization of collagen type I. (A) Viewed along the molecular axis (a-
carbons only), showing the paths of the individual polypeptide chains and the locations
of residues in the Gly-X-Y triplets (G = Gly) (adapted from (66)). (B) Viewed from the
side (molecule tilted toward the reader at the top; space-�lling representation), showing
the right-handed helical twist (from (33)). (C) PyMOL representation of a segment
of collagen triple helix (PDB entry 1cag (67)), highlighting the ladder of interstrand
hydrogen bonds. (D) Stagger of the three strands in panel (C).

It appears that a homotrimeric vs. a heterotrimeric molecular composition has only

minor e�ects on the triple-helix stability, but may have further e�ects on �bril diameter

and mechanical properties (68). Earlier X-ray crystallographic studies on proline-rich

sequences of collagen-related peptides (CRPs) have shown that the resulting structures

have a 7/2 helical pitch (20.0-Å axial repeat), in contrast to the 10/3 helical pitch assumed

for native collagen by �ber di�raction (69). Recent revisiting work in this direction (70)

suggested that the correct average helical pitch for native collagen is 7/2, although the

generality of this hypothesis remains unclear, as there are few existing regions in native

collagen which are as proline-rich as previously analyzed CRPs. Most likely the helical

pitch varies across domains and various collagen types, being 10/3 in proline-poor and 7/2

in proline-rich regions. Such a variability in the triple-helical pitch of native collagen could

play a role in the interactions of collagenous domains with other biomolecules (71�73).

The stability of the tropocollagen molecules is ensured by interstrand hydrogen bonding

forces. The ubiquity of the molecule makes the recurrent N-HGly···O=CX hydrogen bonds

that form within the triple helix one of the most abundant amide-amide hydrogen bonds

in nature (74) (Fig.2.3 C,D). For the triple helix, the individual polyproline II-like helices

are stabilized by a high content of Pro and Hyp. The trimerization of chains is favored

by close packing and hydrogen bonding between three chains. There is no intrinsic dipole

moment in the triple-helix, so electrostatic interactions relate only to side chains. It is

striking to �nd that the side chains of residues in X and Y positions have only relatively

minor e�ects on triple helical stability, but are highly exposed to the solvent and available

for intermolecular interactions (66,75,76).

The importance of collagen in nature predetermines its number of essential characteris-
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tics, such as thermal stability, mechanical strength, and the ability to engage in speci�c

interactions with other molecules (74). It is important to understand how these properties

relate to the fundamental structural unit of collagen - the triple helix - as well as the mech-

anisms underlying its triple helical structure and stability. The Gly residue in Gly-X-Y

repeat is essential in native collagen, while triple-helical substitutions in any form result in

severe genetic mutations, as osteogenesis imperfecta (77). The abundance of Pro and Hyp

(e.g. 22% in human collagen) preorganizes the individual strands in a polyproline II-like

conformation, thereby decreasing the entropic cost for collagen folding (78). Surprisingly,

Pro derivatives can also have rather deleterious consequences for triple helical bonding

due to the presence of a secondary amino group which forms tertiary amides with other

peptides or proteins. Tertiary amides represent a mixed population of cis and trans iso-

mers, while all peptide bonds in collagen are trans. Thus, before a (Pro-Hyp-Gly)n strand

can fold into a triple helix, all cis peptide bonds must be converted into trans (74). The

hydroxylation of Pro residues in Yaa position changes dramatically the thermal stability

of the triple helices (79,80). It is resultant from the proposal that the 4R con�guration of

the prolyl hydroxy group is privileged in alone enabling the formation of water-mediated

hydrogen bonds that stitch together the folded triple helix (81). This is additionally en-

hanced by internal inductive e�ects favoring the requisite trans conformation of the Hyp

peptide bond (82,83).

The common characteristic of the classical �brillar collagens, and type I in particular,

is the long central triple-helical region in each a chain, consisting of abovementioned

continuous (Gly-X-Y)n repeat, where n is 337 � 343 (depending on collagen type and

source). This region is �anked by short non-helical regions called telopeptides, typically

about 20 residues in length, at both N- and C-termini. Additionally, all �brillar collagens

are synthesized in the form of soluble precursor molecules, called procollagens, with large

N- and C-terminal propeptides domains. The C-propeptides are removed during the later

stages of collagen biosynthesis, usually by speci�c metalloproteinases, leaving the short

C-telopeptides. The N-terminal processing is usually complete and leaves the short N-

telopeptides which are involved in the later �bril formation (33,84) (Fig.2.4).

2.2.2. Molecular packing of collagen type I in �brils

Collagen type I triple helices self-assemble into D-periodic cross-striated �brils (where D

= 67 nm, the characteristic axial periodicity of collagen) as seen by electron microscopy

(Fig. 2.5). Òhe assembly of collagen molecules into �brils is an entropy-driven process,

similar to that occurring in other protein self-assembly systems (85). These processes are

driven by the loss of solvent molecules from the surface of protein molecules and result in

assemblies of long �brillar structures with tapered ends and circular cross-section, which



14 CHAPTER 2. Theoretical background

Figure 2.4.: N- and C-terminal in vivo processing of procollagen type I to tropocollagen (A). For in

vitro application tropocollagen is sometimes further processed by a non-speci�c pepsin
hydrolysis of the telopeptides resulting in atelocollagen (B).

minimizes the surface area to volume ratio of the �nal assembly. The least contentious

aspect of collagen molecular packing is the axial structure within a �bril. The frequently

observed 67 nm density step function repeat of �brils is explained by the molecular stagger

between molecules, or an integer multiple of this. Since the tropocollagen molecular length

of 300 nm corresponds to 4.4 D, the molecular stagger leads in projection to regions of

high and low electron density, these being the overlap and gap regions (86) (Fig.2.5 A-C).

The association between tropocollagens is driven by electrostatic and hydrophobic interac-

tions, where a 234-amino acid pseudoperiodicity observed within the collagen sequence of

all �bril-forming types is the key to optimal electrostatic pairings between adjacent triple

helices and maximizes the contact between hydrophobic regions (88, 89). Further small

adjustments in the alignment of collagen molecules in the D stagger may be required for

the optimization of interactions between triple helices (90). These interactions are further

stabilized by the development of molecular cross-links between the collagen molecules.

They occur between sites in the short non-helical N- and C-terminal telopeptides of the

collagen molecules and the main chain of the helix (91).

The minor bands in the collagen pattern originate from the grouping of charges along the

collagen �brils which in native �brils is typically asymmetric. Reading from the N- (left)

towards the C-terminus (right) the �bril pattern is characterized by the appearance of

12 minor bands which asymmetric arrangement, while often being used as a molecular

�ngerprinting tool for the alignment of tropocollagen helices within the �brils (92, 93)

(Fig.2.5 D).

There is strong evidence that certain �bril types contain subdomains of structure that

lie between molecular and �brillar levels. Such nanoassemblies are of great interest, since

they may reveal important information that relates to the overall mechanical properties

of the �brils by preventing crack propagation and also to the nucleation and growth of

�bril formation. The presence of pentameric micro�brillar structural units (94) is often

viewed as a convenient link between the axial and lateral structures. Direct evidence is
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Figure 2.5.: Axial structure of D-periodic collagen �brils (adapted from (84, 87)). (A) Schematic
representation of the axial packing arrangement of triple-helical molecules in a �bril, as
derived from analysis of positively (B) and negatively stained (C) specimens. Detailed
banding density along a single D-period resulting from the grouping of charged amino
acid residues is given in (D).

scarce, however, many measurements have indicated the presence of a 4 nm lateral period-

icity or growth phenomenon that points to evidence of a sub�brillar structure. Evidence

for a micro�brillar structure has also been obtained using a number of other physical

characterization techniques. For example, electron tomographic reconstructions in dry

cornea �brils revealed 4 nm micro�brillar type structures (95). X-ray di�raction data was

used to modulate the rather simplistic pentameric model of collagen association into one

arranged as compressed micro�brils on a triclinic unit cell lattice (96, 97), distortion of

a regular pentagon to a compressed structure that allows quasi-hexagonal lateral pack-

ing (98). These units have been revealed in more detail recently by the determination of

the structure of a single collagen unit cell from electron density map derived from X-ray

di�raction (99,100) and high-resolution scanning force microscopy (SFM) studies (101). A

consensus of opinion from these studies points to a one-dimensional staggered micro�bril-

lar structure with inter�brillar cross-links. Such intermicro�brillar links are important in

the hierarchical connectivity at the supramicro�brillar level and also provide the basis as

to why individual micro�brils have proven so di�cult to isolate. The molecular topology

of compressed micro�brillar structure is shown in Fig.2.6:

Contemporary X-ray di�raction studies show that the diagrams coming from analyzed
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Figure 2.6.: Micro�brillar structure of collagen type I (adapted from (86)). (A) Top - Topology
of interactions of collagen molecular segments within a crystalline region of a �bril.
Bottom - A collagen molecule can be represented by �ve pseudoperiodic 'd' segments
where the �nal C-terminal segment is approximately half the length of other segments.
In cross-section through a �bril, the molecular packing allows the in-plane interactions
of segments to be revealed. Here the segments of collagen molecules adopt a cyclic
micro�bril structure where the connectivity in the plane re�ects the slow helical climb
of contiguous segments within the �bril. The proposed positioning of the cross-linkage
(shown as a thicker line) between micro�bril structures further stabilizes the collagen
molecules. The compatibility between the base of a triclinic unit cell (axes shown in
grey) and micro�bril topology is shown. (B) Previously suggested micro�brillar structure
of collagen, showing the path of 5 tropocollagen molecules as they pass around each
other in successive D-periods.

collagen samples contain a high level of di�use scatter, thus indicating that they contain

a large amount of static or even dynamic disorder. Fibrils that contain crystalline regions

are also thought to contain signi�cant levels of liquid-like disorder (102, 103). Therefore

the molecular packing of collagen is sometimes compared to that of a liquid, or a liquid

crystal, where only local molecular interactions are of signi�cance (104). In some �bril

structures, this type of scatter is the only feature observed by X-ray di�raction, and the

overall molecular packing is described as liquid-like. These observations point to a variety

of levels of lateral molecular organizations in collagen �brils, ranging from liquid-like to

crystalline. The relationship between crystallinity, disorder and supramolecular topology

of crystalline packing within a �bril requires explanation and is related to �bril formation,

overall morphology, and mechanical properties (105).

Hand in hand with the contrasting evidence of crystallinity and liquid-like disorder of

collagen in a �bril is the evidence for partitioning of structures within the �bril. Earlier

SFM studies (106, 107) revealed sub�brillar structures and led to the concept that the

collagen �bril is an inhomogeneous 'tube-like' structure composed of a relatively hard

shell and a softer, less dense core. Long range, organized lateral packing within a �bril

also results in partition of substructures within a �bril; this can be understood simply

enough in the observation that the �bril cross-section is a disc, which is incompatible
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with a crystalline lattice. Previously suggested model (108,109) based on concentric rings

of micro�brillar structures was found to have the best agreement with x-ray di�raction

data. The structure contained sectors of crystalline order interfaced by disordered grain

boundaries which allowed the crystallites to be accommodated systematically within a

�bril with a circular cross-section. The model also provided a structural basis for growth

with the incremental deposition of molecules or micro�brils at the �brillar surface, as

suggested by the 8 nm quantal variation in �bril diameter observed by Parry and Craig

(110). The cross-section of the proposed �brillar structure is given in Fig.2.7.

Figure 2.7.: Cylindrical packing models of collagen type I based on previous work by (A) Hulmes
(108) and (B) Orgel (99, 111). The model demonstrates the location of crystalline
regions of collagen lateral packing within a structure, which is circular in cross-section.
It is produced as an explanation of order and disorder in collagen �brils. The center of
the �bril (50 nm in diameter) is also relatively disordered which may explain some of
the observations of hollow �brils from SFM imaging.

2.2.3. Structural polymorphism

The property of the collagen systems to exhibit varying structural and hierarchical charac-

teristics, else known as collagen polymorphism, has been observed both in vitro (112,113)

and in vivo (114, 115). It was shown that the collagen polymorphism is signi�cantly in-

�uenced by factors like presence of GAGs (116, 117), other forms of collagen (118, 119),

presence/absence of telopeptide regions (120,121), methods of puri�cation (122), temper-

ature (123), pH and salinity of the solutions (124, 125). The numerous reports account

for the identi�cation of novel banding patterns, growth mechanisms, and morphological

properties of these systems deviating to a di�erent extent from the classical collagen type

I. Due to the very heterogeneous nature of the collagen type I polymorphic forms ob-

tained from either the alignment of the tropocollagen (parallel or non-parallel) or the

lateral staggering, a uniform classi�cation does not exist. However, there is a good overall

agreement about the molecular structure of these axially projected tropocollagen arrange-

ments. The most studied classical forms, apart from the native asymmetric collagen type
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I D-banding of 67 nm, include various types of �brous long spacing (FLS) collagen (utiliz-

ing symmetric arrangement of tropocollagen) (126, 127) and segment long spacing (SLS)

�brils (128,129) (with asymmetric pattern), both sharing non-D periodic bandings. Other

examples include D-periodic �brils generally being D-periodic symmetric (DPS) (112,115)

and oblique-striated asymmetric tactoids (112,130). The most commonly observed poly-

morphic forms of collagen obtained over the last 5 decades mainly via transmission electron

microscopy (TEM) but also SFM techniques are given in Table 2.2.

Name Description Banding
periodicity

References

Native Fibrils with periodic, asymmetric
banding pattern

67 nm (D) (131�133)

DPS I - IV Same as native but with
D-periodic centrosymmetric
banding pattern

67 nm (112,115,132,134,
135)

D/3
periodic

Fibrils with asymmetric
periodicity

22 nm (D/3) (136,137)

D/6
periodic

Tactoids with asymmetric
banding

11 nm (D/6) (138)

Oblique
striated

Tactoids of D-periodic polar
sub�brils staggered with respect
to nearest neighbors by about 9
nm (D/7)

67 nm (112,130,134,139,
140)

SLS Segments equal to the molecular
length of tropocollagen with
asymmetric banding pattern

280 � 300 nm (141�144)

SLS
symmetric

Equivalent to SLS but with
symmetric banding periodicity

280 � 300 nm (117,145)

SLS �brils Fibrils with periodic asymmetric
banding pattern

270 nm (116,146,147)

FLS I - IV A class of non-D-periodic
symmetric �brils

90 � 260 nm (113,114,117,127,
148�150)

Table 2.2.: Observed polymorphic forms of collagen type I (modi�ed after (138)).

Apart from experimental conditions mentioned above, collagen polymorphism also orig-

inates from both the amino acid sequence of the tropocollagen molecules as well as the

predominant type of interactions driving the �brillar assembly. It was already demon-

strated that for the case of native-type aggregation, the n Ö 67 nm stagger between

neighboring molecules has its origins in the pseudo-periodic distribution of hydrophobic

and charged side chains (88). On the other side, D-periodic symmetric collagen is mainly
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produced either at low pH (4.3 � 5.5) or after enzymatic treatment. Such a low pH is usu-

ally associated with a very low extent of dissociated aspartic and glutamic acid chains,

thus creating conditions which are inhibiting the electrostatic interactions between colla-

gen molecules, leaving the hydrophobic interactions as the only possible driving forces for

assembly of DPS structures (138). The origin of FLS forms usually lies in the distribution

of unpaired positively charged side chains in the amino acid sequence. Adjacent molecules

are typically held together by a bridging interaction between these charges using a variety

of polyanions. The electrostatic interactions of the remaining positive charges must be

e�ectively neutralized as a consequence of each one being paired with a negatively charged

side chain within the sequence. The formation of polar SLS is either associated with a

direct hydrophobic interaction between large, uncharged side chains, or an indirect bridg-

ing interaction between charged side chains via some non-collagenous molecule. Earlier

studies that small high negatively charged molecules as ATP (141) or synthetic polysul-

fonates (129) successfully participate in the formation of SLS �brils by bridging adjacent

side chains having a net positive charge. It appears, that the principles governing the

arrangement of collagen molecules in SLS and FLS are similar, since in both cases the

interaction between tropocollagens are mediated by another type of molecule. There's

the general notion that in the case of SLS that is usually a high negatively charged and

small molecule, while the FLS formation is favored by the presence of less electronegative

type of GAG or glycoproteins (138).

2.3. Factors a�ecting collagen �bril formation and

structure in vitro

As already mentioned, collagen type I �brillogenesis is a very well studied and described

entropy-driven self-assembly process. It has been shown that the in vitro �bril formation

is multistep process, conventionally separated in 2 phases � a lag (nucleation) phase with

almost none or minuscule increase in turbidity of the solution, and a growth (exponential)

phase which is distinguished by a sigmoidal increase of the solution optical density (151,

152). Previous studies on the kinetics of this process have shown that the nucleation

phase, in which the soluble collagen particles accrete to preform nuclei (activation centers),

predominates over growth and that the size of the �brils is determined during this lag

period (153). The nucleation phase accounts for the formation of linear dimers and trimers

in which the neighboring molecules are 4D-staggered. Later on lateral accretion of these

discretely sized intermediates leads to formation of narrow �brils which strongly interact

until bigger molecules are formed, resulting in a sharp increase in solution turbidity and

sigmoidal slope of the turbidimetry curve (152) (Fig.2.8).
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Figure 2.8.: Schematic linear and lateral growth models for type I collagen �brillogenesis (adapted
from (152)). Single molecules are represented by the symbol N �- C where N and
C are the amino and carboxylic ends of the molecule and MS is the molecular weight.
Steps I and II involve the formation of 4D staggered dimers (0.4D overlap, D = 67 nm)
and 4D linear growth of these initial aggregates. Step III involves lateral aggregation of
linear aggregates in a stepwise fashion, such that the rate of change of molecular weight
increases in each successive step. Narrow �brils are formed at the end of the step III
wrap around each other in step IV increasing �brillar diameter. Growth terminates when
no additional narrow �brils are available.

A number of factors have been shown to in�uence both the kinetics of the process and

the resulting structure of the collagen �brils.

2.3.1. Temperature

Usually an increase of temperature decreases the lag time, and therefore accelerates either

initiation or linear growth (151, 154, 155). There is a so-called memory e�ect, observed

if a sample is cycled between temperatures of 20 � 37 °C and 4 °C during the nucleation

phase. It suggests that initiation of formation of an active linear species is the rate limiting

step (154, 155). The temperature independence of the lag time after short periods at

high temperature (155) is an evidence that once formed active initial linear species are

stable even at 4 °C. Other studies with increasing the temperature of the reaction in

the range 29 � 35 °C showed a similar decrease in the turbidity lag and increased rate of
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propagation as assayed by turbidimetry (123). However, the e�ects of temperature on

the rate of assembly above 37 °C were opposite to the e�ects, seen at temperatures below

37 °C. In the range of 37 � 41 °C, the turbidity propagation rate decreased markedly with

temperature. Also the turbidity lag increased. It has to be pointed out that only lag is

a�ected by temperature while growth phase is particularly independent (154). A similar

study by the same group also showed a pronounced di�erences in the morphology of the

�brils. Fibrils formed at 37 °C had highly tapered and symmetrical pointed tips, and

the pattern of cross-striations in the pointed tips indicated that all the molecules were

oriented so that the N-termini were directed towards the tip. At the same time, �brils

grown at 29 � 32 °C were thicker, while one of the ends formed at 29 °C was blunt and

the other one was pointed (156). Similar dependence on �bril diameter was observed for

temperatures of 37, 30 and 25 °C (124).

2.3.2. pH value

Usually the lag or exponential half-time decreases with increasing pH between 6 and

8 (135, 151) even though the net charge on type I collagen does not change signi�cantly

within this pH range (157). A separate study of the e�ect of pH value (5.5 � 8.5) on

�bril size showed that in general, �brils formed at acidic pH tended to have larger �bril

diameters than those formed at the neutral and basic pH values, a trend which was also

observed as a combined e�ect with temperatures in the range 25 � 37 °C (124). Below

pH 4.6 and above 10.3 at 23 °C lateral aggregation occurs less rapidly than at pH 7.9

indicating that the lateral aggregation occurs most rapidly at a pH where the net charge is

minimized (152). Additionally the solution pH has been shown to a�ect the collagen type I

morphology. pH 5 � 6 leads to the formation of large D-banded spindle-like bundle of �brils

with multiple lateral misalignments of the D-banding across the bundles. Increasing the

pH to 7 � 9 results in the characteristic parallel-sided typical 'mature' D-banded collagen

type I �brils (125).

2.3.3. Presence/absence of telopeptides

Intactness of the N- and C-telopeptides has a marked e�ect on �bril formation. It is

generally accepted that the extrahelical terminal peptides play a crucial part in �bril

nucleation and growth (158, 159). Commercially available �brillar collagens are of two

types, either acid soluble or pepsin-solubilized (33). In acid soluble collagen (ASC), the

telopeptides are usually intact, and these help both to initiate �bril formation and to

produce long cylindrical �bril. Pepsin-solubilized collagen (PSC) is produced by prepar-

ing tissue extracts with pepsin, which digests most protein structures except for the main
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collagen triple-helical region depending on the degree of treatment. As a consequence, the

non-helical telopeptides are mostly removed by this procedure making self-assembly more

di�cult. Additionally, selective removal of the N-telopeptides is known to result in the

formation of D-periodic symmetric �brils, in which molecules assemble in an antiparallel

manner throughout the �bril length, while partial loss of the C-telopeptides results in

relatively short cigar-shaped D-periodic tactoids (84). The importance of telopeptide in-

teractions has been further demonstrated by Prockop and Fertala (160) who showed

that exogenous peptides corresponding to N- or C-telopeptides could inhibit �bril for-

mation. Other studies also emphasized the importance of telopeptide to collagen type I

kinetics by showing that tropocollagens with more intact telopeptides form �brils more

rapidly than those with degraded telopeptides (158). It also has to be noted that the

degree of telopeptide removal seems to play a signi�cant role in de�ning the �bril mor-

phology/symmetry as endorsed in earlier studies (120, 121, 161). Nevertheless, there are

also cases where the asymmetry of the �brils is preserved (130, 154), once again suggest-

ing that the extent of telopeptide removal can govern either symmetric or asymmetric

alignment.

2.3.4. E�ect of concentration

Both linear and lateral growth have been shown to be accelerated with incremental in-

crease of concentration in the range of 0.1 � 10 mg/ml (147, 151). It is proposed that the

rate and extent of �brillogenesis in vitro is controlled by the concentration of the linear

aggregates and that the e�ects of concentration on �brillogenesis is a�ected by the con-

centration of these aggregates. Concentration dependence of the lag time is probably also

associated with initiation via its e�ect on the single molecule-linear dimer equilibrium and

on the rate of conversion of dimers to linear trimers (162) (Fig.2.8). It is also interesting

to note, that the reversibility of lateral growth between narrow and wide �brils seems to

be both temperature and concentration dependent (152). On other side, it is also rather

interesting to know what is happening in the high concentration range which is close to

that of living tissues (40 � 300 mg/ml). On of the most remarkable properties of collagen

solutions is that they form lyotropic liquid-crystal phases above critical concentration of

80 � 85 mg/ml. While increase of concentration above 100 mg/ml in both acidic and neu-

tral pH resulted in increase of collagen kinetics, it is interesting to note that the increase

of concentration in that range had a non-linear e�ect on �bril morphology. In the 40 � 80

mg/ml range �brils were small and thin (with a length/diameter aspect ratio of approxi-

mately 10 � 20), with little size polydispersity and no preferred orientation. Their width

increases with concentration, from 40 to 80 nm at 40 mg/ml collagen to 80 � 120 nm at

80 mg/ml. At 100 mg/ml, there is a signi�cant change in the �bril morphology with a



2.3 Factors a�ecting collagen �bril formation and structure in vitro 23

much lower aspect ratio of 4 � 5 and diameters exceeding 1.2 µm. Further increase of 200 �

300 mg/ml led to formation of shorter (1 µm) and thinner (< 100 nm) homogeneously

distributed �brils (163).

2.3.5. Impact of GAGs and PGs

The relatively complex nature of collagen and GAG interaction involves both electro-

static and short range non-electrostatic forces. The �rst one is determined by the high

negative charge of the GAG sulfate groups and the positive amino acid residues along

the collagen chains. The latter one leads to the protein core attached to some GAGs in

nature interacting with the non-cationic regions of the collagen helix (164, 165). It has

already been shown that the preincubation of tropocollagen and GAGs led to an overall

change of the �brillogenesis curves resulting in either retardation or acceleration of the

�bril formation (166, 167). It has been proposed that both size of the PG/GAG and its

sulfation degree can in�uence together the �nal �bril size. Due to the di�erent nature

of these 2 component systems in comparison to pure collagen, it has been also suggested

that not only the nucleation but also the exponential phase plays a signi�cant role in the

overall �bril formation, size and shape (166,168). It was also suggested that glycoproteins

from bovine tendon and bovine nasal cartilage and PGs from nasal cartilage have no ef-

fect on the lag time of self-assembly implying that any e�ect of these macromolecules on

�brillogenesis involves lateral growth (169). A large body of evidence shows that inter-

actions with the so-called small leucine-rich proteoglycans (SLRPs) have marked e�ects

on collagen assembly (170,171). At present, 15 di�erent types of SLRPs are known, each

consisting of a single polypeptide chain (or protein core) with an N-terminal cysteine rich

cap, followed by several leucine-rich repeat motifs and in most cases a C-terminal disul-

phide bonded cap. In PG form, a small number of GAG chains, either CS/DS or KS, are

covalently attached to the protein core. SLRPs known to a�ect collagen assembly include

decorin, �bromodulin, lumican, biglycan, keratocan and osteoglycin/mimecan. Early in

vitro studies showed that decorin and �bromodulin can markedly interfere with colla-

gen �bril formation, resulting in delayed assembly and usually reduced �brils diameters.

Removal of the GAG chains has little e�ect, showing that this is largely a property of

the protein core. Lumican has similar e�ects in vitro, while biglycan appears to bind to

collagen without a�ecting �bril assembly (33).

The interaction of decorin and collagen I has been studied in some detail (172). Unlike

�brils formed in vitro, �brils isolated from tissues show diameter limitation for most of

their length, as evidenced by a constant axial mass distribution. This is thought to be,

at least in part, due to interactions with decorin that coats the �brils preventing further

accretion. Interestingly, the amount of decorin appears to be less at the �bril tips. This
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is to be expected if the stoichiometry of binding of decorin to collagen is constant, since

the number of molecules exposed on the surface, as a proportion of the total number of

molecules in a �bril cross-section, increases as the tip diameter becomes smaller. Thus,

tips are coated with a relatively small amount of decorin that will therefore no longer

prevent �bril growth, until a limiting diameter is reached. This provides a mechanism

for �bril to grow in length whilst maintaining a constant diameter. It also permits early

�brils to fuse end to end, with the molecules pointing in the same direction, or in an

antiparallel manner by C�C fusion, which creates bipolar �brils with two N-terminal tips.

The contemporary model for localization of the DS-containing decorin utilizes a speci�c

interaction between the non-covalently attached 'horseshoe-shaped' leucine-rich-repeat

(Fig.2.9 B) to its binding site along the collagen �bril (173). The anionic GAG chain

linked to the N-terminal part of the protein core stretches out to a neighboring collagen

�bril, duplexing head-to-tail (antiparallel) with a DS chain from a decorin attached to the

second �bril, thereby producing an inter�brillar bridge (Fig.2.9 A).

Figure 2.9.: 'Horseshoe' model for inter�brillar localization of decorin (modi�ed after (173, 174))
(A). (B) Ribbon-diagrammatic representation of the structure of the 12-LRR domain of
bovine decorin (adapted from (175)) interacting with the collagen surface.

While SLRPs have usually been found to diminish the rate of �bril formation, this is not

always the case. Recombinant lumican, for example, has been found to accelerate �bril

formation in vitro (176), as have other ECM molecules, such as dermatopontin (177),

tenascin-X (178), perlecan (179), hevin (180) and cartilage oligomeric matrix protein

(181). It is likely that such interactions stabilize the initial nuclei that form during the

lag phase prior to subsequent �bril growth.

The presence of high negatively charged molecules as GAGs was also shown to a�ect �bril

morphology. Previous studies show that various GAGs in the presence of both ASC (24),

as well as PSC (129, 182, 183) could lead to the formation of �brils with spindle-like

morphology.
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2.3.6. Interplay with other collagens

Fibril size and interface properties of collagen �brils vary widely across various tissues,

which is often related to the heterotypic composition of these microenvironments. The

current model considers the interplay of heterotypic collagens, �bril-associated collagens,

and co�brillar macromolecules that alter the accretion properties of available procolla-

gen molecules as a requirement to form a typical collagen �bril with its characteristic

cylindrical central shaft section and di�erential tip shapes. Such heterotypic �brils are

quite usual for most connective tissues, particular examples being collagens I, III and V

in skin, as well as types I and V in cornea. Due to the rather slow N-terminal processing

of procollagen III, the amount of bound pN-collagen III exerts negative steric control on

the �bril diameter in vitro (119). Similar reasoning applies also to collagen I/V �brils in

cornea, where the N-terminal processing is at best only partial, leaving largely located

N-terminal extensions which impede �bril growth, with the rest of the molecules being

buried within the �bril interior (Fig.2.10).

Figure 2.10.: Heterotypic assembly of collagen type I and V (modi�ed after (184)). The complex
landscape of the corneal collagen �bril surface, showing N-terminal extensions of col-
lagen V, surface bound FACITs and SLRPs.

Steric blocking by N-terminal extensions is not the only mechanism by which the minor

�brillar collagens might limit heterotypic �bril diameter. Another mechanism is by al-

tering the rate of �bril nucleation. This has been shown most dramatically in the case

of collagen V, where complete de�ciency of pro-a1(V) chain leads to the absence of pro-

collagen V molecules and an almost total lack of collagen �brils in the dermis, despite
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the normal levels of collagen type I (185). The minor �brillar collagens therefore seem

to act as initiators of �bril formation, during the early nucleation stage. Large amounts

of collagen V would therefore lead to a greater number of heterotypic �brils. For a given

amount of collagen, the presence of a greater number of �brils would result in the average

�bril diameter being smaller (33).

2.4. SFM as 'nanotool' for morphological and

mechanical characterization

2.4.1. Basic principle and operating modi

In the last 2 decades, SFM has emerged as a powerful tool in life sciences and medicine

research giving ultrahigh resolution in real time under near physiological conditions. Being

essentially a local probe technique, SFM extends our sense of touching into the micro-

and nanoworld and thus provides us with new complementary insights and details which

are not observable with other instruments (186). Introduced as a technique, by Binnig,

together with Quate and Gerber in 1986, it utilizes local probes as small objects (the

very end of a sharp nanostylus/tip) which interactions with the sample surface can be

sensed at selected positions (187). With no electron transport involved the device was

superior to other optical microscopy techniques that all kinds of molecules, including

insulators, could be studied down to atomic resolution. The essential part of an SFM, is

the tip that determines by its structure, the type of interaction with a surface; and by its

geometry, the area of interaction. The original idea for the SFM was to measure the van

der Waals interaction of an atom at the very end of the tip with atoms at a surface of a solid

substrate. To bring a single atom at a tip close to within an Angstrom distance toward a

surface is only possible if the surface is atomically �at, such as for example, the crystalline

surface of mica (Fig.2.11 C). If the surface is rough on a nanometer scale (Fig.2.11 B),

groups of atoms can interact and determine the possible resolution, according to their size.

With a roughness at the micrometer scale (Fig.2.11 A) the macroscopic level is reached

where instruments like the surface pro�ler are able to measure surface roughness.

The tip, which is mounted at the end of a small cantilever, is brought in closest con-

tact with the sample and gives rise to the image through its force interactions with the

surface (188). The contemporary tip-cantilever assemblies are typically fabricated from

silicon or silicon nitride, using a technology similar to that applied to integrated circuit

fabrication, thus allowing a good uniformity of characteristics and reproducibility of re-

sults (189, 190). The choice of cantilevers is essentially made according to their force

(or spring) constant and resonance frequency, which in terms depends on the substrate
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Figure 2.11.: Scanning probe tip structures shown at di�erent scales (adapted from (186)).

sti�ness and imaging environment (dry or in liquid). Images are formed by recording the

e�ects of the interaction forces between tip and surface as the cantilever is scanned over

the sample. The movement of the tip closer to the surface and scanning with precision

�tting to the highest resolution is ensured by a piezo-electric tube scanner which allows

for easy movement in all three directions due to its ability to respond with change in

size proportionally to and applied electric �eld (188). A laser beam is re�ected from the

backside of the cantilever (often coated by a thin metal layer to make a mirror) onto a

position-sensitive photodetector consisting of two side-by-side photodiodes. The di�er-

ence between the two photodiode signals indicates the position of the laser spot on the

detector and thus the angular de�ection of the cantilever. The scanner and the electronic

feedback circuit, together with the sample, cantilever, and optical lever form a feedback

loop, ensure not only the possibility to measure forces acting on the sample but also

control by allowing acquisition of images at very low tip-to-sample forces. The scanner

is an extremely accurate positioning stage used to move the tip over the sample (or the

sample under the tip) to form an image, and generally in modern instruments is made

from a piezoelectric tube. As the probe is scanned over the surface, a topographic image

is obtained by storing the vertical control signals sent by the feedback circuit to the scan-

ner at moving the tip up and down to follow the surface morphology while keeping the

interaction forces constant. A schematic diagram of the basic SFM operating principle is

shown in Fig.2.12 A:

Depending on the presence or absence of an additional control mechanism that forces

the cantilever to oscillate in proximity to its resonant frequency there are a 2 general

'families' of SFM modes of operation: static and dynamic. The static (DC) modes,

record the constant (static) de�ection of the cantilever, whereas in dynamic (AC) modes

the feedback loop will try to keep at a set value not the de�ection but the amplitude of

the oscillation of the cantilever while scanning the surface. From a physical point of view,

one can make a distinction between the two modes depending on the sign of the forces

involved in the interaction between tip and sample, that is, by whether the forces there

are attractive or repulsive (188,192). Idealized plot of the forces between tip and sample
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Figure 2.12.: Principle and setup of SFM. (A) Elements of a basic sample-scanned SFM (from (191)).
(B) 'Anatomy of an idealized plot' of the forces between tip and sample, highlighting
regions where typical operating modes take place (from (188)).

is shown in Fig.2.12 B, highlighting the regions where typical imaging modes occur.

A list of the most commonly used DC and AC modes with their description, pros and

cons is given in table 2.3:

The most common and heavily used DC operation mode is the contact mode in which the

tip is raster-scanned across the surface and adjusted to maintain a constant de�ection,

and therefore constant height above the surface. Image contrast depends on the applied

force, which again depends on the cantilever spring constant. Because the SFM relies

on the forces acting between the tip and sample, knowing these forces is important for

proper imaging. The force is not measured directly, but calculated by measuring the

de�ection of the lever, and knowing the sti�ness (force constant) of the cantilever. The

force is calculated from Hook's law, where F is force [N], k is the spring constant of the

cantilever [N/m], and v is the cantilever de�ection [m]:

F = −kz (2.1)

In intermittent contact (AC) mode the cantilever is driven to oscillate up and down near

its resonant frequency (w). The amplitude of this oscillation is usually greater than 10

nm, typically 100 � 200 nm. During scanning a number of adhesive/repulsive forces are

acting between the tip and the sample which leads to either decrease/increase of the

amplitude of the cantilever (dampening e�ect). Similar to contact mode, an electronic

servo uses the piezoelectric actuator to adjust the height between the tip and the surface

in order to maintain a preset cantilever oscillation amplitude. As implied in the name of
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SFM
mode

Applied
forces, N

Pros vs. cons

Contact 10−9−10−6 +
+
+

-

-
-

High scan speed/throughput
Able to achieve high (atomic) resolution
Better tracking of samples with extreme changes in
vertical topography
High lateral/shear forces leading to distortion of image
features
High capillary forces in ambient atmosphere
Combination of high lateral and normal forces can
result in reduced spatial resolution and damaging of
soft biological samples (scraping)

Intermittent
contact

10−9 +
+

+
-

High lateral resolution on most samples (1 � 5 nm)
Lower forces and less damage to soft samples imaged in
air
Lateral forces are virtually eliminated (no scraping)
Slower scan speed in comparison to contact mode

Non-
contact

< 10−12 +
-
-

-

Extremely low forces exerted on the sample surface
Lower lateral resolution due to tip-sample separation
Slower scan speed than intermittent contact and
contact modes (to avoid contact with adsorbed �uid
layer)
Usually applicable only to extremely hydrophobic dry
surfaces, where adsorbed �uid layer is at minimum

Table 2.3.: Comparison of the most basic SFM modi (adapted from (193)).

the non-contact mode, the oscillating probe is brought into proximity (but not touching)

the sample while it senses attractive van der Waals forces that induce a frequency shift

in the amplitude of the cantilever (usually less than 10 nm). Images are taken by keeping a

constant frequency shift during scanning, and usually this is performed by monitoring the

amplitude of the cantilever oscillation at a �xed frequency and feeding the corresponding

value to the feedback loop exactly as for the DC modes (188).

Depending on the application additional SFM modi include lateral force microscopy, phase

contrast microscopy, etc.

2.4.2. 'Non-invasive' tool for structural analysis

With respect to life sciences, �rst and foremost, historically SFM was heavily used for

studying and characterization of numerous single molecules, protein complexes and struc-

tural characterization of supramolecular architectures. Soon after its discovery there was

a particular increase in reports studying biologically relevant molecules as bulk crystals of
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amino acids (194) and polymers (195). Followed by the �rst molecular resolution images of

individual actin �laments in solution (196), DNA (197), purple membrane fragments (198),

gap junction membranes (199), etc., SFM gave enough evidence for its applicability for

imaging of biological molecules in their native environment.

Although it is able to analyze molecules in their almost native physiological conditions,

SFM has been called 'unnatural' since it looks at biomaterials on surfaces instead of

'test tubes'. However, living systems are �lled with surfaces, especially membranes, hence

surfaces are arguably more relevant biologically than test tubes. In this context, a valuable

direction for biological SFM is the development of �at biologically relevant surfaces, a

good example of which are lipid membranes (200). It is exactly the lipid membranes,

which allowed some of the most impressive work in the area of imaging single protein

complexes embedded in lipid membranes. Excellent examples include the �rst real high

resolution images of membrane protein porin OmpF (201), bacteriorhodopsin (202, 203)

in which authors were able to show individual beta-turns and loops and even manipulate

them on the nanoscale. Cells are much more di�cult to image due to their softness

and susceptibility to tip-induced membrane damage (204). Nevertheless, high-resolution

images have been acquired for fungal (205), bacterial and mammalian cells (206).

Being superior to any other imaging technique in terms of resolution, current novel SFM

technologies such as 'high speed bio-SFM' aim towards understanding and unraveling pro-

cesses occurring in the millisecond regime at the molecular level (207�209). Conventional

SFMs take at least 30 � 60 seconds to capture an image, while dynamic biomolecular pro-

cesses occur on a millisecond timescale or less. Most conventional modi�cations utilizing

the use of high resonant frequency cantilevers operating at more than 1 � 2 MHz which

allows for ultra high rate scanning both of dry and liquid samples with more than 1000

frame per second (fps). The approach have been successfully presented for both high

resolution imaging of single molecules and organelles as collagen, chromosomes, and for

tracking of structural changes of biological molecules while they are at work, such as

sliding of �laments on molecular motors, etc (210).

The potential of SFM to measure ultra-low forces at high lateral resolution has paved

the way for measuring of inter- and intramolecular forces of biomolecules on the single

molecule level. Current molecular recognition force microscopy studies open the possibility

to detect speci�c ligand-receptor interaction forces and to observe molecular recognition

of a single ligand-receptor pair. The general strategy usually involves binding of ligands to

SFM tips and receptors to probe surfaces (or vice versa) (211). Such experiments require

that one or few ligand molecules are permanently tethered to the apex of the SFM tip,

usually by covalent bonding via a �exible linker molecule. Cross-linkers with 6 � 8 nm

length (corresponding to 18 ethylene glycol units plus termini) are a good compromise

between high mobility of the ligand and narrow lateral resolution of the target site. A
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typical polyethyleneglycol (PEG) linker has one amino-reactive end for attachment to the

tip and one reactive end for linking of ligands (212) (Fig.2.13 A). The interaction forces

are measured in a 'force-distance' cycle, an example of which is shown in Fig.2.13 B.

Figure 2.13.: Tip modi�cation (A) and subsequent single molecule recognition event (B) detected
by SFM (adapted from (211,213)). Binding of the antibody on the tip to the antigen
on the surface during approach (trace points 1 to 5) physically connects the tip to the
sample. This causes a distinct force signal of distinct shape (points 6 and 7) during
tip retraction, re�ecting extension of the distensible cross-linker-antibody-antigen con-
nection. The force increases until unbinding occurs at an unbinding force of 268 pN
(points 7 to 2). If the ligand on the tip doesn't form a speci�c bond with one of the
receptors on the sample surface, the recognition event is missing and the retrace curve
looks like trace.

2.4.3. Application in nanomechanical characterization of proteins

As mentioned above mechanical forces exerted by cells onto various substrates and vice

versa are important for their function and di�erentiation behavior. At the most basic

level sti�ness can regulate cell growth and viability, as well as resistance to apoptosis.

It can also a�ect lineage commitment and di�erentiation of precursor cells (214, 215).

Therefore, experiments measuring the mechanical properties of proteins and biosca�olds

on the nanoscale are key to understanding their role in processes and phenomena they're a

part of. In this context, SFM comes as a very powerful tool to mechanically characterize

such molecules by making use of earlier previously de�ned biophysical and mechanical

formulations. This is typically done while working in static mode in order to obtain force-

distance curves (see above, Fig.2.12). Ideally, this provides the force applied to the tip

and the tip sample distance, which furthermore are corrected by subtracting the sample

(Z-piezo) and the de�ection of the cantilever. Essentially, by implementing this force-

distance behavior in various setups and regimes one can calculate various parameters as
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sti�ness (216, 217), tensile stress (218, 219), bending and shear moduli (220, 221), and so

on.

Being the main structural elements in the ECM, collagens and collagen-containing xeno-

geneic sca�olds attract a lot of interest with respect to their mechanical characterization.

Depending on the type of interaction between the cells and ECMs, they can exert di�er-

ent forces ranging from crawling through the matrix and bending its elements, as well as

reorganizing the �brils by pulling and stretching on them (tensile stress). Nevertheless

due to the morphological properties of the �brillar collagens, last decade has seen a keen

interest in the analysis of their bending modulus (EB).

The expected beam de�ection of a freestanding nanobridge upon the application of a

concentrated point load (F ) at a certain position (x) can be modeled by using the Euler-

Bernoulli beam equation with the basic assumption of linear elastic deformations of an

isotropic beam.

d2

dx2

(
EI

d2v

dx2

)
(2.2)

If a cylindrical beam (i.e. collagen �bril) with a radius (r) is considered homogeneous and

isotropic, the bending sti�ness (�exural rigidity) would correspond to Young's modulus

(E) and could be written as EI, with I being the second moment of the cylindrical cross-

section (area) (I = πr4/4) (222). Depending on the di�erent boundary conditions there

are a few typical models which implement the mobility of the beam's end. Variations

include clamped (completely �xed), pinned (�xed at a single point), simple supported

(freely sliding) ends. At moderate force regimes (up to 20 nN and deformation below

5%) the adhesion forces in dried state between substrate and the beam are considered

su�cient to ensure a complete immobilization. Nevertheless at physiological conditions,

the collagen �laments are prone to sliding. Therefore, the following most common 4

models should be considered (Fig.2.14).

To examine the EB of the �brils we examine the linear behavior (slopes) (dF/dv) of

de�ections during force spectroscopy. In the case of the 4 models discussed above the

slopes of the force-deformation curves are expressed as follows (for 0 ≤ a ≤ L) (223):

dF

dv
(a) = 3EBI

L3

(L− a)3a3
(2.3)

dF

dv
(a) = 3EBI

L2

(L− a)2a2
(2.4)

dF

dv
(a) = 12EBI

L3

a3(L− a)2(4L− a)
(2.5)
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Figure 2.14.: Models for the de�ection of a concentric beam upon application of concentrated load.
(A) Clamped - Clamped (double-clamped) (Eq.2.3) vs. (B) Pinned - Simple supported
(Eq.2.4) vs. (C) Clamped - Simple supported (Eq.2.5) vs. (D) Simple supported -
Clamped (Eq.2.6).

dF

dv
(a) = 12EBI

L3

a2(L− a)3(a+ 3L)
(2.6)

The most commonly applied model with collagen �brils in dried state is the double-

clamped since the �xed-end conditions are usually met. Nevertheless, in liquid environ-

ment a further modi�cation of the substrate should be considered in order to ensure

the chemical binding of the ends of the suspended �brils to the substrates. If a double-

clamped model is assumed, the elastic deformation of the suspended part of the �bril

resulting from a concentrated load can be regarded as the sum of de�ections contributed

by bending (vB) and shearing (vS) (224). In this case, neglecting the end e�ects of the

substrate yields the following equation:

v = vB + vS =
FL3

192EI
+ fS

FL

4GA
=

FL3

192EBI
(2.7)

where v is the de�ection, G is the shear modulus, A is the cross-sectional area of the

�bril, fS is a geometric factor of shear (equal to 10/9 for a cylindrical beam). If the shear

contribution is neglected (when L
R
≥
√

E
G
condition is met), then EB corresponds to E.

When G cannot be ignored, the expression of EB for a cylindrical rod follows from Eq.2.7

in the form (221):

1

EB

=
1

E
+

120

9G
×
(
r2

L2

)
(2.8)
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Furthermore, G can be determined from the slope of the linear relation between 1/EB

and r2/L2.



3. Materials and Methods

3.1. Materials

3.1.1. Chemicals

Product Supplier

ÿ-mercaptoethanol (2-mercaptoethanol) Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

2-Morpholinoethanesulfonic acid monohydrate
(MES)

Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

(3-Aminopropyl)triethoxysilane, ≥ 98% Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

4'-n-octyl-4-cyanobiphenyl (8CB) Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Acetone 99.5+ %, for analysis Acros Organics, Geel, Belgium

Agarose type IX-A, ultra-low gelling temperature Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Ammonium hydroxide, for analysis, 28 � 30 wt%
solution of NH3 in water

Acros Organics, Geel, Belgium

Blyscan sulfated glycosaminoglycan assay kit Biocolor Ltd., Newtownabbey,
Northern Ireland

Chloroform, for analysis Merck Chemicals KGaA,
Darmstadt, Germany

Collagen type I from bovine skin (acid soluble), 7
mg/ml

USB Europe GmbH, Staufen,
Germany

Collagen type I from bovine skin
(pepsin-solubilized), 2.9 � 3.2 mg/ml (PureCol)

Nutacon, Leimuiden, Netherlands
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Product Supplier

Cysteine Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Ethylenediaminetetraacetic acid (EDTA)
disodium salt

Amersham Pharmacia Biotech,
Uppsala, Sweden

Ethanol 100% absolute, for analysis VWR International GmbH,
Darmstadt, Germany

Glutaraldehyde (25% in water) SERVA Electrophoresis GmbH,
Heidelberg, Germany

Heparan sulfate sodium salt from bovine kidney Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Heparin sodium salt from porcine intestinal
mucosa (4 � 6 kDa), 170 USP U/mg

BioChemika, Fluka,
Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Heparin sodium salt from porcine intestinal
mucosa, Grade I-A (17 � 19 kDa), ≥ 140 USP
U/mg

Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Heparin sodium salt from porcine intestinal
mucosa, ≥ 140 USP U/mg

Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Heparin, �uorescein conjugate Invitrogen, Molecular Probes,
Leiden, Netherlands

(Heptadeca�uoro-1,1,2,2-
tetrahydrodecyl)dimethylchlorosilane

ABCR GmbH & Co. KG,
Karlsruhe, Germany

Hyaluronic acid potassium salt from human
umbilical cord

Sigma-Aldrich Chemie GmbH,
Steinheim, Germany

Hydrochloric acid solution Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Hydrogen peroxide 35% Merck Chemicals KGaA,
Darmstadt, Germany

Hydroxylamine hydrochloride Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Isopropanol 99.5%, for analysis Acros Organics, Geel, Belgium
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Product Supplier

Methanol for HPLC Acros Organics, Geel, Belgium

Modi�ed SPURR embedding kit SERVA Electrophoresis GmbH,
Heidelberg, Germany

Mowiol® 4-88 antifade medium Polysciences Inc., Warrington,
PA, US

N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC)

Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

n-Heptane, GR for analysis Merck Chemicals KGaA,
Darmstadt, Germany

N-Hydroxysuccinimide (NHS) Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

o-Phthaldialdehyde Sigma Aldrich-Chemie GmbH,
Steinheim, Germany

Osmium tetroxide solution 4% (for electron
microscopy)

Carl-Roth GmbH & Co,
Karlsruhe, Germany

Papain (from Carica papaya) Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Phenol Sigma Aldrich-Chemie GmbH,
Steinheim, Germany

Phosphate bu�ered saline (PBS) Sigma Aldrich-Chemie GmbH,
Steinheim, Germany

Phosphotungstic acid hydrate (PTA) Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Poly(ethylene-alt-maleic anhydride) (PEMA),
400 kDa

Polysciences Inc., Warrington,
PA, US

Poly(octadecene-alt-maleic anhydride) (POMA),
30 � 50 kDa

Polysciences Inc., Warrington,
PA, US

Sodium acetate anhydrous Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Sodium borohydride Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany
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Product Supplier

Sodium chloride Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Sodium cyanoborohydride Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Sodium hydroxyde, for analysis Fluka, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany

Sylgard 184 Silicon elastomer kit Dow Corning, Arrow Direct,
Leipzig, Germany

Tetrahydrofuran 99.6%, for analysis ACS,
stabilized with BHT (THF)

Acros Organics, Geel, Belgium

Uranyl acetate Plano GmbH, Wetzlar, Germany

Volusol cleaning agent (pepsin/hydrochloric acid) VWR International GmbH,
Darmstadt, Germany

3.1.2. Materials

Material Supplier

3.05 mm Au-grids (400-mesh) Plano GmbH, Wetzlar, Germany

3.05 mm Cu-grids (400- and 1500-mesh) Plano GmbH, Wetzlar, Germany

3.05 mm Cu-grids (400-mesh) with Holey
carbon �lms

Quantifoil Micro Tools GmbH, Jena,
Germany

3.05 mm Cu-grids (400-mesh) with Formvar
�lms

Plano GmbH, Wetzlar, Germany

3.05 mm Cu-grids (400-mesh) with Pioloform
�lms

Plano GmbH, Wetzlar, Germany

3.05 mm Ni-grids (2000-mesh) Plano GmbH, Wetzlar, Germany

6/12/96 well tissue culture plates TPP, St. Louis, MO, US

Accu-Jet® pipette controller BrandTech Scienti�c, Essex, UK

Borosillicate glass coverslips (24x24 cm2,
circular with ø 15 � 18 mm)

Carl-Roth GmbH & Co, Karlsruhe,
Germany
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Material Supplier

Eppendorf Flex-Tubes® microcentrifuge
tubes (0.5 � 2.0 ml)

Eppendorf AG, Hamburg, Germany

Filter paper discs Whatman GmbH, Dassel, Germany

Millipore �lters VivaSpin 20 Sartorius AG, Göttingen, Germany

Muscovite mica Plano GmbH, Wetzlar, Germany

Polyprolylene pestles (length 8.5 cm) Bel-Art Products, Pequannock, NJ,
US

Polystyrene tubes (15 and 50 ml) Greiner Bio-One GmbH,
Frickenhausen, Germany

Polytetra�uoroethylene (PTFE) �lters (pore
size 0.2 µm)

Carl-Roth GmbH & Co, Karlsruhe,
Germany

Quarz capillaries (ø 1.5 mm) Glasstechnik Fa. Wolfgang Müller,
Schonwalde bei Berlin, Germany

Silicon wafers (microstructured) GeSiM, Groÿerkmannsdorf, Germany

Zorbax SB-C18 columns (4.6 x 150 mm, 3.5
µm)

Agilent Technologies, Böblingen,
Germany

3.1.3. Devices

Device Supplier

Agilent 1100 LC-system with
�uorescence detection

Agilent Technologies, Böblingen, Germany

Analytical scales CP 2245 (accuracy
± 1 µg)

Sartorius AG, Göttingen, Germany

Bandelin Sonorex Super 10P
ultrasonic bath

SCHALLTEC GmbH, Mörfelden-Walldorf,
Germany

BDK clean bench Luft und Raumtechnik GmbH, Germany

Microtome RM2255 Leica Microsystems GmbH, Heerbrugg,
Switzerland



40 CHAPTER 3. Materials and Methods

Device Supplier

Milli-Q water �ltration system
Q-Gard® 2

Millipore, Eschborn, Germany

Minishaker MS2 IKA® Werke GmbH & Co. KG, Staufen,
Germany

Pellet pestle cordless motor Kontes, Würzburg, Germany

pH meter pH538 WTW GmbH, Weilheim, Germany

Plasma cleaner Harrick Laseranalytik Starna GmbH, Pfungstadt,
Germany

RC5 spin coater CT62 C101 SUSS MicroTek AG, Garching, Germany

Rocking stage IKA® Labortechnik GmbH & Co. KG,
Staufen, Germany

SnowJet cleaning device Applied Surface Technologies, New
Providence, NJ, US

Specord S 10 spectrophotometer Carl Zeiss GmbH, Jena, Germany

Sputter coater SCD 050 BAL-TEC GmbH, Schalksmühle, Germany

STAT-FAN YI B01-ODR Ion-Care AB, Malmö, Sweden

Swivelling table KS 250 basic IKA® Labortechnik GmbH & Co. KG,
Staufen, Germany

Tabletop centrifuge 5403 (�xed
rotor)

Eppendorf AG, Hamburg, Germany

Tabletop centrifuge pico (swing
bucket rotor)

Heraeus Instruments, Gera, Germany

Temperature controller ETS-D4
fuzzy

IKA® Werke GmbH & Co. KG, Staufen,
Germany

Thermoheater RCT basic IKA® Labortechnik GmbH & Co. KG,
Staufen, Germany

Thermomixer comfort Eppendorf AG, Hamburg, Germany

Thermostat with Kelvitron t°C
control

Heraeus Instruments, Gera, Germany
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Device Supplier

Ultra-Turrax T8 homogenizer IKA® Werke GmbH & Co. KG, Staufen,
Germany

Vacuum exicator DURAN DURAN Group GmbH, Mainz, Germany

Vacuum oven Heraeus Instruments, Gera, Germany

UV-VIS spectrophotometer GENios Tecan Group Ltd., Männedorf, Switzerland

3.1.4. Software

Software Developer

Chemstation software Rev. 08.01 Agilent Technologies, Böblingen, Germany

Chemwindow 5.1 Bio-Rad Laboratories GmbH, München,
Germany

CorelDRAW Graphics Suite 13,
X4

Corel Corporation, Ottawa, Ontario, Canada

Igor Pro 6.040 WaveMetrics Inc., Lake Oswego, OR, US

ImageJ 1.41f National Institute of Health, US

LAS 1.8.2 build 1465 Leica Microsystems CMS GmbH, Wetzlar,
Germany

MFP-3D software Asylum Research, Santa Barbara, CA, US

NanoScope 5.12 R3 and 6.13 R1 Digital Instruments/Veeco, Santa Barbara, CA,
US

Origin Pro 6.5, 7.5, 8.0 OriginLab Corporation, Northampton, MA, US

PicoScan 5.x Agilent, US

PyMOL� 0.99 rc 6 Delano Scienti�c LLC, Palo Alto, CA, US

SPIP 4.402 - 5.001 Image Metrology A/S, Hørsholm, Denmark

WSxM 4.0 Develop 8.6 Nanotec Electronica SL, Madrid, Spain
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3.1.5. Microscopes

Microscope Type Supplier

MultiMode AFM (NanoScope IV
controller)

SFM Veeco, Santa Barbara, CA, US

BioScope AFM (NanoScope IIIa) SFM Veeco, Santa Barbara, CA, US

PicoSPM (SPM 1000) SFM Molecular Imaging, UK

MFP-3D� Stand Alone AFM
(ARC2 SPM)

SFM Asylum Research, Santa Barbara,
US

Omega EM 912 (at 120 kV) TEM Carl Zeiss, Germany

Tecnai 12 BioTWIN (at 100 kV) TEM FEI, Netherlands

XL 30 ESEM FEG (SE detector at
30 kV)

SEM FEI-Phillips, Netherlands

Leica TCS SP1 cLSM Leica Microsystems CMS GmbH,
Wetzlar, Germany

Leica TCS SP5 cLSM Leica Microsystems CMS GmbH,
Wetzlar, Germany

Bruker AXS Nanostar (CuKa
radiation, l = 1.54 Å, generator
power 4.05 kW)

WAXS Bruker AXS, Karlsruhe, Germany

3.1.6. Cantilevers

Cantilever Material w,
kHz

ROC,
nm

kf,
N/m

Supplier

Tap300 Si 300 < 10 40 BudgetSensors, So�a, Bulgaria

Multi75 Si 75 < 10 3 BudgetSensors, So�a, Bulgaria

SSS-NCL Si 190 < 2 48 Nanosensors, Neuchatel,
Switzerland

MLCT-AU
(pos. C)

Si3N4 7 < 50 0.01 ThermoMicroscopes, Sunnyvale, US
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Cantilever Material w,
kHz

ROC,
nm

kf,
N/m

Supplier

MLCT-AU
(pos. D)

Si3N4 15 < 50 0.03 ThermoMicroscopes, Sunnyvale, US

MLCT-AU
(pos. E)

Si3N4 38 < 50 0.10 ThermoMicroscopes, Sunnyvale, US

MLCT-AU
(pos. F)

Si3N4 120� < 50 0.50 ThermoMicroscopes, Sunnyvale, US

DNP (pos.
D)

Si3N4 18 < 60 0.06 Veeco, Santa Barbara, US

3.2. Methods

3.2.1. Biochemical methods

3.2.1.1. Collagen type I - heparin co�brillogenesis

Collagen-GAG co�brils were reconstituted from a sterile solution of either pepsin-solubilized

bovine dermal collagen (PSC) in 0.012 N HCl at pH 2.0 (PureCol�) or acid soluble calf

skin collagen (ASC) in 0.075 M acetic acid (including thimerosal) at pH 3.7, with low

molecular weight heparin (LMWH) (MW ≈ 4 � 6 kDa), high molecular weight heparin

(HMWH) (MW ≈ 17 � 19 kDa), heparan sulfate (HS), or hyaluronic acid (HA). The acidic

PSC stock solution was diluted with 0.1 M NaOH and 10 � 15x phosphate bu�ered saline

(PBS) (depending on the stock collagen concentration) to a concentration of 2.4 mg/ml.

The ASC stock solution was also diluted with 0.1 M NaOH and 2.9x PBS (0.2 M Na2HPO4,

1.3 M NaCl, pH 7.4) to a �nal concentration of 2.4 mg/ml. All components were kept on

ice both prior and after mixing. Furthermore, the collagen solution (pH corrected to 7.4)

was mixed with a chilled solution of the corresponding GAG in 1x PBS which resulted in

solutions with collagen concentration of 1.2 mg/ml and descending concentration of the

polysaccharide from 10 to 0 mg/ml (Table 3.1)

The collagen-GAG binding was initiated for 30 min at 0 °C. When a di�erent pH was

required, it was corrected prior to the 30 min binding initiation. The co�brillogenesis was

initiated by transfer of the solutions to a thermostat and a temperature shift to 37 °C,

and typically lasted not longer than 24 h (depending on the goal of the experiment).
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Sample 1 2 3 4 5 6 7 8 9 10 11 12

Collagen conc.,

mg/ml

1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20

GAG conc.,

mg/ml

10.00 4.00 2.00 1.00 0.40 0.20 0.10 0.07 0.05 0.02 0.01 -

Collagen (1.2)

volume, µl

750 750 750 750 750 750 750 750 750 750 750 750

GAG dilution

factor

1 2.5 5 10 1 2 4 5.71 8 20 40 -

GAG (20)

volume, µl

750 300 150 75 - - - - - - - -

GAG (0.8)

volume, µl

- - - - 750 375 187.5 131.2593.75 37.5 18.75 -

PBS (1x), µl - 450 600 675 - 375 562.5 618.75656.25712.5 731.25 750

Table 3.1.: Protocol for preparing collagen-GAG gels.

3.2.1.2. Turbidimetric analysis�

The kinetics of the collagen-GAG co�brillogenesis was followed by turbidimetric analysis

using a GENios spectrophotometer. Six aliquots of 200 µl from each sample, after the

binding initiation on ice, were placed in a randomized order in an RNAse-/DNAse-free

96-well plates. In order to avoid condensation on top of the well plate lid, all samples

were preheated for 2 � 3 min at 37 °C. The optical density (turbidity) was measured at

405 nm, 37 °C for 4 h (240 cycles of 1 min each).

3.2.1.3. Quantitation of collagen (HPLC)

After 24 h, the resulting collagen gels were centrifuged at 5 000 Ö g for 30 min and the

supernatant was removed while determining its volume. For the quantitation of residual

collagen, 2 x 30 µl were removed from the supernatant and kept at � 18 °C before protein

quantitation. Collagen content in solutions and supernatants of centrifuged collagen-

heparin pellets was quanti�ed using acidic protein hydrolysis with subsequent amino acid

based high pressure liquid chromatography (HPLC). Collagen containing aliquots were

subjected to vapor hydrolysis in vacuum using 6 M HCl at 110 °C for 24 h and subsequently

neutralized. The resulting hydrolysates were dissolved and further diluted in de�ned

volumes of 50 mM sodium acetate bu�er at pH ≈ 6.8. The released amino acids were

chromatographically separated after pre-column derivatization with ortho-phthalaldehyde

on a Zorbax SB-C18 column (4.6 x 150 mm, 3.5 µm) using an Agilent 1100 LC-system with
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�uorescence detection. Amino acids were quanti�ed using an external standard and the

analysis was controlled by the Chemstation software Rev. 08.01. For detailed description

refer to (225).

3.2.1.4. Quantitation of heparin (Blyscan� GAG assay)

LMWH was separately quanti�ed in the supernatant and in the collagen pellet formed af-

ter centrifugation using the Blyscan� sulfated GAG assay. The pellets were resuspended

in 1 ml freshly prepared 50 mM PBS, pH 6.8 containing 20 µg/ml papain, 1 M NaCl,

5 mM cysteine and 1 mM EDTA and agitated in a thermostated shaker at 60 °C and

600 rpm for 24 h. Depending on the primary GAG concentration, aliquots of di�erent

volumes were taken from the resulting suspension and subjected to the assay procedure.

In some cases the aliquots had to be further diluted in PBS before performing the as-

say. The assay kit was used according to the supplier's protocol � to 100 µl of GAG

containing solution 1 ml of the dye reagent was added and subsequently placed into a

shaker. After 30 min the samples were centrifuged and the supernatant was separated

from the precipitated GAG-dye-complex. The precipitate was diluted again by the addi-

tion of 1 ml dissociation reagent. After complete resuspension of the GAG-dye complex,

blue-colored solutions were formed whose absorption was measured at 655 nm using a

spectrophotometer Specord S 10. The corresponding GAG amounts were calculated us-

ing a standard curve prepared with 1, 2, 3, and 5 µg GAG.

3.2.2. Chemical modi�cations

3.2.2.1. Polymer coating of coverslips

For the preparation of stable thin polymer �lms of poly-(octadecene alt maleic anhydride)

(POMA) or poly-(ethylene alt maleic anhydride) (PEMA), a 0.1 � 0.2% (w/w) copoly-

mer solution in tetrahydrofurane (THF) was spin-coated onto cleaned and aminosilanized

SiO2-surfaces (silicon wafers or borosillicate glass coverslips (24x24 mm2)). The coverslips

were initially precleaned via ultrasonication for 30 min in double distilled water (Milli-Q),

followed by a 2 � 3Ö rinsing, subsequent 30 min ultrasonication in ethanol, and 2 � 3Ö

washing with Milli-Q. In order to chemically sweep and prehydrophylize the surfaces, the

coverslips were further subjected to RCA cleaning in a mixture of medical extra pure

35% H2O2, 29% aqueous solution of NH3 and Milli-Q in volumetric ratio of 1:1:5. A

te�on rack containing the coverslips was kept in the solution at 70 °C for 10 min, followed

by 2 � 3Ö rinsing with Milli-Q and drying with N2. The functionalization with 20 mM

3-aminopropyltriethoxysilane (APTES) in ethanol/Milli-Q (9:1) solution took place for 2

h at room temperature (RT) in a sealed glass beaker. Upon completion of the aminosi-
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lanization, each substrate was thoroughly rinsed with ethanol and immediately dried with

N2. In order to further stabilizing the APTES coating, the samples were dried for 1 h at

120 °C. Within 20 min after drying, �ltered copolymer solutions (polytetra�uoroethylene

(PTFE) syringe �lters with pore size of 0.2 µm) of 0.16% POMA (in THF) and 0.15%

PEMA (in acetone:THF = 1:2) were spin-coated onto the surfaces for 30 s, at 4 000 rpm,

and acceleration of 1 500 rpm/s. The thin polymer �lms were furthermore annealed for 2

h at 120 °C, and stored for not longer than 3 months.

3.2.2.2. Curing of polydimethylsiloxane (PDMS)

The microstructuring of polydimethylsiloxane (PDMS) was carried out via a reactive ion

etched (RIE) silicon masters with channel-like topology. The wafers were initially �uo-

rosilanized (in a protocol similar to the aminosilanization above) with (heptadeca�uoro

- 1,1,2,2 - tetrahydrodecyl) dimethylchlorosilane). Furthermore, the hydrophobic silicon

structures were subjected to SnowJet cleaning with CO2 on a preheated (200 °C) ther-

moplate in order to remove any unbound submicron �uorosilane chains. The PDMS was

further cured from a viscous elastomer kit Sylgard 184, consisting of components A (base)

and B (curing agent) by mixing them in ratio 10:1. After stirring with a glass rod, the

prepolymer solution was degassed in a vacuum dessicator for 5 � 10 min, followed by a

deposition of the prepolymer on a precleaned with isopropanol silicon master. In order

to remove air bubble formation, the silicon structures were �xed to the bottom of a glass

Petri dish via a silicon glue. The curing took place in an oven over 4 h at 65 °C, after

which the PDMS casts were peeled o� the silicon masters and cut via a whole puncher to

circular discs with diameters of 15 � 18 mm. In order to discard unbound PDMS chains,

the casts were rinsed in heptane for 24 h on a swiveling table, and furthermore dried in a

vacuum oven at 90 °C overnight (ON). At the end, the back of the PDMS structures was

glued on prehydrophlized glass coverslips with similar diameters.

3.2.2.3. Glutaraldehyde functionalization of silicon surfaces

The PDMS or silicon gratings were initially rinsed in isopropanol, subsequently dried and

subjected to SnowJet cleaning. Furthermore, in order to remove any residual chemistries

and hydrophilize the surface, they were subjected to oxygen plasma treatment for 120 s at

RF coil power of 29.6 W. Following 2 h functionalization of the surfaces with 2% APTES

solution in Ethanol/Milli-Q (9:1), the structures were thoroughly rinsed in ethanol, im-

mediately dried by nitrogen �ow and furthermore stabilized in a designated oven for 1 h

at 120 °C. After introduction of NH2-groups on the surfaces, the structures were further

functionalized with 2.5% aqueous solution of glutaraldehyde for 2 h at 37 °C, followed by

2x 15 min removal of the unreacted glutaraldehyde by rinsing with ethanol. After nitrogen
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stream drying of the substrates, the rinsed co�bril supernatants were deposited over the

aldehyde-derivatized surfaces and allowed to bind for at least 8 h at 4 °C. If necessary the

resulting labile Schiff's base (imine group) was further stabilized by reductive amination

either with 50 mM NaBH4 or NaBH3CN to an amide chemistry (Fig.3.1).

Figure 3.1.: Aldehyde-derivatization strategy applied for covalent immobilization of collagen �brils.

3.2.2.4. Carbodiimide functionalization of PDMS

The EDC/NHS functionalization of the silicon surfaces included a PEMA copolymer

coating step described above. Furthermore, the maleic anhydride functionalities were hy-

drolyzed (in order to expose the COOH-groups on the surface of the gratings) either by

autoclaving them at 120 °C under water or by simple hydrolysis in PBS (1x) at RT for a

few hours. Afterwards, the surfaces were rinsed with an activation (conjugation) 0.1 M

2-[morpholino]ethanesulfonic acid (MES) bu�er (pH 6) for 5 min. Further functionaliza-

tion with 10 mM carbodiimide (EDC) (N-[3-dimethylaminopropyl]-N'-ethylcarbodiimide

hydrochloride) solution in MES bu�er. The unstable reactive o-acylisourea esters were

further activated by further addition of 25 mM N-hydroxysuccinimide (NHS) solution

and allowed to react for 15 min at RT. The unreacted EDC was optionally quenched

by addition of a few drops of ÿ-mercaptoethanol (BME) for 2 � 3 min, which does not

interfere with the semi-stable amine-reactive � NHS-esters which lifetime around pH 7 is

4 � 5 hours. The surfaces were furthermore desalted by 2 � 3Ö rinsing with PBS (1x) and

reacted with the primary amines from the co�brils for 2 h at RT until stable amide bond

formation occurs (Fig.3.2).

3.2.2.5. Embedding of the protein samples in epoxy resin

Suspensions of co�brils were primarily �xed with 2.5% of glutaraldehyde in ratio 1:1 (or

1:2) for 30 min at 4 °C. The crosslinked proteins were encapsulated in 1 ml 2% solution
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Figure 3.2.: NHS-derivatization strategy applied for covalent immobilization of collagen �brils.

of high quality agarose for 15 � 20 min at 4 °C, followed by a secondary �xation with 2.5%

glutaraldehyde solution for 6 � 8 hours at 4 °C. Furthermore, samples were secondarily

�xed with 2% OsO4 solution, ON, at RT. Following 2 � 3Ö rinsing with Milli-Q, the fully

crosslinked samples were dehydrated and concomitantly stained with 1% uranyl acetate

(UA) in ascending acetone series as it follows:

� 1x 25% acetone (30 min)

� 1x 50% acetone + 1% UA (2 h)

� 1x 70% acetone (15 min)

� 1x 90% acetone (15 min)

� 3x 100% acetone (20 min each)

Each sample was in�ltrated with a resin kit containing components which were used in a

ratio providing the highest crosslinking, hence sti�ness of the resin:

VRESIN, ml 40 30 20 10

NSA, g 26 19.5 13 6.5

ERL-4221 D, g 10 7.5 5 2.5

D.E.R. 736, g 6 4.5 3 1.5

DMAE (S-1), g 0.4 0.3 0.2 0.1

VRESIN, % VACETONE, % TINFILTRATION, h

25 75 4

50 50 12

75 25 4

100 - 20

Table 3.2.: Modi�ed Spurr kit components and resin in�ltration protocol.

Furthermore the samples were slowly in�ltrated with the prepared resin as described in

Table 3.2. At the end of the in�ltration step, samples were once again embedded into

freshly prepared resin and subsequently polymerized in a temperature programmed oven

for 72 h at 50 � 60 °C according to the following protocol (Table 3.3):
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Cycle Length Temperature Cycle Length Temperature

1 10 min 0 ⇒ 50 °C 5 10 h 55 ⇒ 60 °C

2 12 h 50 °C 6 40 h 60 °C

3 10 min 50 ⇒ 55 °C 7 10 h 60 ⇒ 25 °C

4 12 h 55 °C 8 STOP 25 °C

Table 3.3.: Programme for polymerization of epoxy resin embedded with biological samples.

3.2.3. Microscopical methods

3.2.3.1. Scanning force microscopy (SFM)

At the required end of the 24 h co�brillogenesis, the gels were homogenized for 30 seconds

using a pellet pestle cordless motor. The homogenized solution was diluted 40-fold in 1x

PBS and 200 µl were deposited either on circular glass cover slips (d = 12 mm) or freshly

cleaved atomically �at muscovite mica layers and allowed to adhere for 10 min at RT.

Prior to the sample deposition, the cover slips were treated with a carbon dioxide SnowJet

cleaner in order to remove submicron particles and hydrocarbon-based contamination.

After aspiration of the �uid from the cover slips they were carefully washed in Milli-Q. The

samples were dried ON at RT and were subsequently analyzed via intermittent contact

scanning force microscopy with a MultiMode , BioScope AFM or PicoSPM using silicon

cantilevers (Tap300 or Multi75) with a radius of the tip curvature (ROC) < 10 nm, or for

higher resolution - SuperSharp silicon probes (SSS-NCL) with ROC ≈ 2 nm. For contact

mode imaging in dried state and in liquid, samples were analyzed with non-sharpened

silicon nitride cantilevers (MLCT-AUHW � re�ective gold coating, type C-F; or DNP,

type E), in which case the measurements were carried out with a MFP-3D instrument.

3.2.3.2. Micromechanical bending

Bending experiments were carried out using non-sharpened silicon nitride cantilevers

(MLCT-AUHW � re�ective gold coating, type C-F; or DNP, type E). All measurements

were carried out with a MFP-3D instrument. Images were recorded predominantly in

intermittent contact mode, while force curves were collected in contact mode. Microme-

chanical bending tests were performed by bending the elastic �brils at single point in the

middle of suspended �laments, or via a multiple point bending test along the length of

the �brils. The collected de�ection vs. piezo displacement curves, obtained directly from

the micromechanical bending tests and converted to force-separation curves. Cantilevers

were calibrated via the thermal method using an algorithm directly implemented in the

MFP-3D software. The samples were kept hydrated at all times. With respect to the
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ROC of the cantilever and the diameters from the �brils, the indentation of the material,

as well as the calculated PDMS deformation (< 3%), are considered negligible. Principle

of the experimental setup is given in Fig.3.3.

Figure 3.3.: Experimental setup of the micromechanical bending (adapted from (226)).

3.2.3.3. Scanning electron microscopy (SEM)

After homogenization and dilution of the gels, as described above (3.2.3.1), 500 µl of the

diluted homogenates were transferred onto square cover slips (24 x 24 mm), followed by

a subsequent adsorption for 5 min at RT, aspiration of the residual �uid and rinsing in

Milli-Q water. The samples were dried ON and prepared for structural analysis by gold

deposition in a sputter coater at 60 mV for 50 seconds. The heavy metal deposition on

the surface allowed for sample analysis under high vacuum in a Phillips SEM equipped

with an SE detector, and operating at 7.5 � 10 kV, Spot Size 3.

3.2.3.4. Transmission electron microscopy (TEM)

Preparation of negatively stained specimens was carried out in 2 ways: either via direct

deposition of co�bril suspension on 300- to 2000-mesh Cu-grids or by embedding of the

samples into epoxy resin and subsequent thin sectioning. In the case of direct deposition

on the Cu-grids, the samples were initially allowed to adhere for 10 min at RT (co�bril

gels) or at 4 °C (nuclei solution). By applying a drop application technique the grids were

rinsed 3-fold with deionized water and stained in 1% (w/v) phosphotungstic acid (in 50%

(v/v) ethanol)) (pH 3.5) 2-fold for 5 min. Furthermore, samples were counterstained in

5% �ltered solution of tannic acid for 10 min and negatively stained with 2% aqueous

solution of UA (pH 4.2) for 20 min at RT. Some of the samples were stained only with

UA (as detailed in section 4.2.2). The second preparation technique for thin sectioning is

a modi�ed version of the original Spurr protocol (227). The samples were �rst �xed in

2.5% glutaraldehyde solution, followed by encapsulation in 2% high quality low melting
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temperature agarose and cut into small 2 x 2 mm2 blocks. These were subjected to a

secondary �xation step in 2.5% glutaraldehyde followed by an ON osmi�cation with 4%

aqueous solution of OsO4. The �xed specimens were dehydrated into ascending acetone

series (UA staining included at 50% acetone step) and subsequently in�ltrated into epoxy

resin by stepwise exchange of the acetone. After 72 h polymerization of the resin at 60 °C

the samples were cut with a microtome diamond knife into sections with varying thickness

between 50 � 300 nm, and mounted on pioloform �lm coated 300-mesh Cu-grids. Images

were acquired under high vacuum with two di�erent TEM systems namely an Omega EM

912 operating at 120 kV, and a Tecnai 12 BioTWIN operating at 100 kV.

3.2.3.5. Confocal laser scanning microscopy (cLSM)

Complexes of heparin and �brillar collagen were visualized using FITC-labeled heparin.

Surface-bound collagen layers were prepared as described in Salchert et al (228). Brie�y,

�brillogenesis of PSC-heparin co�brils was performed in the presence of POMA-coated

cover slips at 37°C for 24 h as described above for gel preparation using heparin-FITC

diluted with heparin at a 1:10 ratio. After immobilization, the surfaces with bound

co�brils were rinsed at least 6 times before mounting them on a microscope slide. The

surfaces were imaged using a confocal laser scanning microscope TCS SP1 with a 40x

oil immersion objective. The lateral resolution of the cLSM working under standard

conditions (pinhole size = 1 Airy disc) is de�ned as the full width at half maximum

(FWHMLATERAL) of an intensity image of a point object by FWHMLATERAL = 0.51×
λEM/NA, with lEM being the emission wavelength of the image object and NA � the

numerical aperture of the microscope objective. For our setup (�uorescein label, NA =

1.25) this results in a lateral resolution of 210 nm.

3.2.3.6. Wide angle x-ray scattering

At the end of the co�brillogenesis, the �brillar suspensions were rinsed via VivaSpin

20 Millipore �lters with molecular weight cut-o� of 1 MDa in order to remove residual

heparin. Subsequently, all samples were centrifuged for 30 min at 20 000 Ö g in order to

precipitate the �brous material and then loaded into quartz capillaries with a diameter

of 1.5 mm. Experiments were performed using an in-house Bruker AXS Nanostar with

a rotating anode X-ray source (CuKa radiation, l = 1.54 Å, generator power 4.05 kW)

and a virtually noise-free, real-time 2D Hi-Star detector with photon counting ability.

The smectic A layer spacing of the liquid crystal 4'-octyl-4-cyanobiphenyl was used as

calibration. The resulting 2D images of the di�raction patterns were integrated radially

over all azimuthal angles (q = 0 to 360 °) and covered a q range of 0.1 to 7.5 nm-1. Plots

of intensity vs. q reveal scattering peaks which can be translated to a d spacing, in the
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case of lateral �bril packing found here, by the relationship d = 2π/q. Peak positions

and widths were measured using Lorentzian �ts obtained with the data analysis program

Origin.



4. Results and Discussion

The rationale to use two native ECM components as collagen type I and heparin, with

respect to their further involvement in designing novel xenogeneic sca�olds requires a

broader characterization of their intimate structural interaction. Thereby a wide range of

microscopy techniques was implemented to analyze the kinetic aspects of the characteristic

collagen I �brillogenesis in the presence of heparin (section 4.1). Additionally, the ability

of the �brillar collagen I to exhibit varying structural and hierarchical characteristics

in�uenced by a potentially intercalating agent as the polysaccharide, was studied in detail

(section 4.2). At the end, we provide means via which to mechanically characterize such

a protein-polysaccharide coassembly and to relay the results to the previously observed

kinetic and structural properties of the system (section 4.3). The already performed

analysis is of particular interest for understanding and gaining a control over a rather

versatile and already heavily exploited advanced cell culture system.

4.1. Morphological characterization of collagen type I -

GAG assemblies

As previously discussed (section 2.3.5) various GAGs are known to in�uence di�erently the

kinetics of the acid soluble collagen I (ASC) �brillogenesis, as well as the morphology of

both in vivo and in vitro reconstituted �brils. Nevertheless, studies on pepsin-solubilized

collagen type I (PSC) remain scarce and inconclusive. The motivation for using PSC

is based on its perspective application in advanced cell culture systems and is due to

the absence of telopeptides (characteristic for collagen extraction with pepsin) leading to

overall decreased immunogenicity. The e�ect of three di�erent GAGs, namely LMWH,

HA and HS, on the morphological characteristics of gels reconstituted in the presence of

PSC was studied via SFM and SEM. PSC concentration was kept constant in all studies

(1.2 mg/ml), while the GAG concentration was varied in the range 0 � 10 mg/ml.
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4.1.1. Impact of GAG type on the morphology of the co�brils

4.1.1.1. Pure PSC �brils

SFM analysis of pure PSC �brils showed that they exhibit the typical twisted 'rope-

like' long helical morphology with the presence of the typical D-banding of 67 nm. The

homogeneity in size with a diameter distribution of the PSC �brils of 220 � 230 nm was

usually disrupted only by the occasional aggregation of the thinner �brils into macro-

assemblies (Fig.4.1).

Figure 4.1.: Morphological analysis of pure PSC �brils (1.2 mg/ml) showing SFM amplitude images.

The occasional kinks along the �bril length are reminiscent of inhomogeneous 'tube-like'

structure composed of a relatively hard shell and softer less dense core. The nature of

such crimps is characteristic for the liquid-crystalline model supporting the structural

organization of collagen type I as hollow tubes (106, 107). The appearance of aggregates

is typically an aftermath of the very high concentration of PSC, as lower concentrations

and shorter �brillogenesis times showed the tendency of forming individual �laments (data

not shown).

4.1.1.2. PSC �brils reconstituted in the presence of HA

Reconstitution of PSC �brils in the presence of HA took place in the concentration range

up to 5 mg/ml. The overall structure and linearity of the supposedly formed co�brils

resembled the ones of the pure PSC �brils with the appearance of the characteristic

kinks discussed above, as well as the preserved 67 nm D-banding. There was a gradual

increase in diameters of the formed macro�brils (assemblies) as portrayed in Fig.4.2.

Concentrations up to 1 mg/ml retained the range of diameters typical for pure PSC �brils

(180 � 250 nm), while increase to 5 mg/ml HA resulted in substantial agglomeration to

diameters in the range of 350 � 700 nm.
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Figure 4.2.: Reconstitution of PSC �brils in the presence of hyaluronic acid. SFM amplitude images
show PSC �brils (1.2 mg/ml) assembled in the presence of (A) 1 mg/ml HA and (B) 5
mg/ml HA.

4.1.1.3. Impact of HS on the formation of PSC �brils

The e�ect of HS on morphology of PSC �brils was investigated in the range 0.01 � 4

mg/ml. Fibrillogenesis took place with concentrations of the GAG up to 1 mg/ml, while

any further increase resulted in partial or complete retardation of the assembly. Low con-

centrations of HS (0.01 � 0.10 mg/ml) resulted in formation of �brils with similar diameters

(220 � 230 nm) and morphology to the pure PSC �brils (Fig.4.3 A).

Figure 4.3.: Impact of HS on the morphology of PSC �brils (1.2 mg/ml) reconstituted in the presence
of (A) 0.1 mg/ml and (B) 1 mg/ml GAG, respectively, shown by SFM amplitude images.

Increase of HS concentration above 0.5 mg/ml led to increase in linearity of the �laments,

also accompanied by a partial increase in diameters reaching up to 290 � 320 nm. Never-

theless, the nature of the agglomeration in comparison to the case with HA appears to be

di�erent, since the typical twisted morphology of the pure PSC �brils was not observed

in this case (Fig.4.3 B).
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4.1.1.4. E�ect of LMWH on reconstitution of PSC �brils

Morphological analysis of the PSC-LMWH gels by SFM revealed straight and thick tac-

todial co�brils, which were rather heterogeneous in size (often exceeding 1 µm) (Fig.4.4).

Typical for all LMWH containing samples was the presence of a halo of small 'nano�b-

rils' lying in the vicinity to the bigger ones, something which was not observed in any

of the previously two investigated systems with HA and HS. While the 'giant' co�brils

retained the characteristic D-pattern, the 'nano�brils' appeared to be delineating signi�-

cantly from them. Another surprising feature of the PSC-LMWH gels was that even the

lowest concentrations of GAG (studied in the range 0.01 � 10 mg/ml) led to the formation

of this spindle-like morphology which was completely di�erent than the case with pure

PSC �brils.

Figure 4.4.: Morphogenic e�ect of LMWH on PSC �brils reconstituted at 0.4 mg/ml GAG.

4.1.2. Impact of concentration on the morphology of collagen I -

LMWH co�brils

As LMWH had the most signi�cant morphogenic impact on collagen �brillogenesis, we

studied the e�ect of concentration on the morphology of the PSC �brils. The presence

of LMWH at all concentrations resulted in the formation of spindle-like co�brils in com-

parison to the more twisted �brils of pure PSC. At high (2 � 4 mg/ml) and low (0.01 � 0.1

mg/ml) GAG concentrations, less heterogeneous thinner co�brils with predominantly ta-

pered ends were observed. Intermediate concentrations (0.1 � 1 mg/ml) led to the forma-

tion of very thick �brils with spindle-like shape and blunt ends. Statistical analysis of the

SFM and SEM images showed a signi�cant di�erence (n = 200, p < 0.05, 1-way ANOVA,

BonferroniMultiple Variance Test) in the size distribution of the co�brils reconstituted

at various GAG concentrations. The intermediate concentrations were characterized by

broader size distributions representing the heterogeneous mixture of co�brils formed at

these conditions, while the low and high concentrations resulted in the formation of more
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homogeneous co�brils (Fig.4.5 A,B). The highest mean diameters (388 nm) were measured

at a heparin concentration of 0.4 mg/ml, while the two extremes (0.01 and 4 mg/ml) re-

sulted in the formation of thinner co�brils with average diameters of 227 nm and 271 nm,

respectively. A similar non-linear dependence on increasing heparin concentration was

observed for the width-to-length ratio of the co�brils (n = 50, p < 0.01) (Fig.4.5 C). The

thickest and shortest �brils with the highest ratio were determined again at a heparin

concentration of 0.4 mg/ml.

Figure 4.5.: Size distributions of the PSC-LMWH co�brils (A) at various GAG concentrations with a
graphical representation of diameter (B) and width-to-length ratio (C) vs. concentration
(error bars representing standard deviation).

4.1.3. Kinetics of PSC - LMWH co�brillogenesis

The variations in size distribution and co�bril morphologies over the wide range of LMWH

concentrations used posed the question whether there were any signi�cant di�erences

in the growth kinetics at the di�erent conditions. The kinetics of the process of �bril

formation was followed by turbidimetric analysis after 30 min preincubation time, while

in all cases, the presence of heparin led to the formation of sigmoidal curves with a distinct

lag and exponential phase (Fig.4.6 A).

As kinetic parameters of �bril growth, the onset of the exponential phase (tEXP) and the

slope at the half-time of exponential growth were derived from the turbidimetric curves.
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Figure 4.6.: Turbidimetric analysis (405 nm) of the PSC-LMWH co�brillogenesis at 37 °C after 30
min preincubation at 0 °C (A) and the optical density measured directly at the end of
the preincubation period (B) (error bars representing standard deviation).

Brie�y, the maximum of the 1st derivative of the sigmoidal curves corresponds to the slope

of the turbidity curve at the half-time of exponential growth (dOD
dt

(
t1/2

)
). The linear ex-

trapolation of the tangent at this time-point to the baseline value of the nucleation phase

de�nes the time-point of tEXP in the turbidity curve. Fig.4.7 A,B indicated a drastic

shortening of the nucleation phase combined by an increase in growth rate � character-

ized by slope1/2 � for very small LMWH concentrations in comparison to pure PSC. With

increasing GAG concentrations tEXP increased in a non-linear fashion in conjunction with

a decrease of the growth rate. This was di�erent for the case of pure PSC �brils which

was characterized by a gradual shortening of tEXP with respect to the increasing initial

concentrations of atelocollagen (see Appendix, Fig.A.1). At a very high LMWH concen-

tration of 4 mg/ml the values were almost equal to the values of pure collagen samples.

Besides the di�erent kinetics, a signi�cantly di�erent turbidity of the solutions was ob-

served after the 30 min preincubation period at 0 °C (n = 30, p < 0.001) (Fig.4.6 B).

For further information on concentration-based kinetics of the pure PSC �brillogenesis

see appendices (A.1).

According to Wood (151, 153) there is a relation between the turbidity of the collagen

gels and the corresponding extent of precipitation. This means that the higher turbidity

at intermediate GAG concentrations could be interpreted as larger size or amount of

the nuclei �brillar material. The highest mean nuclei optical density (OD) (0.1208) was

found for a concentration of 0.4 mg/ml LMWH, which corresponds to the highest mean

co�bril diameter and width-to-length ratio from the morphological analysis. A structural

comparison of the nuclei at 0.01 and 0.4 mg/ml LMWH by SFM showed no signi�cant

di�erences in size but nonetheless a rather high density, when placed on the glass substrate

for SFM imaging, at 0.4 mg/ml in comparison to 0.01 mg/ml (data not shown). Hence,

the increase in OD was attributed to the amount of nucleic �brillar collagen-LMWH
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Figure 4.7.: Time of exponential onset tEXP (A) and slope at exponential half-time dOD
dt

(
t1/2

)
(B)

are plotted vs. deployed heparin concentration. Data for pure PSC samples are given
as horizontal lines for comparison. (A, B are data from one typical experiment out of 3
independent experiments).

assemblies.

4.1.4. Intercalation of heparin within the co�brils

In order to elucidate the role of LMWH in the formation of co�brils with di�erent and

heterogeneous morphologies and its potential binding inside the co�brils, the amount of

GAGs associated with them was quanti�ed. The quantitation assay exploits the fact

that heparin forms colored complexes with the cationic dye 1,9-dimethylmethylene blue.

Test studies suggested that the whole heparin amount is only accessible for the dye com-

plexation after enzymatic digestion with the cysteine protease papain. Interestingly, the

test experiments showed that the di�erence in the amount of heparin measured with and

without enzymatic digestion was exactly as high as the amount of heparin revealed by

the heparin quantitation after 24 h of rinsing in PBS (see below). This �nding provided

the �rst hint that this fraction of heparin might be found inside the co�brils, because it

could not be easily washed away and was only accessible after enzymatic digestion. In

order to evaluate the binding of heparin inside/to PSC �brils, the PSC-LMWH pellets

were rinsed for 24 h or 7 days in PBS and the measured heparin amount was compared

to the heparin content directly after the end of the co�brillogenesis (Fig.4.8 A).

Directly at the end of co�brillogenesis the LMWH quanti�ed in the pellets strongly in-

creased with the deployed ascending GAG solution concentration. Subsequent rinsing of

the pellets for 24 h and 7 days (data not shown) in PBS led to a substantial decrease in

heparin content with a maximum value measured for 0.4 mg/ml LMWH. Furthermore,

acidic protein hydrolysis with subsequent amino acid based HPLC analysis was used to

quantify the amount of collagen remaining in the supernatant after the end of the co�bril-

logenesis. By subtracting the measured collagen amount from the deployed atelocollagen
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Figure 4.8.: Stability of PSC-LMWH assemblies and molar (A) quantitation of LMWH in the pellets
after 24 h co�brillogenesis and after subsequent 24 h rinsing in PBS (n = 8) (22). For
comparison the GAG amounts in experiments with loading LMWH to preformed PSC
gels (after subsequent 24 h rinsing in PBS) are also shown. Error bars represent standard
deviation. (B) Molar ratio of LMWH and PSC in the pellets after 24 h �brillogenesis
(Values were calculated on the basis of the measured atelocollagen and LMWH amounts
using an average MW for the GAG of 5 kDa and for atelocollagen of 280 kDa).

in the starting solution, the amount of collagen in the pellet was found to slightly correlate

with the deployed LMWH concentration. The lowest collagen content was measured in

the pellet for the pure PSC samples (0.976 mg) while the highest amount was found in

the sample with 0.1 mg/ml LMWH (1.086 mg). The further increase of the GAG concen-

tration (to 4 mg/ml) resulted in decrease of the pellet-bound collagen to 0.984 mg. From

these data a molar ratio of LMWH to collagen in the co�brillar assemblies was estimated,

by taking into consideration an average molecular weight for LMWH of 5 kDa and 280

kDa for the atelocollagen (Fig.4.8 B). A ratio of nearly 1:1 (heparin:collagen) was found

for �brils formed in the presence of 0.1 mg/ml GAG and over 1.6:1 was calculated for

LMWH concentrations in the range (0.4 � 1.2 mg/ml), followed by a steady decrease in the

ratio for higher concentrations. The high molar ratio and the highest amount of LMWH

associated with the co�brils at 0.4 mg/ml point towards an intercalation of LMWH inside

the collagen �brils. This was even more obvious after comparison with the morphological

data. As the co�brils at intermediate LMWH concentrations exhibit the greatest diam-

eter and width-to-length ratio, they possess the smallest surface-to-volume ratio, while

exhibiting the highest heparin content at the same time. Hence, the LMWH binding can

only be explained by an intercalation of the GAG.

In an additional experiment, preformed pure PSC assemblies were incubated with LMWH

in order to compare its binding on the surface of the �brils. Although signi�cant amounts

of heparin were bound to collagen after 24 h rinsing in PBS, there was only a linear

relation between the amount of bound heparin and the heparin solution concentration,

which is in strong contrast to the LMWH-PSC co�brils (Fig.4.8 A). Thus the signi�cant
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binding of heparin to preformed collagen gels could mainly be attributed to the larger

surface area of the collagen �brils in comparison to the co�brils due to their much smaller

diameter and greater length.

The intercalation of heparin inside the co�brils was supported by conducting an analysis

with cLSM and FITC-labeled heparin (0.4 mg/ml). Collagen �brils were imaged with

maximum resolution resulting from the typical tactodial shapes of imaged �laments. As

in implemented setup the lateral optical resolution is approximately 210 nm (see section

3.2.3.5), imaging of co�brils with diameters in the range of 200 to 800 nm is feasible (Fig.

4.9).

Figure 4.9.: cLSM image of a single PSC-FITC-labeled heparin co�bril of varying diameter. Inset in
bottom left shows the approximation of Gaussian function used to �t the cross-section(s)
analyzed later on.

The full width at half maximum (FWHM) and the maximum �uorescence intensity of mul-

tiple cross-sections of imaged PSC-heparin co�brils, acquired from the non-linear Gaussian

�ts, were analyzed for both multiple independent co�brils (n = 243) and single co�brils

(n = 100) (Fig.4.10 and Fig.4.11). Both parameters were assumed to resemble means of

the diameter of the �brils and the amount of heparin present at this diameter throughout

the �bril.

By plotting the maximum intensity against FWHM or the square of FWHM and extrap-

olating the linear �ts to zero �uorescence intensity, the hypothesis whether the amount

of bound heparin goes with the circumference or with the area of the cross-section of the

co�brils can be veri�ed. As the linear �t of the square of FWHM for the single co�brils

(Fig.4.10 A) almost crosses the origin of the graph, an intercalation of heparin inside the

�brils can be expected. Even with the strong scatter in the plot of the multiple co�bril

analysis (Fig.4.10 B) � possibly coming from di�erent focusing and degree of horizontal

alignment of the co�brils � a linear relation can be anticipated between LMWH amount

(maximum �uorescence intensity) and �bril cross-section area (FWHM2).
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Figure 4.10.: Linear regression of the maximum �uorescence intensity of co�bril cross-section vs.
the square of its FWHM for multiple co�brils (A) and across a single co�bril (B). The
sketch in (C) represents the idea behind the relation between the maximum intensity
(I) and the FWHM2 (or the area of the cross-section (ACS)) in the case when the
FITC-labeled LMWH is intercalated within the �bril.

Figure 4.11.: Absence of linear extrapolation of maximum �uorescence intensity vs. FWHM for
single (A) and multiple (B) co�brils. The sketch in (C) represents the idea behind the
relation between the maximum intensity (I) and the FWHM (or the circumference of
the cross-section (CCS)) in the case when the FITC-labeled LMWH is bound only on
the surface of the PSC �bril.

4.1.5. Impact of degree of sulfation, molecular weight and pH

value

In order to understand the origin of heparin binding inside the co�brils and to prove

the predominant e�ect of electrostatic interactions in the PSC-LMWH co�bril formation

as suggested by McPherson et al. (182), a determination of the structural di�erences

amongst PSC-GAG co�brils as a function of molecular weight of heparin, as well as charge,

the latter by substituting heparin with HS, and varying the pH value during co�brillo-

genesis, was carried out. The analysis involved heparin with a higher molecular weight

(HMWH) in the range of 17 � 19 kDa in comparison to the heparin of the preceding exper-

iments with molecular weight of 4 � 6 kDa (LMWH). Substituting heparin with HS leaves

the molecular weight in a similar range (13 � 15 kDa), however, the negative net charge

of the molecule is drastically decreased due to the 3-fold smaller degree of sulfation (41).

The morphological and kinetic turbidimetric analysis of the PSC-HMWH gels exhibited

the same behavior as observed for LMWH. The size distribution, optical density in the



4.1 Morphological characterization of collagen type I - GAG assemblies 63

nucleation phase, growth kinetics (tEXP, dOD
dt

(
t1/2

)
), and width-to-length ratio showed no

signi�cant di�erences (p < 0.025) in comparison to LMWH (Fig.4.12).

Figure 4.12.: Size distribution of the PSC-HMWH co�brils (A) at various deployed GAG concentra-
tions with a graphical representation of diameter (B) and width-to-length ratio (C) vs.
concentration (error bars representing standard deviation).

In contrast, co�brillogenesis in the presence of HS resulted in the formation of co�brils

with a much smaller dependence on HS concentration in comparison to the collagen-

heparin co�brils (Fig.4.3). A small, but signi�cant increase in the co�bril size (n = 100,

p < 0.001, 1-way ANOVA, Bonferroni Test) was only observed for the 1.0 mg/ml

and 0.4 mg/ml HS resulting in mean thicknesses of 300 nm and 252 nm respectively, in

comparison to 230 � 240 nm for pure collagen (see Appendices, section A.3). Characteristic

for the high HS concentrations (particularly 1 mg/ml) was the formation of �brils with

more pronounced straight morphology and tapered ends. Other concentrations of HS

in�uenced neither the size distribution (p > 0.05) nor the co�bril structure. A further

increase of the HS concentration (4 mg/ml) resulted in a complete inhibition of the co�bril

formation over the time range of 24 h.

Variation of pH had a much more pronounced impact on the PSC-LMWH co�brils

(Fig.4.13). An acidic environment led to an inhibition of co�bril formation and resulted

in twisted thinner �brils � similar to pure PSC � with diameters decreasing with descend-

ing pH. The e�ect of the more basic environment was a decrease of co�bril diameter and

width-to-length ratio with ascending pH value. The statistical analysis showed that the
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increase of pH to 7.9 and 8.4 led co�bril mean diameters to decrease to respectively 282

and 204 nm (n = 50). Apparently at the highest pH value the diameters were even smaller

than those for the pure PSC �brils reconstituted at pH 7.4 (230 � 240 nm). The co�brils

at neutral pH retained the most pronounced spindle-like shape with the greatest thickness

and width-to-length ratio. The e�ect of pH changes on reconstituted PSC-HS co�brils

(Fig.4.13) had a much lower impact on their morphology with no signi�cant variations

in diameter. The only di�erence was that the �brils at lower pH had a slightly more

pronounced linearity (pH 6.9) in comparison to those reconstituted at pH 7.9.

Figure 4.13.: SEM images of PSC-GAG co�brils summarizing the di�erent e�ect of pH value on
their morphology, PSC-LMWH (0.4 mg/ml LMWH), PSC-HS (0.4 mg/ml HS) (Scale
bar: 2 µm).

4.1.6. Discussion

In vitro collagen �brillogenesis in the presence of GAGs has already been studied for quite

a long time (166�168,182,229,230). These studies revealed a lot of issues concerning the

impact of GAG composition, concentration, pH value, and ionic strength on the kind and

kinetics of growing �brils. Beside other results, it was pointed out that the electrostatic

interaction between GAG and collagen molecules is a key element in the assembly process

(166,168,182). Nevertheless, the reconstitution of pepsin-digested collagen in the presence

of negative GAGs is poorly understood and remains an intriguing conundrum.

The morphological analysis presented in 4.1, showed that there are substantial morpholog-

ical and kinetic di�erences observed while PSC was reconstituted in the presence of non-

sulfated (HA), less sulfated (HS) and highly sulfated GAGs (LMWH, HMWH). Increase

in HA concentration led to an increase in �bril diameters but no obvious morphological

di�erences. Also with respect to the negligible di�erences in PSC-HA kinetics at various
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GAG concentrations (data not shown), the e�ect of HA on the size of the reconstituted

co�brils could most likely be attributed to potential accretion of atelocollagen molecules

due to steric exclusion by the hyaluronic acid molecules. Essentially, the HA concentrates

a lot of atelocollagen molecules in a small volume and sterically forces and accelerates the

�brillogenesis. Additionally, HA at all concentrations did not a�ect neither the structure

nor the linearity of the �brils, which can tell us that most probably the huge molecule

dimensions and small negative charge prevented its incorporation within the �brils. It

would seem that this is a key issue in collagen-GAG systems where the high molecular

weight polysaccharide is heavily exploited. On the other side, the presence of sulfate

groups had a much more pronounced e�ect on the linearity and thickness of the co�brils.

Already for HS with a low degree of sulfation there was pronounced and concentration-

dependent e�ect on �bril formation, which was very much enhanced in the case of highly

sulfated heparin.

Seen in this context, heparin comes up as an important GAG, because of its high charge

density, its occurrence in several living tissues, and its role in binding of growth fac-

tors, and cell-surface ligands (231�233). Heparin is known to bear the highest density

of negatively charged groups among all other GAG (41) which can trigger the electro-

static interaction with other macroionic molecules (48). Previous studies showed that the

monomeric tropocollagen carries speci�c binding sites between positions 755 and 933 at

the carboxy terminal region (234) and/or one near the N-terminus (235), which is also

active in its �brillar arrangement. In the latter work it was proposed, that the binding

site near the N-terminus should be the primary one and could act together with other

low a�nity sites for cross-linking tropocollagen molecules. Former models (182) also

suggested the in vitro association of the GAG with collagen and the formation of unspe-

ci�c electrostatic heparin bridges between the tropocollagen monomers and micro�brils.

Unspeci�c electrostatic interaction could take place since it is known that the collagen

molecule carries approximately 270 positively charged groups per helix (amino acid se-

quence: Swiss-Prot/TrEMBL: P02453 (CO1A1_bovine), P02465 (CO1A2_bovine) (236),

which are very often just a few angstroms apart (237). Although the concentration range

and ratio of collagen and heparin varied considerably in di�erent studies, it was com-

monly found, that low concentrations of heparin promoted �bril formation, while high

concentrations inhibited �bril assembly (167,182,229,230). Based on those �ndings some

principles of association of heparin (or other GAG) in the process of �bril formation

were proposed, however, due to the various range of used concentrations and di�erent

investigation techniques a consistent picture of the process and the important parameters

are not fully established. The binding and fate of heparin molecules during �bril assem-

bly remains hardly addressed, although it is a quite important question in this context.

Heparin is proposed as a cross-linking molecule for tropocollagen or micro�bril building
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blocks during in vitro co�brillogenesis (182, 235), yet no in vivo (165, 238�240) nor in

vitro (24, 129, 183, 241) reports could provide evidences for the intercalation of any GAG

or PG in �brillar structures. All these studies generally address the localization of the

GAG as inter�brillar.

The data presented in this section demonstrates the build-up of very thick collagen �brils

with the greatest width at a heparin/atelocollagen solution ratio of 1/3. The co�brils ex-

hibited a straight spindle-like shape which was not previously reported for similar studies

with heparin (182,230,241) but was observed in recent studies for other GAGs (24,183).

The current study extends the previous knowledge in this �eld by implementing analy-

sis on a broad range of deployed heparin concentrations and a more detailed structural

investigation of the grown co�brils by furthermore combining it with kinetic data of the

co�brillogenesis. A strong correlation of the co�bril diameter at the end of 24 h precipi-

tation could be drawn to the OD of collagen-heparin �brillar material in the nucleation

phase. The maximum OD after the nucleation phase was found for intermediate heparin

concentrations, which directly translates into the maximum of �bril diameter at the end of

the co�brillogenesis. These �ndings correlate with previous studies stating the importance

of the nucleation phase (166,242) and earlier research on the kinetics of pure collagen �b-

rillogenesis showing that the nucleation phase, in which the soluble tropocollagen triple

helices accrete to preformed nuclei (activation centers), predominates over growth and

that the size of the �nally formed �brils is determined during this lag period (152, 153).

Hence, the strong heparin binding to atelocollagen in�uences the whole assembly process.

The current observations support earlier �ndings, that it is indeed the electrostatic inter-

actions which dominate in heparin-collagen binding (168). This clear hint comes from the

variation of the solution pH value during co�bril assembly, varying the molecular weight

of heparin, and the variation of the degree of sulfation of the used GAG, i.e. replacing

heparin by HS or HA (229,233). In that way the decrease of �bril formation at very high

heparin concentrations or its inhibition at lower pH can be interpreted as an e�ect of over-

charging and resulting repulsion between tropocollagen molecules as suggested in (182),

too. After the nucleation phase, the lateral accretion of nuclei is proposed as the dominant

growth mode, which should be promoted by the electrostatic interaction of heparin bound

to the collagen. The halo of smaller �brils lying in vicinity to the big co�brils in the SFM

investigations correlates very well with the high amount of preformed nuclei nevertheless

no direct structural relation between them and the co�brils was found, an issue which will

be elaborated in section 4.2. The kinetic data of the turbidimetric analysis support this

�nding as low concentrations of heparin tend to accelerate �bril formation, which comes

as a result of an electrostatic binding between the numerous nucleic material charged

with heparin. The increase of the heparin amount in solution leads to slowing down the

co�bril growth, probably due to issues of local transport and positional arrangement of
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the nucleic material. As a result of this growth process, the di�erence in width-to-length

ratio in dependence on heparin concentration can be interpreted as the outcome of two

concurring growth mechanisms: a more longitudinal growth which is common for the

early growth stages of the pure collagen I system (152) and a mode of lateral accretion

by parallel interaction of nuclei which is promoted by the heparin-collagen interaction.

The conducted experiments determine the speci�c binding of heparin inside the co�brils as

one of the very important �ndings of this work. In the process of lateral accretion heparin

is intercalated inside the growing �brils acting as promoter and stabilizer of the assembly

of micro�brils into thick straight co�brils. This interesting feature can be revealed from

the heparin quanti�cation data and cLSM analysis. The correlation of heparin content

with cross-section area of the co�brils and the necessity of their enzymatic digestion

for complete detection of all bound heparin clearly shows that heparin is located inside

the �brils. The equality of the di�erence in detected heparin amounts with and without

enzymatic digestion to the amount of heparin after 24 h rinsing con�rms the binding of the

part of quanti�ed heparin intercalated inside the PSC �brils. The conclusion is supported

by the fact that the highest amount of bound heparin was measured in the case of the

thickest co�brils (smallest surface area per collagen amount). Additionally, the molar

ratio of heparin to atelocollagen of approximately 1 (even for the highest heparin solution

concentration) calls for a speci�c binding of heparin to PSC at one primary binding site on

tropocollagen and eventually inside the co�brils, as previously reported (235). This is in

agreement with the suggestion of heparin acting as cross-linker of atelocollagen molecules

in the process of �brillar assembly (182), but adds the clear message that it is stably

intercalated inside the co�brils with a speci�c binding, a feature not reported up to now

for neither in vivo nor in vitro systems containing other GAGs (24,183,238�240,243).

In summary, Fig.4.14 provides a scheme of the important steps of collagen �bril formation

in the presence of heparin elucidating the dominant parameters in this process. The

nucleation phase has the dominant function (Fig.4.14 A) in which heparin binds to the

atelocollagen monomers via strong electrostatic interaction leading to the formation of

an increasing number of nuclei (Fig.4.14 B) with increasing amounts of available heparin.

The very high heparin concentration has a visible oversaturating e�ect probably caused

by electrostatic repulsion �due to an excess of negative charges- and/or steric hindrance

by the heparin molecules. The nucleation phase determines the destiny of the subsequent

co�bril assembly in which a lateral accretion of nucleic material leads to the build-up

of large co�brils. The kinetics of this process is in�uenced by the transport properties

of the available building blocks and the increased lateral accretion for higher loadings of

collagen molecules with heparin. At these conditions acceleration is observed due to the

electrostatic interaction of heparin with PSC for lower amounts of heparin, while at the

same time a retarding e�ect acts on the system due to the larger amount of nucleic material
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Figure 4.14.: Proposed scheme of the important steps of PSC � heparin co�brillogenesis portraying
the dominant parameters: 1. the formation of di�erent amount of nuclei (B) with
dependence on charge and concentration of GAG (A); 2. their di�erent mechanisms
of lateral or longitudinal growth into spindle-like co�brils (C) driven by electrostatic
PSC-heparin interaction and steric hindrance. The 3 images in (B) and (C) represent
3 di�erent concentrations of heparin � from top to bottom � low (e.g. 0.01 mg/ml),
intermediate (e.g. 0.4 mg/ml) and high (e.g. 4.0 mg/ml).

and its steric hindrance in transport. Finally, thick spindle-like co�brils are assembled

due to the enhancement of lateral accretion of nuclei against longitudinal growth by the

presence of heparin, and are furthermore stabilized by the intercalated GAG.

4.2. Structural polymorphism of collagen type I �brils

The appearance of various types of structures, such as co�brils, smaller nano�brils and

nuclei, raised the question about their involvement in the �bril assembly process (see

section 4.1). The property of collagen systems to exhibit varying structural characteristics,

else known as structural polymorphism, is a very intricate interplay between various

parameters (discussed in 4.2) which de�ne the arrangement of the collagen monomers

into hierarchical suprastructures. Therefore, the formation of various polymorphic forms

and structural levels was studied in detail by means of SFM and high resolution TEM.

4.2.1. Structural levels and banding periodicities

The previous analysis of the PSC � heparin system exhibited a non-linear correlation

between the concentration of the GAG and the morphology of the reconstituted co�b-

rils with the most pronounced width-to-length ratio and average diameter at PSC and

heparin concentrations of 1.2 and 0.4 mg/ml respectively. Thereby, this intermediate

concentration was chosen as constant in all experiments during this study. Also, since no

di�erences with respect to the MW were observed, the highly sulfated GAG from now on

will be ony addressed as heparin. As previously discussed the reconstitution of the PSC-
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heparin co�brils is a process which involves: 1) a nucleation phase at 0 °C during which

the atelocollagen molecules interact electrostatically with heparin, and 2) co�brillogenesis

taking place at 37 °C during which the already formed nucleic material participates into

the formation of the big co�brils. In order to get information about the �brillar structures

existing in the system, suspensions from already reconstituted co�brils were subjected to

analysis (Fig.4.15).

Figure 4.15.: SFM images of the two existing structural levels in the system with reconstituted PSC
� heparin �brils: (A) `co�brils' and (B) `nano�brils' (after 24 h co�brillogenesis at 37
°C). Inset in (A) shows the typical 67 D-banding periodicity of the co�brils.

The morphological analysis of the samples at the end of the 24 h co�brillogenesis exhibited

the previously observed straight and thick �brils (diameters reaching 1 µm) which di�er

signi�cantly from the twisted and thinner pure PSC �brils (Fig.4.15 A). These big �brillar

structures coassembled from collagen I and heparin we herein refer to as 'co�brils'. While

the co�brils were substantially di�erent than the PSC �brils they shares the same D-

banding periodicity of 67 nm. As already mentioned in 4.1.1.4, typical for all heparin

containing samples was also the presence of a halo of smaller �brils lying in vicinity to the

big co�brils (Fig.4.15 B). With a diameter of 80 � 100 nm they appear to be almost an order

of magnitude smaller than the average co�brils, and had a striking regularly repeating

banding periodicity of 160 � 170 nm. Therefore, we refer to them in the following as

'nano�brils'. The fact that co�brils and nano�brils di�er not only in structure and size,

but also banding periodicity comes as a clear sign that they represent distinct structural

levels in the system. In order to better understand the origin of the polymorphic forms

and the reason for their coexistence we looked in more detail on the symmetry of their

banding patterns. This analysis should help to explain the e�ect of heparin in the �brillar

self-assembly of PSC.
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4.2.2. Co�brils with asymmetric D-banding

The rather unusual intercalation of heparin into the co�brils with remaining D-banding

periodicity of 67 nm, discussed in 4.1.4, raised the question about the symmetry of the

atelocollagen arrangement within the co�brils. To clarify this issue, an in-depth TEM

study with 3 di�erent stainings and overall of 2 di�erent preparation techniques was

carried out (Fig.4.16).

Figure 4.16.: High-resolution TEM images of PSC � heparin co�brils. Preparations included: (A)
Negative staining with 2% aq.sol. uranyl acetate (UA) (pH 4.2); (B) Staining with
1% phosphotungstic acid (pH 3.5), counterstaining with 5% �ltered tannic acid and
negative staining with 2% UA (pH 4.2); (C) Positive staining with 2% UA (pH 4.2);
(D) 300 nm sections of UA-stained co�brils embedded in epoxy resin.

All staining techniques revealed the formation of a D-banding pattern of 67 nm with

the typical recursion of 2 major zones of unequal density. This was especially charac-

teristic for negative staining protocols (Fig.4.16 A,B and Fig.4.17 B,C). The negatively

stained samples exhibited more contrasted and preserved striations in comparison to the

hardly recognizable bands in the positively stained specimen. The structures appear to
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be clearly asymmetric. Although not typical for pepsin-treated tropocollagen this ob-

servation falls into a very good agreement with previous studies using enzyme-puri�ed

collagen type I and highly sulfated synthetic GAGs as pentosan-polysulfoester (SP54)

and mucopolysaccharide polysulfoester (Arteparon) (129,242). The in-depth comparison

of the TEM density pro�les with reported density pro�les of native collagen type I (87)

as a reference resulted in a very close match of both densitometric linescans (Fig.4.17).

Figure 4.17.: Asymmetric density pro�les of PSC � heparin co�brils. Samples in (B) were negatively
stained with 2% UA, while specimen in (C) was stained with 1% PTA, counterstained
with 5% �ltered tannic acid, and negatively stained with 2% UA. Computer-generated
diagrammatic representation of native collagen banding (A) (according to (87)) as
opposed to 25-pixel averaged densitometric linescans (corresponding to (B) and (C)
respectively) signifying the recorded density of stain uptake along 2x D-patterns (134
nm). The typical (A) and putative (D) notation of collagen bands is given above the
intensity maxima. The pro�le in image (C) was normalized to 2 D-periods due to
the small deviation (10 � 15%) which is expected to arise from di�erent preparation
protocols (shrinking upon beam exposure, thickness of the layer, conventional drying,
etc.).

The axial polarity of the co�brils can be directly recognized from the images. However,

since some of the subperiods are not clearly discernible a straightforward correlation

is hard to make and the band assignment in the co�bril case should be taken as more

informative. Nevertheless, a close comparison between them reveals characteristic features

for the asymmetric collagen type I systems (93) like the 2 di�use and tending to merge e1
and e2 bands, a very pronounced d band, broad and intense b1 and b2 bands, close and

somehow indiscernible c1 � c3 bands. It's worth noting that the typical a1 � a4 quartet
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looks slightly di�erent than its typical appearance in native collagen type I systems which

could be attributed to more or less signi�cant changes in the telopeptides contributing to

the density in this region.

Similar spindle-shaped �brillar assemblies as the herein described co�brils have been pre-

viously reported for di�erent conditions, ranging from systems with various terminal col-

lagen type I enzymatic modi�cation (156, 244, 245) to environments reconstituted in the

presence of natural/synthetic GAGs (24, 183). There has also been the notion that sys-

tems utilizing pepsin-modi�ed collagen type I and GAGs are prone to forming symmetric

spindle-like �brils. It has been shown that the selective removal of the telopeptides gen-

erally a�ects the collagen �brillogenesis as well as the native asymmetric banding of 67

nm. Pepsin treatment is considered responsible for the complete removal of N-telopeptide

and partial truncation of the C-telopeptide (120, 161). In that case, removal of the main

electrostatic regions from both termini is expected to prevent a normal electrostatic in-

teraction of the tropocollagen moiety, leaving the hydrophobic clusters as the remaining

driving force in the self-assembly. However, an interesting alternative could be the pres-

ence of high negatively charged heparin. Its small size and increased conformational

�exibility (246) could ensure its serving as a potential intra- and intermolecular bridge

between the atelocollagen helices. This is supported by the previously reported two spe-

ci�c binding sites of heparin along the monomeric tropocollagen chains, located in close

proximity to the C-terminus (234) and the N-terminus (235) and the preservation of the

large hydrophobic C-terminal cluster ensuring further hydrophobic interactions that are

known to be critical in native collagen type I assembly. Combined with the earlier �nd-

ings of heparin to be intercalated into the co�brils (see section 4.1.4), it is plausible that

D-periodic asymmetric co�brils can be produced from PSC in the presence of heparin, as

endorsed in previous studies (129,242). Axial arrangement (parallel vs. antiparallel) has

also been shown to depend on the partial or incomplete enzymatic removal of telopeptide

regions (121), which combined with observations presented above, points towards the con-

clusion that the formation of asymmetric co�brils is most likely a sophisticated interplay

between the extent of telopeptide removal, electrostatic interaction with high negatively

charged molecules (especially in the initial phase), and hydrophobic interactions being

typically important in collagen type I systems. Nevertheless, exact binding of the heparin

along the atelocollagen chains at this point is rather speculative. Possibilities range from

heparin occupying the spaces left vacant by the missing telopeptides, positioning along

some other gap regions, or binding at its speci�c binding sites along the atelocollagen

molecule. The previous biochemical analysis showing a molecular ratio of both molecules

of about 1:1 pointed towards a speci�c interplay between atelocollagen and heparin which

could be the case of positioning along one or both of the speci�c binding sites reported

previously. These possibilites are further investigated and discussed in section 4.3.
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4.2.3. FLS IV nano�brils with symmetric periodicity

The second structural level which was found in the system involved the so-called 'nano�b-

rils'. Tracking the SFM height of such molecule along its length revealed regularly re-

peating blocks of 165 nm with recursive appearance of major and minor grooves which

seemed to be symmetric along this repeating unit (Fig.4.18).

Figure 4.18.: (A) SFM phase image of symmetric nano�brils. Cross-section along the surface of
one of the nano�brils (B) revealed a regular banding periodicity of 165 nm. (C)
Juxtaposing front and reversed densitometric pro�les from a TEM image of a single
nano�bril accounts for a symmetric stain uptake and banding periodicity. Specimen in
(C) is a 100 nm section of UA-stained nano�brils embedded in epoxy resin.

The stepwise congruent height di�erences between the major and minor grooves of 5 nm

(Fig.4.18 B) most probably represent a discrete step in the growth mechanism of the

molecule pointing the speci�c building blocks. In order to draw de�nitive conclusion

about the symmetry of the nano�brils, analysis of 100 nm sections of UA-stained PSC-

heparin gels embedded in epoxy resin after glutaraldehyde �xation, was carried out via

TEM. A densitometric scan along a nano�bril length of 2 characteristic bandings of 165

nm showed similar pro�le to the one which was observed previously with SFM. To check

the dihedral symmetry of the molecule, the front and reversed pro�les of the stain uptake

were transposed (Fig.4.18 C). The result is an almost impeccable match between both

linescans which is another proof for the symmetry of the molecule as already implied

from the SFM images. In contrast to the co�brils, the relatively smaller nano�brils in

the system exhibited a non-D-periodic symmetric pattern, reported previously for CS-

containing collagen type I systems (117,150). The average periodicity of such a dihedral

symmetry was shown to be ca. 165 � 170 nm and is typically referred to as FLS IV (138).
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The discrete height di�erences of 5 nm, at the end of the FLS IV nano�bril tips in addition

to the transition from a longspacing nucleic �bril to an FLS IV banding (Fig.4.18 B) is a

clear sign for the mechanism of their formation by addition of small segments (see section

4.2.4), as suggested previously (138).

4.2.4. Nucleic origin of polymorphic forms

Obviously, in the system symmetric FLS IV nano�brils coexist with asymmetric co�brils.

It has to be noted that this coexistence was not accompanied by a transition between

both polymorphic forms as such a behavior was never observed in our numerous SFM

and TEM investigations. This �nding poses the question about the mechanisms and the

building blocks leading to the concomitant formation of both structures. The importance

of the nucleation phase in the �bril assembly process (as already stated in 4.1.3), as well as

emphasized in previous biochemical and ultrastructural studies of collagen-GAG systems

(129,166), prompted the further interest in analyzing the structure of the nuclei material

formed prior to the start of the co�brillogenesis. Previously, a direct correlation between

amount of the nucleic material and the thickness of the co�brils. Further morphological

analysis of the nuclei indicated their diameter to be around 20 � 40 nm (Fig.4.19 A).

From the SFM images in Fig.4.19 A, no particular banding was observed for the nuclei,

although their very high density and intertwined morphology would most likely obscure

any of these. However, high-resolution TEM analysis revealed a banding pattern of 250 �

260 nm, which probably comes as a result of the multiple 4D staggering of atelocollagen

molecules, and is usually assigned to either asymmetric or symmetric longspacing �b-

rils (Fig.4.19 B). An additional extensive SFM investigation of assembled PSC-heparin

co�brils after 24 h revealed other small building blocks similar to the nuclei. At �rst,

a number of short longspacing segments with length of approximately 300 nm and no

apparent banding was observed (Fig.4.19 C,D). A closer look at the segments revealed

a number of smaller �lamentous structures aggregated laterally with pronounced nodule

thickenings at the beginning and the end. Similar segments are known to arise directly

from either parallel or antiparallel staggering of tropocollagen molecules giving them ei-

ther a symmetric (116, 117, 141) or asymmetric SLS (141) banding. Another recurring

feature was the presence of thinner but longer longspacing �brils with less pronounced

nodule thickenings at every 250 � 260 nm (Fig.4.19 C,E). Together with the observations of

the nuclei (Fig.4.19 A,B), this �nding suggested that the longspacing �brils were probably

residual nuclei �brils with the same banding pattern of 250 nm. Their signi�cantly lower

density in comparison to the one at the end of the nucleation phase implied their poten-

tial involvement as building blocks in either FLS IV nano�brils or asymmetric co�brils,

or both at the same time. Unfortunately, neither TEM nor SFM studies of longspacing
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Figure 4.19.: (A) SFM and (B) TEM images of nuclei �brils formed at 0 °C, prior to the beginning
of the co�brillogenesis. (C) SFM phase image of the structural elements, present in
reconstituted collagen type I � heparin gels. Marked by a dashed line are magni�ed
scans presented in (D) and (E) respectively. (D) Reveals the possible origin of a FLS
IV nano�bril banding from a long longspacing nuclei �bril with a periodicity of 260
nm by addition of a 300 nm short longspacing segment. (E) The existence of 300 nm
longspacing segments. (F) Cross-section along the �bril in (D) indicating the stepwise
transition from 250 � 260 nm longspacing periodicity to a `FLS IV-like' banding. The
long red arrows represent the peaks from the longspacing �bril, while the short blue
ones show the increase in height (ca. 1 nm) after the addition of a short longspacing
segment with a length of 300 nm.

�brils failed to produce conclusive patterns and clarify their either symmetric or asym-

metric arrangement. Nevertheless, tracking the length of the longspacing �brils led to

another interesting conclusion about the polymorphic structures in the system (Fig.4.19

E). The pro�le of a longspacing �bril reveals heights of respectively 1.5 and 2.5 nm which

could be the origin of a FLS IV nano�bril (Fig.4.19 F). The peaks marked with long red

arrows account for the regular 250 nm banding coming from the longspacing nuclei �brils.

The second pair of peaks (marked with short blue arrows) appears with the same spacing

of 250 nm. The displacement pitch of 45 � 50 nm resembles strikingly the pattern of the

FLS IV nano�brils in the system. At the same time, the smaller height di�erence and

random appearance of a second pair of peaks in comparison to the fully reconstituted FLS

IV nano�brils suggest that it is most probably a product of the addition of a single short

longspacing segment, rather than just lateral aggregation of more than one longspacing
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nucleic �bril. A clear indication for this distinct di�erence to the full FLS IV nano�brils

is their more pronounced and stepwise transition between the repeating units of around

5 nm at the end of the FLS IV nano�brils (Fig.4.18 A). This interpretation was further

supported in another experiment where the contribution of the nucleation phase to the

polymorphism in the PSC-heparin system was analyzed.

Figure 4.20.: SFM images of PSC �brils formed after the addition of heparin during the exponential
growth phase (A). The twisted curved �bril morphology is essentially the same as the
one of the pure PSC �brils which emphasizes the importance of the nucleation phase
for the formation of PSC-heparin co�brils. The detail marked by the dashed line in (A)
is presented in (B) which shows an unusual transition from a D-periodic banding (67
nm) to a FLS IV nano�bril periodicity of 165 nm.

Earlier studies already showed that the addition of heparin at the end of the nucleation

phase does not initiate the formation of co�brils in the system (data not shown). Fur-

thermore, a study of the in�uence of heparin addition at the exponential half-time point

was carried out. The morphological analysis showed the presence of the typical twisted

D-banded PSC �brils (Fig.4.20 A) as the ones observed in previous studies without added

heparin. The only exception was the tip of a single �bril which showed a surprising tran-

sition from an asymmetric D-banding of 67 nm to a symmetric FLS IV pattern of 165 nm

(Fig.4.20 B). This observation leads to a couple of hints about the formation of the poly-

morphic structures discussed above. At �rst the presence of heparin during the formation

of nuclei seems to be a prerequisite for the formation of co�brils. Secondly, the appearance

of the symmetric FLS IV banding at the very end of an asymmetric PSC �bril implies

the most probable involvement of an asymmetric PSC sca�old/nucleus in the formation

of FLS IV nano�brils. On the other side, the transition from an expectedly asymmetric

PSC to a symmetric FLS IV �bril suggests the existence of symmetric building blocks.

This situation resembles very closely the above discussed transition from a longspacing
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nuclei �bril to a FLS IV banding by the addition of short longspacing 300 nm segments.

4.2.5. Discussion - Transition and coexistence of the di�erent

structures

The coexistence of both asymmetric co�brils and symmetric FLS IV nano�brils in the

system raises the question for the common or di�erent principles governing the simulta-

neous formation of 2 essentially di�erent polymorphic forms at the same time. The answer

to that obviously lies in the electrostatic nuclei complexes formed prior to the start of

the co�brillogenesis. There are evidences that the nuclei are involved in the formation of

both FLS IV nano�brils and co�brils. First of all, the fact that neither FLS IV �brils

nor co�brils are present during the nucleation phase. Second of all, the substantially de-

creased number of nucleic �brils during co�brillogenesis would imply their participation

as a frame for the buildup of asymmetric co�brils and/or symmetric FLS IV nano�brils.

This is also supported by the earlier turbidimetric studies (see sections 4.1.2 and 4.1.3)

indicating the size of the co�brils in direct correlation with the amount of nucleic material

prior to the start of the co�brillogenesis. Re-analysis of the previously gathered data sets

interestingly indicated the same correlation for the number of FLS IV nano�brils. At the

same time, the FLS IV nano�bril formation is suggested to depend on the occurrence

of an additional building block (short segments) after the nucleation phase. Due to the

lack of high resolution banding data for both the longspacing �brils and short segments

we have to consider the following 4 possibilities in axial monomeric arrangement of the

building blocks to form the two di�erent �brillar symmetries:

1. Symmetric longspacing �brils (FLS I) and symmetric short segments

(symmetric SLS) The existence of both symmetric longspacing forms in the sys-

tem would corroborate the formation of symmetric FLS IV nano�brils (117) but

not the asymmetric co�brils observed in the system and in a similar report with

pepsin-digested collagen type I (242).

2. Symmetric longspacing �brils (FLS I) and asymmetric short segments

(SLS) Formation of asymmetric co�brils would depend solely on the asymmetric

SLS segments which were however never found in the TEM investigations of nuclei

samples at 0 °C. It would also contradict with the straight correlation between

amount and size of the co�brils and the nuclei in the system.

3. Asymmetric longspacing �brils (SLS �brils) and asymmetric short seg-

ments (SLS) The parallel 4D-staggering of asymmetric SLS �brils appears to be

the best alternative for the formation of asymmetric co�brils, discussed in earlier

reports (129, 247). However, if both asymmetric molecules are responsible for the

formation of symmetric FLS IV nano�brils, theoretically, they are expected to be
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present already in the nucleation phase, but none of the investigations account for

that.

4. Asymmetric longspacing �brils (SLS �brils) and symmetric short seg-

ments (symmetric SLS) Asymmetric SLS �brils can serve as a framework for

both the formation of the asymmetric co�brils and the symmetric FLS IV �brils.

This would be in a good agreement with the relation between size/amount of nuclei

and the size/amount of co�brils and nano�brils at the end of the co�brillogenesis.

It is also supported by the observed transition between a native 67 nm banding

to a symmetric FLS IV banding by the addition of heparin in the middle of the

exponential phase.

By reviewing the 4 possible arrangements for the observed longspacing nuclei �brils and

short segments, we would like to adopt the only one (asymmetric longspacing nuclei �b-

rils and symmetric short segments) which is in no contradiction with any of the earlier

observations and suggest the following mechanism for the building principles governing

the assembly of the asymmetric co�brils and symmetric nano�brils (Fig.4.21). In the

�rst phase (nucleation) the atelocollagen interacts speci�cally with the highly negatively

charged heparin thus leading eventually to the formation of asymmetric SLS �brils with

a banding of 250 � 260 nm, the binding site for which would be further discussed in sec-

tion 4.3. The growth to asymmetric D-periodic co�brils is initiated after a temperature

switch to 37 °C and involves a quarter staggering of the asymmetric SLS �brils, a process

expectedly driven by both electrostatic and hydrophobic interactions. On the other side

the transition from asymmetric longspacing �brils to symmetric FLS IV nano�brils is

provided by the stepwise addition of probably symmetric segments of 280 � 300 nm, which

are formed only after the nucleation phase. They use as a frame the tips of the already

existing asymmetric SLS �brils and continue to grow in a stepwise manner producing FLS

IV banding.

Understanding the origin of the observed polymorphism in the system requires a closer

look at the amino acid sequence of the tropocollagen molecule (138). It has been sug-

gested that the distribution of charged and large hydrophobic residues in the triple helical

region is responsible for favorable interactions at 0D, 1D, 2D, 3D and 4D-staggers, where

D is about 234 residues and that a 4D-staggered longspacing �bril would most likely be

a product of either parallel or antiparallel electrostatic tropocollagen interactions (248).

This was shown for both symmetric FLS I �brils with CS (116,117), and asymmetric SLS

aggregates with highly negatively charged molecules including synthetic polysulfates and

ATP (116, 141, 242). It appears that principles governing both the FLS I and SLS �bril

formation are similar. The proposed mechanism (Fig.4.21) focuses on the duality of the

heparin falling concomitantly in the group of the small high negatively charged molecules

and naturally present sulfated GAGs. In one of the cases the combination of low tem-
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Figure 4.21.: Proposed mechanism for the hierarchical self-assembly of asymmetric D-periodic co�b-
rils and symmetric FLS IV nano�brils from pepsin-treated bovine collagen type I and
highly sulfated heparin.

perature and high negative charge obviously favors a polar electrostatic interaction, while

physiological temperature favors the assembly of symmetric segments. This interpretation

would be in agreement with a previous speculation (138) that polar SLS arrangements are

normally associated with very precise positioning and overlapping of the positive charges

along the tropocollagen molecule in di�erence to the symmetric FLS interactions. In that

case, a system with lower temperature and essentially decreased particle motion would

favor a more precise alignment of the heparin and its speci�c binding sites along the ate-

locollagen molecule. From this point of view temperature would seem like an important

factor for the symmetric or asymmetric arrangement in the system. In terms of biological

signi�cance, it has to be noted that collagens and PGs (GAGs bound to a protein core)

are typically associated on an inter�brillar level (151, 152). Due to the possible steric

hindrance from the protein side, however, the question whether the pure GAGs can be

intra�brillar remains open, as it can be seen from a number of reports in vivo (165,173).

In that aspect the current study o�ers an interesting model for the formation of some

structurally heterogeneous polymorphic forms which can be found in nature (114,115).

In summary, the study of the di�erent polymorphic �brillar forms in the system of re-

constituted PSC and heparin �brils o�ers enough conclusive data for the existence of 4
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di�erent structures which are generally refered to as: 1) SLS �brils; 2) symmetric seg-

ments; 3) FLS IV nano�brils; 4) D-periodic co�brils. The fact that each of them di�ers

not only in average diameter but also in banding periodicity de�nes them as distinct

structural levels and emphasizes the structural hierarchy in the system. The coexistence

of asymmetric D-periodic co�brils and FLS IV symmetric nano�brils was furthermore

shown in the system. Meanwhile, it provides a reasonable explanation for the simulta-

neous formation of symmetric and asymmetric supramolecular �brils in the system and

suggests a model for the underlying building principles pointing towards the importance

of heparin as an intercalated crosslinker in the system.

4.3. Impact of heparin intercalation on intra�brillar

packing and mechanics of collagen I �brils

The earlier study of the structural polymorphism in the PSC-heparin system suggested

the formation of the asymmetric co�brils from segment long spacing (SLS) �brils, the

latter being formed directly at 0 °C by electrostatic interaction between atelocollagen and

heparin (see section 4.2). In order to answer the question about the speci�c loci of heparin

binding along the atelocollagen chain in the case when the GAG is intercalated within

the �brils, further morphological, structural and mechanical comparison of collagen type

I with (ASC) and without intact telopeptides (PSC) and PSC-heparin �brils was carried

out.

4.3.1. Impact of heparin and telopeptides on collagen type I

�brillar ultrastructure (WAXS)

The reconstitution of both ASC and PSC, in the presence of heparin at physiological

temperature and pH for 24 h, led to the formation of �brillar structures (Fig.4.22).

SFM analysis of the pure PSC system showed the formation of the typical thinner D-

periodic (67 nm) �brils with the characteristic `rope-like' twist observed previously for

native collagen I (249) (Fig.4.22 A). The PSC-heparin system exhibited the typical thicker

tactoidal co�brils with a D-periodic asymmetric banding periodicity, accompanied by the

presence of previously described symmetric FLS IV �brils with an average periodicity of

165 nm (138, 250). The presence of heparin in the case of ASC failed to reproduce any

D-periodic structures even after 96 h of �brillogenesis. On the other hand, the system

abounded with FLS IV �brils from the very beginning (after 24 h). Previous studies

have shown that D-periodic �brils can be reconstituted in ASC-heparin systems at fairly

low heparin concentrations, while the increase of heparin concentrations led to partial or
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Figure 4.22.: Impact of heparin and telopeptides on the structural polymorphism of collagen type
I �brils. Morphological analysis via SFM (amplitude images) of �brillar suspensions
reconstituted from (A) PSC (atelocollagen), (B) PSC and heparin, (C) ASC (tropocol-
lagen). Inset in (B) shows the symmetric 165 nm average periodicity of the FLS IV
�brils.

complete inhibition of the �bril formation (166, 229). Therefore, it is not surprising that

in this case a heparin concentration of 0.4 mg/ml resulted in complete abolishment of the

D-periodic �bril formation. The preservation of the FLS IV reconstitution even in the

presence of telopeptides (ASC) has 2 major implications on the collagen reconstitution in

the presence of heparin. The presence of both telopeptides and heparin fails to reproduce

the asymmetric D-periodic pattern and it doesn't seem to a�ect the formation of sym-

metric FLS IV �brils. It also comes to show that the PSC-heparin interaction is rather

speci�c as previously suggested (235) and also shown in this work (see section 4.1.4), while

simultaneously endorsing the idea about heparin and the telopeptides as `competitors' for

the reconstitution of the D-stagger. It would also suggest that the heparin binding site in

the case of FLS IV �brils is di�erent than the one in the case of the PSC-heparin co�brils

since the presence of telopeptides does not a�ect the FLS IV formation.

As previously noted, heparin is intercalated within the PSC-heparin co�brils seemingly

without a�ecting their asymmetric periodicity (sections 4.1.4 and 4.2.2). Nevertheless, the

potential intercalation of the GAG molecule is expected to a�ect the lateral packing of the

atelocollagen helices in the hierarchical collagen assembly. To further explore the structure

of PSC-heparin co�brils, the dried samples of the di�erent assemblies were subjected to

wide-angle X-ray scattering (WAXS) studies (Fig.4.23).

The linear intensity pro�les of the X-ray di�raction patterns from both pure PSC and

ASC reconstituted �brils show a very distinct correlation peak for ASC at q = 6.3 nm-1

and a less pronounced one for PSC at q = 5.4 nm-1, corresponding to a spacing of d = 2π/q

= 1.0 and 1.2 nm, respectively (Fig.4.23 A). The di�erences in lateral packing suggest

that the presence of telopeptides in the ASC sample is responsible for the more compact

collagen structure. In contrast, the absence of telopeptides (in the PSC sample) favors

a looser packing of atelocollagen helices. Nevertheless, �brillar assembly is still possible
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Figure 4.23.: Impact of the presence of heparin and telopeptides on the interhelical packing of colla-
gen I. WAXS data of �brils reconstituted from atelocollagen (PSC) and tropocollagen
(ASC) (A) as compared to atelocollagen with di�erent concentrations of heparin, data
are shifted in y-direction for clarity (B). (C) and (D) implicate the dependence of
parameters `d' spacing and peak width on heparin concentration, attained after all
peaks from (B) were �t to a Lorentzian function (data for pure PSC in (D) is given as
horizontal line).

in this case, due to the typical mechanisms found for pure collagen (i.e. electrostatic

and hydrophobic interactions). Additionally, the e�ect of heparin concentration on the d

spacings of PSC-heparin co�brils was studied. The data analysis revealed a slight shift of

the correlation peak towards lower q values with increasing heparin concentration (cor-

responding to higher d from 1.16 to 1.18 nm) (Fig.4.23 B,C). It was accompanied by a

substantial broadening of the peak with a correspondingly increasing heparin concentra-

tion (Fig.4.23 B,D). The latter observation might be related to an increase in the planar

disorder in the system. On the other hand, a local increase of the interhelical �bril spac-

ings along the atelocollagen molecules is also a potential explanation for the broadened

features (251). The increase in d spacing with added heparin could possibly support this

interhelical distance increase coming only from a small number of regions (like previously

reported speci�c binding sites along the tropocollagen termini). Nevertheless, this con-

clusion should be regarded with caution, due to the presence of other structures (e.g. FLS

IV) in the system which have a di�erent axial arrangement and could potentially in�uence
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overall 'shape' of the �nal scattering pattern.

4.3.2. Covalent immobilization of freestanding �brils

With respect to the earlier suggestion about the role of heparin as intra�brillar cross-linker

and the straight and thick morphologies of the PSC-heparin co�brils, further analysis

was undertaken, regarding the evaluation of their mechanical properties as compared

to pure ASC and PSC �brils. The application of the Euler-Bernoulli beam theory

for micromechanical bending of a double-clamped rod requires a suitable platform for

suspending and immobilization of the protein �brils. The double-clamped beam model is

usually assumed in literature, since measurements are almost always done in dry state and

the adhesion forces between the measured �bers and the substrate are considered su�cient

to ensure the �xation of both ends (see section 2.4.3). Nevertheless, in order to measure

the mechanical properties of such objects in their `native' state, i.e. physiological bu�er

with similar pH and ionic strength, measurements have to be done in liquid which means

that the assumption for the 'su�cient' adhesion forces is not valid any longer. Hence, a

decision to modify the surface chemistry, in order to ensure the covalent immobilization of

the suspended co�bril and apply the double clamped beam model directly, was taken. In

order to choose the best immobilization strategy the e�ect of both physical (hydrophobic

vs. hydrophilic) and chemical immobilization (aldehyde- and NHS-derivatized surfaces)

on the rate of co�bril suspension over PDMS and silicon gratings was studied (Fig.4.24).

Figure 4.24.: Immobilization tests of PSC-heparin co�brils on di�erent types of functionalized sub-
strates ranging from hydrophilic (A) and hydrophobic (B) to aldehyde- (C) and NHS-
derivatized surfaces (D).

The SFM analysis of PSC-heparin co�brils deposited onto hydrophilized and hydropho-
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bized silicon gratings did not provide optimal conditions for successful suspending and

stretching (Fig.4.24 A,B). Analysis of at least 10 di�erent imaging �elds per sample showed

that only a small number of �laments were suspended but none of them was actually

stretched over the channel. An evidence of that is the presence of two �brils in Fig.4.24

A, taking the topography of the channel over which they are deposited. In contrast, both

chemical immobilization protocols appear to be su�cient for the suspending and stretch-

ing of individual co�brils (Fig.4.24 C,D). The binding in both cases is non-speci�c and

random but at a density which would allow further mechanical probing of the �brils. The

aldehyde-derivatized chemistry makes use of the interaction between the side-chain NH2-

groups of the proteins and the quite reactive (towards amino groups) aldehyde groups

from the substrate (252). The formation of labile Schiff's base (imine group) can be

further stabilized by reductive amination but the reversibility rate is usually rather low

which does not make it necessary. In the case of NHS-functionalization, the dissociated

COOH-groups are activated by the presence of carbodiimide to a reactive o-acylisourea es-

ter. In excess of N-hydroxysuccinimide, the latter is forming a semi-stable amine-reactive

NHS-ester which in the presence of proteins is forming stable amide bonds (253).

4.3.3. Micromechanical bending

To examine the EB of the �brils, the linear behavior of de�ections during force spec-

troscopy is analyzed (for details see 3.2.3.2). Micromechanical bending tests were per-

formed by bending the elastic �brils at single point in the middle of suspended �laments,

or via a multiple point bending test along the length of the �brils. The collected de�ection

vs. piezo displacement curves, were obtained directly from the micromechanical bending

tests and converted to force-separation curves. The average diameters of the freestanding

�brils in hydrated state are usually between 200 � 400 nm. In that sense using pyramidal

silicon nitride V-shaped cantilevers with a diameter of 100 nm is a rather good compro-

mise between `speculative' indentation and resolution which is required to determine the

radius of the suspended �brils later on. The calculations showed that the PDMS defor-

mation in liquid is lower than 3% for the range of applied bending forces of around 20 nN,

thereby considered negligible. This is however becoming a problem in dry state, where

initial bending experiments with the �brils showed higher EB. Therefore, in that case a

switch to silicon substrates was necessary.

Fig.4.25 shows an example of the �bril deformation over the channel. The typical force

deformation curves at points (1) and (2) both in liquid state show almost no indentation.

These force curves are essentially the characteristics of the substrate and the �bril lying

on the substrate indicating a negligible indentation. Force curves of points (3) and (4) are

taken on the suspended �brils close to the channel edge and in the center, respectively.
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As expected from the applied linear elastic model, the slopes are decreasing when the tip

is moved from the edge of the grooves toward the center of the suspended co�bril.

Figure 4.25.: Change of the linear regime of force-separation curves with respect to position of the
bending points along the surfaces of a single co�bril. (A) Contact mode SFM height
image of suspended PSC-heparin co�brils. Force-separation curves at positions from 1
to 4 collected in hydrated and dry mode are shown in (B) and (C) respectively.

As seen from Eq.2.3 of the double-clamped beam model (see section 2.4.3) the radius

appears to be a major contributor to the calculation of EB. Hence, its determination

is critical and a major source of error in the measurements. Further complications arise

from the fact that the co�bril diameter can only be measured across the �bril part which

is lying on the substrate but not the suspended one. As a deformation of the co�brils due

to the adhesion to the substrate was observed both in dry (height:diameter ≈ 5:1) and

hydrated state (h:d ≈ 4:1) the common practice of taking directly the �bril diameters

from the adherent part of the �bril is not correct. To overcome this issue, the co�brils

are considered as incompressible elements from which an equality of cross-sectional area

of suspended and adherent �bril parts can be expected. By �tting the cross-sectional

pro�les of the adherent part of the co�brils (measured in intermittent contact mode) to

a modi�ed inverse polynomial function, the diameters of the co�brils in their suspended

parts can be calculated with over 99% precision (see Appendix, section A.4). Due to the

tactoidal morphology of the molecules a certain change of diameter across the length of

the co�brils might occur. Nevertheless, with respect to the small channel width over which

the co�brils are suspended in comparison the �bril length, these changes are considered

negligible in the experiments.

In order to prove the successful chemical immoblization of the co�brils across the channels,

a test whether the linear deformation across the channel is consistent with a double-

clamped (�xed ends) or simple supported (slipping) beam de�ection model, was carried

out. Despite the reproducibility of the surface chemistry, the concomitant binding and

suspending of the co�brils are a stochastic and impossible to control process, therefore

not all of the co�brils imaged in liquid were successfully immobilized. Additionally, due

to thermal instabilities in the system (limiting the number of bending points to 10 �

15), as well as frequently occurring asymmetric bending (sliding of the pyramidal tip
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Figure 4.26.: Experimental validation of 'double-clamped' (A) vs. 'simple supported' model (B) by
utilizing a multiple point bending test along single suspended co�bril.

sideways to the co�bril) the double-clamped model couldn't be applied e�ciently all the

time. Nevertheless, in the cases when co�brils were �rmly attached and suspended over

the gratings, the bending behavior can be `�t' successfully with a double-clamped beam

model (R2 ≈ 0.94) in contrast to the simple supported one (R2 ≈ 0.77), as illustrated in

Fig.4.26, by plotting the slope of the de�ection curves vs. the relative position along the

�bril suspended over the channel via a multiple point bending test. Additional proof that

the co�brils are �xed during the bending was an indistinguishable rescan of the �bril in

contact mode SFM after the end of bending test.

4.3.4. Bending and shear moduli of collagen �brils

As described earlier, the co�brils were initially suspended and covalently immobilized over

aldehyde-derivatized PDMS gratings containing microchannels. As the double-clamped

model was proven for the experimental setup (section 4.3.3) a single point micromechanical

bending test was used to analyze the mechanical properties of the �brils (for setup refer

to Fig.3.3). EB of fully hydrated D-periodic �brils (150 mM PBS bu�er, pH 7.4) is

determined by using the slope of the force-displacement curves recorded in liquid state

in the low force range (8 to 20 nN) via Eq.2.3. Experiments in this force range were

provoked by earlier collagen studies showing that the stretch below 8 � 12% deformation

is rather enthropic and linear elastic (254�257). Working in the higher force regime as

described in the forementioned work by Buehler results in stress-strain non-linearities.

Data from the bending test showed an almost 2-fold decrease in EB from the pure ASC

�brils, with a modulus of 379 ± 241 MPa, to the pure PSC �brils, with a modulus of 221

± 78 MPa (Fig.4.27).

As mentioned in section 2.4.3, the shear modulus (G) of the co�brils, sometimes de�ned as

the ratio between shear stress and shear strain, can be neglected. Nevertheless, the values

can be calculated according to Eq.2.8. In the case of cylindrical rods (as the co�brils
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Figure 4.27.: Impact of telopeptides and heparin concentration on the slope (A) and EB (B) calcu-
lated from force-separation curves after a single point bending test of ASC, PSC and
PSC-heparin co�brils. Curves in (A) are an average of at least 10 measurements (error
bars in (B) representing standard deviation).

are), G can be determined from the slope of the linear relation between 1/EB and R2/L2

(Fig.4.28). Fitting with 2 variables (G, E) in this case returns the highest G values for

pure PSC �brils (1.6 MPa) as compared to ones reconstituted in the presence of heparin

with concentrations 0.05 and 4 mg/ml - 0.07 and 0.16 MPa respectively. All values turn

out to be very small and hence negligible for the bending measurements, as it was assumed

in the beginning.

Figure 4.28.: Impact of heparin on the shear modulus of PSC �brils. (A) is a linear �t of 1/EB

vs. R2/L2 used for the calculation of G shown in (B) (error bars show standard
deviation).

The values of EB from the single point bending tests are in a good agreement with those

from other groups measuring hydrated native ASC �brils, and glutaraldehyde �xed ones

(221). The di�erences between PSC and ASC once again emphasize the importance of the

telopeptides, considered to be responsible for providing the basis for restraining cross-links

in native collagen, which then impact the mechanical properties of the �brillar assemblies.

The cross-linking pro�le varies with tissues, but in skin collagen (where telopeptide Lys

is barely hydroxylated) the predominant immature cross-links are formed between Lys
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aldehyde and triple-helical hLys, forming a divalent aldimine cross-link that is further

stabilized by His residues (258)). This is a potential explanation for the signi�cantly

higher EB measured for ASC, since these immature cross-links are simply unable to form

in PSC. The fact that the EB and G of PSC �brils with added heparin is even lower

can be explained by the likely localized separation of stacked atelocollagen helices in the

presence of intercalated GAG chains. The low impact of heparin concentration on EB

comes to emphasize the speci�c interaction which was suggested earlier. The nature of

the di�erent cross-links, being ionic in the case of heparin and covalent in the case of

the telopeptide cross-links, is consistent with this interpretation of the measurements.

Moreover, the impairment of the mechanical properties of the PSC-heparin co�brils again

supports the heparin to be intercalated within them.

4.3.5. Discussion - Competitive binding site of telopeptides and

heparin in collagen �bril assembly

The idea for speci�c heparin binding to collagen was heavily endorsed in a number of

earlier studies with both monomeric (234, 235) and �brillar molecules (235). It was also

hypothesized that heparin might be acting as a cross-linker of tropocollagen molecules in

the process of �brillar assembly (182). Nevertheless, there are no reports which provide

su�cient conclusive evidence for the in vitro intercalation of heparin within collagen type

I �brils. The morphological, structural, and mechanical di�erences between ASC and

PSC-heparin �brils presented here contribute to the existing body of knowledge in this

area. Based on that I favor a model where heparin acts as an intra�brillar cross-linker,

which competes for a binding site at places along the atelocollagen helix that are occupied

by telopeptides in �brillar ASC.

The native staggering of collagen type I requires an unidirectional head-to-tail asymmetric

alignment of 300 nm tropocollagen helices with a regular stagger of about 233 amino

acid residues, thus resulting in the D-periodic banding of 67 nm (88, 93). Following the

completion of the assembly process, the �brils undergo cross-linking to an extent that

varies with di�erent tissue types. In skin collagen, where the telopeptide Lys residues are

barely hydroxylated, the predominant cross-link is a divalent aldimine formed between

Lys aldehyde and hLys, resulting in dehydro-hydroxylysinonorleucine (deH-HLNL) which

is usually stable under physiological conditions (258). An earlier study about the partial

hydrolysis of native collagen showed the reversible disassembly of collagen I �brils into

SLS �bril fragments with 270 nm banding periodicity and approximately 30 nm (about

90 amino acids) overlap (147). This would suggest a potential cross-linking site between

the tropocollagen short non-helical Lys-containing telopeptides and a hLys-rich locus

displaced by about 90 amino acids on the other side of the neighboring tropocollagen
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helix (Fig.4.29).

Figure 4.29.: Molecular origins for the native tropocollagen cross-linking in collagen I �bril assembly.
The classical staggering of native collagen �brils involves a later stabilization via an
immature aldimine cross-link between Lys-aldehyde from the telopeptides and triple-
helical hLys. The bond is stable at physiological conditions although it can further
`mature' by involving a triple-helical His in order to form a histidinonhydroxylysinonor-
leucine. The bond is more characteristic for the C-terminus but can be found at
N-terminal region as well.

The inspection of the bovine collagen type I sequence (UniProtKB/Swiss-Prot, P02453

(CO1A1_BOVIN), P02465 (CO1A2_BOVIN)) shows that such a site exists. This type

of cross-link is also suggested in situ, probably taking place between Lys-17 from the

partially folded C-telopeptide and triple helical hLys-87 (259), while at the same time it

coincides with the previously reported N- and C-terminal binding sites for heparin. The

N-terminal locus, reported previously by San Antonio et al. (235), involves a highly

basic sequence of nine positive amino acids, six of which are contributed by the a1(I)

chains, and three by the a2(I) chain (Fig.4.30).

Three of the basic amino acids within this segment are hLys residues, which are usually

involved in cross-links (see above), and are reported to additionally function as disac-

charide acceptor sites (261). The hypothesized C-terminal binding site (234, 235) also

represents a highly basic domain involving 8 positive amino acids (including a few hLys)

with a slightly di�erent composition and arrangement, but also reported as a binding site

for disaccharides. The rather high pI of these clusters, of 11.00 and 10.39 respectively,

indicates that at physiological pH they are positively charged and therefore plausible bind-

ing sites for the highly negatively charged heparin. Therefore, it is plausible that such

longspacing structures can reconstitute a D-periodic �brillar arrangement in the presence

of small negative molecules as heparin (see section 4.2), as well as ATP (116), synthetic

polysulfonates (242).
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Figure 4.30.: A schematic representation of the already suggested heparin binding clusters which
appear to be almost symmetrically allocated at both C- and N-termini. The absence
of telopeptide creates a highly basic binding pocket, which could be a favorable site
for binding of the highly negative heparin molecule. The skeletal model of heparin is
from a previously reported NMR coordinates (260), emphasizing on van der Waals
surface representation of the negatively charged sulfate groups.

Now it comes into play that at this position telopeptides may form cross-links in ASC.

However, an access of heparin binding at this position prior to �bril assembly could prob-

ably inhibit this interaction. Additionally, not only the blocking of the binding site but

further steric hindrance of bound heparin and telopeptides would inhibit �bril formation

(compare Fig.4.29 and Fig.4.30). On the other side without telopeptides in PSC heparin

can �ll in the space of depleted non-helical termini and may bind as an intermolecu-

lar cross-linking agent in PSC-heparin co�brils. The rather high speci�city of heparin

binding to the suggested region along the collagen triple helix is supported by the facts

that symmetric FLS IV �brils form in the presence of heparin independently of the pres-

ence of telopeptides probably making use of the heparin binding clusters allocated almost

symmetrically at both C- and N-termini.

Section 4.2 already showed that SLS �brils can be formed from PSC and heparin at 0 °C,

which furthermore can reconstitute a D-periodic asymmetric pattern. The morphological
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analysis in this section suggested that telopeptides obstruct the formation of co�brils and

most likely SLS �brils as well. The latter comes as an aftermath of the possible loading

of the atelocollagen molecules with heparin and their inability to form initial 4D-periodic

segments which eventually should start aligning and forming the 1D-periodic pattern (152)

as previously shown for tropocollagen in vitro. In contrast, the formation of PSC-heparin

SLS �brils and their further assembly into co�brils is ensured by the fact that heparin most

likely occupies the position of the missing telopeptides, thus preserving the asymmetric

banding periodicity as shown previously for atelocollagen-GAG systems (129). This fact

is also supported by the nearly identical interhelical distances between pure PSC and

PSC-heparin �brils as observed from the WAXS measurements. This idea is in agreement

with the results from section 4.1.4 on heparin intercalation pointing to this speci�c GAG

binding in PSC-heparin �brils, as concluded by the 1:1 molar ratio of heparin and collagen

helices. Apart from the possibility for heparin to �nd its way inside the PSC-heparin

co�brils due to highly positively charged speci�c binding sites, its stable intercalation in

the �brils might be realized by its substantial conformational �exibility. The presence

of L-iduronic acid in the structure of most naturally present heparins gives them the

potential to move from one conformation to another (1C4 to 2S0), essentially through a

rotation around the C2-C3 bond, and by that to introduce an extra degree of freedom in

the polysaccharide chain (246). This makes heparin the molecule with the highest a�nity

to polyvalent proteins among all naturally occurring GAGs.

The di�erent mechanical properties (analyzed here as the EB) in the case of ASC, PSC

and PSC-heparin �brils reveal that although heparin supports the asymmetric periodicity

in a telopeptide depleted system, it cannot compensate for the intermolecular cross-linking

functions of the telopeptides. As a matter of fact, heparin further impairs the mechanical

properties as seen from the decreased EB between PSC and PSC-heparin, which implies

that the nature of the cross-linker (ionic in the case of heparin, or covalent in the case

of the telopeptides) is essential for the preservation of the native mechanical properties

in collagen systems. Interestingly, the decreased mechanical resistance is re�ected by

the increased interhelical spacing, which directly points to the e�ect of the modulation

of the cross-linking type. This �nding is also very signi�cant in light of the use of less

immunogenic PSC and various GAGs in contemporary advanced cell culture systems as

those systems would not allow the reconstitution with the same mechanical characteristics

as in vivo matrices, which in turn would a�ect cell growth and tissue development therein.

In summary, the morphological, structural and mechanical analysis of both ASC and PSC-

heparin co�brils has three major implications on the �bril formation of any PSC system

in the presence of heparin or other highly sulfated natural/synthetic GAGs. The hep-

arin cannot substitute the mechanical properties of the impaired telopeptide-free collagen

�brils while its molecular localization in the in vitro case is most likely intra�brillar in
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di�erence to most of the non-pathogenic native systems. PSC is predestined to intercalate

highly negatively charged molecules, judging from the small structural di�erences between

PSC and PSC-heparin and the structurally favorable conditions, created by its positive

binding sites in SLS �brils. The preservation of the asymmetric periodicity is ensured by

the una�ected molecular packing which is possible due to the absent telopeptides. These

�ndings are particularly important with respect to previous studies emphasizing the im-

portance of preservation of native collagen periodicity with respect to cellular response

in advanced cell culture studies (262). Furthermore, with the �nding of a competitive

binding site of telopeptides and heparin at tropocollagen triple helices an intriguing argu-

ment is provided for the in vivo dogma in which GAGs are not intercalated into naturally

occurring collagen �brils.



5. Conclusion

Synthetic biomaterials are constantly being developed and play central roles in contem-

porary strategies in regenerative medicine and tissue engineering as arti�cial extracellular

microenvironments. Such sca�olds provide 2D- and 3D-support for interaction with cells

and thus convey spatial and temporal control over their function and multicellular pro-

cesses, such as di�erentiation and morphogenesis. A model �brillar system with tunable

viscoelastic properties, comprised of 2 native ECM components like collagen type I and

the GAG heparin, is presented here. Although the individual components comply with

the adhesive, mechanical and bioinductive requirements for arti�cial reconstituted ECMs,

their interaction and structural characterization remains an intriguing conundrum.

As discussed in 4.1 and 4.3, the interaction between the pepsin-solubilized form of collagen

type I and the high negatively charged polysaccharide heparin is a process which results in

the formation of straight tactoidal co�brils with signi�cantly di�erent morphological char-

acteristics than the pure collagen systems. The morphogenic e�ect exerted by the GAG

onto the �nal co�brillar assemblies was shown to be strongly a�ected by concentration,

surface charge (pH value) and degree of sulfation. As further portrayed in 4.2 the sys-

tem exhibits characteristic for collagen systems structural polymorphism which strongly

depends on a number of factors. Within these are the binding speci�city between the col-

lagen monomers and GAG in terms of binding sites, axial arrangement in the polymorphic

forms, as well as presence of telopeptides (structural feature of the collagen monomers).

In that sense, the interplay of all these conditions determines the build-up, symmetry and

banding periodicity of the various polymorphic forms in the system (Fig.5.1).

The 'cornerstone' which determines the fate of the �brillogenesis appears to be the binding

speci�city which is a�ected by the binding loci, as well as the presence of telopeptides. The

two distinct structural levels, described earlier as asymmetric D-periodic co�brils (average

periodicity (AP) of 67 nm) and symmetric FLS IV nano�brils (AP = 165 nm) are strictly

an aftermath of the speci�c or non-speci�c interaction between collagen monomers and

heparin. Both hierarchical suprastructures depend on the existence of two other poly-

morphic forms, previously described as asymmetric SLS �brils (nuclei with AP = 260

nm) and short symmetric segments (AP = 280 nm). The axial arrangement of the latter

is responsible for the arrangement of the top 2 structural levels. The speci�c interac-

tion between the atelocollagen monomers and the heparin in the D-periodic co�brils was
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Figure 5.1.: In�uence of structural and physico-chemical characteristics on the binding speci�city
and assembly of collagen type I - heparin co�brils.

already suggested by both the intercalation of the polysaccharide and the almost equal

molar ratio between both components (4.1.4). Furthermore, AP of 260 nm in the SLS

�brils pointed towards a terminal binding site along the collagen triple helix. The exis-

tence of such a site have already been suggested for both monomeric and �brillar forms

of collagen (234,235), while at the same time being involved in the organization of inter-

molecular cross-links. Such cross-links usually take place between high positively charged

clusters located in the non-helical terminal parts of tropocollagen, such as telopeptides.

The inability of telopeptide-intact tropocollagen to reconstitute the D-periodic form of

collagen in the presence of heparin, unlike atelocollagen, was a further proof that heparin

acts as a competitive intermolecular bridge and is binding at the places left vacant by

the telopeptides (4.3.5). Additionally, as shown by the micromechanical bending tests,

the type of cross-link in�uences the mechanical properties of the �brillar structures, being

signi�cantly impaired (2-fold) upon substitution of the telopeptides with heparin (4.3.4).

At the same time, formation of FLS IV nano�brils does not appear to be a�ected by the

presence of telopeptides, therefore suggesting that the heparin binding site in that case is

di�erent than the one in the case of the D-periodic PSC-heparin co�brils. In addition, the
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multiple reports of FLS IV �brils formed in systems with collagen I and variously sulfated

GAGs, as well the multiple possibilities for binding of the polysaccharides along the sym-

metrically and equidistantly allocated possible binding sites along the collagen monomers,

point towards a non-speci�c binding locus. Nevertheless, in both cases the binding prin-

ciples that govern the formation of the initial symmetric and asymmetric polymorphic

forms appear to be electrostatic, as signi�cant variation of the surface charge was shown

to change, or even abolish the �brillogenesis.

The proposed building principle, focuses on the duality of the heparin falling concomi-

tantly in the group of the small high negatively charged molecules and naturally present

sulfated GAGs. In case of the D-periodic co�brils, the combination of low temperature

and high negative charge obviously favors a polar electrostatic interaction, while physi-

ological temperature favors the assembly of symmetric molecules (as the 300 nm short

segments and FLS IV molecules) (4.2.5). This interpretation would be in agreement with

a previous speculation (138) that polar SLS arrangements are normally associated with

very precise positioning and overlapping of the positive charges along the tropocollagen

molecule in di�erence to the symmetric FLS interactions. In that case, a system with

lower temperature and essentially decreased particle motion would favor a more precise

alignment of the heparin and its speci�c binding sites along the atelocollagen molecule.

From this point of view temperature would seem like an important factor for the symmet-

ric or asymmetric arrangement in the system. The further association of the symmetric

segments or SLS �brils to their corresponding suprastructures (Fig.5.1) involves the typ-

ical staggering characteristic for either D-periodic co�brils or FLS IV �brils, a process

which is expectedly driven by both hydrophobic and electrostatic interactions.

In terms of biological signi�cance, it has to be noted that collagens and PGs (GAGs bound

to a protein core) are typically associated on an inter�brillar level (151,152), most likely

due to the sterical hindrance from the protein side. Nevertheless, the question whether the

pure GAGs can be intra�brillar remains open, as it can be seen from a number of reports

in vivo (165, 173). The current work is the �rst of its kind, o�ering the �rst enough ex-

perimentally and theoretically supported hypothesis explaining the intercalation of GAGs

in vitro, while reaching out for a discussion and revisiting the dogma according to which

GAGs cannot be intercalated in collagens in vivo. In that aspect the current study also

o�ers an interesting model for the formation of some structurally heterogeneous polymor-

phic forms which can be found in nature (114, 115). It also emphasizes the correlation

between the types of intra�brillar cross-links and the mechanics of the �brils.





6. Summary

The aim of the work was to analyze and structurally characterize a xenogeneic in vitro

cell culture sca�old reconstituted from two native ECM components, collagen type I and

the highly negatively charged glycosaminoglycan heparin. Utilizing a broad spectrum of

structural analysis it could be shown that pepsin-solubilized collagen type I �brils, re-

constituted in vitro in the presence of heparin, exhibit an unusually thick and straight

shape, with a non-linear dependence in size distribution, width-to-length ratio, and mor-

phology over a wide range of GAG concentrations. The experiments imply a pronounced

impact of the nucleation phase on the co�bril morphology as a result of the strong elec-

trostatic interaction of heparin with atelocollagen. Heparin is assumed to stabilize the

collagen-GAG complexes and to enhance their parallel accretion during co�brillogenesis,

furthermore corroborated by the heparin quantitation data showing the GAG to be inter-

calated as a linker molecule with a speci�c binding site inside the co�brils. In addition,

the exerted morphogenic e�ect of the GAG, appears to be in�uenced by factors as degree

of sulfation, charge, and concentration.

Further detailed structural analysis of the PSC-heparin gels using TEM and SFM showed

a hierarchy involving 3 di�erent structural levels and banding patterns in the system:

asymmetric segment longspacing (SLS) �brils and symmetric segments with an AP of

250 � 260 nm, symmetric �brous longspacing (FLS IV) nano�brils with AP of 165 nm,

and co�brils exhibiting an asymmetric D-periodicity of 67 nm with a striking resemblance

to the native collagen type I banding pattern. The intercalation of the high negatively

charged heparin in the co�brils was suggested as the main trigger for the hierarchical

formation of the polymorphic structures. We also proposed a model explaining the un-

expected presence of a symmetric and asymmetric form in the system and the principles

governing the symmetric or asymmetric fate of the molecules.

The last section of the experiments showed that the presence of telopeptides and heparin

both had signi�cant e�ects on the structural and mechanical characteristics of in vitro

reconstituted �brillar collagen type I. The implemented structural analysis showed that

the presence of telopeptides in acid soluble collagen (ASC) impeded the reconstitution

of D-periodic collagen �brils in the presence of heparin, leaving behind only a symmetric

polymorphic form with a repeating unit of 165 nm (FLS IV). Further x-ray di�raction

analysis of both telopeptide-free and telopeptide-intact collagen �brils showed that the
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absence of the �anking non-helical termini in pepsin-solubilized collagen (PSC) resulted

in a less compact packing of triple helices of atelocollagen with an increase of interhelical

distance from 1.0 to 1.2 nm in dried samples. The looser packing of the triple helices was

accompanied by a decrease in bending sti�ness of the collagen �brils, which demonstrated

that the intercalated heparin cannot compensate for the depletion of telopeptides. Based

on morphological, structural and mechanical di�erences between ASC and PSC-heparin

�brils reported here, we endorsed the idea that heparin acts as an intra�brillar cross-linker

which competed for binding sites at places along the atelocollagen helix that are occupied

in vivo by telopeptides in the �brillar collagen type I.

The performed studies are of particular interest for understanding and gaining control

over a rather versatile and already exploited xenogeneic cell culture system (24�27). The

reconstituted co�brils with their unusual morphology and GAG intercalation � a phe-

nomenon not reported in vivo � are expected to exhibit interesting biochemical behav-

ior as a biomaterial for ECM sca�olds. Varying the experimental conditions, extent of

telopeptide removal, and heparin concentration provides powerful means to control the

kinetics, structure, dimensions, as well as mechanical properties of the system which is

particularly important for predicting a certain cell behavior towards the newly developed

matrix. The GAG intercalation could be interesting for studies with required long-term

'release upon demand' of the GAG, as well as native binding and stabilization of growth

factors, cytokines, chemokines, thus providing a secondary tool to control cell signaling

and fate, and later on tissue morphogenesis.

There are a few challenging aspects which remain to be addressed in the system. At

one side, although the stable heparin binding was shown, the structural accessibility and

speci�c binding of growth factors as bFGF, VEGF, SDF1 to the GAG remains to be elu-

cidated. Furthermore, despite of the gel-like structure of the heparin-collagen assemblies,

the interconnectivity between �brils and co�brils is still an issue. Transition from 2D-

to 3D- structure could make use of some other collagen types as III, V or VI, as well

as PGs which inclusion to the system remains to be clari�ed concerning timepoints and

concentrations. Another interesting point could be the extent of telopeptide removal and

the correlated control of mechanical properties and resulting cell behavior.
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A. Appendices

A.1. Impact of PSC concentration on the kinetics of

�bril formation

Turbidimetric analysis of the pure PSC �brillogenesis at di�erent collagen concentrations

showed that it had an accelerating e�ect on length of the exponential phase, as well as the

time of exponential o�set (Fig.A.1). The minimum PSC concentration for �brillogenesis

within the studied 4 h time period appears to be 0.5 mg/ml. At concentrations above 1

mg/ml of PSC, all samples reached the plateu of their �brillogenesis within 90 min after

transfer to 37 °C. Therefore, for kinetic and most of the structural studies the collagen

concentrations was always kept at 1.2 mg/ml.
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Figure A.1.: Turbidimetric analysis of the e�ect of PSC concentration on the kinetics of �bril for-
mation (Concentrations in mg/ml are given on the right).
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A.2. Impact of pH on the kinetics of PSC

�brillogenesis

The shift of pH values to a more alkaline environment led to an expected shortenning of

both nucleation and exponential phases (Fig.A.2). The exponential half timepoints for 3

representative pH values (6.4, 7.4 and 8.4) showed a gradual decrease of 71, 56 and 49

min. The concentration in all experiments was kept at 1.2 mg/ml.
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Figure A.2.: Turbidimetric analysis of the e�ect of solution pH value on the kinetics of �bril formation
(PSC concentration 1.2 mg/ml).

A.3. Impact of HS concentration on the size

distribution of PSC - HS �brils

The co�brillogenesis in the presence of HS resulted in the formation of co�brils with a

much smaller dependence on HS concentration in comparison to the PSC-heparin co�brils

(4.5). A small, but signi�cant increase in the co�bril size (n = 100, p < 0.001, one-way

ANOVA, Bonferroni Test) was only observed for the 1.0 and 0.4 mg/ml HS resulting

in mean thicknesses of 300 and 252 nm, respectively, in comparison to 230 � 240 nm for

pure PSC (Fig.A.3). A further increase of the HS concentration (4 mg/ml) resulted in a

complete inhibition of the co�bril formation over the time range of 24 h.
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Figure A.3.: Size distributions of the PSC-HS co�brils (A) at various deployed HS concentrations with
a graphical representation of the diameter vs. concentration (B) (error bars represent
standard deviation). Concentrations of 4 mg/ml HS inhibited the co�bril formation
after 24 h.

A.4. Routine for �tting of adherent �bril cross-sections

via modi�ed inverse polynomial function

In order to determine the correct �bril diameters, �brils were imaged in tapping mode.

Furthermore the tips were characterized and deconvolution of the images was carried out

in order to subtract the �nite contribution of the SFM tip geometry. All deconvoluted

�brillar cross-sections were �t via a modi�ed inverse polynomial function (Eq.A.1)

y = y0 +
A

1 + A1(2
x−xc

w
)2 + A2(2

x−xc

w
)12

(A.1)

Furthermore we calculated the width at 10% maximum in order to eliminate the back-

ground noise contribution for the calculation of the diameters.

The routine for routine for the modi�ed inverse polynomial function is:

[GENERAL INFORMATION]

Function Name=InvsPolyMod

Brief Description=Inverse polynomial peak function with center (Modified)

Function Source=fgroup.InvsPolyMod

Function Type=Built-in

Function Form=Expression

Number Of Parameters=6

Number Of Independent Variables=1



A-4
A.4 Routine for �tting of adherent �bril cross-sections via modi�ed inverse

polynomial function

Number Of Dependent Variables=1

Analytical Derivatives for User-Defined=Off

[FITTING PARAMETERS]

Naming Method=User-Defined

Names=y0,xc,w,A,A1,A2

Meanings=offset,center,width,amplitude,coefficient,coefficient

Initial Values=

Lower Bounds=--,--,0.0(X,ON),--,0.0(I,ON),0.0(I,ON)

Upper Bounds=--,--,--,--,--,--

Number Of Significant Digits=

[FORMULA] y0+A/(1 + A1*(2*(x-xc)/w)^2 + A2*(2*(x-xc)/w)^12)

[CONSTRAINTS]

[CONSTANTS]

[Parameters Initialization]

sort(x_y_curve);

smooth(x_y_curve);

y0 = yatxmin( x_y_curve );

w = fwhm( x_y_curve, y0 );

A = area( x_y_curve, y0 );

if ( A > 0 )

{

xc = xatymax( x_y_curve );

A = max( y_data ) - y0;

}

else

{

xc = xatymin( x_y_curve );

A = min( y_data ) - y0;

}

A1 = 1.0;

A2 = 1.0;

[INITIALIZATIONS]

[AFTER FITTING]

[ON PARAM CHANGE]

[INDEPENDENT VARIABLES]

x=

[DEPENDENT VARIABLES]

y=

[CONTROLS]

General Linear Constraints=Off

Initialization Scripts=Off

Scripts After Fitting=Off

Number Of Duplicates=0

Duplicate Offset=2

Duplicate Unit=6

Generate Curves After Fitting=Yes

Curve Point Spacing=Uniform on X-Axis Scale

Generate Peaks After Fitting=Yes
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Generate Peaks During Fitting=Yes

Generate Peaks with Baseline=Yes

Paste Parameters to Plot After Fitting=Yes

Paste Parameters to Notes Window After Fitting=Yes

Generate Residuals After Fitting=No

Keep Parameters=No

Enable Parameters Initialization=N/A

Compile On Param Change Script=1

[COMPILE FUNCTION]

Compile=0

Compile Parameters Initialization=1

On Param Change Scripts Enabled=N/A

[ORIGIN C FUNCTION HEADER]

[ORIGIN C PARAMETER INITIALIZATION HEADER]



B. Others

B.1. Statements

1. Pepsin-solubilized collagen (PSC) type I �brils reconstituted in the presence of the

highly sulfated low molecular weight heparin (LMWH) (4 � 6 kDa) have spindle-like

morphology in contrast to pure PSC �brils. In comparison, hyaluronic acid has

almost no e�ect on the co�bril structure, in�uencing only their diameters probably

due to sterical size exclusion and concentrating the PSC monomers.

2. LMWH concentration has a non-linear e�ect on size distribution and width-to-

length ratio of PSC-LMWH co�brils. Intermediate concentrations led to formation

of thickest and shortest co�brils with blunt ends, while lower and higher concentra-

tions exhibited thinner co�brils with tapered ends.

3. LMWH concentration also in�uences the kinetics of PSC �brillogenesis. Increase of

LMWH led to shortening of the nucleation phase (portrayed as time for exponential

o�set tEXP), as well as decreasing the exponential half-time (dOD
dt

(
t1/2

)
. The optical

density (OD) of the PSC-LMWH electrostatic complexes formed prior to the co�b-

rillogenesis shows a non-linear trend with respect to the deployed concentration,

similarly to the co�brils diameters.

4. The LMWH is intercalated in the co�brils, as concluded from its molecular ratio

to atelocollagen (calculated after stability tests), as well as structural analysis with

cLSM and FITC-labeled heparin.

5. Substituting LMWH with heparan sulfate (HS) (changing degree of sulfation) has

pronounced e�ect on the co�bril morphology, exhibiting only a small tendency to

form linear structures at very high concentrations. Changing the molecular weight

of heparin to 17 � 19 kDa (high molecular weight heparin, HMWH) shows no impact

on co�bril morphology or kinetics (as portrayed for LMWH in points 1 - 4).

6. Variation of pH had a much more pronounced e�ect on PSC-heparin rather than

PSC-HS, mainly in decreasing co�bril diameters with increase of pH, whereas in the

case of PSC-HS it led to a loss of linearity in the co�bril morphology.

7. Further structural analysis of the PSC-heparin gels showed the existence of 2 poly-

morphic forms, di�ering in both size and average periodicity (AP), therefore classi-
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fying them as separate structural levels in the system - big tactoidal co�brils with

D-periodic banding of 67 nm, as well as small nano�brils with AP of 165 nm.

8. Both positive and negative transmission electron microscopy (TEM) staining tech-

niques helped to identify the banding pattern of the co�brils as asymmetric.

9. In contrast to the co�brils, the nano�brils show a dihedral 165 nm recurring sym-

metry which classi�es them as previously reported in other systems FLS IV (�brous

long spacing) polymorphic forms.

10. Further TEM studies of the 20 � 40 nm thick �brillar electrostatic complexes of

atelocollagen and heparin (referred to as 'nuclei') prior to co�brillogenesis shows

that they exhibit di�erent average periodicity (250 nm) as compared to the co�brils

and the FLS IV nano�brils. Additional SFM studies con�rmed the presence of

another polymorphic form, such as 300 nm short segments.

11. Introducing heparin in the middle of the exponential phase of PSC �brillogenesis

led to the formation of 'hybrids' of mainly D-periodic PSC �brils with FLS IV

termini thus accounting for a startling polymorphic transition. Symmetric FLS IV

nano�brils require an asymmetric sca�old for their formation.

12. A model for the origin of the polymorphic forms is suggested. Atelocollagen and

heparin interact electrostatically to form longspacing nuclei (AP, 250 nm), which

furthermore form asymmetric D-periodic co�brils (AP, 67 nm) by parallel quarter-

staggering. The 300 nm short segments together with the longspacing nuclei are

involved in the formation of symmetric FLS IV nano�brils.

13. Heparin impairs the D-periodic banding in full-length collagen (ASC, containing

telopeptides), whereas the reconstitution of FLS IV nano�brils is not a�ected.

14. Inability of ASC collagen to reconstitute D-periodic banding in the presence of hep-

arin is hypothesized to result from competitive binding of telopeptides and heparin

along the tropocollagen chain.

15. Depletion of telopeptides (ASC) led to increase in interhelical collagen spacing, while

heparin intercalation had much less pronounced e�ect in the case of PSC �brils.

16. A strategy for covalent immobilization and suspending of �brils over microstructured

silicon gratings in physiological state utilizes either aldehyde- or N-hydroxysuccinimi-

de derivatization of surfaces with increased sensitivity towards amino groups from

the proteins.

17. A micromechanical test via SFM for calculating the bending (EB) and shear (G)

moduli of hydrated ASC, PSC and PSC-heparin �brils was established. It models

the beam de�ection from the suspended freestanding �brils upon the application

of a concentrated point load at de�ned points along the suspended �laments via a

double clamped (�xed ends) model.
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18. Loss of telopeptides (ASC) and heparin intercalation (PSC-heparin) weakens the

mechanics of the collagen �brils. Single point measurements showed EB values of

379 MPa, 221 MPa and 170 MPa for hydrated ASC (0.5), PSC (0.5) and PSC (1.2)

- heparin (1.0) �brils respectively.

19. Heparin is assumed to act as an intra�brillar cross-linker in PSC-heparin co�brils,

which competes for binding sites at the places along the tropocollagen helix that

are typically occupied by the telopeptides in ASC �brils.
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