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Abstract

Polymer-based materials are some of the most promising materials for tissue engineering and
controlled drug delivery. Collagen, as one of the most abundant proteins to be found in mammals, is
especially interesting due to its tunable properties and excellent host reactions. This thesis is focused
on the self-assembly and the mechanical properties of collagen in solution, its kinetics and general
principles controlling the process. The effect of hydroxyapatite nanoparticles on the collagen self-
assembly and mechanical properties is also investigated. Possible mechanisms of
collagen/hydroxyapatite interactions are elucidated along with the description of structure evolution
and properties at various structural levels. The shear rate dependences and viscoelastic behavior of
collagen | and its nanocomposites with hydroxyapatite (HAP) were measured and interpreted
molecularly. The structure of collagen | scaffolds was studied and the effect of HAP and cross-linking
was determined. Finally, the results were discussed in terms of the applicability of

collagen/hydroxyapatite nanocomposites in scaffolds for bone tissue regeneration.

Abstrakt

Polymerni biomateridly jsou jednim ze soucasnych populdarnich témat vzhledem k moZnosti
potencialni aplikace v tkafovém inZenyrstvi a fizeného davkovani 1éCiv v organismech. Kolagen je
jako jeden z nejcastéji se vyskytujicich protein( zvlasté zajimavy diky svym rozmanitym vlastnostem
bez imunoreakce organismu prijemce. Tato prace je zamérena na samousporadavaci procesy,
kinetiku, obecné zakonitosti fidici proces samousporadani a mechanické vlastnosti kolagennich
roztokd. Ddle je zkoumdn efekt hydroxyapatitovych nanocastic na samousporadavani kolagenu a
mechanické vlastnosti vyslednych nanokompozitnich hydrogell. Jsou objasnény mozné mechanismy
interakci mezi kolagenem | a hydroxyapatitem spolu s popisem vyvoje struktury a vlastnosti na
rGznych Urovnich struktury. Byly méfeny a molekuldrné interpretovany zavislosti viskoelastickych
veli¢éin na smykové rychlosti spolu s viskoelastickym chovdnim. Ddle byla studovana struktura
kolagennich scaffold(l a urcen vliv HAP a sitovani. Zavérem byly diskutovany vysledky v souvislosti s

jejich aplikovatelnosti v tkaiovém inZenyrstvi chrupavek tvrdych tkani a v regenerativni mediciné.
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1 Introduction

Damaged or diseased skeletal tissue frequently leads to progressive debilitation resulting in a
marked decrease in the quality of life. Current approaches in bone engineering are mainly focused on
the restoration of pathologically altered tissue structure based on the transplantation of
mesenchymal stem cells in combination with supportive scaffolds. Although ceramics and metallic
materials have been widely accepted for the development of implants, their non-resorbability and
necessity of second surgical operation limit their applications in tissue engineering.

Bone represents a complex multi-scale hierarchical composite structure with large variation
in local composition and spatial arrangement of collagen fibrils mineralized with hydroxyapatite. It
has been shown that in addition to the content of hydroxyapatite (HAP) nanocrystals, properties of
the collagen (coll) matrix as well as the relative spatial arrangement of coll and HAP play a significant
role in determining the deformation behavior of bone tissue.

Tailored biomaterials with tunable functional properties have become increasingly important in
medical applications due to their desired balance of properties and excellent host response in the
field of regenerative medicine, tissue engineering and controlled drug delivery. To improve the
predictability of biopolymer materials functionality, multiple design parameters need to be
considered, along with appropriate models.

Self-organization is a fundamental process in which many biological structures are assembled
from cell produced building blocks. (1) The understanding of natural materials design principles can
be used in the synthesis of engineered materials. Most biological materials are produced under
moderate conditions, in neutral aqueous solution and at ambient temperature, without high energy
input. Additionally, the raw material is often abundantly available and the resulting product easily
biodegradable. Therefore, a translation of natural processes to synthetic materials engineering would
yield highly sustainable and functional materials. (2)

Many issues, however, remain unresolved, specifically the understanding of the biological
material supramolecular structure evolution, interactions with cells and other substances. While the
mechanical behavior of individual proteins and tissues is reasonably well understood, the discovery
of the structure — function relationships of assemblies of proteins remains in its infancy. The focus of
this Thesis is to contribute to the fundamental understanding of hierarchical self-assembly of
collagen I, the most frequent structural protein in mammals.

Collagen is the primary structural material in vertebrate biology, determining the mechanical
behavior of musculoskeletal and connective tissues such as tendon, bone, tooth and skin. Collagen

constitutes one-third of the human proteome, providing mechanical stability, elasticity, and strength



to hard and soft tissues. Collagen is also the dominating material in the extracellular matrix and its
stiffness controls cell differentiation, growth and pathology.

Despite extensive efforts in the investigation of the origin of collagen’s unique mechanical
properties, a full understanding of the relationship between its molecular structure and mechanical
properties remains elusive, hindered by the complex hierarchical structure of collagen-based tissues.
In particular, although extensive studies of viscoelastic properties have been pursued at the
macroscopic (fiber/tissue) level, fewer investigations have been performed at the smaller scales,
including, in particular, collagen molecules and fibrils. These scales are, however, important for a
complete understanding of the role of collagen as an important constituent in the extracellular
matrix. (3)

Fratzl et al. have summarized hierarchical structures of natural materials and basic principles
involved in designing hierarchical biological materials. (4) Meyers et al. (1) and Espinosa et al. (5)
have thoroughly investigated and reviewed the micro-/nano-scale mechanics of rigid biological
materials and their relationships with hierarchical structures. The origin of the unique mechanical
properties of collagenous tissues, and in particular its stiffness, extensibility, and nonlinear
mechanical response at large deformation, remains to be discovered. (6)

The transfer of concepts observed in biology into engineering applications and novel material
design paradigm— a field referred to as biomateriomics — remains a significant challenge for the
scientific community with, however, a potentially enormous scientific and technological payoff. In
particular, the combination of nanostructural and hierarchical features into material development
could lead to discoveries of de novo functional materials. (7)

Biological protein materials (BPMs) such as skin, bone or cytoskeletons feature complex,
hierarchical structures. Their macroscopic mechanical behavior is controlled by the interplay
between various properties throughout multiple length and time scales. In order to understand their
deformation and fracture mechanisms, it is crucial to elucidate relevant molecular mechanisms
decisive for response at each individual length scale. BPMs have a significantly different molecular
structure than crystalline materials, which induces a variety of novel deformation mechanisms.
Whereas crystalline materials show mechanisms such as movement of dislocations or crack
extension and bridging, hierarchical BPMs feature molecular unfolding or sliding, where hydrogen
bond rupture is of particular importance. (7)

Understanding these mechanisms poses a great challenge for the scientific community.
Furthermore, the application of the insight from such studies to address significant biological and
biomedical questions or to suggest new biomimetic material designs are exciting intellectual and

interdisciplinary opportunities. (7)



Although the mechanical properties of collagen itself have been broadly studied experimentally,
its self-assembly in the presence of hydroxyapatite nanoparticles (nHAP) has not been investigated to
date. The effect of nHAP on collagen self-assembly in solution and on the mechanical properties of
coll/nHAP nanocomposite solutions/hydrogels has to be determined in order to enable new bone
tissue engineering strategies to be developed.

Most of the existing mechanical models describing the effects of local nano-structure on the
mechanical response of bone consider regular distribution of simple shaped rigid inclusions in a
polymer continuum. Despite the fact that the discrete nature of the structure at the nano-scale is
acknowledged in these models, the fundamental effects related to the molecular nature of the
proteins forming the matrix are neglected and the fact that due to the highly non-local response of
polymers, the classical continuum mechanics is of limited validity is not taken into consideration. It
has been suggested that the validity of continuum elasticity models can be extended to account for
the nano-scale non-locality of deformation response of polymeric component by using higher order

elasticity combined with molecular dynamics.
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2 Review of literature

Most natural (or biological) materials are complex composites whose mechanical properties are
often outstanding, considering the weak constituents from which they are assembled. Their defining
characteristics are hierarchy, multifunctionality and a self-healing capability. Self-organization is also
a fundamental feature of many biological materials and the manner by which the structures are
assembled from the molecular level up. Biological materials can be divided into polypeptides
(proteins), polysaccharides and nucleic acids depending upon the building blocks they are composed
of. (8) In the presented work, we focus on proteins, specifically collagen I.

Like every polymer, biopolymers are sequences of monomers that may be linear, circular,
branched or cross-linked, thus forming a gel. Most of them are essentially heteropolymers, because
they may contain a variety of monomeric units. The biological relevance of a biopolymer is ultimately
based on its primary structure. (9) A fundamental characteristic of biopolymers is the bottom-up
formation of their hierarchical superstructures at successive length scales and the abundance of
weak inter- and intramolecular interactions, manifesting themselves into the material’s properties.
(7) With the recent development of experimental techniques, the research of biomaterials has
expanded into the micro- and nano-scale which has allowed the design of novel advanced synthetic
functional materials. (10)

Mechanical property maps, more commonly know as Ashby maps, have become a
convenient manner of concentrating a large amount of information into one simple diagram. They
have been extended from metals (11) to biological materials by Wegst and Ashby (12) as presented
in Fig. 2.1.; they present the Young moduli and strength as a function of density. Biological materials
have several striking features:

1. The density of biological systems is low, it rarely exceeds 3, whereas synthetic
structural materials often have densities in the 4-10 range.

2. There is a broad range in Young moduli from 0,001 to 100 GPa, representing five
orders of magnitude.

3. The range of strengths is almost as broad as the Young moduli, varying over four
orders of magnitude: 0,1 — 1000 MPa.

4. There is an absence of metals, which require for the most part either high
temperature or high electric current processing. Nature does not have these

variables at its disposal. (1)
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2.1 Tissue engineering

Biomaterials play a very important role in tissue engineering. Numerous scaffolds produced
from a variety of biomaterials have been used in the biomedical field in attempts to regenerate
different tissues and organs in the body. (13) Collagen, being the main protein of connective tissue
and skin, as an extracellular matrix protein, is widely used as a biomaterial for tissue regeneration
and implantation. The disadvantage of using collagen as a biomaterial for tissue repair is its high
degradation rate, which leads to the rapid loss of mechanical properties. (14) (15)

Tissue engineering (TE) can be defined as an interdisciplinary field applying scientific and
engineering principles to the design, construction, modification, growth, and maintenance of living
tissues. Practically all tissues are capable of being repaired by tissue engineering principles, which
usually include a scaffold conducive to cell attachment and maintenance of cell function. Recent
advances in the fields of biomaterials, biomateriomics, and tissue engineering have focused attention
on the potentials for clinical application. (16) (17) (18) (19) (20)

The goal of tissue engineering is to produce a scaffold material that will guide cells to
differentiate and regenerate functional replacement tissue at the site of injury. (21) In recent years,
functional biomaterial research has been directed towards the development of improved scaffolds
and new drug delivery systems. Scaffolds are used to create the three-dimensional organization
needed for appropriate cell interactions, to serve as vehicles to deliver and retain the cells at a
specific site. (22) The extracellular matrix (ECM) is by definition nature’s ideal biological scaffold
material and its mechanical properties are largely a consequence of its collagen fiber architecture
and kinematics. (23)

To repair a bone or cartilage defect, one of the ideal scenarios is presented in Fig. 2.2. and
can be summarized as follows: the patient’s own osteoblasts, chondrocytes, or mesenchymal stem
cells are harvested, expanded (in vitro), and seeded onto and in a scaffold (in vitro). There has been
considerable effort put into the design and fabrication of biocompatible and biodegradable porous
scaffolds. The scaffold is then used to fill the defect cavity. In situ, the scaffold degrades slowly, as
tissue growth proceeds towards complete filling of the defect. In an alternative scenario, a scaffold
without cells is implanted directly into the defect cavity to serve as guidance for cell and tissue

growth. (24)
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Fig. 2.2. Schematic representation of the tissue engineering process, specifically dealing with a hip implant. (25)

The last years have seen continuous refinement and improvement of tissue engineering
strategies, but a number of tough practical problems persists. (26) (27) These are connected to the
complex and truly multidisciplinary nature of this field, which integrates knowledge from polymer
material properties, micro- and macro-structure of scaffolds, biomechanics, cell biology, etc. (24) (28)
The tissue engineering field of interest in our case is bone TE.

Besides the TE approach to the preparation of artificial bone materials, biomimetic methods
based on the biomineralization process and structural design on the nanoscale can be alternatively
considered, in which three strategies are generally summarized. The first strategy is directly mixing
nanoscale inorganic and organic components to form composites, which can easily result in the
formation of nanocomposites. However, hierarchical structures inside composites are difficult to
control through this approach. The second pathway is to use pre-formed polymer networks as
biomineralization templates to prepare bone-like artificial materials. The third method involves the in
situ formation of inorganic-organic nanocomposites during the self-assembly processes of organic
molecules. Although these strategies have produced inorganic-organic nanocomposites that show
some similarity to bone, up to now there are no structural bulk materials showing the outstanding

mechanical properties of bone. (29), (30), (31) (32)
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Bone is one of the few organs capable of self-regeneration following injury. However, when
the injury is sufficiently severe to cause a loss of bone volume, a compromised vascular supply or
infection of the wound site, bone may not heal correctly. In such instances, a fibrous non-union is
formed which requires additional treatment to aid the healing process and restore mechanical
function. (33) (34) In cartilage, the capacity for self-repair after trauma is limited. Superficial cartilage
defects do not heal, which is mainly due to the intrinsic characteristics (aneural and avascular) of this
tissue (35), and full thickness defects heal with a fibrocartilaginous tissue, which has poor
biomechanical qualities. (36) (37)

The use of biomaterials to restore the function of traumatized or degenerated connective
tissue has gained wide acceptance in dental and orthopedic surgery. However, the increased
application and use of biomaterials in orthopedic procedures has led to the development of new
problems, namely biomaterial failure and biological incompatibility. The potential causes for the
failure of the biomaterial are usually fracture, wear, or corrosion. (17)The potential clinical efficiency
of using tissue-engineereing constructs has been the subject of numerous studies, their use
represents an enormous treatment potential for modern biomedicine. (38)

Properties that facilitate clinical use include the ability to inject the scaffold into a site of
interest via minimally invasive procedures. Therefore, from a practical viewpoint the most important
material properties would be the viscosity of the gel or particle size of a suspension to allow injection
through a small bore needle. (23) An injectable treatment is more minimally invasive than
implanting in-vitro engineered tissue, and is therefore more clinically appealing. Bio-derived
materials such as fibrin glue and collagen natively contain peptide binding sequences that cells can
adhere to via integrins. (39)

For complex tissue grafts that require stratified structural and mechanical properties, a new
generation of biomaterials is helping to reconstruct the anisotropy, nonlinearity and local mechanical
properties of the native tissue. (40) However, most implants in use today continue to suffer from
problems of interfacial stability with host tissues, biomechanical mismatch of elastic moduli,
production of wear debris and maintenance of a stable blood supply. In addition, all present day
implants lack two of the most critical characteristics of living tissues: 1) the ability to self-repair and
2) the ability to modify their structure and properties in response to environmental factors such as

mechanical load or blood flow. (41)
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2.2 The structure and hierarchy of proteins

Protein materials are intriguing examples of materials that balance multiple tasks,
representing some of the most sustainable material solutions that integrate structure and function.
This is mainly attributed to their bottom-up structural formation with molecular precision. (7) (42)
Proteins are the fundamental building blocks of a vast array of biological materials involved in critical

functions of life. (7)

2.2.1 Structural levels of proteins
The basic building blocks of proteins are amino-acids, compounds containing both an amine

and a carboxyl group, most of them have the structure depicted in Fig. 2.3.:

R—(IBH—COOH
NH>

Fig. 2.3. The structure of the amino-acid: basic building block of proteins, containing an amine group (-NH,) and

a carboxyl group (-COOH), R stands for radical. (43)

The amino-acids are distinguished by their different side groups and can be classified
according to the physical-chemical properties of these side-groups. It is clear that the higher order
secondary and tertiary structures of proteins are intimately related to these properties, together
with environmental factors such as the solvent quality.

All proteins are macromolecules with a-amino-acid monomeric units arranged according to
genetic information stored in DNA. Proteins are therefore polypeptides of a defined sequence
determined by the genetic code. The polypeptide backbone is not charged except the end groups,
the charges on a protein chain are located in its side groups. Under physiological conditions, the
protein is usually close to its isoelectric point, so that the positive and negative charges cancel out
and the net charge is almost zero.

The primary structure of proteins is the sequence of amino-acids, these monomeric units in
proteins are organized in a certain local molecular configuration, commonly referred to as the
secondary structure and arising from the formation of bonds (hydrogen, van der Waals, and covalent
bonds) between amino-acids on the same or different chains. (8) Proteins show a wide variety of
secondary structures, which satisfy a number of criteria: the peptide bond is planar because little
twisting is possible about the C-N bond, the steric interaction between the side groups of the amino-

acids is minimal and the structure is stabilized by hydrogen bonding between the oxygen of the
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carbonyl C=0 groups and the hydrogen of the amide C-N groups. Major secondary structures include
the a-helix and B-sheet, however these are by no means the only ones. (9)

At a larger length scale, a protein can adopt a defined 3-dimensional conformation, the so-
called tertiary structure. This is particularly important for proteins, which largely relate their
biological function to their function-specific 3-dimensional structure. Eventually, proteins can form
even larger complexes among themselves or with smaller molecules in the cell and organism,
forming the quaternary structure. The levels of protein structure along with a closer look at the alpha

helix are presented in Fig. 2.4.
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Fig. 2.4. a) The levels of protein structure; b) An example of protein secondary structure, the alpha helix (AH).

(44)

2.2.2 Stabilizing interactions

As mentioned previously, proteins owe their biological function to their unique 3-
dimensional tertiary structure. Yet, proteins are synthesized as linear chains of amino-acid
monomers on ribosomes. Each newly synthetized protein chain has to adopt its native conformation,
which also has to remain stable under working conditions. Both the kinetic folding pathway and the
stability of the native state are determined by the amino-acid sequence. Relatively small proteins
take their native structure spontaneously. For longer sequences, the folding process may be assisted

by helper proteins (chaperones).
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The 3-dimensional structure of a protein is determined by the interactions of the amino-acid
residues among themselves and the surrounding medium. In particular, aqueous solvation properties
are of paramount importance in stabilizing the native, folded state. The folding of the protein from a
random coil state with an astronomical number of molecular conformations into its native state with
a small number of possible conformations is accompanied by a tremendous loss of conformational
entropy. In order to render the native state thermodynamically stable, this loss of entropy should be
compensated by stabilizing interactions within the polypeptide sequence and/or an increase in
another form of entropy. Both effects are involved in the folding process. (9)

Since proteins typically fold on a time scale of a minute or less, Levinthal recognized that a
random search of all possible conformations is not feasible and should be biased. A bias can be
introduced by imposing an energy cost for an incorrect link. Experimental evidence at the individual
residue level has shown that there are often, if not always, multiple routes from the random coil to
the native state. Accordingly, a multi-dimensional free energy landscape, which is a folding funnel, is
thought to be a better description of the process. The selection of a specific pathway is often
kinetically, rather than thermodynamically driven, because of the small differences in free energies
between different states. (9) In the native (biologically active) folded state, the most important

stabilizing interactions are summarized in the following and shown in Fig. 2.5:

Hydrophobic interactions

(clustering of hydrophobic
| groups away from water)
| CH and van der Waals
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Fig. 2.5. An overview of stabilizing interactions participating in the folding of a protein. (44)
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2.2.2.1 Electrostatic interactions
Many amino-acids contain side groups which are either positively or negatively charged, the

electrostatic attractive forces stabilize the native state. (9)

2.2.2.2 Hydrogen bonding

Many side groups contain functional groups which can be involved in the formation of
hydrogen bonds with other side groups and, if available, with the carbonyl oxygen and amide
hydrogen on the polypeptide backbone. Although a single hydrogen bond is relatively weak, the
sheer number of them can add a significant contribution to the stabilization of the folded state. (9)

This is demonstrated in the following Fig. 2.6., showing a computational model of the hydrogen

bonds stabilizing a beta sheet.

Fig. 2.6. The figure shows the structure of a beta-sheet protein. Hydrogen bonds are indicated as yellow lines.
Buehler and Keten found that hydrogen bonds in beta sheet structures break in clusters of three or four, even in

the presence of many more bonds. (45)

2.2.2.3 Van der Waals interactions
The interior of globular proteins is closely packed with many uncharged side groups. The
weak interaction resulting from dipole and induced dipole interactions between these side groups

adds up and results in a significant stabilizing force, which is shown for water molecules in Fig. 2.7.

(9)
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Fig. 2.7. Van der Waals interactions between water molecules. (46)

2.2.2.4 Disulfide bonding

If the protein is meant to function in an external oxidizing environment, as opposed to the
reducing environment inside most cells, significant stabilization of the folded structure can come
from the formation of disulfide bonds between cysteine residues. (9) The formation of a disulfidic

bond between two polypeptide chains is shown in Fig. 2.8.
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Fig. 2.8. If the thiol groups of the cysteine units on two different polypeptide chains are oxidized, the result is the

formation of a disulfidic bond between the two chains. (47)

2.2.2.5 Hydrophobic interactions

Despite the fact that the aforementioned interactions stabilize the native state to a
significant extent, the main contribution to the stability of the protein comes from the hydrophobic
effect. If the hydrophobic side groups are buried in the interior of the globular protein, water
molecules that were first restricted in their translational and rotational motions due to the
interaction with the protein are released. This release of hydration results in an increase of the
entropy of the whole system including protein and solvent, which partially offsets the tremendous

loss in configurational entropy associated with the folding process. (9)
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2.2.3 Protein classification

Depending on the tertiary structure, proteins can be divided into two main groups, globular
and fibrous. Globular proteins are compact and more or less spherical enzymes, hormones,
antibodies, etc., such as y-globulin or fibrinogen. Fibrous (structural) proteins are elongated fibers
with structural functions such as collagen, elastin, keratin, actin and myosin. (8) Structural proteins
have mechanical properties associated with their hierarchical structure and the properties cannot be
attributed to the individual building blocks. (9) Proteins are in most cases multi-unit assemblies that

frequently form higher order complexes with other biopolymers.

2.3 Collagen

Collagen represents the most abundant structural protein in mammals, providing mechanical
stability, elasticity, and strength to connective tissues such as tendons, ligaments, and bone, as well
as the extracellular matrix (ECM). Yet, we understand relatively little about how collagen assembles
to form larger-scale structures such as microfibrils and fibers and how they provide crucial
mechanical properties to organisms. It is known that virtually all collagen-based tissues are organized
into hierarchical structures, where the lowest hierarchical level consists of triple helical collagen

molecules. (6)

2.3.1 Collagen structure and classification

Collagen consists of tropocollagen (TC) molecules that have a length L = 280nm and
diameter of = 1,5nm. Staggered arrays of TC molecules form microfibrils, which arrange to form
collagen fibers. (48) It has been long known that the stability of the collagen triple helix is related to

the total content of amino acids proline and hydroxyproline (shown in Fig. 2.9.),

Hy

HyC 0
COOH
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Fig. 2.9. 1) Proline and Il) hydroxyproline. (49)

which together make up about 20% of the total amino acids in human fibrous collagens. This is the
result of the cyclic nature of the side chains that restricts flexibility about the peptide bond. (50) Fig.
2.10. shows the residue positions in greater detail, the proline and hydroxyproline residues

connecting back to the chain backbone effectively stiffen the molecule.
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glycirlf X Y XY X Y

Fig. 2.10. Periodic repeat in the amino-acid sequence of a pro-collagen molecule. a) Every third residue is a
glycine. The remaining residues, X and Y are frequently proline or hydroxyproline. b) Glycine is the smallest
amino-acid where the residue is just a hydrogen atom. c) The triple-helical arrangement requires the glycine
residues to point towards the inside of the helix. The other residues are on the surface of the helix. d) Proline

and hydroxyproline have residues connecting back to the polypeptide chain, effectively stiffening the molecule.

(4)

Collagen | is the most widely occurring collagen found in skin, tendon, bone, cornea, lung,
and the vasculature; collagen Il has a more specific tissue distribution being limited essentially to
cartilage; collagen lll is found in embryonic skin, lung and blood vessels; collagen V can be found in
the cornea. (51) Altogether, more than 23 collagen types have been discovered to date. In the

presented work, we will focus on collagen | only.

2.3.2 Collagen biosynthesis

The biological synthesis, secretion and assembly into definitive extracellular structures of
collagen can be briefly described as follows. Firstly, the individual polypeptide chains, called pre-
procollagen chains, are synthesized on membrane-bound ribosomes. These chains have three major
domains: the a-chain, the amino-terminal peptide, and the carboxy-terminal peptide. In the
cisternae of the rough endoplasmatic reticulum, three pro-a chains associate, and a procollagen
molecule with a triple helix structure is formed. During this process, the propeptide sequences are
removed, proline and lysine residues become hydroxylated, the propeptides are glycosylated and
disulfide bonds are formed. After all these post-translational modifications take place, individual
procollagen molecules are transported to the Golgi complex, packaged into secretory vesicles prior
to export into the extracellular matrix. Procollagen processing occurs during or shortly after secretion

followed by assembly of fibrils. (50) In the case of type | collagen, the extension peptides at both end
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of the molecule must be cleaved before the fibers can be assembled. After removal of the extension
propeptides, several collagen molecules associate in a process called fibrillogenesis (see Section 2.4).

(52) (53) The whole process is summarized in Fig. 2.11.
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Fig.2.11. Schematic diagram showing steps in biosynthesis and assembly of type I collagen into fibrils. Type |

collagen is composed of two polypeptide chains namely prow1(1) and pro 2(1) (54)

2.4 Self-assembly processes, fibrillogenesis

Self-assembly in the classic sense can be defined as the spontaneous and reversible
organization of molecular units into ordered structures by non-covalent interactions. (55) The first
property of a self-assembled system this definition suggests is the spontaneity of the self-assembly
process: the interactions responsible for the formation of the self-assembled system act on a strictly
local level — in other words, the nanostructure builds itself. Three factors characterize a self-
assembling process and the resulting structure, i.e. order, interactions and building blocks or

constituents. (56)
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Self-assembly is a promising technique for the construction of higher order structures by using

a large number of individual particles as building blocks. The self-assembly process relies on various
interparticle forces (van der Waals, electrostatic, magnetic, molecular and entropic). (57) (10)

Self-assembly is usually modelled employing equilibrium thermodynamics considering the

system ergodic. The second law of thermodynamics states that in an isolated system, equilibrium is

reached at maximum entropy, S. If t is defined as time, a system will approach equilibrium as
ds/dt >0 (2.1.)

Using the Boltzmann equation, phenomenological entropy can be expressed as a function of the

number of possible configurations, W, as:
S=klnW (2.2.)

Under isothermal and isobaric conditions, equilibrium is reached when the Gibbs free energy
is minimized, i.e. AG < 0. For systems with constant volume and temperature, the Helmholtz free
energy, F, is used instead of G. Hence, the evolution of the structure of protein assemblies results in
order enhancement and, thus, must be controlled by enthalpy, rather than entropy.

Prigogine’s thermodynamics of irreversible systems provide a link between thermodynamics
and evolution. Most complex systems are indeed open and non-equilibrium. Prigogine demonstrated
that non-isolated systems can evolve by self-organization and self-assembly toward greater order,
whereas this process is irreversible. (58) This distinguishes self-assembly from crystallization. Open
systems exhibit fluxes of energy, matter, and exchanges in mechanical, electric and magnetic energy
with the environment. The entropy variation can be expressed as having two components: one

internal i, and one due to the exchanges, e:

dS/dt = dS;/dt + dS,/dt (2.3.)

For the isolated system, the dS,/dt = 0. For the open system, this term is not necessarily zero. The
second law, however, still applies to the internal components, i, thus dS;/dt > 0. So it is possible to
have a temporal decrease in dS/dt, if the flux component contributes with a sufficiently large
negative term. The physical interpretation of Eq. 2.3. is that order can increase with time. This is a

simple thermodynamic explanation for the origin of complex self-organization phenomena. (1)
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2.4.1 Gelation

This connectivity transition from liquid to solid is caused by the formation of cross-links
between polymer chains and can be described by a bond percolation model. Linking chains together
leads to progressively larger branched polymers, at a certain extent of the reaction, a molecule
spanning the whole system appears. Such a huge molecule will not dissolve in a solvent, but may only
swell in it. This infinite polymer is called a gel or network, the critical point where gel first appears is
called the gel point, the procedure is referred to as gelation. The fraction of all possible bonds that
are formed at any point in the reaction is called the extent of reaction p, which increases from zero
to unity as the reaction proceeds. At the percolation threshold or gel point p,, the system undergoes
a connectivity transition and one structure referred to as the incipient gel percolates through the
entire system. (9) A rough estimate of the gel point for linking precursor molecules (or monomers)

with functionality fis

1
Pe =773 (2.4.)

Gelation is caused by the formation of crosslinks between polymer chains, the final state
after crosslinking consists of linear polymer strands connected by crosslinks — a polymer network.
Gelation can occur either by physical linking or chemical cross-linking, resulting in physical and
chemical gels. (59) Strong physical gels have strong physical bonds between polymer chains that are
effectively permanent at a given set of experimental conditions (such as glassy or microcrystalline
nodules or double helices). These strong physical gels can only melt and flow when the external
conditions such as the temperature change. Weak physical gels have reversible links formed from
temporary associations between chains. These associations have finite lifetimes, weak physical bonds
include hydrogen bonding, hydrophobic or ionic associations. Chemical gelation involves the
formation of covalent bonds and always results in a strong gel.

Physical and chemical gelation have been studied in rheology experiments, where the
experiment follows the network formation without disturbing the process. Under flow, competition
arises between the formation of clusters by physical cross-linking and their disruption by the shear
forces. de Carvalho (1997) proposed a microscopic model based on the analysis of flow curves and
dynamic measurements, which describes the structure of the gelling solution: microgel particles
grow to a maximum size which depends on the flow. When the volume fraction of these particles is
high enough, percolation between them occurs suddenly and a yield stress fluid is formed

(particulate gel). (60)
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2.4.2 Crystallization

Crystallization is another example of a self-assembly process. (10) Polymer crystallization is
kinetically controlled under conditions far from thermodynamic equilibrium involving molecular
motions on various length and time scales. Nanocomposites with engineered surface chemistry
represent novel means of both controlling the kinetics of morphogenesis in semicrystalline polymers
and enhancing its long-term stability. However, the literature on crystallization kinetics of polymer
nanocomposites with varying interfacial adhesion often provides contradictory conclusions. This is
due to the experimental difficulty in achieving sufficient control over the interfacial energetics,
inability to eliminate primary nucleation by adhering nanoparticles and by utilizing vastly different
experimental protocols. With some exceptions, many of the studies vary multiple structural variables
(particle size, shape, surface treatment, chain molecular weight, chain rigidity and polarity,
nucleating agents, etc.) and test parameters (non-isothermal, specimen size, sample preparation,
characterization technique, etc.) at the same time. This prevents separation of the various
contributions to the overall crystal growth rate, often exhibiting opposite dependence on the given
variable. (61)

The main shortcoming of the Avrami model, used to analyze experimental crystallization
kinetics data in most of the non-isothermal investigations, consists of the fact that it averages the
spherulite growth rate over the entire specimen rather than analyzing the growth rate of an
individual spherulite. Hence, the Avrami model cannot capture the local nano-scale peculiarities of
the crystallization process as affected by the presence of rigid heterogeneities with their length scale,
D, similar to that for the chain radius of gyration, R,.

Phenomenological description of the temperature dependence of the crystal growth rate, G,
for the kinetically dominant growth front is described satisfactorily by the Lauritzen-Hofmann (LH)
model:

*0
G =G, exp{— R(‘IE?—ETV)} exp{— %} (2.5.)
The Gy is an assumed temperature independent pre-exponential factor strongly dependent on the
molecular characteristics, AT = (T,,’-T) is the under-cooling, T, is the equilibrium melting
temperature, T is the crystallization temperature, Qo is the activation energy for the chain self-
diffusion in the melt, T is the Vogel temperature.

During the crystal growth, the internal bond rotation is virtually the only way for a segment

to move, hence, the chain motion is a consequence of the successive internal bond rotations of all

the segments resulting in the chain reptation primarily in the lengthwise direction. Hoffman and
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Miller rearranged Eq. (2.5) for the growth rate in neat PE, G,°, considering chain reptation as the

mechanism for chain transport to the crystal growth front:

KCe Qe K
G~ —2iexp| — ——2— |exp| - ——
"N Xp{ R(T —TV)} Xp[ TAT}

The G, is the configurational path degeneracy expressing the variation in the length of the attached

(2.6)

stems and the growth rate reduction factor k was expressed as:

1 [ 0
K~ —exp —Dj
% RT, . (2.7)

Combining Egs. (2.6.) and (2.7.) results in the G,° being inversely proportional to the chain friction
coefficient ..

The term dynamic fragility is frequently used to express the strength of the temperature
dependence of dynamical properties of glass forming liquids (the breadth of the glass transition
region). Investigating crystallization kinetics of supercooled polymer melts, Sanz et al. (28) suggested
that less fragile polymers exhibit far less strongly intermolecularly cooperative segmental dynamics
compared to highly fragile stiff backbone polymers. Adding large specific surface area nanoparticles
can substantially alter short distance coupling of motions of different parts of the polymer chain and
its surrounding chains. Hence, segmental motions in the nanocomposite melt become increasingly
decoupled both along the chain and in the neighbouring chains, thus, making formation of
aggregates of chain segments (stems) exhibiting higher local orientation order in the melt less
probable. Thus, one can predict that nanoparticles, greatly modifying both dynamics of individual
chains and collective segmental motion in polymer melts, will slow down the crystal growth rate
significantly under the condition of their negligible nucleation effect.

The effect of particle-chain interfacial interactions is accounted for by enhanced both chain
friction coefficient, &, and the increased activation energy of chain self-diffusion, Q) compared to
that in the neat polymer, QD*O . The £ for the neat PE chain with N monomer units, each exhibiting
monomer friction coefficient &, equals to N&. By adding particles exhibiting attractive interfacial
interaction with chain segments to the polymer melt, the & is enhanced substantially due to
formation of trains on the particle surface. Considering N, the average number of monomer units in

the train, the & can be expressed as:

é:c :((N_Na)§0+Na§a)' (2.8)
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The & is the friction coefficient of segments in the adsorbed trains (30). The only & data available in
literature so far were measured for polystyrene (PS) containing weakly attractively interacting
nanoparticles and & = 5.6x10°&. One can assume that for the PE, the difference between & and &,
may be of the same order. For weak and strong attraction, respectively, Na:Nl/z and N =%N,
respectively, and, N,=0 for non-interacting interface. For chains with N < 10°, the Nl/zfo can be
considered negligible compared to &, thus, the & = Nl/zfa and & = %N, for the weak and strong
attraction, respectively. For the non-interacting interface, & = N& similarly to the neat PE.

Substituting for x (Eq. (2.7)) in Eq. (2.6), the G,° for the neat polymer can be expressed as:

C, ) 1 o 0 K
G, ~| =2 exp| =2~ kexp| ——2— |exp| ———
' (Nj Nz, Xp(RTO] Xp{R(T—TV)} Xp{ TAT}

Similarly, the G, for the nanocomposite with strong interafacial attraction can be expressed as:

) 2 o0 % ool K
% N(Nj NG eXp[RTOJ ex'{R(T —TV)}Xp{ TAT}

(2.9)

(2.10)
for the weak interfacial attraction:
() Lo e
and for the non-interacting interface :
(&) oo & ol el
N*S 0 oV (2.12)

Equations (2.10) and (2.11) suggest direct proportionality between G, and &* in the
nanocomposite melts and weakening of the M, dependence of G, in nanocomposite which is in
agreement with experimental observations of M, scaling of the G, for monodisperse PE filled with
fumed SiO,. For the former prediction, reliable experimental data do not exist in the literature so far.
Eqg. (2.12) suggest the only effect of nanoparticles in non-interacting system is formation of additional

topological constraints to the chain transport expressed in the enhanced Q. (61)

2.4.3 Liquid crystalline structure of collagen in solutions

Giraud-Guille and Besseau (61) (62) established that at high concentration in acidic solutions,
type | collagen molecules spontaneously organize to form liquid crystalline phases, characterized in
polarized light microscopy and X-Ray diffraction. (61) (63) These supramolecular arrangements

appear in a viscous state with some fluidity, as molecules are free to move with respect to each
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other. Collagen monomers assemble as a function of concentration in successive arrangements
corresponding to defined geometries as alignments in nematics, undulations in precholesterics and
continuous twist in cholesterics. (64)

The degree of order identified by optical microscopy increases with increasing collagen
concentration, the liquid crystalline state was observed not just at an acidic pH, but also at neutral
pH in a gel state. TEM observations validated these findings, the significant result being that the
ultrastructure of stabilized liquid crystalline collagen faithfully mimics fibrillar patterns described in
vivo in extracellular matrices. This strongly supports the hypothesis that liquid crystalline properties

are involved in the morphogenesis of collagen matrices. (62)

2.4.4 Collagen fibrillogenesis

Collagen fibrils are formed by the self-assembly of individual collagen molecules in a process
referred to as fibrillogenesis. It has been established that the formation of collagen fibrils is a
spontaneous process initiated by the enzymatic cleavage of procollagen propeptides. (65) (66) (67)
The fibrils vary in length and diameter depending on the conditions involved in growth. However,
typically in vitro formed fibrils are up to 500nm in diameter, several tens of um long and contain
between 10" and 10° mature collagen molecules. (68)

Biomechanical functions of fibrillar collagens depend on their ability to assemble into fibrils.
One of the major features of type | collagen is its ability to self-assemble into highly organized
supramolecular structures, cross-striated fibrils, which in turn often form larger entities, namely,
fibers and fascicles, which give living tissues their stability and their unique mechanical properties.
Collagen is thus an ideal building block for tissue engineering, provided that a comprehensive
understanding of its self-assembly properties can be reached so that the spatial packing of fibrils can
be controlled. Fibrillogenesis is the key factor in connective tissue morphogenesis. (69) The individual

stages of the fibril formation process are shown in Fig. 2.12.
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Fig. 2.12. Collagen fibril formation process.

The formation of collagen fibrils in vitro has been the subject of extensive research for over
50 years. Initial observations were focused on the reconstitution of fibrils from solutions of collagen
in dilute weak acids. The major fibrillar collagens are water-soluble at low pH, for example in dilute
acetic acid. When the pH is adjusted to around neutral and the temperature raised to around
physiological, fibril formation occurs spontaneously resulting in banded fibrils. Fibrils are stabilized by
the formation of covalent cross-links. (51) The structure of the resulting fibrils is influenced by several
parameters including the presence of other types of collagen and substances other than collagen.
(50)

Fibrils assemble spontaneously and are stable over a wide pH range of 6,2 — 12. The periodic
stagger is constant at 66,5 nm and relates to the maximum interaction between oppositely charged
side chains and large hydrophobic amino acids of adjacent triple helices. (70), (71)

Electrostatic forces, which may be responsible for the long range attraction and organization,
might be negligible at close range, compared to other factors such as hydrophobic or van der Waals
forces. These nonionic forces would be responsible for the subsequent stability of fibrils above the
isoeletric point. This stability is probably reinforced by intermolecular cross-links that can occur when
nonhelical ends, the telopeptides, are present. (69)

The influence of buffer composition on fibril formation has been studied by several authors,
notably Williams et al. (1978), also the effect of temperature on fibril assembly was investigated by

Holmes (1986), who arrived at the conclusion that fibrils formed at lower temperatures (20°C) have
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larger diameters than those formed at higher temperatures (34°C). (72) Fibril width and organization
depend strongly on the solution concentration, as shown by Gobeaux (2008), whose measurements
were performed by two complementary techniques: transmission electron microscopy (TEM) and
synchrotron X-ray scattering. TEM provided local structural information on length scales ranging from
15 nm to several micrometers, whereas X-ray scattering gave global structural information about the
packing of collagen molecules within fibrils, on scales ranging from 1 to 50 nm. The non-monotonic
change in fibril size with collagen concentration was explained as a result of competition between
the availability of molecules and the viscoelasticity of dense solutions. (69)

The intactness of the N- and C- telopeptides also has a marked effect on fibril formation. Loss
of diameter uniformity, induction of antiparallel packing and changes in the fibril assembly pathway
have been observed depending on the extent of loss of N- and C- telopeptides. (73) Commercially
available fibrous collagens are of two types, either acid soluble or pepsin soluble. In acid-soluble
collagen, the telopeptides are usually intact, and these help both to initiate fibril formation and to
produce long cylindrical fibrils. Pepsin-soluble collagen is produced by preparing tissue extracts with
pepsin, which digests most protein structures except for the collagen triple helix. As a consequence,
the non-helical telopeptides are mostly removed by this procedure, making self-assembly more
difficult. (50)

While studies on collagen assembly have gradually switched from in vitro to in vivo, both
approaches give complementary information on the molecular mechanisms involved. (50) The in
vitro assembly of collagen into fibrils is described as follows: collagen monomers exist as triple
helices that assemble into small aggregates of 5-17 molecules, and these aggregates further
assemble into fibrils (30-300 nm wide), which may bundle into fibers (composed of two or more
fibrils) that interconnect and interpenetrate to form a fiber network. (74), (75) Fibril formation is an
entropy-driven process, in which self-assembly results in burying surface-exposed hydrophobic
residues within the fibril, thereby increasing entropy in the solvent. Hydrophobic interactions can
stabilize the monomer backbone, and in preparations in which the nonhelical ends of the collagen
molecules are retained, covalent bonds form between the nonhelical monomer ends and helical
crosslinking sites. Collagen fibrils and fibers may be stabilized with both noncovalent and covalent
bonds. Interconnections between fibers formed in vitro are largely via entanglement, and thus, the
fully developed collagen network is a complex physicochemical gel. (76)

Assembly proceeds by a nucleation and growth mechanism, as monitored typically by
turbidimetry at a wavelength around 300 nm. The turbidity is proportional to both the concentration
of collagen and the mass of the assembled structures. Turbidity curves classically show three phases:

an initial lag phase with no change in turbidity, a rapid growth phase and finally a plateau region. (77)
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During the lag phase, small numbers of collagen molecules associate to form metastable
nuclei, upon which further molecules aggregate during the growth phase. The final step in the
biosynthesis of collagen is the introduction of covalent cross-links to stabilize the different forms of
supramolecular assembly. (50)

Collagen concentration is one of the most important factors affecting self-assembly, there
have been several efforts to establish a critical concentration, below which self-assembly is not
observed. Yan et al. found that the critical concentration lies in the interval 0,3-0,6 mg/ml. They have
also established that the collagen concentration increases the rate constant in the growth kinetics,
accelerating collagen self-assembly - the lag phase is shortened as collagen concentration is
increased. (78)(69) It has been suggested that during the lag phase, triple helices form small
multimeric intermediates that later aggregate into ordered structures. Fibril growth would then
proceed by further addition of multimeric intermediates, the final size being governed by the number
of collagen molecules available in solution. (69) Absorbance measurements have been employed as a
direct method of self-assembly quantification. (78)

However, turbidity measurements cannot reveal details of fiber number and size, they also
cannot reflect fibril or fiber connections (chemical or physical) that may develop late in the gelation
process. Such connections have important consequences for the mechanical properties of the
systems and are important considerations for bioengineering and biophysical applications of
collagen-based gels.

The development of mechanical properties during collagen gelation has currently been
studied by rheology rather than turbidity, as demonstrated by Yang and Kaufman (2009). (76) (79)
The development of the gel viscoelasticity was monitored in time via oscillatory rheology, and the
development of the collagen network was found to be consistent with the percolation theory of
branched networks. To monitor mechanical properties during gelation, time-sweep rheology studies
were performed, yielding new information on the structures that give rise to the mechanical
properties of collagen gels during gelation as a function of collagen concentration and gelation
temperature. (79)

The structural organization of collagen molecules within a fibril has long been the focus of
attention, where the organization and topology of the collagen molecules are required to ensure
strong intermolecular interactions. Although the axial intermolecular interactions seem to be well
understood, the specificity of lateral interactions between collagen molecules appears to be far more
variable. The lateral association of collagen molecules within a fibril requires to be understood in
terms of fibrillogenesis, fracture properties, cross-linking, and molecular connectivity. (80)

The longitudinal orientation is the preferred collagen fiber orientation and hence is stiffer

than the circumferential direction. (81) (82) The tendency of molecules and particles to form 1D
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polymeric structures is a natural consequence of having directional intermolecular potentials. Dipolar
interactions (or other highly directional interactions such as directional hydrogen bonding and m-mt
stacking interactions) are often involved, often in combination with van der Waals and many-body
hydrophobic interactions, in the organization of supermolecular polymers and fiber structures. (83)

The mechanical properties of collagen fibers depend primarily on the formation of head to
tail Schiff base cross-links between end-overlapped collagen molecules within the fiber induced by
the enzyme lysyl oxidase. Inhibition of these cross-links results in the complete loss of mechanical
strength of the fiber. During maturation these initial divalent cross-links react further with molecules
in register from an adjacent fiber forming stable trivalent cross-links and further increasing its
mechanical strength. (84) The collagen fibril provides the key to scaffolding structures in the body
from the nanoscopic to the macroscopic length scales. The interaction with other materials such as
proteoglycan, minerals, and elastic fibers can lead to the modulation of the overall structural and
mechanical properties. (80) Molecular modeling suggests that this natural design of collagen fibrils
maximizes the strength and provides large energy dissipation during deformation, thus creating a
tough and robust structure. (48)

A number of models of collagen fibril formation have been proposed, some based on the
assumption that fibrillogenesis is driven by the site-specific interactions between defined sites
present within interacting collagen molecules. On the other hand, models exist where site-specific
interactions are not required. One such model by Parkinson et al. (85) describes the growth of
collagen fibrils from paraboloidal tips based on limited diffusion seen in electrochemical deposition.
(72) In contrast, Silver et al. proposed a computer model of nucleation and propagation of a collagen
fibril in which interactions between monomers depended on the site-specific binding. (75) .
Steplewski et al. proposed another model, where the first stage of homotypic fibril formation
depends on the interaction between C-terminal telopeptides and a specific site located in the region
encompassed by a1-776 and a1-796 residues. (86)

Experimentally, Holmes et al. implemented quantitative scanning transmission electron
microscopy (STEM) for the quantitative analysis of collagen fibril self-assembly in vivo and in vitro.
and using this technique, obtained an axial mass distribution along a fibril. (73) Yan et al. studied the
effect of concentration, pH and ionic strength on the kinetic self-assembly (78) and arrived at the
conclusion that collagen self-assembly is a two-phase kinetic process: the formation of a nucleus
center and nucleus growth, and it is controlled by the first phase. Collagen showed marked assembly
behavior for concentration equal to or larger than 0,6 mg/ml. The optimum pH value was established
to be 7,2. (78) Cisneros et al. observed the growth steps of collagen | self-assembly into fibrils directly

by using time lapse atomic force microscopy (AFM). (87)
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2.5 Biomineralization — formation of the mineralized fibril
2.5.1 Biomineralization

One of the defining features of the rigid biological systems that comprise a significant
fraction of the structural biological materials is the existence of two components: a mineral and
organic component. The intercalation of these components occurs at the nano, micro, or mesoscale
and often takes place at a more than one-dimensional scale. The mineral component provides
strength, whereas the organic component contributes to the ductility. This combination of strength
and ductility leads to high energy absorption prior to failure. (88) Fig. 2.13. presents a nanocomposite
of thin calcium-phosphate platelets intercalated between collagen molecules, thus forming a

mineralized fibril.

calcium-phosphate collagen molecules
particles with triple-helices,
thickness =2 -4 nm 300 nm long

Fig. 2.13 The mineral crystals intercalated between collagen molecules are arranged parallel to the collagen
fibrils in the bone composite in a regularly repeating staggered pattern. The staggering of the crystals is most

likely due to the nucleation of mineral particles inside the gap zone of collagen fibrils. (4)

The most common mineral components are calcium carbonate, calcium phosphate
(hydroxyapatite), and amorphous silica, although over 20 minerals have been identified. These
minerals are embedded in complex assemblages of organic macromolecules which are hierarchically
organized. (88) Understanding the molecular mechanisms underlying biomineralization is extremely
important for the fundamental problem of novel biomaterial development for tissue engineering

applications. (89)

2.5.2 Hydroxyapatite
Hydroxyapatite (HAP) is one of the frequently used bioceramics for bone and dental tissue
reconstitution. It has excellent biocompatibility with hard tissues (90) (91), and high

osteoconductivity and bioactivity despite its low degradation rate. (92) (93) It has neither antigenicity
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nor cytotoxicity. (94) Specific characteristics of the HAP particles (size, shape, crystal structure and
morphology) are among the important factors needed to control technological properties of the
products. Micronisation increases the surface area with a consequent increase of dissolution rate

and bioavailability of the HAP. (95) The crystalline structure is shown in Fig. 2.14.:

Fig. 2.14 The crystalline structure of hydroxyapatite.

The term "apatite" applies to a group of compounds (not only calcium phosphates) with a
general formula in the form M;o(X04)eZ,, Wwhere M*" is a metal and species XO, > and Z" are anions.
The particular name of each apatite depends on the elements or radicals M, X and Z. In these terms,
hydroxyapatite (HAP) has the molecular structure of apatite, where M is calcium (Ca®), X is
phosphorus (P>*) and Z is the hydroxyl radical (OH). This is known as stoichiometric hydroxyapatite
and its atomic ratio Ca/P is 1.67. Its chemical formula is Ca;o(PO4)s(OH),, with 39% by weight of Ca,
18.5% P and 3.38% of OH.

Hydroxyapatite crystallizes in a hexagonal system, although with some exception in a
monoclinic system. The HAP structure is formed by a tetrahedral arrangement of phosphates (PO, *),
which constitute the "skeleton" of the unit cell. Two of the oxygens are aligned with the c axis and
the other two are in a horizontal plane. Within the unit cell, phosphates are positioned into two
layers, with heights of 1/4 and 3/4, respectively, resulting in the formation of two types of channels

along the c axis (see a and b in Fig. 2.14.).
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Despite the fact that the usual stoichiometric hydroxyapatite is most frequently used as a
model, it is noteworthy that hydroxyapatites produced biologically are much more complicated, they
are not stoichiometric, have an atomic ratio Ca/P <1.67 and do not contain only ions and radicals of
the HAP but also traces of CO3;, Mg, Na, F and Cl. These amounts vary according at the specific type of
tissue, which is related to the properties and bioactivity of it.

One aspect that is important to note is that the closer the value of Ca/P to 1.67, the greater
the stability of the material inside the human body as they tend to be inert, and on the other hand, if
this value decreases (deficient HAP), the better the bioactivity. Another aspect we must consider is
the degree of crystallinity. It has been observed that the crystallinity in the tissues for the tooth
enamel is very high, while in the cases corresponding to dentin and bone, it is very poor. This means
that the reactivity depends on the degree of crystallinity, since the reactivity in dentin and bone is

higher than in tooth enamel. (96)

2.5.3 Interaction of collagen | with nHAP - collagen/nHAP nanocomposites

The mechanisms of interaction of collagen and hydroxyapatite are of scientific and practical
interest, but are still not established clearly. Based on the results of experimental NMR investigations
of Aminova et al. (2013) of collagen and water suspensions, it was shown that hydroxyapatite can
form intermolecular complexes with collagen fragments by the interaction of calcium ions with a

proline group, forming weak intermolecular bonds as modelled in Fig. 2.15.
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Fig. 2.15. Calcium ion forming a complex with a fragment of collagen by bonding calcium with oxygen atoms of

proline and nitrogen atom of glycine.
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In coll/HAP composites, the most important interactions involved are electrostatic
interaction between opposite charged components or hydrogen bonding. These interactions occur
between nHAP particles, between different collagen hierarchical structures and also between the
organic and inorganic phases. The most important interactions are illustrated in Fig. 2.16.

Hydrogen bonding occurs inside the collagen molecule itself, between collagen molecules,
fibrils and fibres; also in hydroxyapatite and between collagen and hydroxyapatite. Electrostatic
interaction takes place especially between Ca®* cations (from HAP) and carboxylate groups (from
collagen) as well as between hydroxyapatite grains (especially between Ca®* and the phosphate

anions), inside collagen molecules and between collagen fibrils and fibers. (97)

—_—
—— ——
—

Fig. 2.16. Interaction types in collagen/HAP composites. (97)

Previous efforts on elucidating the mechanism of complex formation have been performed
by Kikushi et al. (2004), whose model presents binding between collagen and hydroxyapatite as a
consequence of the partial polarization of C=0 bonds of the collagen fragments. This leads to the
Coulomb interaction between the partial negative charge of the oxygen atoms of the collagen and
positively charged calcium ions. Zhang et al. (2004) on the other hand proposes intermolecular bonds
between the collagen and hydroxyapatite are formed due to the interaction of hydroxyapatite with
partially negatively charged COO groups of some amino-acids on collagen (namely lysin, comprising
about 2,6% of collagen). Currently, the opinion that the interaction with the carboxyl groups of

hydroxyapatite is more probable prevails, but there is no definite agreement on the subject.
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It is well recognized that nanocomposites formed by adding nanoparticles to polymers can
have significantly enhanced properties relative to the native polymer. (98) The difference in the
mechanical behavior between tendon and bone is not due to different fiber architecture, but due to
the fact that bone is mineralized. The mechanical properties of bone and dentin depend to a large
extent on the degree of mineralization, the organic matrix alone is not sufficient to provide the
stiffness required for these tissues which have to carry considerable loads. The inclusion of tiny
calcium-phosphate mineral particles leads to a considerable stiffening of the tissue. The mineral
phase occupies about half the volume in compact bone. (51)

The outstanding mechanical properties of tissues that rely on fibrillar collagen are due to the
optimization of their structure on many hierarchical levels. The interplay between structures is
critical to the overall mechanical properties. (99) Although the principle that the addition of
nanoparticles to a polymer can result in materials with significantly improved properties seems to be
well established, several issues that determine a) the qualitative and quantitative description of the
dispersion and organization of nanoparticles; b) polymer properties, including chain conformation,
local motions, and nonlocal dynamics and c¢) how do these collectively affect the macroscale property
improvements of the hybrids remain largely unresolved. (98)

Most of the resulting materials are not really nanocomposites, i.e. materials that are filled
with individual nanometer-sized particles. Rather the materials contain relatively large particle
aggregates that behave effectively like micron-sized fillers. Whereas the presence of such larger
agglomerates can be beneficial to certain properties, nevertheless the dispersal of nanoparticles
which have a very high specific surface area (and hence specific surface energy) into polymeric
matrices remains an outstanding challenge. (98), (100)

Also further insight into mineralization requires understanding the influence of water
molecules on collagen — HAP interactions. Employing piezogravimetry, IR and Raman spectroscopy,
Sukhodub et al. (2004) showed that the level of sorption of water molecules for pure collagen is
higher than for a collagen-HAP composite. It follows that the HAP molecules have a tendency to close
some hydration sites within the collagen structure, as depicted in Fig. 2.17., so the mineralization of
the collagen fibrils by HAP crystals located within the gap area dramatically decreases the number of
water molecules present in the initial hydration shell. This process causes some structural changes
within the structure of collagen, however without denaturation. (89)

The deformation response of collagen is substantially influenced by mineral proximity, as
investigated by Katti et al. (2010), establishing that also the direction and orientation of the HAP-
collagen interaction are also important considerations for proper collagen/HAP composite
mechanical properties and their modeling. (101) (97) Ji et al. (2012) established through nanotensile

tests on electrospun fibers that while pure collagen fibers exhibit tensile properties comparable to
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the natural collagen fibril, Young’s modulus of the HAP-filled nanocomposite fibers was found to be
only slightly higher than that of pure collagen fibers, but significant improvements in strength, strain

and toughness were obtained, the optimal mechanical properties arising at approx. 6-11 wt% HAP.
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Fig. 2.17. A schematic diagram illustrating early mineralization of collagen in the water environment. (89)

Tien et al. (2012) also studied the problematic using FTIR spectrometry and XRD analysis to
establish the effect of pH and came to the conclusion that higher pH (closer to the physiological pH of
living organisms, approx. 8) favors composite formation, whereas lower pH leads to the dissolution of
HAP. (103) Ficai et al. (2010) showed that the pH of mineralization affects the morphology of the
resulting composites, increasing pH leads to the formation of elongated collagen molecules, whereas
at lower pH, the collagen molecules adopt a crimpy shape. The self-assembling structure of collagen
molecules with nanohydroxyapatite particles can be best shown by SEM (scanning electron

microscopy), as presented in Fig. 2.18.
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Fig. 2.18. The SEM images of collagen/hydroxyapatite composite materials, recorded at different magnification;
(a) parallel view with the fibres, (b—c) perpendicular view with the fibres, (d) high resolution SEM at 80,000 X

magnification. (97)

2.6 Hierarchical collagen-based tissues — morphology and properties of bone,

cartilage, tendons and dentin

Type | collagen molecules play a major role in tissue morphogenesis, since they form the
greater part of the ECM proteins in dense connective tissues. (104) Tissue properties, as elasticity in
the dermis, resistance to load in bone, resistance to shear or stretch in tendons all arise from specific
matrix composition, fibril diameter or suprafibrillar organization. (63) Many biological tissues exhibit
a hierarchical structure over several structural scales and their exceptional mechanical properties are

believed to be due to a functional adaptation at all levels of hierarchy. (4)

2.6.1 Bone

Bone is a structural material that comprises the bulk of the vertebrate skeleton, its
hierarchical structure has been described in a number of reviews. (29) (105) (31) Bone (or better: the
ECM of bone) can be interpreted as a highly organized composite material. It is composed of

assemblies of tropocollagen molecules and nanosized hydroxyapatite crystals, forming an extremely
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tough yet lightweight material. (29), (30), (31) Several different types of bone are known which differ
concerning their hierarchical organization, but all types consist of a nanocomposite made of collagen
type | and a mineral phase, hydroxyapatite (HAP) at the nanometer scale. (106) The main roles of
bone are: to provide the mechanical support for the body, to protect the vital inner organs and also
act as a mineral reservoir for Ca** and PO,>. (97) (107)

Fig. 2.19. shows the hierarchical architectures of bone, indicating its seven hierarchical levels.
Level 1, the basic building blocks of bone, are collagen molecules and hydroxyapatite crystals. The
next level is mineralized collagen fibrils in which plates of hydroxyapatite crystals are organized in
layers that traverse across the fibril. At level 3, bone is an array of mineralized collagen fibrils,
connected by a protein phase. Fibrils align and connect in random, parallel, tilted or woven
orientations to form various fibre bundles as shown in level 4. The fibril bundles are organized into a
lamellar structure with thickness of 3-7 um. These lamellar structures are then stacked together to
form cylindrical structures called osteons in level 5. The cylindrical structures are surrounded by
circumferential lamellar rings with so-called “cement lines” at their outer boundaries. In the center of
these cylindrical structures are large vascular channels (approx. 50-90 um diameter). The cylindrical
structures (osteons) further compose level 6 which contains spongy and compact microstructures
depending on the positions of bone. The volume fraction distribution between the organic and
mineral phase is approx. 60/40, making bone unquestionably a complex hierarchically structured
biological composite. (1) (6) Finally the overall structural shape of bone in our body is constructed as
shown in level 7. (10)

There are two fundamental types of bony tissue: trabecular and cortical. Although they are
compositionally similar, due to the different hierarchical structuring, the properties are also
different. Cortical bone is usually fairly dense with a porosity in the order of 6%, mainly due to the
presence of blood vessels. Trabecular bone has a porosity in the order of 80% and can be considered
as a foam-like network of bone trabeculae. (4)

The most important parameters which influence the properties of bone substitutes prepared
in the collagen/HA system are: orientation of collagen molecules, fibrils and fibres that influence the
hydroxyapatite structure and orientation; porosity; nature and quantity of cross-linking and
processing methods. Among these, collagen orientation is the most important parameter which
influences the properties without modifying composition. (97) From the microscale to the molecular
scale, the structural levels of bone show sophisticated deformation and toughening mechanisms,
which are also sources of inspiration for building advanced strong and tough materials based on the

view of micro-/nanostructures. (10)
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Fig. 2.19. The hierarchical organization of bone from the molecular to the macroscopic level. (10)

Deymier-Black et al. suggested that bone behaves like a traditional composite, shedding load
from the more compliant, viscoelastic collagen matrix to the reinforcing elastic HAP platelets and
also performed a finite element (FE) simulation of this at fibrillar level. (108) Fratzl et al. exemplified
the hierarchical nature of bone deformation consistent with a staggered model of load transfer in the
bone matrix (see Fig. 2.20.). (4)

In vivo, bone and tendon show a common feature of fibers joined by a thin glue layer which
is loaded under shear. Plastic deformation in these systems is mediated mostly by the plastic flow of
the glue layer. At small scales, the confined size of its building blocks has been shown to be an
important element in reaching the characteristic mechanical properties of bone. (109) (110)
Although bone has been quite widely studied in literature, the behavior of collagen-hydroxyapatite
nanocomposites is relatively poorly understood, in particular from an atomistic perspective. The
combination of full atomistic modeling techniques and coarse grain modeling can be successfully

applied to describe collagenous tissues and bone from a fundamental point of view. (111) (112) (113)
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Fig. 2.20. Schematic model for bone deformation in response to external tensile load at three levels in the
structural hierarchy from (114): at the tissue level (left), fibril array level (center), and mineralized collagen
fibrils (right). The stiff mineralized fibrils deform in tension and transfer the stress between adjacent fibrils by
shearing in the thin layers of extrafibrillar matrix. The fibrils are covered with extrafibrillar mineral particles
shown only over a selected part of the fibrils (the red hexagons). Right: within each mineralized fibril, the stiff
mineral platelets deform in tension and transfer the stress between adjacent platelets through shear in the
interparticle collagen matrix (the red dashed lines indicate shear qualitatively, not implying homogenous

deformation).

Structural optimization of the individual bones requires that according to its mechanical
function, each one will have a slightly different arrangement of the basic building blocks, the
mineralized collagen fibrils. The consequence is that bending stiffness, fracture resistance and other
mechanical properties will differ from site to site as a consequence of the different local architecture.
(48) A common hypothesis is that the osteocytes sense the mechanical deformation of bone and
thus, play a crucial role in the permanent adaptation process of bone. (4) The development of bone
grafts based on the mineralization of self-assembled collagen fibrils in vivo and in vitro is an active
area of research, showing great promise and success in clinical applications, on account of its

compositional and structural similarity to autologous bone. (52)
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2.6.2 Cartilage

Articular cartilage provides a resilient, low-friction bearing surface to bones where they
articulate in diarthroidal joints. It is a remarkably smooth and tough material and protects the joint
by distributing applied loads. (115) The mechanical properties of articular cartilage are determined
by the content, arrangement and interactions of the tissue constituents, i.e., the three-dimensional
collagen network, proteoglycans (PGs) and interstitial water. A schematic diagram illustrating typical
articular cartilage structure is depicted in Fig. 2.21. Within articular cartilage, chondrocytes maintain

the tissue structure by synthesizing and modulating collagen fibers and proteoglycan. (116)

Joint space Articular surface

Bone

>
Cartilage
Bone

Knee joint Chondrocyte  Tidemark Tidemark

Fig.2.21. Schematic diagram of the knee joint and articular cartilage structure. Left and right schemes of the
articular cartilage represent variable distribution and density (from high at the surface area to low at the
bottom) of chondrocytes and fibrous structure, i.e., its gradient structure. (116)

The interstitial fluid pressure contributes strongly to the tissue stiffness under instant loads.
However, under prolonged loads, fluid flows out of the tissue and PGs are mainly responsible for the
tissue’s compressive stiffness. Collagen fibers determine the tensile properties of articular cartilage.
(117) The mechanical properties of articular cartilage are anisotropic and heterogeneous.
Furthermore, due to its gradient structure, the mechanical properties also vary along a gradient.

(116)

2.6.3 Tendons and ligaments
Another example of hierarchical collagenous tissues are tendons and ligaments, providing
vital support to the musculoskeletal system, connecting bones with each other (ligaments) and with

muscles (tendons). Tendon consists of a highly ordered hierarchy of successively larger structural
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units, its structure is presented in Fig. 2.22. and is based on the same type of collagen fibrils as bone,

with the difference that tendon is not normally mineralized.
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Fig. 2.22. a) Simplified tendon structure: tendon is made of a number of parallel fascicles containing collagen
fibrils (marked F), which are assemblies of parallel molecules (marked M). b) The tendon fascicle can be viewed
as a composite of collagen fibrils in a proteoglycan-rich matrix, subjected to a strain, €. ¢) Some of the strain
will be taken up by a deformation of the proteoglycan matrix. The remaining strain is transmitted to the fibrils.
d) Triple-helical collagen molecules (M) are packed within fibrils in a staggered array with an axial spacing of
D=67nm, when there is no load on the tendon. Since the length of the molecules (300nm) is not an integer
multiple of the staggering period, there is a succession of gap (G) and overlap (O) zones. The lateral spacing of
the molecules is around 1,5nm. The full 3D arrangement is not yet fully clarified, but seems to contain both

regions of crystalline order and disorder. (118) (119) (120)

Collagen molecules aggregate into fibrils, and bundles of fibrils form fibres, many of which
are aggregated into primary fiber bundles or subfascicles. Multiple subfascicles form secondary fiber
bundles or fascicles, and several fascicles form tertiary fiber bundles. Most tendons consist of
multiple fascicles, which is thought to be a fail-safe mechanism so that failure of one or more fiber
bundles does not compromise the tendon strength. As illustrated in Fig. 2.23., fiber bundles are
surrounded by a thin layer of connective tissue known as the endotenon, through which blood
vessels, lymphatics and nerves pass. The whole tendon is bound by another thin layer (contiguous
with the endotenon) known as the epitenon. A loose outer layer known as the paratenon surrounds
most tendons (not shown), and some tendons are also surrounded by a specialized synovial sheath.

(121)
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Fig. 2.23. Structure of the tendon. (121)

Tendons and ligaments enable musculoskeletal forces to be transmitted and redirected
across skeletal joints within the body. Because of their high tensile strength (approx. 100-140MPa)
and stiffness (approx. 1,0-1,5 GPa), tendons transmit muscle forces over long lengths with minimal
,in series stretch”. By transmitting tensile stresses, as flexible structures tendons and ligaments also
easily bend and change shape to accommodate changes in joint position and skeletal orientation.
(122)

All collagen I-based tissues exhibit non-linear viscoelastic properties reflected in their stress-
strain curves, where tendons and ligaments exhibit greater compliance at low stresses than at
intermediate to higher stresses, enhancing their energy absorption capacity at low stress levels. This
reduces their susceptibility to damage, which is important given the large number of loading cycles
during an individual’s lifetime.

The low cell density of tendons and ligaments and the low metabolic activity of their
fibroblast populations (123) (124) means that little energy is expended to transmit mechanical forces,
compared to the much greater ATP consumption of muscle fibers that actively generate force and
produce movement. Also due to their low hysteresis, a large fraction of the elastic strain energy
stored in tendons during loading can be recovered upon unloading, making tendons highly resilient

springs reducing muscle work and the energy cost of movement. (125)

2.6.4 Dentin
Dentin forms the bulk of mammalian teeth. It is covered by a thin, stiff and brittle layer of
enamel protruding into the oral cavity. (126) Its basic constituents are a calcium-phosphate salt

identified as dahllite, the organic component is mostly type | collagen (90%) in the form of a highly
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crosslinked fibrous mesh. Other organic components include mostly non-collagenous proteins. The

mineralization and hierarchical structure are illustrated in Fig. 2.24.
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Fig. 2.24.(a) SEM of dentin cut perpendicularly to the tubuli showing the tubuli filled with HAP deposit. (b)
Schematic of the hierarchical structure of teeth starting with the whole tooth molar (far left). Followed by the
tubules surrounded by peritubular dentin (PTD) and intertubular dentin (ITD). This ITD is further composed of

tangential mineralized collagen fibrils which are themselves hydroxyapatite and collagen composites (far right).

(127)
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In dentin, mineralized collagen fibrils are organized around long hollow cylinders called
tubules. These tubules span the thickness of dentin, from the pulpal cavity to the surface of the
dentin and are surrounded by a highly mineralized ring of hydroxyapatite called peritubular dentin
(PTD). The mineralized collagen fibrils are then organized tangentially to the surface of the PTD
creating the intertubular dentin (IDT). This complex structure allows dentin to be tough and strong,
thus maintaining the structural integrity of teeth. (127)

Teeth are hard structures that need to be able to repeatedly withstand the application of
sufficient load to perform their function (mastication). Their structure is formed only once and
undergoes only minor biological changes over its lifetime. This is different compared to bones or
tendons, which also function under load but undergo remodeling and restructuring in response to
external mechanical stimulation. Consequently, tooth design, which to a large extent means dentin
microstructure, represents an excellent solution to the overwhelming task of withstanding repeated

tearing and compression load cycles during feeding. (126)

2.7 Polymer chain models

Ideal chains have no interactions between monomers that are far apart along the chain, even
if they approach each other in space. Real chains interact with both their solvent and themselves.
The relative strength of these interactions determines whether the monomers effectively attract or
repel one another. At the so-called 6-temperature, chains are in nearly ideal conformations because
the attractive and repulsive interactions between monomers cancel each other. The conformation of

ideal chains is an essential starting point of most models in polymer physics. (59)

2.7.1 Conformation statistics

The fluctuations in bond length do not affect chain conformations, the angle between
neighboring bonds called the tetrahedral angle 8 = 68° is also almost constant. The main source of
polymer flexibility is the variation of torsion angles. The zero value of the torsion angle ¢;
corresponds to neighboring bond vectors being colinear and is called the trans state (t). The trans
state of the torsion angle is the lowest energy conformation of the four consecutive CH, groups. The
changes of the torsion angle ¢; lead to the energy variations illustrated in Fig. 2.25. These energy
variations are due to changes in the distances and therefore interactions between carbon atoms and
hydrogen atoms of this sequence of four CH, groups. The two secondary minima corresponding to
the torsion angles ¢; = +£120° are called gauche-plus (g+) and gauche-minus (g-). The energy
difference between gauche and trans minima (Fig. 2.26.) determines the relative probability of a

torsion angle being in a gauche state in thermal equilibrium. (59)
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Fig. 2.25. a) Torsion angle @, for a sequence of three main-chain bonds. b) Trans state. c¢) Gauche-plus state.
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Fig.2.26. Torsion angle dependence of energy.

2.7.2 Ideal chain models

The various ideal chain models ignore interactions between monomers separated by large
distances along the chain, however make assumptions about the allowed values of torsion and bond
angles. Various models used to describe chain shape and conformation statistics are shown in the
following Fig. 2.27. A single procollagen strand can be modelled as a shearable worm-like chain
(WLC) and a collagen triple helix can be treated as either shearable WLC or WLC depending on the

time scale of the excitations. Most synthetic polymers are treated as Gaussian chains.
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Fig. 2.27. Models used for conformation statistics description.

2.7.2.1 Freely rotating chain model

This model ignores differences between the probabilities of different torsion angles and
assumes all torsion angles — < @; < m equally probable, ignoring the variations of the potential
U(p;). The freely rotating chain model assumes all bond angles are fixed and all torsion angles are

equally likely and independent of each other.

2.7.2.2 Worm-like chain model

The worm-like chain (WLC) model (Fig. 2.28.) is a special case of the freely rotating chain
model for very small values of the bond angle. It is an appropriate model for very stiff polymers such
as double stranded DNA or fibrous proteins, for which the flexibility is due to fluctuations of the

contour of the chain from a straight line rather than trans-gauche bond rotations.
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important when DNA is stretched close to contour length.

Fig. 2.28. The worm-like chain model does not account for local bond rotation and treats the molecule as a long

flexible string. (9)

2.7.2.3 Hindered rotation model

The bond lengths and angles are assumed constant and torsion angles independent of each
other. The torsion angle is taken to be hindered by a potential U(¢@;) and the probability of any value
of the torsion angle is taken to be proportional to the Boltzmann factor exp[—U(¢;)/kT]. Most of
the torsion angles are in low energy states, but also some higher energy states. The Boltzmann factor
ensures that these higher energy states are less populated. The hindered rotation model assumes
independent but hindered rotations of torsion angles with different potential profiles U(¢;)

corresponding to different polymers.

2.7.2.4 Rotational isomeric state model

This most successful ideal chain model is used to calculate the details of conformations of
different polymers. Bond lengths and bond angles are constant. Each molecule is assumed to exist
only in discrete torsional states corresponding to the potential energy minima (see Fig. 2.26.)) The
fluctuations about these minima are ignored. Each torsion angle can be in one of three states (t, g+,
g-), in the rotational isomeric state model, these states are not equally probable, correlations

between neighboring torsional states are included in the model.
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2.8 Polymer chain dynamics

Polymer dynamics describes the motion of polymer chains in solution. In dilute solutions, the
chains do not overlap. In the semi-dilute regime, the dynamics are strongly affected by the chain
overlap and the possible formation of transient topological constraints. There are two types of inter-
chain interactions: entangled and unentangled. Entanglements are topological constraints resulting
from the fact that chains cannot cross through each other, in the case of unentangled interaction,

the chains can move freely with respect to each other, both situations are illustrated below in

Fig.2.29.
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Fig. 2.29. (left) Reptation motion of a chain in concentrated polymer solution/melt showing the scaling (P-G
DeGennes Nobel Price lecture). The red test chain can only move along the tube, whereas lateral displacements
are prohibited by the entanglements with the black chains. The interactions with the black chains are non-
entangled. (9)(right) schematics of Rouse and reptation models, (bottom) Reptation movement of the tube

within which the chain is obeying Rouse dynamics.

2.8.1 Unentangled polymer dynamics
The three-dimensional mean-square displacement of a colloidal particle during time t is

proportional to t, with the coefficient of proportionality related to the diffusion coefficient D:

([#(t) — 7#(0)]?) = 6Dt (2.13)
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When the motion obeys Eq. 2.13, it is called a simple diffusive motion (often referred to as

Brownian). If a constant force f is applied to a small particle, pulling it through the liquid, the particle
will achieve a constant velocity ¥ in the same direction as the applied force. For a given particle and

liquid, the coefficient relating force and velocity is the friction coefficient C:

f =G (2.14)

There is an equal and opposite viscous drag force of the liquid acting on the particle. The diffusion
coefficient D and the friction coefficient C are related through the Einstein relation:

D =% (2.15)

2.8.1.1 Rouse model

The first successful molecular model of polymer dynamics was developed by Rouse. The
chain in the Rouse model is represented as N beads connected by springs, see Fig. 2.30. Each bead is
characterized by its own independent friction coefficient C. Solvent is assumed to be freely draining

through the chain as it moves.

Fig. 2.30. In the Rouse model, a chain of N monomers is mapped onto a bead-spring chain of N beads connected

by springs.

The total friction coefficient of the whole Rouse chain is the sum of contributions from each
of the N beads Gz = NG. The diffusion coefficient of the Rouse chain is obtained from the Einstein

relation:

_ KT _ kT

= =1 (2.16)
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A polymer diffuses a distance of the order of its size during a characteristic time called the Rouse
time, 7x:

R __R? S np2

™R ™5 Tt/ T kT

(2.17)

The Rouse time has a special significance, on time scales shorter than the Rouse time, the chain
exhibits viscoelastic modes, on time scales longer than the Rouse time, the motion of the chain is

simply diffusive. (59)

2.8.1.2 Zimm model

The viscous resistance imparted by the solvent when a particle moves through it arises from
the fact that the particle must drag some of the surrounding solvent with it. The force acting on a
solvent molecule at distance r from the particle becomes smaller as r increases is called
hydrodynamic interaction. In the case of a bead-spring model of a polymer chain, when one bead
moves, there are hydrodynamic interaction forces acting on the other beads of the chain. The Rouse
model ignores hydrodynamic interaction forces and assumes that the beads only interact through
the springs that connect them, which is reasonable for polymer melts, but incorrect for a polymer in
a dilute solution.

The hydrodynamic interactions between monomers and the solvent within the pervaded
volume of the chain are strong, so when the polymer moves, it effectively drags the solvent within its
pervaded volume with it. The Zimm model treats the pervaded volume of the chain as a solid object
moving through the surrounding solvent.

The friction coefficient of the chain of size R being pulled through a solvent of viscosity ng is

given by Stokes’ law:

Sz ~ sk (2.18)

From the Einstein relation, the diffusion coefficient of a chain in the Zimm model is reciprocally

proportional to its size R:

D, =<~ XL (2.19)

The Zimm model predicts that the chain diffuses as a particle with volume proportional to
the chain’s pervaded volume in solution. In the Zimm model, the chain diffuses a distance of order of

its own size during the Zimm time 7,:
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~R_Z~ﬁ 3
T, = oy kTR (2.20)

In dilute solution, the Zimm time is shorter than the Rouse time. In principle, a chain in a
dilute solution could move a distance of order of its own size by Rouse motion, by Zimm motion, or
some combination of the two.

In unentangled polymer dynamics, there are two limits: the Zimm limit applies to dilute
solutions, where the polymer dynamics are described by the Zimm model; the Rouse limit applies to
unentangled polymer melts, where hydrodynamic interactions are screened. In semi-dilute solutions
there is a length scale called the hydrodynamic screening length &;,, separating these two types of
dynamics. On length scales shorter than the hydrodynamic screening length, hydrodynamic
interactions dominate and the dynamics are described by the Zimm model. On length scales larger
than the screening length, the hydrodynamic interactions are screened by surrounding chains and

the dynamics are described by the Rouse model. (59)

2.8.2 Entangled polymer dynamics - the reptation model

The topological constraints imposed by neighboring chains on a given chain restrict its
motion to a tube-like region. As described by the Edwards tube model (Fig. 2.31.), the motion of the
chain along the contour of the tube (the primitive path) is unhindered by topological interactions.
Displacement of monomers in the direction perpendicular to the primitive path is restricted by

surrounding chains to an average distance g, called the tube diameter.

Fig. 2.31. The primitive path of an entangled polymer chain in the Edwards tube model. (128)

By utilizing the Edwards tube concept, deGennes reduced the many body problem of
polymer motion in a melt to the motion of a single chain confined to a tube of surrounding chains
and he proposed the simplest tube model for the motion of linear entangled polymers called the
reptation model. In de Gennes’ reptation model, an entangled chain diffuses along its confining tube

in a way analogous to the motion of a snake or worm. This curvilinear motion is characterized by the
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Rouse friction coefficient NG. The curvilinear diffusion coefficient is simply the Rouse diffusion

coefficient of the chain:

kT

D =1c.

(2.19)

The time it takes for the chain to diffuse out of the original tube of a certain length is the
reptation time, predicted to be a cube of the molar mass (though the experimentally measured
scaling exponent is higher than 3). On length scales smaller than the tube diameter a, topological
interactions are unimportant and the dynamics are similar to those in unentangled polymer melts as
described by the Rouse model.

The stress-relaxation modulus in the reptation model is proportional to the fraction of the
original tube remaining at time t. As time goes on, sections of the original tube are abandoned when
the chain end first visits them. By solving this first-passage problem, the stress-relaxation modulus

G(t) for the reptation model was calculated by Doi and Edwards:
8 1 p3t
G(t) = -G Zoddp;exp (- E)' (2.20)

This Doi-Edwards equation is the first attempt at a molecular model for viscoelasticity of
entangled polymers. The reptation model prediction for the viscosity of an entangled polymer melt is

determined by integrating the Doi-Edwards equation

_(® _ 8 1 (oo p3t _ m?
n= fO G(t)dt = ;Ge Zoddpﬁfo exp | — dt = EGeTrep , (2.21)

Trep

where G, is the plateau modulus and T, is the reptation time required for the chain to escape from
its tube. The viscosity of a polymer melt is predicted to be proportional to the molar mass for
unentangled melts (the Rouse model) and proportional to the cube of molar mass for entangled

melts (the reptation model). (59)

2.9 Viscoelasticity of collagen solutions and hydrogels, rheology

When materials are deformed, they display a small regime in which deformation is reversible
or elastic. Once the forces on the material reach a certain level, deformation becomes irreversible
and remains even after the load is removed. This is referred to as the plastic regime. Plastic
deformation is typically followed by fracture, when the material breaks and fails. Many materials

including biological tissues show this generic behavior. However, the details of the response to
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mechanical load depend on the atomic and molecular makeup of the material; from nano- to
macroscales. The overview of material scales and corresponding modes of deformation is depicted in

Fig. 2.32.(7)
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Fig. 2.32. Overview of different material scales, from nano to macro, here exemplified for collagenous tissue. (7)

2.9.1 Hydrogel viscoelasticity

Hydrogels have gained great attention in the last decades, mainly due to their biomedical
applications. Hydrogels are three-dimensional, hydrophilic polymeric networks capable of retaining
large amounts of water or biological fluids, characterized by a soft and rubbery consistence, thus
bearing similarity to living tissues. Because of their hydrophilicity and other unique properties such as
biocompatibility and biodegradability, hydrogels can be exploited as scaffolds for tissue engineering
(129) (130), carriers for drug delivery (131) and other biomedical applications. Hydrogels may be
chemically stable or “reversible” (physical gels) stabilized by molecular entanglements and/or
secondary forces including ionic, H-bonding or hydrophobic interactions. (132) (133)

Most hydrogels suffer from a lack of mechanical strength, as a result, few hydrogels are used
to bear significant mechanical load in current applications. (134) (135) (136) The poor mechanical

properties of hydrogels originate from their low resistance to crack propagation due to the lack of an
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efficient energy dissipation mechanism in the gel network (137) (138). To obtain hydrogels with a
high degree of toughness, a number of techniques have been proposed such as topological gels
(139), nanocomposite hydrogels (140) (see Fig. 2.33.), and the double network (DN) hydrogels (141).
Typically DN hydrogels have a very special interpenetrating network (IPN) structure and are
composed of a combination of a stiff, brittle first network and a soft, ductile second network, so
when subjected to deformation, they can effectively relieve the stress concentration and increase
the resistance against crack propagation. (142) This behavior is associated with the fracture of the
rigid and brittle network, which serves as sacrifical bonds in the toughening of DN hydrogels. (143)
(144) The load transfer between the two networks is via inter-network topological entanglement.

(145)

Nanocomposite hydrogel: (NP+polymer network) + water
\ J

&

Strongly bound

Self-assembled network Weakly bound
with t-dependent chain Frez
stiffness

: Length scale dependent
t-dependent X-link frictional drag of water
density through the network
Varying HAP content
Length scale independent viscoelasticity

Fig. 2.33. Considerations of nanocomposite hydrogel viscoelasticity.

The deformation of hydrogels is time-dependent (see scheme 2.33. above), resulting from
two concurrent molecular processes: the conformational change of the network and the migration of
the solvent. The two processes result in viscoelasticity and poroelasticity as shown in Fig. 2.34. (146)

(147)
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Fig. 2.34. A gel evolves by two molecular processes: the conformational change of the polymer network, and the
migration of the solvent molecules. The two processes result in the macroscopic behavior of viscoelasticity and
poroelasticity. In viscoelasticity, solvent molecules move relative to the polymer network over a short range. In

poroelasticity, solvent molecules move relative to the polymer network over a long range. (146)

Physical gels can be disintegrated by changes in the environment conditions such as ionic
strength, pH and temperature and have numerous biomedical applications in drug delivery, tissue
engineering, etc. Covalently cross-linked networks form chemical gels. (132) (133) (148)

In an elastomeric gel, viscoelasticity results from the molecular processes such as sliding
between the polymer chains and rotation of the joints between segments of an individual chain.
(149) Dynamic viscoelastic properties of collagen solutions can be characterized by means of
rheology, collagen solutions exhibit shear-thinning flow behavior. Lai et al. (2008) also found that

both storage and loss modulus increased with the increase of frequency and concentration. (150)

2.9.2 Rheology

Rheology is the science of flow and deformation of matter. The relation between stress and
deformation is a property of the material. Rheology can therefore be also defined as the study of
stress-deformation relationships. (151) Uniaxial tension and simple shear are the two simplest types
of deformation that can be applied to a material. The force f, causing the deformation can be

normalized to the cross-section A of the sample results in shear stress, o:
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Fig. 2.35. lllustration of shear in a three-dimensional body.
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Materials behave in the linear matter as described by Hooke and Newton only on a limited

small scale of stress or deformation. Polymers and many biological tissues, including collagen, are

viscoelastic. (99) The viscous part of the response of such materials is due to the flow of polymeric

chains (reptation — diffusive or forced) and represents mechanical energy dissipated during loading.

Phenomenologically, such materials can be modelled as a set of mechanical springs and dashpots,

such as the parallel Kelvin — Voigt model or the serial Maxwell model illustrated in Fig. 2.36. (152)

(151)
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Fig. 2.36. The Kelvin — Voigt and Maxwell spring-dashpot models demonstrating viscoelastic behavior, where

force depends on deformation and rate of deformation and vice versa. (151)

The spring corresponds to purely elastic behavior (Hookean solid); the tensile modulus, E,

and the shear modulus, G, in a linearly elastic solid can be expressed as:
E=ad/¢ (2.25)

G = (2.26)

T
14

The dashpot represents a purely viscous response (Newtonian fluid), where the stress is proportional

to the strain rate:

o=1ny (2.27)

In the oscillatory mode, for a purely elastic material, the stress and strain are in phase, for a
purely viscous material, they are out of phase. In a viscoelastic material, they are shifted by a phase

lag, 6, as depicted below in Fig. 2.37.

[ed] ssais

time [s]

Fig. 2.37. The stress and strain are shifted for a viscoelastic material. (153)
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In a viscoelastic material,

y(w,t) = G'.yy.sin(wt) + G".y,. cos (wt) (2.28)

tans =<, (2.29)
Gr
where w is the angular frequency, & is the phase lag and y, is strain amplitude, t is time. G’ is the
storage (in-phase, elastic) modulus and G” is the loss (out-of-phase) modulus.

Rheology employs two basic approaches, the first applies force and measures deformation
and/or deformation rate (controlled force, controlled stress), the second controls deformation
and/or deformation rate and measures the force needed (controlled displacement, rotation,
controlled strain or shear rate). The possible geometries appropriate for shear testing include
concentric cylinders (low to medium viscosity), cone and plate (very low to high viscosity), parallel
plates (very low viscosity to soft solids), and torsion (very soft to rigid solids). They are illustrated
below in Fig. 2.38. For the collagen solutions that are the subject of our research, the cone and plate

setup appears as the most advantageous, shear stress and shear rate are constant throughout the

gap.

iﬂé — 11—

Concentric Cylinders Cone & Plate

Plate & Plate
Torsion

Fig.2.38. The possible rheometer geometries for shear testing. (153)
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2.10 The deformation response of BPMs

Biological protein materials (BPMs) such as skin, bone or cytoskeletons feature complex,
hierarchical structures. Their macroscopic mechanical behavior is controlled by the interplay
between various properties throughout multiple length and time scales. In order to understand their
deformation and fracture mechanisms, it is crucial to elucidate relevant molecular mechanisms
decisive for response at each individual length scale. BPMs have a significantly different molecular
structure than crystalline materials, which induces a variety of novel deformation mechanisms.
Whereas crystalline materials show mechanisms such as movement of dislocations or crack
extension and bridging, hierarchical BPMs feature molecular unfolding or sliding, where hydrogen
bond rupture is of particular importance. (7) (154)

A major trait of BPMs is the occurrence of hierarchies and the abundance of weak
interactions. Utilization of weak interactions makes it possible to produce strong materials at
moderate temperatures and thus with limited energy use simply by multiplying the properties of
molecular features characterized by these weak interactions. (155) The mechanical properties of
biological protein materials have wide ranging implications in biology and medicine. Up to now,
neither a systematic classification nor fundamental theories exist for different deformation and
fracture mechanisms in biological protein materials. (7) Several attempts have been made to
describe the deformation mechanics of collagen fibers and networks.

Large deformation is a critical physiological condition for collagen-rich tissue. The risk of
catastrophic brittle-like failure needs to be minimized to sustain optimal biological function. The
nanoscale ultrastructure of collagen may be designed to provide robust material behavior under
large deformation by choosing long TC molecules. Robustness is achieved by the design for maximum
strength and maximized energy dissipation by shear-like mechanisms. The requirement for maximum
energy dissipation given by the following equation plays a crucial role in determining the optimal

molecular length

Eqiss = fll:oLc [Tspeqrdl = %L%Tshear , (2.30)
the expression for the dissipation energy is derived from the fact that the shear resistance between
two TC molecules tyea leads to a contact-length L. dependent force; and is equal to the work
necessary to separate two fibers in contact along the length L. under macroscopic tensile
deformation. (48)
The key to comprehend the mechanical response of BPMs across the different time and
length scales is to understand the rupture mechanics of hydrogen bonds (HBs) under laterally applied

load. Typically, a variety of unfolding processes exist for a protein structure, each of which has a
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specific reaction pathway and an associated energy barrier, mostly related to the bond-breaking
mechanisms and rearrangements in the protein structure. Several theories exist that describe
competing processes arising from mechanically induced instabilities of protein structures. These
concepts stem primarily from a theory originally postulated by Bell.

Whereas continuum theories are suitable to describe the deformation of macroscopic
structures, statistical concepts must be employed to accurately model the mechanical behavior of
protein structures. Bell’s theory is one of the most widely used models to describe the statistical
nature of bond breaking. (7)

In Bell’s theory, the off rate x is the product of the natural bond vibration frequency wy and
the quasi-equilibrium likelihood of reaching the transition state with an energy barrier E, that is
reduced by mechanical energy F. x},.cos (8), where F is the applied force, x, is the distance between
the equilibrated state (minimum of the well) and the transition state, and 8 is the angle between the
direction of the reaction pathway of bond breaking (x-direction) and the direction of applied load F

(see Fig. 2.39.).

Fig. 2.39. Statistical theory to predict the bond rupture mechanics. The graph depicts the energy as a function of

deformation. (7)

The angle can be determined by analyzing the molecular geometry. The off rate is given by:

_(Eb-F-x—b-COS(BD) (2.31)

X = wo.exp( T
and describes how often a bond is broken per unit time (it equals the reciprocal of the lifetime of a
bond). However, this equation does not describe the dependence of the pulling speed at which a
bond breaks because of the applied pulling force. Instead, it only provides an estimate of the time

scale at which the bond will be broken. In order to overcome this limitation, a modification needs to
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be made based on the following idea: the speed v at which a bond is broken equals the distance that
needs to be overcome in order to break the bond (x,) divided by the time for bond breaking.

Consequently, v is the product of x.x,. This leads to the following equation for the bond breaking

speed:

V= woXp.€XP (— (Eb_F':b%(e))) , (2.32)
which can be rewritten as:

vV = Vy.exp (”%OTS(B)) (2.33)
with vy as the natural bond-breaking speed (when no load is applied), defined as:

Vo = Wq-Xpexp (— Ii—bT) . (2.34)

This modified framework enables the dependence between the unfolding force and the bond
breaking speed to be studied or the average force at which a bond breaks at a certain rate to be

calculated. It is expressed as follows:

Fv) = ( KpT. ).lnv — ( KT )lnvo =a.lnv+b (2.35)

xp cos(6) xpcos (8)

This equation predicts that the unfolding force depends logarithmically on the pulling speed in a
nonequilibrated system. It contains two parameters a and b, which can be calculated from the
parameters x;, and E, at a certain temperature and angle. (7)

Equation (2.35) provides an immediate link between the molecular geometry (via the angle
8), the pulling rate, and the pulling force F that is necessary to lower the energy barrier in such a way
that HBs can be broken at the applied pulling velocity. A possible strategy to determine the
dependence of the unfolding force F on pulling speed, associated mechanisms, and energy barriers is
to carry out MD simulations at different pulling rates, measure the dependence of the unfolding
force on the pulling rate, and fit the parameters a and b to this data. This information can then be
used to calculate the parameters x, and E, and thereby reconstruct the free energy landcape. (7)

In order to apply the extended Bell theory to the slow pulling regime, the parameters x, and
E, must be modified. E, is multiplied by a factor of three to account for the fact that three HBs
rupture simultaneously instead of one, and the value of 1,25A (corresponding to the transition
distance of HBs) is used a s a value for x,. (7)

Libonati et al. (156) identified the deformation mechanisms by visualizing the molecular

structures of collagen/HAP at different deformation stages, which can be summarized as follows:

65



e Breaking of atomic interactions (i.e. electrostatic and vdW interactions, which require the
lowest energy to be broken), between the collagen chains and between collagen and
hydroxyapatite,

e Chain uncoiling and unfolding, due to the breakage of intramolecular H-bonds, which initially
stabilize the collagen triple helix, and

e Sliding of the collagen chains on the hydroxyapatite surface in a discontinuous way, owing to

the progressive breakage of H-bonds.

Fig. 2.40. presents snapshots from a simulation capturing the aforementioned deformation

mechanisms:

Fig. 2.40. Snapshots revealing the primary deformation mechanisms. (a and b) Chain uncoiling and unfolding in
two consecutive steps, occuring due to breakage of intramolecular H-bonds, which initially stabilize the collagen
triple helix. (c and d) Intra-molecular H-bonds formation and breakage ( in c), an H-bond is highlighted in red
lines, in d), this H-bond is broken and a new one represented by the blue line is formed. (e and f) Chain sliding
and stretching: e) and f) show how the collagen chain slides on the mineral surfaces and how it is stretched as

the force is applied. (156)
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According to computational models, the intermolecular H-bonds play a major role in the
interface strength of the studied nanocomposite system (a collagen/nHAP sandwich structure); the
deformation mechanisms can be explained as follows. Initially, when the force-displacement trend is
linear, chain unfolding and uncoiling via intramolecular H-bonds breakage occurs. Subsequently,
continuous formation and breakage of inter-molecular H-bonds takes place, which facilitates protein
sliding on the mineral surface in a discontinuous way, and hence increases the energy required for
failure.

This trend is less clear in the solvated case due to the water-mediated effect (i.e. H-bonds form
with water molecules also). Indeed, the presence of water, which interacts with both collagen and
hydroxyapatite, reduces the direct coupling between the protein and the mineral. This concept has
been shown in previous studies (114), where ,,sacrificial bonds” such as H-bonds have been shown to
play a crucial role. In fact, the progressive formation and breakage of such bonds act as a significant
energy dissipation mechanism, leading to an increase in toughness. Final failure occurs by breakage

of the tropocollagen molecule, being the weakest component, instead of the interface failure. (156)

2.11 Reinforcing mechanisms in polymer nanocomposites

Most of the existing mechanical models describing the effects of local nano-structure on the
mechanical response of bone consider regular distribution of simple shaped rigid inclusions in a
polymer continuum. Despite the fact that the discrete nature of the structure at the nano-scale is
acknowledged in these models, the fundamental effects related to the molecular nature of the
proteins forming the matrix are neglected and the fact that due to highly non-local response of
polymers, the classical continuum mechanics is of limited validity is not taken into consideration. It
has been suggested that the validity of continuum elasticity models can be extended to account for
the nano-scale non-locality of deformation response of polymeric component by using higher order
elasticity combined with molecular dynamics. The reinforcement in filled polymers consists of two
main contributions. The first one independent of particle size is related to the volume of the rigid
filler and it is dominating for particles larger than 1um or with specific surface area smaller than
10m?*/g. The second mechanism strongly related to the particle size and particle-chain interfacial
interactions is due to the changes in molecular mobility and chain packing occuring above the matrix
T, In nanocomposites above the matrix T,, the second contribution becomes dominant. In addition,
these effects can alter thermodynamic transitions in collagen, i.e., self-assembly.

To describe quantitatively the molecular mechanisms leading to significant increase of elastic

modulus with nano-filler content above the T, of neat matrix, Sternstein et al (157) (158) have
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proposed the trapped entanglement model. This approach along with a simple reptation dynamics
model allowed reasonably good prediction of the observed concentration dependence of viscoelastic
moduli and the strain softening effect in PVAc/silica and PVAc/HAP nanocomposites as well as to
estimate the change in terminal relaxation times caused by weakly interacting nanoparticles (159)
(160) (161). The actual local discrete nano-scale structure has been homogenized, considering the
polymer matrix consisting of a portion with significantly reduced mobility in a thin layer around the
nanoparticles and a portion further away from the nanoparticle with mobility equal to that of the
neat polymer. An alternative approach has been proposed by Douglas et al. (162) (163), attributing
the observed steep increase in elastic modulus with adding nanoparticles to substantial alteration of
the spatial distribution of chain relaxation times and, at the same time, changes in the chain packing
near attractive or repulsive particles and consequent modification of the chain structural frustration.
To characterize mobility of a chain in a physically cross-linked polymer, one can use the
longest relaxation time, 7., expressing the time needed by the chain for a reptation motion along its
length. The reptation relaxation time needed to move a chain through a tube, with diameter given by

its surrounding chains, can be expressed (159):

2 2 12
Trep = %(EJ 1—( M, j , (2.36)

kKT
where Ny is the number of statistical segments in a chain, {; is the segment friction coefficient, b is
the length of statistical segment, k is the Boltzmann constant, T is the absolute temperature, M, is
the molecular weight of chain segments per entanglement. Note, that the term entanglement is used
in the dynamic fragility sense (163).

In order to homogenize localized fluctuations in chain mobility (159), the nanocomposite was
considered a two phase system, i.e., unperturbed or bulk chain and effective phase comprising
nanoparticles and adsorbed chains in direct contact with filler surface. The addition of the
nanoparticles into the polymer matrix can be taken as an analogy to sol-gel transition in colloids. In
the percolation threshold, an infinite network of reduced mobility chains penetrates the whole
sample and the longest relaxation time becomes infinite. In the case of physical filler-polymer “cross-
links”, the relaxation time increases to the finite value characteristic of the filler-polymer bond life-
time. Thus, a basic scaling formula can be written in the form (159):

" 14
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(2.37)
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where v, is critical effective filler volume fraction and v. is critical effective filler volume fraction

and stem, i.e., unperturbed or bulk chain and effective phase comprising nanoparticles and adsorbed
chains in direct contact with filler surface. The addition of the nanoparticles into the polymer matrix
can be described by a percolation model, random clustering of effective hard spheres was considered

only in the way similar as originally outlined by Jancar and Kucera (164).
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3 Goals of the Thesis

The primary aim of this Thesis is to investigate the mechanisms and kinetics of the self-assembly
of pure collagen | and the effects of hydroxyapatite nanoparticles on collagen morphogenesis. The
structural variables investigated will be collagen | concentration and nanohydroxyapatite content.
The solutions and hydrogels will be investigated for mechanical and rheological properties under
varying external conditions such as amplitude, time and mode of excitations. Still another goal of the
Thesis is to identify structural variables affecting the biomechanics of freeze-dried porous scaffolds
made of these solutions and intended for bone and cartilage tissue engineering. Also the
supramolecular structure of the collagen I/HAP nanocomposites will be studied, and the possible
interaction modes of collagen-nanohydroxyapatite composites will be discussed. The effect of
nanocomposite composition on the viscoelastic and rheological properties will be determined and an
attempt to mathematically model the dependence of these properties on composition will be made.
The emerging results will be discussed with possible motivation for future applications in tissue

engineering and regenerative medicine.
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4 Materials and Methods

4.1 Collagen solution preparation

The commercial collagen solution serving as the basis for all samples, PureCol, is a
homogenous solution of 97% collagen type | and the remainder collagen type lll, it is supplied at a
concentration of 3mg/ml. The chemicals used in the production of collagen solutions are listed in
Table 4.1. Although no special sterilization treatment was performed on the samples, care needed to
be taken in order to avoid common bacteria contamination and also to maintain the temperature
below 10°C to prevent any temperature history affecting the samples. The masses of the individual
compounds were measured by SI-234 A analytical scale (Denver Instruments) and the pH monitoring

was carried out by a digital pH-meter S2K712 (Isfetcom Japan).

Table 4.1. List of chemicals used for collagen solution sample preparation.

Chemical Description Source

PureCol purified bovine collagen solution Advanced Biomatrix, USA
Distilled water H,0 Laboratory

0,1M Sodium hydroxide NaOH Sigma Aldrich, Germany
Phosphate buffered saline PBS Sigma Aldrich, Germany
nHAP hydroxyapatite nanoparticles UCHM VUT Brno

4.1.1 Pure collagen | solutions

The pure collagen | solutions were prepared according to Table 4.2., first gradually adding the
phosphate buffered saline (PBS) to the PureCol while gently stirring, then adjusting the pH by adding
0,1M NaOH to the optimal value of pH 7,2-7,6. The volume of the solution was further adjusted by

adding distilled water to a total of 10ml per sample.

71



Table 4.2. Sample preparation table.

Sample Nr. Volume PureCol Volume PBS Concentration Abbreviation
1 8 ml 1ml 2,4 mg/ml 2,4coll

2 6 ml 3ml 1,8 mg/ml 1,8coll

3 4 ml 5ml 1,2 mg/ml 1,2coll

4 2ml 7 ml 0,6 mg/ml 0,6coll

4.1.2 Collagen | + nHAP solutions

The collagen | + nHAP solutions were prepared according to Table 4.3., first gradually adding
the phosphate buffered saline (PBS) with 3mg/ml nHAP to the PureCol, then adjusting the pH by
adding 0,1M NaOH to 7,2-7,6. The volume of the solution was further adjusted by adding distilled

water to a total of 10ml per sample.

Table 4.3. Sample preparation table.

Nr. V (PureCol) V  PBS with | c(collagen ) c (nHAP) Abbreviation
3mg/ml nHAP

1H 8 ml 1 ml 2,4 mg/ml 0,3 mg/ml 2,4coll0,3HAP

2H 6 ml 3ml 1,8 mg/ml 0,9 mg/ml 1,8coll0,9HAP

3H 4 ml 5ml 1,2 mg/ml 1,5 mg/ml 1,2coll1,5HAP

4H 2ml 7 ml 0,6 mg/ml 2,1 mg/ml 0,6coll2,1HAP

The irregularly shaped hydroxyapatite nanoparticles (specific surface area of 190 m”g™, BET,
Quantachrome, USA) were kindly provided by the Institute of Materials and Mechanics Engineering.
HAP was prepared by a precipitation reaction of calcium nitrate and ammonium phosphate in the
presence of ammonium hydroxide and TRITON as a surfactant. The resulting particles were oval-
shaped with a clean phase composition confirmed via X-Ray diffraction (XRD) analysis. The particles
were treated hydrothermally at 150°C for up to 8 hours and ground on a planet mill for 4 hours. The
most isometric and round of the produced hydroxyapatite nanoparticle lots was chosen. The
nanoparticles form aggregates of around 100nm in diameter, as measured on Philips XL 30

microscope and depicted in Fig. 4.1.
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Fig. 4.1. SEM micrograph of the hydroxyapatite nanoparticles used in our experiments.

4.2 Rheology of collagen solutions

The mechanical properties of our collagen solutions, pure and nHAP modified, were
investigated using an AR G2 Rheometer (TA Instruments, USA) in both dynamic oscillatory shear and
continuous flow modes. Mechanical property data were collected through TA Rheology Advantage
Data Analysis software (TA Instruments, USA). Every measurement was repeated three times and the
results were determined as the mean values and the errors were calculated as standard deviations.
The data was processed through OriginLab 8.1 software. Collagen solution samples were placed onto
the Peltier plate serving as temperature control at 10°C and all measurements were carried out in a
2°cone and plate setup as depicted in Fig. 4.2. with the gap set as 60 um. The solvent was prevented
from evaporating by means of a solvent trap. In all experiments, the solutions had the same recent

past thermal and mechanical protocol.
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Fig. 4.2. The cone and plate setup on the rheometer

In the cone and plate geometry, shear stress and shear rate are constant throughout the gap.
This technique is suitable for low to medium viscosity fluids. If there are particles in the fluid, they
should be less than 10% of the truncation gap. The HAP nanoparticles used in our experiments meet

this requirement.

4.2.1 Strain amplitude sweep

The most reliable range of strain which can be exploited for reproducible measurements lies
within the linear region of the G’ shear strain dependence (G’ independent of strain), the linear
viscoelastic region (LVR). The elastic modulus G was measured for all samples in oscillatory mode
with 1Hz frequency under shear strain ranging from 10° to 10°® %. First, the samples were
equilibrated at 37°C for 40 min in order for self-assembly to take place, then during the strain

amplitude sweep step, the moduli G and G* were measured with the increasing shear strain.

4.2.2 Time sweep

The kinetics of collagen solution mechanical properties evolution was evaluated via time
sweep oscillatory rheological measurements, enabling us to study the collagen self-assembly and gel
formation manifesting itself through changes in the mechanical properties such as the elastic
modulus G’. Also the effect of adding nHAP to pure collagen solutions on these mechanical
properties was investigated. The time period over which the measurements were performed was
selected as one hour, which should be sufficient for self-assembly to occur based on the results of

previous research efforts and the manufacturer’s directions.
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First, the samples were conditioned at 10°C in the rheometer during a 2 minute equilibration,
then the temperature was set to 37°C, mimicking physiological temperature, the time sweep

measurement commenced at shear frequency 1Hz under a shear strain 1%.

4.2.3 \Viscosity rate dependence

The dependence of collagen solution viscosity on the shear rate and the influence of the
system composition was studied. Unlike the previous dynamic oscillatory mode, in this
measurement, the flow was continuous. Pure collagen | and collagen | solutions with added nHAP
were equilibrated at 10°C for 2 minutes in the first conditioning step. In the second conditioning step,
the samples were equilibrated for 40min at physiological temperature 37°C, allowing self-assembly
to take place. The dependence of the viscosity on the shear rate was investigated, the shear rate

ranging from 1 rad/s to 100 rad/s.
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5 Results, Discussion

5.1 Determining the linear viscoelastic strain interval

The storage and loss moduli G* and G“, resp., were measured employing the 2° cone-plate
geometry in dynamic oscillating mode using the AR G2 rheometer over a wide interval of shear strain
amplitude (10 to 10%). The aim of these large amplitude oscillatory shear (LAOS) measurements was
to determine the maximum strain limiting the linear viscoelasticity region (LVR) to be utilized in all
the following experiments and to characterize the nature of interactions in the investigated systems.
The requirement was that the strain used must lie in a region where G’ is independent of strain. For
neat collagen | solution 2,4 mg/ml as a model situation, the resulting dependence is depicted in Fig.

5.1.:
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Fig. 5.1. (a) The dependence of storage modulus G’ on amplitude of shear strain y for neat collagen solution
(2,4coll) and collagen with added nHAP (2,4coll0,3HAP), presenting a linear viscoelasticity regime followed by
strain stiffening and a breakdown of the self-assembled structure accompanied by a loss of the mechanical
properties for shear strain amplitude between above 50%. The elastic modulus is zero for strains exceeding

100%.(b) G'and G for the neat 2,4coll, (c) G'and G for the 2,4coll,0.3HAP.

At low strains for 0,001% < y < 1%, the G’ was relatively stable and constant (independent
of shear strain amplitude) suggesting no structural transformation in the process. Above y = 10%,
the G’ increased significantly followed by a decrease to G’ = 0 fory = 100%. This is a typical LAOS
(large amplitude oscillatory shear) response of an associating system reflecting increasing rigidity of
the existing 3D supramolecular structure followed by a collapse of the network due to mechanical
disintegration. Since this behavior occured for both neat collagen and coll/HAP nanocomposites, one
can conclude that for the given composition, the response is fully related to the supramolecular
structure of collagen. The maximum G” was slightly reduced by adding HAP as well as shifted towards
lower shear strain amplitude. This may suggest that in the particular composition, HAP disrupts
formation of the collagen supramolecular assembly as a result of the partial depletion of the amine
termini available for assembly due to interactions with HAP hydroxyls, as already shown in our
published paper (165).

For the remaining neat collagen | solutions, the linear viscoelasticity regime was also
observed to lie reliably between 0,1 and 1% shear strain. We have, therefore, chosen 1% shear strain
to be applied in all the following measurements used to determine G’. The location of the linear
viscoelastic region we have found is in good agreement with other published data (166) and also the
usual strains in a bone are below 0,3%. (4) The fact that for both neat collagen and collagen/HAP

nanocomposites the G”* is always lower than G leads to a conclusion that the viscoelastic behavior of
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the systems investigated is controlled by the elasticity of the network with only a minor contribution
from the viscous response. Collagen gels demonstrate elasticity derived predominantly from forming
a hybrid cross-link network by crosslinking telopeptides and also from weak inter- and intra-
molecular interactions. This means that the character of the viscoelastic response of the systems
investigated resembles that of the bone matrix.

All the collagen solutions investigated exhibit a shear stiffening with increasing strain,
characterized by a distinct peak formation, followed by a destruction of the system and the collapse
of the storage modulus towards zero. The extent of this strain stiffening (increase of G’) was
determined by subtracting the baseline value at 1% strain from the peak height. The experimental
data fit (the full lines connecting the individual points) for moduli in both pure and nHAP modified
collagen solutions was best with an exponential function. The data analyzed are an average of three
repetitions, the results are presented as mean values, the standard deviation was found to be lower
or equal to 10% in all measurements.

The nHAP addition did not affect the observed collagen strain-stiffening phenomenon over a
broad range of concentrations. However, the increase of collagen concentration in coll/HAP
nanocomposite above 50 vol.% led to the exponential increase of AG’ and AG” shown in Fig. 5.3.
HAP nanoparticles strongly affect the ordering and relaxation dynamics of the surrounding collagen
chains on the segment scale level, producing extensive changes of mechanical and physical
properties on much larger macro scale. The dispersion of NPs in a polymer matrix is known to play a
critical role in nanocomposite mechanics as demonstrated in Figure 5.8. The observed uniform
spatial distribution of spherical nanoparticles of hydroxyapatite resembles that observed in a natural
bone tissue. It was found that for random packing, a significant portion of interparticle distances is
shorter than the chain length necessary to form entanglements. Thus, in the framework of the
Sternstein model, the random particle packing is essential for enhancing chain incremental stiffness
due to strong chain confinement via interaction with filler surfaces at much smaller filler content
than predicted using uniform particle spacing. We suggest that this is also the mechanism causing the
substantial stiffening observed in our model systems.

Sternstein assumed that the average interparticle distance is comparable with the chain end-
to-end distance even at low filler volume fractions, v;. Adsorption of chains onto nanoparticle surface
leads to the creation of surface-chain loops and interparticle bridges. These chain segments can be
relatively short and their conformation statistics deviates from the Gaussian behavior significantly.
Elasticity of non-Gaussian chains can be described using the Langevin function based theory of
rubber elasticity. Moreover, these short chain segments are in a state that is more elongated than
the chain-end-to-end distance referred to as the reference state bias. Under a given time scale of

measurement, the average lifetime of filler-polymer bonds is long enough so that the non-Gaussian
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chain segments can behave in a way similar to chains between junctions in a chemical network. Such
a system exhibits substantially greater stiffness compared to a long Gaussian chain network. From
the arguments put forward above, the importance of the interparticle spacing becomes obvious.

Sternstein’s theory of nanocomposite reinforcement is based on the Langevin rubber
elasticity of finite chain segments situated at the filler-polymer interface. This theory considers
elasticity, which takes only changes of conformation entropy upon chain loading into account. As the
chain extension approaches its limit, corresponding to r/Nb, the conformation entropy of a chain
segment drops and the chain retractive force increases very rapidly. The retractive force can be than
expressed as:

f =kaTL*(r/Nb), (5.1)

where kg is the Boltzmann constant, T is temperature and L"is the inverse Langevin function, r is the
chain end-to-end separation, N is number of monomer units and b is the monomer unit length. The
elasticity of short chain segments has to take into account the bond angle, which is under given
conditions almost undeformable. This leads to the correction that full elongation of flexible chains
corresponds to maximum extension of 0.816/Nb and not simply Nb.

Structural proteins such as collagen can undergo self-assembly process resembling first order
thermodynamic transitions in forming micro-fibrils which control to a great extent the mineralization
process, i.e., HAP NP deposition to form mineralized fibrils as basic building blocks of bones. The
existence of thermodynamically phase separated states is ubiquitous in mixtures. NP clustering via
phase separation is particularly common if there are unfavorable polymer-NP interactions, relative to
the NP-NP interactions. Indeed, when polymer-NP interactions are highly unfavorable, there may be
no thermodynamically stable NP dispersion. The self-assembled structure must have a higher order
than the isolated components, be it a shape or a particular task that the self-assembled entity may
perform. Another distinctive feature of SA is that the building blocks are not only atoms and
molecules, but span a wide range of nano- and mesoscopic structures, with different chemical
compositions, shapes and functionalities. For SA to take place without intervention of external
forces, the process must lead to a lower Gibbs free energy, thus self-assembled structures are
thermodynamically more stable than the single, unassembled components.

A direct consequence is the general tendency of self-assembled structures to be relatively
free of defects. Weak interactions and thermodynamic stability rationalise the adaptability to
perturbations exerted by the external environment often found in self-assembled systems. Small
fluctuations that alter thermodynamic variables can lead to marked changes in the structure and
even compromise it, either during or after SA. The weak nature of interactions is responsible for the

flexibility of the architecture and allows for rearrangements of the structure in the direction

79


http://en.wikipedia.org/wiki/Order_(crystal_lattice)
http://en.wikipedia.org/wiki/Mesoscopic
http://en.wikipedia.org/wiki/Gibbs_free_energy

determined by thermodynamics. If fluctuations bring the thermodynamic variables back to the
starting condition, the structure is likely to go back to its initial configuration.

A recurrent problem in the blending of collagen and nanoparticles is the propensity of HAP
nanoparticles to self-assemble into clusters that can greatly affect the collagen ordering morphology
and the very nature of the collagen order-disorder transition. Thermal fluctuations in collagen
systems characteristically drive the ordering phase transition order from second to first order by the
well known Brazovskii mechanism. An infinitesimal amount of disorder can destabilize the first order
phase transition by transforming into some “glass-like” state where ordering is so frustrated that
only a highly rounded remnant of the original phase transition then exists. It has been proposed that
the self-assembly of nanoparticles into extended structures can serve as a template for the directed
collagen assembly when the extended nanoparticle superstructures remain localized to the suitable
microdomains, implying a synergistic interaction between the nanoparticle assembly and collagen
ordering processes. This suggests that the capacity of the clustered nanoparticles to span different
collagen domains is important for disrupting the collagen ordering process.

The extended nanoparticle structures can more easily form transient networks both through
direct interaction between the nanoparticles or through chain bridging between the nanoparticles,
where a “bridging” chain is a chain in contact with at least two different nanoparticles. These non-
continuum mechanisms are believed to play a significant role in property enhancement in polymer
nanocomposites compared to more "classically" behaving microcomposites. The fraction of bridging
chains seems to be a useful “order parameter” for characterizing the polymer-nanoparticle
interactions. If the polymer-nanoparticle interactions were sufficiently small, the bridging would not
be expected to play significant role, however, we have shown that the chain stiffening can become
enormous due to perturbation of entanglement mobility due to random nanoparticle packing
resulting in "trapped" entanglements. One interpretation of the biomechanical function associated
with the extensive nonlinear stiffening is a passive protection for soft tissues when shear
deformations become large. It is the subject of further research to investigate the possible strain
recovery behavior.

Our results indicate that a fully developed collagen gel was formed showing G" > 10 G™ and
exhibiting plateau G’at low strain rates. Such an elastic response reflects the presence of an
underlying network that is capable of storing elastic energy over long timescales. Figure 5.2 depicts
three possible scenarios forming local constraints to molecular movement of collagen
nanofibrils/triplehelices which may result in gelation. They include attraction at junctions (a), spatial
correlation between adjacent molecules (b) and jamming at junctions (c) (167). The second scenario
is relevant for the portion of collagen triplehelices participating in formation of multiple nano- and

micro fibrils. The third scenario applies to growing rigid microfibrils the ends of which can jam into
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the bodies of adjacent fibrils. From the CLSM observations of large microfibril formation (Fig. 5.17), it
seems that the spatial correlation (mechanism (b)) is the dominant one in our case. Fibrils at
different length scales are formed by a thermodynamically controlled transition from an angularly

uncorrelated to a helical state. (168) .

Attraction between Junction zones Jamming of fibers
overlapping fibers between adjacent and/or branching
at cross-link points interacting fibers at nodes
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Fig. 5.2. Possible scenarios of local constraint formation. (167)
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Fig.5.3. The composition dependence of the a)AG’ and b)AG” (calculated from a baseline formed by the LVR) for

both neat collagen and collagen with nHAP.

The shear strain amplitude at which the failure of the structure has occured (termed yield
strain for the purpose of this work) was determined as the position of the AG" peak, beyond which
mechanical stiffness decreases towards zero. For neat collagen, it was observed in the vicinity of the
shear strain of 50 %. The effect of HAP addition resulted in a shift of this peak to greater strain
amplitude, especially for 2,4coll0,3HAP, where the vyield strain increased by 20%, thus a slight
composition modification enhanced the mechanical properties of the resulting collagen-HAP
nanocomposite, implicating an interaction at the molecular level that cannot be attributed to the
individual components (the simple superposition of their mechanical properties). In the less
concentrated collagen solutions this effect was not statistically significant, see Fig. 5.4. The results of

the remaining collagen | solution compositions are listed in the Annex, Section 1.
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Fig.5.4. The effect of nHAP addition on the yield strain.

5.2 Reinforcing mechanisms in coll/HAP nanocomposite gels

Any of the existing micromechanics models (170) predict the relative increase of the
composite modulus over that of the neat matrix by approximately only by factor of 1.35 (35%). For
comparison, the simple Guth-Gold model (170):

GC

=G, =1+2.5v, +14.1v¢ , (5.2.)

m
where v; is the filler volume fraction, is plotted in Fig. 5.5b). Even the Mooney model (170) predicted
increase of the shear modulus, by adding vs= 0.15, only 35% over the modulus of the neat matrix.
Thus the observed several fold increase of storage modulus cannot be explained considering only the

simple volume replacement reinforcement theory and molecular reinforcement mechanisms have to

be taken into account.
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Figure 5.5.(a) Concentration dependence of the shear modulus of the nanocomposites, G..
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Figure 5.5.(b) Concentration dependence of the relative shear modulus of the nanocomposite, G,. G,, is the
modulus of a neat collagen matrix. Effect of the chain mobility on the reinforcing mechanism is evident from the
difference between the 0.5 wt.% and 1.0 wt.% collagen. Comparison with simple volume replacement Guth-Gold

(Eq. 5.2.) model is shown.

Considering the tropocollagen triple helix molecule a worm-like chain with L/d=200, we obtain the

reptation time:

I

M. M

2 2 1/2
Tren gw M (M) (5.3.)
5 (kT (M

e
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where kj, is the characteristic bending rigidity of the collagen chain estimated to be about 15
kcal/mol/rad®. (171) If such a chain approaches an impermeable surface, the chain conformational
entropy and internal energy under given conditions can alter very substantially depending on the
particle-chain interaction energy and chain flexibility. For a weak interaction energy such as hydrogen
bonds, the average number of adsorbed segments, N,, is scaled simply as N, = N\”, where the
exponent n = 1/2, and the terminal relaxation time of a worm like chain near a particle can be

expressed in the form:

ads Kb N /

72 = (kT) . [g“ON % +§a], (5.4)

where ¢, is the friction coefficient of adsorbed chain and N, is the number of statistical segments per
entanglement.

The interactions between collagen C-termini and OH- bonds on the HAP nanoparticles with
dimensions on the same scale as the thickness of tropocollagen triple helix have a tremendous effect
on the retardation of their reptation dynamics (Fig. 5.8.). At the same time, the C-termini in the
collagen phase become more depleted than the N-termini resulting in further reduction of collagen
fibrillogenesis leading to a perturbance of the collagen network structure. In addition, the reduced
mobility and chain confinement result in further disturbing the formation of collagen fibrils. As a
result, the structure of the chemically cross-linked collagen network becomes more defective and
dependent on the HAP content. On the other hand, the number of physical cross-links due to HAP-Co
interaction increases rapidly resulting in much stiffer network (157) with rigidity strongly dependent
on the strain level as described by the Mullins effect.

In order to obtain at least a qualitative comparison of experimentally observed behavior with
theoretical prediction, the Co/HAP nanocomposite gel was considered a filled polymer network
above its T,. Since collagen resembles a worm like chain rather than a random Gaussian coil,
Langevin rubber elasticity has been used. The Langevin rubber elasticity considers elasticity, which
takes only changes of conformation entropy upon chain loading into account. As the chain extension
approaches its limit, corresponding to C(r/N.l), the conformation entropy of a chain segment drops
and the chain retractive force increases very rapidly; r is the worm like chain end-to-end distance, N,
is number of Kuhn segments and /, is the segment length and C is the characteristic ratio. The

retractive force of a worm like chain loaded in tension can be expressed as (172):
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where L, is the persistence length, L. is the contour length and x is the pulling distance. Substituting

(ko/KT) for L, yields:

2
brf) 1 Lox) 56)
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Considering Eq. 5.6., the retractive force of the collagen network can be expressed in the form:

F(x)=

2
fz(kT) L‘l( rkT j (5.7.)

2K, 2N, x,

where k is the Boltzmann constant, T is temperature and L™ is the inverse Langevin function.

In order to demonstrate the effect of chain immobilization on stiffening the Co/HAP
nanocomposites, collagen network was modeled as a 3D tetrafunctional polymer network with affine
cross-links. The model network was built to preserve the fundamental features corresponding to real
collagen structure (Fig. 5.6.). At each node, three chains were considered flexible rubbery chains and
the fourth one was marked as the collagen triple helix. During deformation of the neat network, the

three flexible chains were deformed according to Langevin single chain elasticity:

a:;E\ NSLl(’llil“a‘"j, (5.8.)

S

where Acnain is the draw ratio of chain, L™ is the inverse Langevin function and N, is the number of
statistical segments. Deformation of the fourth triple helix chain was calculated considering four
possible types of its behavior, i.e., (i) undeformable rigid rod, (ii) Hookean spring, (iii) long rubbery
chain and (iv) short rubbery chain. Length of the collagen triple helix chain was considered 280nm,
and length of the flexible chain was calculated from the relation for a Kuhn chain model with 78

segments corresponding to 26 amino acids.
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It has been shown that presence of nanoparticles effectively alters the distribution of the
length of chain segments towards the shorter segment lengths. These segments exhibit greater
stiffness than the longer chain segments (Fig. 5.7.). For filler content of 1 vol%, segments with
incremental stiffness higher than one effective entanglement strand represent about 5 % of polymer
matrix. In a nanocomposite filled with 10 vol% of nanoparticles, such portion is already about 65%
from the entire amount of polymer matrix. Thus, in nano-particle filled polymers, chain
entanglements become a second-order interaction, while the “trapped entanglements” induced by
non-penetrable filler nanoparticles become a first-order interaction. At the same time, randomly
distributed solid HAP nanoparticles confine tropocollagen molecules significantly (Fig. 5.8.). Assuming
random particle packing, the average interparticle distance reaches particle diameter for v; = 0.015.

(173)
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Figure 5.6. Schematic drawing of the simplified structure of the neat collagen network considered in the simple

network model considering Langevin elasticity.
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Fig. 5.7. Deformation response of a collagen network with varying the model used for deformation response of

the collagen and assuming the Langevin rubber elasticity (Eq. 5.6.).
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Fig. 5.8. a) Simulated random 3D distribution of monodisperse HAP nanoparticles and worm like collagen chain
for 0.5 wt.% Co filled with 5 vol.% of HAP nanoparticles (d=10 nm). The distribution was generated using
AGLOMER generator. Size of the simulated box is approximately 100nmx100nmx100nm. b) Schematic 2D
drawing of the the ratio between volume occupied by collagen chain and HAP nanoparticles for 0.5 wt.% Co
filled with 5 vol.% of HAP nanoparticles. For simplicity, the collagen triple helix is shown in extended
conformation. The area fractions occupied by collagen and HAP correspond to the composition of the

Co(0.5)/HAP nanocomposite.
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Fig. 5.9. a) 3D microCT image of the coll/HAP nanocomposite network from a freeze-dried nanocomposite
hydrogel with 1:1 coll:HAP ratio (left) and a horizontal cut of the image (right) showing distribution of colagen
fibrils and HAP particles. (b) the same as the panel (a) right with arrows indicating position of collagen and HAP.

(c) computer processed image (b) with software removed collagen showing the 2D distribution of HAP particles.
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Fig. 5.10. (a) Model of the shear modulus of nanocomposite hydrogels proposed by Jancar et al (165) based on
the localized network viscoelasticity model of Lin-Douglas-Horkay (173) with self-assembly and chain
relaxations term including chain stiffening at the interface.

(b) Plot of the experimentally determined normalized shear storage modulus. Full and dotted lines represent
contributions of molecular chain stiffening predicted using model of Lin-Douglas-Horkay modified by Jancar et

al (Eq. shown in Fig 5.10. (a) ) (165)

The effect of HAP nanoparticle content incorporated into collagen on the storage moduli (G')
of model nanocomposite gels containing was investigated. A simple chain reptation dynamics

approach was used to describe the molecular reinforcing mechanism at the nano-scale and the
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controlling role of the area of contact between the matrix and the reinforcement. An "immobilized
chain percolation network" with individual chains obeying Langevin rubber elasticity filled with
randomly distributed HAP nanoparticles 20 nm in diameter was demonstrated to provide means for
analyzing the meso-scale mechanical response of the Coll/HAP nanocomposite networks considering
nano-scale structural information. In our analysis, the role of water in determining the G has not
been included and the behavior of the hydrogels was ascribed solely to the length scale independent
viscoelasticity of the solid network. This approach seems a reasonable approximation for low solid
content hydrogels formed by networks with strongly bound water enhancing the effective diameter
of the network chains where the contribution of the length scale dependent drag of water through

the network does not influence the overall shear stress considerably.

5.3 Kinetics of network gelation

The kinetics of collagen self-assembly was investigated employing dynamic oscillatory rheology
by measuring the time evolution of viscoelastic moduli utilizing dynamic oscillatory time sweep
rheological measurements, as described by Yang et al. (79). Collagen solutions of varying collagen
and nHAP content were subjected to oscillatory shear under 1Hz frequency and 1% strain over a
period of 90 minutes at physiological temperature of 37 °C. Solutions were neutralized and kept
before measurement at 4 °C and the self-assembly was initiated at the beginning of the
measurement by raising T to 37 °C. The mean value from three measurements is presented along
with the standard deviation, which in all cases does not exceed 25%.

The collagen self-assembly proceeded in three phases as illustrated in Fig. 5.11. The initial
phase corresponding to the breakdown of a weakly connected structure formed in the solution
during the time between the sample preparation and measurement and manifesting itself by a
decrease in the viscoelastic moduli. The minimum G’ value is reached at 1,5.10° s indicating complete
loss of elastic properties. The breakdown of a weakly associated structure is supported by the G”
being greater than G” during this stage, suggesting rather viscous character of the response. In the
second stage, the microfibril and fibril self-assembly occurs resulting in the change of the shear strain
response from viscous liquid to viscoelastic gel manifested by G being larger than G™. At 2 x 10° s
after reaching the minimum G’, a plateau G’is obtained signalizing the completion of the self-
assembly under the conditions of the experiment.

The evolution of the viscoelastic moduli in time for the neat and HAP modified 2,4coll,
respectively, is shown in Fig. 5.12 (a) and (b), respectively. The obtained results are in agreement
with those published in literature for neat collagen (166) (69). Collagen triplehelices assemble first in

aggregates of 5-17 molecules (nuclei) followed by assembly of these nuclei into microfibrils 30-300
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nm in diameter with greatly variable length (79). Two or more of these microfibrils then assemble

into bundles forming extended fibers that can branch and interconnect, thus forming a network.

Formation of this structure is analogous to gelation observed in the course of thermoset cure. The

development of collagen network was found to be consistent with the percolation theory of

branched network formation (175). Interconnection between fibers are due to topological

constraints formed by entanglements resulting in a complex physicochemical gel structure (176).
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Plot of the characteristic time dependence of the storage and loss shear modulus and tané for

collagen/HAP solutions measured at 37 °C and frequency of 1Hz showing the initial period, in which the

structure formed between sample preparation and measurement is disassembled followed by the submicron

fibril formation and reaching the network plateau modulus after approximately 2 x 10%s.
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Fig. 5.12. a) The evolution of the viscoelastic moduli through time for neat collagen 2,4mg/ml. The self-
assembled moduli plateaus are reached after 1,5.10° s.b) The evolution of the viscoelastic moduli through time
for collagen 2,4mg/ml with 0,3mg/ml nHAP. The self-assembled moduli plateaus are reached after 1,0.103 s,

suggesting the earlier onset of self-assembly compared to the neat solution facilitated by the presence of nHAP.
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The addition of 0,3mg/ml nHAP did not change the character of the gelation kinetics
significantly. Collagen and HAP concentrations control the plateau modulus obtained under given
thermodynamic conditions. At this particular composition, however, the addition of nHAP results in a
decrease of the viscoelastic plateau modulus, which contradicts the traditional wisdom of the volume
replacement reinforcing mechanism. The plateau moduli are reached in 1,5 x 10°s for 2,4coll and at
1,0 x 10°s for 2,4coll0,3HAP. The earlier completion of collagen self-assembly can be explained by
the bioactive nHAP facilitating acceleration of the self-assembly nuclei formation by weak
interactions, but its low concentration results in a lower number of these nuclei. The time evolution
of G’'and G seems to follow the same functional form. This can be attributed to the fact that the
process of collagen gelation by self-assembly and stiffening due to presence of rigid HAP are additive
in nature.

The effect of nHAP addition on the viscoelastic moduli characterizing the ongoing self-
assembly is shown in Fig. 5.13. for neat and HAP modified 2,4coll matrix. The resulting moduli of neat
self-assembled collagen are higher compared to the nHAP modified system. At the same time,
plateau modulus is achieved at shorter time for the HAP modified collagen. Considering the slope of
the growth portion of the G'(t) and G”’(t) as a measure of the rate of self-assembly, adding the HAP
reduced the self-assembly rate significantly. This, along with the reduction of the absolute values of
plateau G'and G”’, leads to a conclusion that HAP reduces the ability of collagen microfibrils to self
assemble into larger fibers and hinders formation of the fibril network responsible for the gelation to
occur. Our conclusions are in fair agreement with the rheological studies relating the size of the
formed fibrils to the rheological behavior of collagen networks (166). Structurally, we propose that
the amine termini of tropocollagen interact with the surface hydroxyls of HAP. This leads to a partial
depletion of assembly controlling amine termini from the collagen sol causing the observed drop in
the extent of gelation. This hypothesis is in agreement with the model of collagen fibrillogenesis

proposed by Kadner et al. (174).
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Fig. 5.13. a) The comparison of storage moduli time evolution for 2,4coll and its nHAP modified counterpart,
2,4coll0,3HAP. The onset of self-assembly takes place earlier in the nanocomposite, while the neat solution

reaches a higher value of plateau storage modulus. b) A similar trend is observed for the loss moduli.

The results obtained in investigating the composition dependence of the kinetics of self-
assembly are summarized in the following text and in Fig. 5.14. For the neat collagen |, both the
storage and loss moduli increased exponentially with increasing collagen concentration. The increase

was steeper for the neat collagen systems compared to HAP modified collagen. However, when the
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coll/HAP ratio is lower than 1, a structure exhibiting large viscoelastic moduli (40-fold higher
compared to the plateau values) is formed at the very beginning of the experiment. This structure is
broken down during the first 500 s of the experiment leading to a significant drop in G. For times
longer than 500 s, the structure transformation proceeds toward the plateau moduli similarly to the
nanocomposite networks with coll/HAP ratio greater than 1. In all cases, however, the plateau G’
obtained for systems with coll/HAP ratio smaller than 1 is lower compared to gels with coll/HAP ratio
>1.

This phenomenon can be ascribed to the formation of large metastable HAP nanoparticle
aggregates held together solely through weak short distance physical HAP-HAP interactions.
Thermodynamically, the controlling parameter is the decrease of the system enthalpy upon
aggregation. In agreement with the Einstein—Stokes model of hydrodynamics of dispersion of
particles in a liquid, systems with larger particles exhibit greater resistance to flow, thus, the G" and,
especially, the G reach their maximum. As expected from the Einstein-Stokes model, greater effect
is observed on the viscous portion of the response, e.g., on the G”". The weak attractive HAP-HAP
forces are acting over very short distance and, thus, they are unable to withstand the dynamic
oscillatory shear forces throughout the entire measurement period. As a result, the formed HAP
agglomerates are progressively disintegrated resulting in a reduction of their size causing significant
drop of the hydrodynamic resistance of the system sol. At the same time, the entropy of the system
grows due to improved dispersion of HAP nanoparticles. Then, tropocollagen self-assembly starts
similarly to the neat systems, however, for the reasons mentioned above, collagen network
formation is partially hindered by the HAP agglomerates resulting in smaller G and G”* at the
plateau. The kinetic plots of collagen solution self-assembly for all the other compositions can be
found in the Annex.

The comparison of G'(t) and G”'(t) dependences for various collagen solution compositions is
illustrated in Fig. 5.15. The initial lag phase is shortened with increasing collagen concentration,
which is consistent with the data and hypothesis established in literature (79). At the same time,
adding the HAP nanoparticles extends the time needed to break down the structures formed
between sample preparation and the measurement. It is also consistent with the hypothesis
proposed in Section 5.3., that between the sample preparation and measurement, reversible
structures are formed that are disrupted and broken down by the dynamic oscillatory shear forces
that they are subjected to when the measurement commences. Therefore, the initial test period
must be considered more of a conditioning phase unifying the starting gel structure. Also, the
phenomenon described above (the formation of a temporary structure with high moduli caused by

the abundance of nHAP) regarding samples with higher nHAP content, is observed.
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Fig.5.14. a) The composition dependence of maximum self-assembled (plateau) storage moduli for neat
collagen | solutions and collagen solutions containing nHAP. The storage modulus increases exponentially with
increasing collagen concentration.b) The composition dependence of maximum loss moduli for pure collagen |

and collagen | with added nHAP. A weaker exponential collagen concentration dependence is observed along

with an increase in G”.
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The important results arising from these kinetic self-assembly experiments include that the
viscoelastic plateau moduli increase exponentially with collagen concentration for neat collagen |
solutions. This is in agreement with the model of worm like chain micelle self-assembly proposed in
literature (168). For collagen | with added nHAP, the resulting dependence is also exponential, but
flatter. The crossover of the exponential fits is 70% collagen vol. concentration. Above this
concentration, the collagen content dictates the self-assembly. The effect of nHAP is marked toward
higher HAP/coll ratios, causing the early onset of assembly (apparently already during the
equilibration on the Peltier plate, while reaching the required physiological temperature). During the
first 500s, a peak in the elastic modulus and the formation of a viscoelastic network is observed, but
during the following 500s, the structure breaks down and only a small plateau modulus appears after
self-assembly. This suggests the formation of a reversible physical network structure with the
increase of temperature at the start of measurement caused by an abundance of nHAP. This
structure is however unstable and the weak interactions holding it together are broken within
minutes. After 30 mins, the values of the elastic moduli approx. reach plateaus in all samples.

The dependence of mechanical properties on the system composition can be summarized as
follows: the absolute value of the elastic modulus increases with concentration of collagen, where
more molecules are available for crosslink formation, also the more concentrated (less dilute) the
solution, the more entangled the collagen chains become, also resulting in an increase in G’. The
AG’, however, decreases with the increase collagen concentration. This may be interpreted that in
the first phase (which may be looked upon as a conditioning pre-shear step), only weak physical
interactions are destroyed, however entanglement effects remain.

The nHAP addition results in a similar effect, although this cannot be attributed to
entanglement, the sheer number of stiff nHAP particles contributes to an increases of G’ during the
entire experiment (the G’ dependence is vertically shifted upwards and flatter, resulting in a AG’
decrease). Also, the effect of the variation of nHAP particle size was studied, with decreasing nHAP
particle size, an increase of G’ was observed together with a decrease in AG’. The smaller particles
stiffen the structure more effectively, enabling closer packing of the collagen molecules compared to
the larger ones, which may in fact inhibit self-assembly by disabling the collagen molecules to move
easily into close proximity necessary for higher-order structures to form.

In Fig 5.17 (a) and (b), the morphology of the freeze dried coll/HAP nanocomposite networks
produced from the collagen solutions investigated previously is visualized using SEM micrographs at
two magnifications. The sample depicted in the Fig. 5.17 (a) and (b) was frozen after reaching the
plateau on the G’(t) to -50 °C and then freeze dried. Hence, it seems reasonable to assume that the
structure formed and revealed by the SEM represents the characteristic dynamic equilibrium

morphology of the coll/HAP nanocomposite network. The network consists of two main structural
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features. These are the HAP coated fibrils and 3D structure formed by randomly spatially arranged
thin collagen films with minimal HAP deposit. This structure is consistent with the observed
reduction of the plateau G” with HAP addition hindering the collagen gelation consisting of creating
entangled collagen microfibril network (167). This network forms the observed thin film structure as
a result of the low collagen concentration in the hydrogel. Most of the HAP nanoparticles are
attached at the surface of the fibrillar structures forming an independent fibrilar network

contributing to the hydrogel plateau moduli less than the entangled collagen film structure.

e P— ( f mag 100 pm —
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Fig. 5.17. (a) and (b) SEM micrographs of the fracture surface of a broken freeze-dried collagen/HAP
nanocomposite network showing clearly deposition of HAP nanoparticles on the surface of fibrilar collagen.(c)
Confocal Laser Scanning Microscope (CLSM) observation revealed the formation of left-hand twisted collagen

fibril approximately 12 um in diameter in samples left at 37 °C and pH 7 overnight.
U
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In order to visualize the fibril formation, neat collagen solution was left overnight to self-
assemble at 37 °C and the resulting left-handed twisted collagen fibril approximatelly 12 pm in
diameter was observed by confocal laser scanning microscopy (CLSM) shown in Fig. 5.17 (c). Despite
relatively small magnification, the aligned twisted microfibril structure of the collagen fibril is clearly
visible.

Another result of this work which may be further exploited is the fact that although we are
unable to avoid the formation of some sort of a self-assembled structure during laboratory
manipulation with the sample (the period between sample preparation and measurement), we are
able to erase any such history by subjecting the sample to approximately 5 x 10” s of oscillatory shear

(1Hz, 1% strain) as a conditioning step.

5.4 The dependence of viscosity on the shear rate

The shear rate dependence of viscosity for neat collagen and nHAP modified collagen solutions
was investigated using continuous shear flow measurements, unlike the experiments presented in
the previous paragraph which were performed employing the oscillatory shear mode. The standard
plots of viscosity as a function of the shear rate for all the systems investigated are shown in Figure
5.18 (a)-(d). For comparison, plots of viscosity as a function of the shear rate for systems with varying
collagen concentration and/or HAP content, respectively, are shown in Figure 5.19. In Figure 5.20,
the zero shear viscosity is plotted as a function of the collagen concentration and coll/HAP ratio.

All the systems investigated exhibited shear thinning behavior (see Fig. 5.19), which is in
agreement with the published data of Lai et al. (150). Addition of HAP did not change the character
of their rheological behavior significantly regardless of the system composition. Adding nHAP caused
reduction of the dependence of the high shear rate viscosity on the collagen content compared to
the neat collagen gels (Fig. 5. 20). The shear rate viscosity data were extrapolated towards zero shear
rate, as demonstrated by Tominaga et al. (144) and the extrapolated zero shear rate viscosities were
plotted as a function of collagen concentration and nHAP addition (Fig. 5.20.). It was shown that the
zero shear rate viscosity exhibits composition dependence similar to G” and, thus, similar models can
be used for its structural interpretation.

There is a significant difference in the effect of collagen concentration on the zero shear
viscosity between neat and HAP modified systems (Fig. 5.20). While for neat collagen systems the
dependence exhibits a high concentration viscosity limit (monotonous increasing asymptotic
behavior), adding HAP results in a significant drop in viscosity of at coll/HAP ratios below 1 followed
by its steep increase. This is consistent with the systems’ structure proposed in the previous

paragraph. In the case of HAP modified collagen, the composition dependence of the zero shear
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viscosity seems to fit the Boltzmann S-shaped function with the inflection point near the 50 vol.%
collagen. Such a behavior has been observed for systems exhibiting phase inversion. In other words,
at low collagen content, the HAP forms the majority phase in the network. Since the HAP aggregates
are disrupted by the shear flow, the zero shear viscosity remains almost constant or slightly
decreases. In this region, the collagen self-assembly is effectively prohibited. Near the 50 vol%
collagen, phase transition occurs resulting a collagen becoming the majority phase of the network
capable of self-assemble to a small extent. As a result, the zero shear viscosity starts to increase with
further decrease of the HAP content, eventually asymptotically approaching the neat collagen
viscosity.

Also, the difference An between the zero and maximum shear rate viscosity for neat and HAP
modified collagen is plotted as a function of collagen content (Fig. 5.21.). The An can be considered a
measure of the extent of shear thinning. While there is consistent trend for the neat collagen
exhibiting a monotonous stepwise increase of An with collagen content, the An dependence on
collagent content for HAP modified systems exhibits two types of behavior. At low collagen content
below 50 vol. %, adding HAP did not have any effect on An compared to the neat collagen systems.
In other words, HAP did not change the extent of collagen shear thinning. Above the 50 vol.%
collagen, HAP decreases the extent of collagen shear thinning significantly. Again, this rheological
behavior is consistent with the hypothesis of phase inversion put forward above.

These results may be interpreted that a small amount of added nHAP facilitates the
formation of a reversible physical mineralized collagen network, where the intermolecular
interactions maintain a more viscous character of the self-assembled gel. It seems that an over-
abundance of nHAP may result in the formation of nHAP aggregates that do not promote self-
assembly through sterical hindrance in the hypothetical gap regions. This can also explain the
difference between properties of the coll/HAP gels prepared by mixing collagen with pre-synthetized
nHAP particles and those prepared by in-situ precipitation of nHAP in the collagen gel as observed
during formation of mineralized fibrils in healthy bone. Our results are, thus, strongly supportive of
novel direction in preparing 3D scaffolds for bone tissue engineering utilizing sol-gel nHAP or [-tri-

calcium phosphate (B-TCP) precipitation at a certain stage of collagen fibril self-assembly.
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Fig. 5.18. The dependence of the viscosity on the shear rate for a) 2,4coll and 2,4coll0,3HAP, b) 1,8coll and
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Fig 5.19. a) The dependence of viscosity on the shear rate for neat collagen solutions is similar for all measured
concentrations with only a slight vertical shift downwards with decreasing concentration. The extrapolated data
from the exponential fit are illustrated as full lines b) The dependence of viscosity on the shear rate for collagen
solutions with the addition of nHAP is also a flat exponential, however the values converge towards a small

interval with increasing shear rate. The extrapolated data from the exponential fit are illustrated as full lines.
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Fig.5.21. Plot of the composition dependence of the viscosity decrease during shear thinning of collagen |

solutions, both neat and nHAP modified. It follows from the results that the addition of small amounts of nHAP

such as in 2,4coll0,3HAP decrease the extent of shear thinning.
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5.5 Morphology of the freeze dried collagen/HAP networks

For engineering bone tissues, a suitable scaffold, exhibiting optimal physical properties and
biocompatibility, provides initial mechanical stability for surgical implantation and supports even cell
distribution and differentiation. In the previous paragraphs, we have shown that collagen/nHAP
nanocomposite gels exhibit reasonable balance of physical and biological properties desired for
preparing scaffolds for bone tissue engineering. These nanocomposites exhibit their properties and
perform their functions at the meso-scale, however, their hierarchical structure is formed at multiple
length scales with the main focus of this work on the nano- and micro- scales. An attempt was made
to analyze formation of the microscale structure of self-assembled collagen and collagen/HAP
nanocomposite microfibrils to ascertain the role of individual components in morphogenesis of the
networks controlling the performace of their hydrogels.

The Coll/HAP nanocomposites investigated can be considered filled polymer gels with hybrid
chemical and physical cross-links. In time, acid desolved heterotrimer tropocollagen | tends to form
fibrillar assemblies via self-assembly by burying the hydrophobic residues within the fibril. (174) This
process has the character of a true thermodynamic transition of first order similarly to polymer
crystallization as proposed by Flory more than 50 years ago (168). The formed fibrils have relatively
sharp N-terminal tips and blunt C-terminal tips. (169) This process is accelerated with increasing
concentration of procollagen molecules in the solution. Similarly to crystallization, however, fibrils
formed from more concentrated solutions can be assumed to be less well developed and the formed

highly branched network gel structure may attain a time dependent quasi-equilibrium state.

Fig. 5.22. Photo of the 3D porous freeze-dried neat collagen network.
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The freeze-dried porous collagen network was photographed at the macroscale (Fig. 5.22.)
and at the micro-scale employing SEM. The network was modified by adding HAP, or crosslinked by
using carbodiimide chemistry prior to experiments and/or clinical trials using animal models to
ensure the desired stability of the network. Differences in the pore size and distribution and also the

wall structure were observed in SEM micrographs of porous freeze-dried collagen networks both

neat and with nHAP and are shown in Figs. 5.25 and 5.29.

Fig. 5.23. SEM micrographs of freeze-dried porous uncrosslinked (left) and crosslinked (right) neat collagen
network. Bar in the right lower corner represents 2 um.

B 20 P il

Figure 5.24. SEM micrographs of freeze-dried porous uncrosslinked (left) and crosslinked (right) collagen/HAP
networks containing 20 wt.% hydroxyapatite nanoparticles. Bar in the right lower corner represents 20 yum.

The micrographs shown in Figs. 5.23 and 5.24 reveal several important differences between
the overall morphology of the uncross-linked and cross-linked neat and HAP modified collagen |
networks. In all the cases investigated, morphology (supramolecular structure) of the 3D network

consists of two basic structural elements. These are the elongated collagen fibrils and thin randomly
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oriented films forming walls between individual pores originated from removal of water during
freeze-drying. Adding HAP and/or cross-linking did not change the nature of the basic structural
elements, however, affected the size of the fibrils and the compactness of the films.

At first, the cross-linking of neat collagen (Fig. 5.24) resulted in formation of larger diameter
fibrils and thicker walls separating the pores in the freeze-dried self-assembled collagen network.
This is in agreement with the classical model of gelation mechanism proposed by Flory by adding
attractive interaction between the overlapping fibrils at cross-link points to the junction zones and
fibril jamming gelation mechanisms existing in un-cross-linked collagen (167).

At second, adding the nHAP resulted in two main structural differences (Fig. 5.25) compared
to the neat collagen systems. First, addition of nHAP, hindering the collagen self-assembly, to the un-
cross-linked collagen resulted in the disruption of some of the thin films separating the pores and a
significant portion of nHAP deposited itself onto these films. Second, thin collagen fibrils formed in
un-cross-linked collagen remained nHAP free most probably because of their small diameter
providing insufficient attractive interaction for the nHAP particles of substantially greater diameter.
Cross-linking greatly reduced the detrimental effect of nHAP on the pore wall structure and the
larger fibrils were able to retain nHAP particles to a great extent, resulting in the formation of truly
“mineralized” collagen fibrils.

The following series of SEM micrographs in Fig. 5.25. illustrates the effect of the 10%, 20%
and 30% nHAP addition to uncrosslinked neat collagen at the 500 um scale. A closer look at the same
scaffolds is presented in Fig. 5.26. at the 100um scale. Carbodiimide crosslinked versions of these

networks were also produced and SEM micrographs are shown in Fig. 5.27. and Fig. 5.28.

a) b) c)
Fig. 5.25. SEM micrographs of un-cross-linked collagen | freeze-dried network at the 500 um scale with a) 10%
nHAP, b) 20% nHAP, c) 30% nHAP
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a) b) c)
Fig. 5.26. SEM micrographs of freeze-dried collagen | carbodiimide crosslinked network at the 500 um scale with
a) 10% nHAP, b) 20% nHAP, c) 30% nHAP

The extent of the changes in morphology was proportional to the HAP content which is
shown in Figs. 5.25 and 5.27 for un-cross-linked and in Figs. 5.26 and 5.28 for carbodiimide cross-
linked collagen. As expected, the disruption of the original morphology of the neat freeze-dried

collagen network is greater for un-cross-linked compared to cross-linked networks.

a) b) c)
Fig. 5.27. SEM micrographs of freeze-dried un-cross-linked collagen | network at the 100 um scale with a) 10%
nHAP, b) 20% nHAP, c) 30% nHAP
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a) b) c)
Fig. 5.28. SEM micrographs of freeze-dried collagen | carbodiimide cross-linked network at the 100 um scale
with a) 10% nHAP, b) 20% nHAP, c) 30% nHAP

5.6 Use of freeze dried collagen/HAP networks in bone tissue engineering

3D porous scaffolds were prepared by freeze-drying the coll/HAP nanocomposite hydrogels of
different composition. These scaffolds were exploited in cell assays at the Institute of Experimental
Medicine, CAS Prague, Faculty of Medicine, MU Brno and in clinical research of bone diseases and
segmental defects at the Faculty of Veterinary Medicine, VFU Brno employing animal models.
Scaffolds were either used in a native form, seeded with mesenchymal stem cells (MSCs) or
containing various blood derivatives. Results of this Thesis were utilized in determining the best
coll/HAP network composition providing the desired balance of biomechanical properties, biological
properties to host MSMs and surgical handling characteristics.

Neat collagen networks (Fig. 5.29 left) both native and cross-linked were used in treating
defects in large joint cartilage in miniature pigs (Fig 5. 30) and the coll/HAP based networks (Fig. 5.29
right) were used to prepare scaffolds for the regeneration of large bone segmental defects in rabbits
(Fig. 5. 33). The MSCs attached to the scaffold are shown in Fig. 5.31. in the SEM micrograph as well
as in an immunofluorescence snapshot (Fig. 5.32 right), clearly documenting the biocompatible
character of our scaffolds, which are currently successfully utilized in animal testing and being

prepared for human clinical trials (Fig. 5.33.)
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collagen

Fig. 5.29. SEM micrographs of freeze-dried neat collagen (left) and coll/HAP (right) networks. SEM revealed
significant differences in both the size and size distribution of pores and wall structure.

Fig. 5.30. Photograph of the newly formed hyaline cartilage in a condyle defect in miniature pig after 16 weeks
healing period (arrow). The defect was treated with porous neat collagen scaffold seeded with 2 x 10° MSCs

(courtesy of Professor A. Necas, VFU Brno).
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Self-assembled Coll/HAP scaffold
with MSMs Osteocalcite after 28 days

1.5um

(c)
Fig.5.31. (a) SEM micrograph of the freeze-dried self assembled coll/HAP network scaffold seeded with MSCs
clearly showing MSC attachment in the direction of collagen fibril orientation. (b) Ex vivo osteocyte secreted
calcite after 28 days at 37 °C at pH 7. (right, courtesy of doc. A. Hampl, MU Brno). (c) ESEM micrographs of a
natural bone tissue near the growth plate of a femur bone (courtesy of Prof. P. Hansma, University of California

Santa Barbara, USA).
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Fig. 5.32. Imunofluorescence of Dil marker on membrane chondrocytes differentiated from seeded MSCs on
collagen/HAP scaffolds seeded with allogenous MSCs (arrows, magnification 400x) (courtesy of Professor A.
Necas, VFU Brno).

Fig. 5.33. Photograph of freeze-dried porous Coll/HAP scaffold (left) prior to MSC seeding. The Coll/HAP scaffold
seeded with 2.6 x 10° MSCs prior to insertion during surgery to repair segmental defect in a rabbit (middle) and
the scaffold after placement in tibia defect fixed with titanium plate (right) (courtesy of Professor A. Necas, VFU

Brno).
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6 Conclusion

Tailored biomaterials with tunable functional properties are desirable for many applications
ranging from drug delivery to regenerative medicine. To improve the ability to predict and “tailor”
custom patient properties and functions of biopolymer materials, multiple design parameters need
to be considered, along with appropriate models.

Rheological experiments were conducted employing an AR-G2 rheometer with a 2° cone and
solvent trap in several modes. First, the linear viscoelastic region (LVR) was determined by
establishing a strain interval, where G’ was independent of strain. The strain 1% was selected, which
is in good agreement with other published data. Also, the usual daily strains of bone are approx.
0.3%.

The effect of matrix composition and HAP content on the shear storage modulus of the Co/HAP
nanocomposites considered for manufacturing of porous scaffolds for bone tissue engineering has
been investigated at 37 °C. The results showed that adding the HAP nanoparticles in both Co(0.5) and
Co(1) resulted in several fold increase in the storage modulus greatly above the predictions based on
simple volume replacement micromechanics models. Hence, the proposed molecular reinforcement
mechanisms are based on stiffening the worm like collagen chains via interactions with HAP
nanoparticles resulting in retarded reptation in the vicinity of nanoparticles causing effective
shortening of the rubbery network chains and percolation of HAP nanoparticle confined chains. This
model provides reasonable framework for qualitative explanation of the observed concentration
dependences of the storage modulus. Above v=0.1, the experimentally measured modulus
negatively deviated from the predicted trend which has been attributed to the preferential
interaction between the collagen C-termini and OH- groups of HAP resulting in their depletion. This
caused deterioration of the network structure and, thus, reduction of its modulus. This fundamental
finding can have implications in understanding the observed optimal HAP content in natural bone
tissue.

The kinetics of self-assembly was studied using dynamic oscillatory shear time sweep rheology,
following the time evolution of the viscoelastic moduli. The self-assembly proceeded as described in
literature, initiated by a lag phase (nucleus formation), followed by a growth phase accompanied by a
steep increase in the storage modulus, suggesting the formation of an elastic collagen network. The
nHAP did not enhance the value of this elastic modulus significantly, but facilitated the earlier onset
of self-assembly through weak physical interactions. Also, in samples with nHAP/coll ratio higher
than 1, a structure resulting from the presence of an abundance of nHAP with a high modulus was
formed and broken down during the first 500 s. Lower plateau self-assembled moduli were reached

as self-assembly progressed.
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All collagen solutions showed shear-thinning behavior fitted well by flat exponentials, which is in
agreement with published research. The viscosity dependences were extrapolated towards zero
shear rate in order to determine the effect of composition. Also the decrease in viscosity (extent of
shear thinning) was calculated and related to the nHAP content. The zero shear rate viscosity
increased exponentially with increasing collagen concentration. In 2,4coll0,3HAP, the viscosity was
increased substantially by the nHAP addition, however in larger quantities, the nHAP did not
contribute to larger viscosity values. Also in 2,4coll0,3HAP, the extent of shear thinning was
decreased, whereas in samples with higher nHAP content, this was not observed.

3D porous scaffolds were prepared by freeze-drying the coll/HAP nanocomposite hydrogels of
different composition. Scaffolds with structure optimized based on results of this Thesis were utilized
in treating defects in large joint cartilage in miniature pigs and for the regeneration of large bone

segmental defects in rabbits.
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7 List of abbreviations

AFM atomic force microscopy

ATP adenosine triphosphate

BPM biological protein material

CLSM confocal laser scanning microscopy
coll collagen

ECM extracellular matrix

FE finite element

FTIR Fourier-transform infrared (spectroscopy)
HAP hydroxyapatite

HB hydrogen bond

IPN interpenetrating network

ITD intertubular dentin

LAOS large amplitude oscillatory shear
MD molecular dynamics

nHAP nanohydroxyapatite

NMR nuclear magnetic resonance

NP nanoparticle

PBS phosphate buffered saline

PG proteoglycan

PTD peritubular dentin

SA self-assembly

SEM scanning electron microscopy

TC tropocollagen

TE tissue engineering

TEM transmission electron microscopy
XRD X-Ray diffraction
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9 Annex

9.1 Determining the linear viscoelastic region

9.1.1

Individual neat collagen solutions
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Fig. 9.1. The LVR was found to be reliably in the interval between 0,1% and 10% strain. Above 10% strain, shear
stiffening behavior was observed, followed by a destruction of the self-assembled structure accompanied by a
loss of mechanical properties
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9.1.2

Individual collagen + nHAP solutions
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Fig. 9.2. The LVR determined for the solutions containing HAP was similar to the neat collagen solutions,
however the strain stiffening was observed to a smaller degree.
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9.1.3 The effect of nHAP content on G’ and G”
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Fig. 9.3. The effect of nHAP content on the strain dependences of the viscoelastic moduli for all the investigated

coll/HAP system compositions.
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9.1.4 Summarization
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Fig. 9.4. The data demonstrate that regardless of the composition, the LVR is maintained approximately the
same in all cases, the only slight deviation was the sample 0,6coll2,1HAP, where the behavior was less regular.
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9.2 Kinetics of network gelation

9.2.1

Individual neat collagen solutions
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Fig. 9.5. The evolution of the viscoelastic moduli through time. It appears that with decreasing concentration,
the initial lag phase is shortened and the growth phase steeper. The viscoelastic moduli values increase with
increasing concentration, as expected and in agreement with published results.
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9.2.2 Individual collagen + nHAP solutions
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Fig. 9.6. The evolution of viscoelastic moduli in collagen | solutions containing nHAP. In the presence of a large
amount of nHAP such as in 1,2coll1,5HAP or 0,6coll2,1HAP, the formation of a weak physical temporary
structure with large moduli and its breakdown due to the dynamic oscillatory shear forces within the first 500s
is observed.
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9.2.3 The effect of nHAP content on G’ and G”
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Fig. 9.7.The effect of nHAP addition on the time evolution of viscoelastic moduli for all studied coll/HAP system
compositions.
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