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1 Introduction

1 Introduction

A hierarchical structure, in terms of composition and architecture, represents an
important functional feature inherent of tissues in the human body, including the
musculoskeletal system1'2. The ambition to regenerate damaged tissues by cellular
approaches is the motive behind the discipline of tissue engineeringS. Since
dedicated two dimensional cell culture is unable to recreate the complex structural
properties of cell environments*, approaches in three dimensions (3D) are favoured®.
Therefore, 3D cell carrier matrices, namely scaffolds, are engineered to resemble the

native cellular environment and to act as an artificial extracellular matrix.

Many different strategies to address musculoskeletal defects have been researched
intensivelyﬁ. Due to the similarity with native environments, the use of biodegradable
hydrogels is especially promisingY. Moreover, the desired regrowth of functional
tissue occurs to replace the degrading biomaterial, which is the ultimate goal in tissue
engineerings. In order to be used as scaffolds, hydrogels are conventionally

1213 404

processed to gels®, fims'®, fibre meshes'!, stacked lattice structures
sponges'®. Some of these processing techniques produce scaffolds with
interconnected porosity; a mimicking of compositional differences in the tissue and its
mechanical properties is attempted too. But still, the ability to mimic the sophisticated
hierarchical organization of functional tissue is yet to be achieved'® when the
scaffolds are seeded with cells. However, the required extent in mimicking the
complexity of natural extracellular matrix remains a key question for biomimetic
materials'®. Most of the modern synthetic biomaterials represent “oversimplified”
mimics of these native cell environments, lacking the essential spatial complexity of

the latter'’.

While films and meshes bare obvious, production conditional limitations to serve as
matrices with larger extensions in all three dimensions, dense gels commonly do not
feature a porosity in the micrometer range, which would allow a proper cellular
migration and nutrient supply inside larger structures. Currently, additive
manufacturing approaches of hydrogels are either working with the extrusion of thick
strands'®, or are facing difficulties with extending the third dimension in the range of

multiple millimeters'®. If they are applied for the creation of larger 3D scaffolds,

1



1 Introduction

only box like pores with diameters in the range of several hundred micrometers are
producible. Furthermore, common sponge matrices exhibit the desired
interconnected pore structure with various possible pore sizes®’, but they do not

reproduce the anisotropic character of many native tissues.

The hypothesis that a closer approximation of the hierarchical, compositional and
structural anisotropic, properties of musculoskeletal tissues would lead to an
improved cellular response and thus a better healing quality appears obvious.
However, an evaluation of this hypothesis remains problematic using established
fabrication processes, since the resulting scaffolds lack the required degree of
mimicry.

Nevertheless, cell carrier matrices, featuring a controlled internal macro- and
microstructure that allow the transport of oxygen and nutrients deep into the scaffold
are demanded. In order to facilitate a direct use for regenerative therapies, these
should also possess the ability to promote cell attachment, growth and proliferation?’.
Furthermore, a scaffold pore size of approx. 80 um is thought to be beneficial for
holistic cellular infiltration??. Directional solidification of collagenous hydrogels
appears to be a promising candidate to meet this need, since collagen represents a
mayor constituent of native cellular environments. Additionally, an anisotropic
porosity would address the structural properties of many tissues as well as the
mentioned cellular migration and supply. One component sponges with unidirectional
porosity have already been fabricated by controlled freezing of collagen | solutions?>.
In this approach, porous matrices were produced by directional growth of ice crystals
and subsequent, lyophilisation. But a mimicking of the compositional changes that
are occurring inside many parts of the musculoskeletal system may not be addressed
by this method.

Therefore, the key challenges of this thesis are: The development of a new,
solidification based procedure for the production of hierarchical scaffolds. These
scaffolds should feature an anisotropic porosity and zonal compositions that mimic
the structural architecture and the biochemical components of the native extracellular
matrix. Subsequently, their effect on cells in tissue engineering applications is to be

used for the validation of the above mentioned hypothesis.
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Initially, the state of the art has to be researched concerning components, structure,
function and existing tissue engineering approaches of bone, osteochondral and
meniscus tissue. Different crosslinking methods of hydrogels and solidification
phenomena are to be considered additionally (Chapter 2). Collagens and calcium
phosphates have to be prepared to serve as raw materials. Therefore, isolation
and purification protocols of collagenous materials need to be established
(Chapter 3).

Furthermore, the scaffold production by directional solidification shall be build up as a
field of research activity. A production of scaffolds, which may be applied in multiple
parts of the musculoskeletal system, requires a high versatility in the fabrication
process that is to be developed. Due to this fact, a solidification apparatus needs to
be devised, evaluated and optimized so that it facilitates a variable control over the
solidification structures and sample dimensions (Chapter 4.1). Furthermore, the used
raw materials have to be examined and the influences of freezing parameters on the
resulting structures have to be investigated and understood (Chapter 4.2).

Moreover, the process should enable the fabrication of scaffolds with different zonal
compositions and pore architectures to mimic the ones of native tissues. In detail,
scaffolds for bone (Chapter 4.3), meniscus (Chapter 4.4) and osteochondral
(Chapter 4.5) applications should be developed. The resulting scaffolds are to be
characterized by material scientific methods (Chapter 3.5). Among these
investigations, especially pore structure, composition, degradation and mechanical
behaviour of the produced matrices are to be considered. Supplementary to this,
properties of the solidifying precursors, cytokine release kinetics and a scaffold
modification by electrostatically spun fibres and 3D printed calcium phosphates
should be addressed.

Musculoskeletal tissues, like articular cartilage, are commonly mechanically tested by
unconfined or confined compression24. Due to incorrect results by negligence of
change in cross sectional area during unconfined measurements, a measurement in
liquid under confinement is to be preferred. Conventional confined, porous
measurement systems that allow a circulation of liquid during testing are known for
problematic sample alterations?®. Thus, the development of a modified confined
compression setup, which overcomes this drawback, represents desirable
(Chapter 4.6). Finally, the biological performances of the scaffolds as well as further

applications of the process are to be presented (Chapters 4.7 and 4.8).

3



2 State of the Art

2 State of the Art

Parts of the following chapter are published analogously within other text documents.
Fractions of Chapter 2.1, Chapter 2.3 and Chapter 2.5 are shared with the diploma
thesis of the author’®; a moiety of Chapter 2.5 may be also found in the Patent
EP2788171A2%.

2.1 Bone and Calcium Phosphates

Bone tissue is composed of cells (osteoblasts and osteocytes) that are embedded in
an extracellular matrix*®, which represents as a hierarchical network assembled from
two major components: collagen | fibrils and hydroxyapatite nanocrystals distributed
along the collagen fibrils. These collagen fibrils feature a length of ca. 300 nm with an
approximate diameter of 1.5 nm, while the plate-shaped hydroxyapatite crystals span
an area around 50 nm x 25 nm with a height between 1.5 nm and 4 nm>>*°. For
human bones, the proportion of the matrix components is commonly about: 35 vol%
of mineral compounds, ca. 37 vol%, of organic components and 28 vol% water>'.
A simplified scheme, depicting the hierarchical structure of bone, is displayed in
Figure 2.1 a) - d). The macroscale arrangements are composed out of compact /
cortical bone at the surface and spongy / trabecular bone in the interior
(Figure 2.1 d)). Trabecular bone features a foam-like microstructure with approx.
100 um thick struts. Compact bone consists of aligned osteons and Haversian
canals, which surround blood vessels (Figure 2.1 c)). Osteons feature a lamellar
channel structure, whereby fibres arranged in geometrical patterns build individual
lamellas. These fibres comprise numerous mineralized collagen fibrils
(Figure 2.1 b)). These fibrils in turn are composed of triple helical collagen molecules
(tropocollagen) and hydroxyapatite nanocrystals which are interlinked by an organic
phase to form fibril arrays (Figure 2.1 a)).

This categorisation might be sufficient for a principal understanding of the bone
structure. However, on a more detailed consideration of the different structural levels
of bone, a significantly more complex organization is revealed (Figure 2.1 e)):
Macro-molecular components assemble structural units, which build arrays that are
arranged in distinct patterns to form a superstructure. At these levels, the

materials feature either an ordered (green) or a disordered structure (blue).
4



2 State of the Art

Above the level of superstructures, ordered and disordered materials are combined
to yield higher structural levels. The colourless box depicts other members of the
bone family which still need to be investigated with respect to the presence of both
material types.

At the level of material patterns, these two materials combine into lamellar bone™?
and parallel fibered bone™. The level of tissue elements corresponds to the lamellar
packets (trabecular bone material), the cylindrically shaped lamellar bone (osteonal
bone), and a fibrolamellar unit (primary hyper-calcified layer), the parallel fibered
bone and the lamellar bone™.

Hydroxyapatite nanocrystals have been reported to be preferentially oriented with
their ¢ axis parallel to the collagen fibrils, while being arranged in a periodic,
staggered array along the fibrils>®>°. If also the disordered bone material is taken into
account, divagating crystal orientations are present too. Those divagations are
attributed to the differently oriented collagen fibrils in the disordered structure and / or
the presence of crystals which are not associated with collagen fibrils™2. Generally,
the orientation of apatite crystals in the bone, seems to be mediated by water through

an amorphous calcium phosphate like layer that coats the crystalline bone apatite34.
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Figure 2.1: Structural organization of bone tissue. a)-d) Simplified scheme of hierarchical organization
from mineralized collagen fibrils (a)) that are forming arrays (b)), which build tissue elements (c))
forming the entire bone (d)) (HA: hydroxyapatite; modified frong). e) Complex organization of bone in
multiple structural levels (I — 1X). These hierarchical levels divide into ordered and disordered
materials, as displayed in green and blue respectively. (c-HAP: carbonated hydroxyapatite; GAGs:
glycosaminoglycans; NCPs: non-collagenous proteins)2

Due to the presence of bone morphogenetic proteins (BMPs) and osteogenic
proteins (e.g. collagen, osteonectin, osteopontin, bone sialoprotein) in the
extracellular matrix, bone tissue features osteoinductive properties®. Osteoinduction
of a material is defined as the ability to induce the formation of new bone
(osteogenesis) by the stimulation of immature cells to develop into pre-osteoblasts®.

Thereby, bone tissue can also been formed at non-skeletal implantation sites.
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Since calcium phosphates (CaPs) represent the majority of the mineral phase of
bone tissue, they are particularly suitable as a material for bone replacement
purposesSY. Besides CaP granules, the use in form of various CaP cements found its
way into biomedical applicationsSB. Hydraulic setting CaP cement materials were

proposed within the early 19805940

and are currently applied as mineral bone
cements. Because of their small mechanical stability, compared to the replaced bone
material, they are used in low load bearing defect sites like craniofacial surgery and
dental applications®'. The reinforcement of CaP cements for load bearing

h*?. These cements

applications represents a significant aspect of current researc
may be tuned to feature controlled drug release capabilities®® or improved
injectability***°. Another field of biomedical application is represented by 3D powder

4647 \which also may be used for drug release.

printed CaPs
Unlike other synthetically produced materials, CaPs show direct and rapid ingrowth
of bone tissue without the formation of fibrillary connective tissue when implanted to
bone™. Although CaPs are sometimes claimed to be osteoinductive, their properties
are more correctly expressed as osteoconductive™. Osteoconductivity is defined as a
surface property, which permits bone growth on the surface or down into
topographical structures (like pores, channels etc.)36. Those “intrinsic” osteoinductive
properties claimed in in vivo experiments are rather to be attributed to topographical
and geometrical features, which allow the entrapment of circulating bone
morphogenic proteins (BMPs) and osteoprogenitor cells®. Therefore CaPs are
generally not to be considered as osteoinductive in the first instance; they are mainly

considered as osteoinductive®.

A degradation or resorption of CaPs in in vitro or in vivo conditions implies cell-
mediated degradation. The cellular activity creates acidic conditions, which affect
solubility and extent of dissolution, respectively (Figure 2.2 a)).The enrichment of the
microenvironment by dissolving CaPs in turn affects the proliferation and activities of
the cells. The concentration increase by release of calcium and phosphate ions
promotes the formation of carbonate apatite which is similar to bone apatite51.

As mentioned above, the degradation behaviour of CaPs is dominantly dependent on
the solubility of the individual phases within the present pH conditions of the
environment. The solubility phase diagram of several CaP phases is displayed in

Figure 2.2 a):
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The presented isotherm curves describe the solubility, expressed as the calcium
concentration of the saturation solution. At a given pH value, a CaP phase, whose
isotherm proceeds below the one of another phase, is less soluble and therefore
more stable. In a pH range between 4.2 and 10.0, as found in physiologic conditions,
hydroxyapatite represents the least soluble CaP phase. For this reason, the main
mineral components of native or artificial CaPs convert over time into (impure)
hydroxyapatite phases in physiological environments, as found in in vitro and in vivo
conditions. These solubility observations are also considered as the major driving

force behind the setting reactions of CaP cements®2.
2.1.1 Brushite

Brushite (calcium hydrogen phosphate dihydrate) represents a resorbable mineral
from the CaP family?, which is also found in minor amounts inside urinary and dental
calculi inside the human body*. Besides this, brushite particles have been reported
to be present inside non-collagenous organic matter around non-mineralized,
ordered collagen fibrils to represent an ion reservoir for subsequent mineralization™.
Brushite can be synthesized by precipitation of hydrogen phosphate ions with

calcium ions in aqueous solutions™®.
HPO,*” + Ca®?* + 2H,0 — CaHPO, - 2H,0 (1)

After this reaction brushite is attained as a white, crystalline precipitate. The crystal
morphologies that occur can be categorized into five manifestations: irregular
crystals, regular and asymmetric crystals, symmetric crystals, twin crystals and
crystallite aggregates. Which of the respective morphologies is mainly produced
depends only slightly on the supersaturation of the solution. The concentrations of
precipitants and the pH represent the most important factors”’.

However, whether the nucleation of brushite occurs in general, is dependent on the
super saturation. A low supersaturation of the solution above a certain critical value is
required for the nucleation of brushite to take place as the first and only phase. If the
saturation point in solutions with lower concentrations (c = 0.05 mol/l) of precipitation

reagents is exceeded, the formation of amorphous CaPs will result®’.
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The pH value necessary for the precipitation of brushite decreases proportional to the
logarithm of the phosphate ion concentration. The higher the concentration of the
precipitating reagents, the wider is the pH range in which brushite nuclei can be

induced’®.

If the crystallization reaction is taking place at a pH value of 5 with high
concentrations of the precipitating reagents, plate-shaped brushite crystallites will
result®. Figure 2.2 b) displays a schematic illustration of a possible appearance of a
plate-shaped brushite crystal. The respective surfaces are crystallographic indexed.
The surface of the plate shaped crystals corresponds to the (010) plane in the crystal
lattice.

A projection of the brushite crystal structure on the (010) crystal plane is shown in
Figure 2.2 c). Corrugated (010) layers of CaPQO4 are separated from each other by
H,O inclusions™. The individual water molecules are aligned in such a way that the
overall dipole moment orthogonal to the surface disappears®’. In the forming crystal
structure, each Ca®" ion is octahedral coordinated. Brushite crystals show bidental
growth characteristics, so that the crystal is most likely to grow the length at the (101)
and the (111) surfaces. These are nearly orthogonal to the [010] direction. Due to the
released energy associated with the integration into the crystal lattice, the crystal
growth occurs preferably by formation of the strongest bonds. These run mainly
along the (010) surfaces of the crystal54. Therefore, the surface growth mechanism of
brushite is highly anisotropic. The (010) surface shows a screw dislocation growth
mechanism, while other areas almost exclusively grow by surface nucleation®’. This

results in preferential growth morphology of plate shaped crystallites.

Since the biologically mediated resorption of brushite in vivo proceeds complete or at
least extensively5g, it was chosen as the appropriate CaP phase for fabrication of fully
resorbable scaffolds in this thesis. As explained above, brushite converts into
hydroxyapatite phases under physiological conditions. Commonly this conversion is
occurring via an intermediate phase of octa-calcium phosphate® (OCP in
Figure 2.2 a)).
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2.1.2 Hydroxyapatite

Biological apatite represents the main mineral constituent of bone and teeth tissue®.
This form of hydroxyapatite is represented by a poorly crystalline ion-substituted CaP
phase, whereby calcium often is substituted by carbonation®'. Since sintered
hydroxyapatite shows a very slow degradation rate under physiological conditions, so
that the bulk of implants persists within the body for years after implantation®,
precipitated hydroxyapatite crystals, that show a comparably faster degradationGS,
were used within this thesis.

Besides the use for biomedical applications, hydroxyapatite is also employed for
catalysis, fertilizers, pharmaceutical products, chromatography, and water
treatment®. Alternatively to other production methods (solid state reactions, plasma
techniques, crystal growth under hydrothermal conditions, layer hydrolysis of other

64,65
)

calcium phosphate salts, and sol-gel crystallization , hydroxyapatite can be

produced precipitation reaction (modified from literature®®):
6 HPO,*™ 4 10 Ca%* 4+ 20H+6 H,0 — Ca,,(P0,)s(OH), + 6 H;0™. (2)

In this representation, hydroxyapatite is displayed as Ca,,(P0,)s(0OH), to indicate,
that the elementary cell of the crystal lattice contains two Cas(P0,);(OH) units. This
reaction is favoured by an increase in temperature. Since the pH value decreases
during the precipitation reaction, the addition of basic agents is necessary to maintain
the pH value at a constant level. A lack of pH control could result in nonstoichiometric
apatites%.

The resulting crystals are formed by a nucleation — aggregation - agglomeration
growth process, whereby especially the aggregation is ruled by surface energy
minimization®”. The schematic crystal structure of hydroxyapatite is depicted in
Figure 2.2 d), as a projection onto the {0001} crystal plane. It may be described as a
three-dimensional tetrahedral network of PO4> groups, which are interlinked by
columns of nine fold coordinated “Ca1” atoms. This network is penetrated by
channels containing triangles of sevenfold coordinated “Ca2” atoms.®° By substitution
of PO,> by CO5%" and of OH by COs2" or CI" or F inside the crystal lattice, non-
stoichiometric forms of hydroxyapatite are obtained®. Additionally, numerous other

ionic substitutions may take placeﬁ4.
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All of these substitutions can already occur during the precipitation reaction, so that
special choices of environments and reactants® may be made in order to obtain a
stoichiometric hydroxyapatite with a Ca : P ratio of 1.667. Hydroxyapatite crystals
also feature a certain adsorption potential for divalent cations, which may be
incorporated in the crystal lattice to build new mineral phases. This way, heavy metal

ions can be removed from aqueous solutions®”.
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Figure 2.2: Solubility isotherms and crystal structures of calcium phosphates. a) Solubility isotherms
at 25 °C*. HA (hydroxyapatite), DCPA (dicalcium phosphate anhydrous / monetite), DCPD (dicalcium
phosphate dihydrate / brushite), OCP (ocatcalcium phosphate), a-TCP (a-tricalcium phosphate), B-
TCP (B-tricalcium phosphate) and TTCP (tetracalcium phosphate). b) Schematic illustration of the
crystal planes of brushite” . c) Projection of the brushite crystal structure on the (010) crystal pIaneE4.
d) Projection of the crystal structure of hydroxyapatite onto the {0001} crystal planesn.
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2.2 Collagens and Cartilage

Prior to the production of cartilage substitute materials, a consideration of the natural
conditions i.e. the structure and peculiarities of cartilage tissue is indicated.
Originating from the mayor components of the extracellular matrix in cartilage, this
chapter will give an insight into articular cartilage and meniscus tissues. Both
represent important constituents of the musculoskeletal system, which often need to
be addressed in surgical proceduresmﬂ_

Collagen embodies the main component of the non-aqueous parts of the extracellular
matrix in cartilage tissues and features a hierarchical structure which is expressed
over several length scales’’>". Inside the body it is used to maintain the structural
integrity of numerous functional units”>"*. Essentially, collagen may be considered as
a long polypeptide of amino acids which is referred to as a protein. An exemplary
primary structure of a polypeptide chain is depicted in Figure 2.3 a). The peptide
bond is to be considered as stiff and planar due to mesomeric effects, but in between
the peptide bonds a rotation is possiblem. During the biosynthesis of collagen also
disulphide links influence the formed structures’®.

Thereby, the formation of a secondary structure in form of a left-handed helix, with
three residues per circulation, may occur’® (Figure 2.3 b) left). The collagen protein
structure features a unique, repeating tri-peptide-sequence out of glycine and two
further amino acids™’”. An identical helix is depicted again beside the ball stick
model in form of a calotte model. Three of those helices combine to a right-handed
triple helix (Figure 2.3 b) middle), which is also referred to as “tropocollc—zgen”78 or
collagen fibers. The combination between the respective molecular amino acid
sequence and helical secondary structure determines which sequence parts of the
collagen fibril are buried inside, or accessible to the extracellular matrix and cells’.
An illustration of this is given at the right hand side of Figure 2.3 b). Here, a
horizontal cross section of the alongside standing triple helix is presented where the
red coloured residues of the amino acid glycine are buried inside the triple helix’.
Depending on the sequence of amino acids that are bound together to
form the polypeptide chains, they are denoted as numbered “a chains’.
The common collagen | molecule, which is found in skin, bone and tendons, is build

up out of two a1 type | chains and one a2 chain (designated as [a1(])],a2),
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while the collagen |l molecule, which is predominately found among cartilage tissues,
consists of three a1 type Il chains (designated as [c:1(||)]3)30.

Slight differences on the molecular level may lead to significant different properties
and behaviour of the respective collagens. A variating combination of 18 amino
acids’? leads to 28 different forms of collagensm. Although all collagens feature
anisotropic viscoelastic proper‘tiesg'73‘81, some tend to form fibres and fibrils, while
others do not show this behaviour’>®2. The collagens | and Ill form fibres which can
be found in tendons or blood vessels®® while cartilage fibrils are heterotypically
assembled from collagens 11, IX and XI3.

Although all the mechanisms that are responsible for elastic energy storage in

collagenous tissues are not entirely understood’’

, a considerable proportion of the
dampening behaviour in cartilage tissues is to be attributed to the presence of
glycosaminoglycans (GAGs) and their attached sulphate groups, respectively. In
cartilage tissues, the GAGs are predominantly found as proteoglycan aggregates
(Figure 2.3 c)): Bottle brush like structures are formed by non-covalent attachment of
the core protein aggrecan to a hyaluronic acid backbone via link proteins. Each
aggrecan molecule bares covalently attached keratan sulphate (displayed blue) and
chondroitin sulphate (displayed orange) molecules’. Here, chondroitin sulphate
represents the most abundant GAG. Proteoglycans are large (~1*10° Da) hydrophilic
molecules that can entrain 50 times their weight of water in free solution®. In the
hydrated state, the negatively charged sulphate groups repulse themselves
mutually®®, which generates a resilient force upon mechanical displacement relative
to each other. In addition to this, they attract many positive counter-ions, which
further enhances the ability of the tissue to resist compressive loads®. This
mechanism is also referred to as osmotic properties of cartilageSY. The bio-
characteristics of GAGs include binding and modulation of growth factors and
cytokines, as well as the inhibition of proteasessa. Furthermore, GAGs have been

implicated to be involved in the migration, proliferation and differentiation of cells™.

Due to its relevance for cartilage functionality, the structural composition of a
cartilage fibril is considered in more detail (Figure 2.3 d)): A core of quarter-
staggered collagen Xl triple helices (inner cylinder) is enclosed by collagen Il triple
helices (outer cylinder) to form a fibril. On the surface, partly helical collagen IX

molecules are attached, whereby non-helical domains are represented by spheres.
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Chondroitin sulphate chains (illustrated by polygons) are attached to some of these
non-helical domains.®?® Within the cylindrical displayed fibril, the individual ends of
triple helices are separated to each other by regular gapsao‘az. The overlap of

individual triple helices is responsible for the characteristic cross-striation patterns,

with a periodicity of 64-67 nm”>, which may be observed in electron microscopic
80,90,91

investigations of native collagen fibrils

Figure 2.3: Hierarchical structure of collagenous cartilage fibres and fibrils. Collagen peptide chains
(a)) assemble to triple helical collagen fibres (b)). Together with glycosaminoglycans (c)) they build up
the majority of the extracellular matrix in cartilage tissues. Cartilage fibrils are formed from fibres of
collagen Xl, which are surrounded by collagen II; on the outside, glycosaminoglycans (displayed as
polygon chains) are attached through collagen IX molecules (d)). (a), b) and c¢) adopted and modified
from pages 154, 164 and 338 of literature & copyright 2009 with permission of Springer; d) adopted
from literature BE')
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Based on such cartilage fibrils, different manifestations of cartilage tissues may be
found. Depending on the respective structure and composition, hyaline cartilage,

elastic cartilage and fibrocartilage are distinguishedsa’w.

2.21 Osteochondral Tissue

Articular cartilage represents as a member of hyaline cartilage. Hyaline cartilage
contains per definition®? only collagen Il, as well as minor amounts of collagen IX and
X1"; therefore it is distinguishable from other cartilage tissues. Due to its viscoelastic
properties, it ensures a uniform force transmission between the joints®. Its structure
and composition locally reflect special mechanical properties®. The joint cartilage
can be structurally divided into two zones:

The chondral zone serves essentially as an elastic buffer, while the subchondral
zone represents a transition from cartilage to bone tissue. These two different zones
may be observed within Figure 2.4 a), where a hematoxylin staining of an articular
cartilage cross section from the trochlea joint is displayed%: The upper brighter part
represents the chondral zone, while the dark ribbon in the downer part depicts the
calcified subchondral zone, which is merging into the bone. A more detailed
investigation shows the presence of more or less aligned holes throughout the tissue.
These holes are attributed to associations of cartilage cells, so called chondrocytes,
which are not individually displayed due to preparative issues related to the staining.
Depending on the location inside the cartilage they are arranged in clusters, so called
chondrons, composed of 1-13 cells®*. The tissue in between the chondrons is
primarily responsible for the mechanical properties of cartilage and is called inter-
territorial matrix®. Upon consideration of the spatial alignment of this inter-territorial
matrix and the chondrons, a columnar alignment, approximately perpendicular to the
joint surface, is to be found in dominant volume parts of both cartilage zones
(Figure 2.4 a).

An even more detailed contemplation of the cartilage tissue reveals that it comprises
stratified zones where resident chondrocytes differ in morphology and biosynthetic
activity®®. Usually it is subdivided into a tangential zone (“s” in Figure 2.4 b)), a
transitional zone (“m” in Figure 2.4 b)) and a radial zone (“d” in Figure 2.4 b)) with
cartilage columns orthogonal to the surface®. The nomenclature is representative of

the preferential alignment of the collagenous fibres inside the tissue zones in relation
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to the joint surface. As illustrated in the left part of Figure 2.4 b)%", flat cells in
horizontal chondrons are found in the superficial zone (s), while round cells are
present in columnar chondrons in the deep zone (d). The orientation of the collagen
fibores remind on the architecture of gothic cathedrals®. These are indicated by
dashed blue lines that proceed parallel to the surface in the superficial zone and
perpendicular to the subchondral bone in the deep zone”. In average, a mean
thickness of ca. 0.2 mm for the superficial, ca. 0.6 mm for the middle and ca. 1.1 mm
for the deep chondral zone was reported®. The so called “tidemark™® separates the
chondral from the subchondral zone and is indicated as bright blue line in left hand
side of Figure 2.4 b).

Together with the compressive modulus, the GAG content increases from the
superficial to the deep zone, as shown by EPIC- micro computer tomography (p-CT)
in the right hand side of Figure 2.4 b)?". Collating literature results®”'%'%? the GAG
concentration inside the cartilage zones may be summarized as follows: inside the
superficial chondral zone no or only negligible amounts of GAGs are found. In the
middle chondral zone ca. 15 % and in the deep chondral zone ca. 20 % of the
cartilage’s collagenous dry weight (cdw) is present as GAGs, respectively. Of cause
these represent approximate numbers, since the individual amounts change with

100

age'%? and degeneration'® of the cartilage. This depth-wise increase of spatial GAG

99,101 103

concentration in cartilage is also described as a decrease in collagen density .
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Figure 2.4: Structure of osteochondral tissue. a) Hematoxylin staining of articular cartilage from
trochlea™ showing predominately a columnar organization within the chondral and subchondral areas.
b) Left: Schematic illustration of the zonal architecture of osteochondral tissue in superficial (s), middle
(m) and deep (d) zones. Blue dashed lines indicate preferential directions of collagen fibres. Right:
Glycosaminoglycan (GAG) content according to EPIC-p-CT.QT
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Articular cartilage shows the lowest volumetric cell density of any human tissue;
chondrocytes occupy only about 1 % of the total volume, while the remaining 99 %
are consisting out of the previously described extracellular matrix, which has been
produced by them'™. Chondrocytes originate from mesenchymal stem cells (MSCs)
that are found in the bone marrow®. During embryogenesis, the MSCs start to
differentiate into chondrocytes and secrete a cartilaginous matrix whereby they
continue to divide. But when they reach the state of mature chondrocytes, they are
unable to proliferate and show only a very limited migration potential because of a
complete enclosure in extracellular matrix™®.

Due to this fact, in combination with the avascular nature of this tissue and the lack of
access to potent reparative cells, articular cartilage bares a very limited ability for cell
renewal and tissue regeneration; therefore, defects are usually irretrievable'®”.
Although, there is a minor potential for tissue repair, the build fibrocartilage'®
represents only a suboptimal solution, since its biochemical and mechanical
properties do not equal those of native cartilage, resulting in a gradual failure and
subsequent erosion'?”’. Thus, articular cartilage defects only heal poorly and lead to

catastrophic degenerative arthritis '%.

Although the material properties of cartilage may be investigated by several methods,
they are commonly determined by confined compression testingBB. This compression
testing under lateral confinement is typically performed using porous platens or
indenters for compression and or bedding together with a non-permeable

confinement %114

. Thereby, the compressive modulus of human glenohumeral
cartilage was determined to ca. 0.1 MPa'™. Noticeably, the compressive modulus of
bovine articular cartilage was demonstrated to be significantly higher for immature

cartilage (ca. 0.40 MPa) than for mature articular cartilage (ca. 0.26 MPa)"™*.

2.2.2 Meniscus Tissue

The meniscus inside the knee joint represents as a fibrocartilage''. In contrast to
articular cartilage, which contains almost exclusively collagen Il, meniscal
fibrocartilage is predominately made up out of collagen |, which distinguishes the

fibrocartilage of menisci from hyaline cartilage85.
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Analogously to articular cartilage, the material properties of menisci are determined
by their biochemical composition and by the organization and interaction of the major
tissue constituents: water, proteoglycans, and collagenSS.

Being located in the medial and lateral areas of the joint between the femoral condyle
and tibia plateau, the menisci may be subdivided into two areas of different
composition“G. While the inner third (IM in Figure 2.5 a)) appears more like hyaline
cartilage regarding gross appearance and histological examination, the outer two-
thirds (OM in Figure 2.5 a)) are fibrocartilaginous''®. Makris et al.''” also described
the inner meniscus zone (IM) as the “white white zone” and the outer meniscus zone
(OM) as the “red red zone”. The dry weight content of collagens inside the meniscal
zones, were found to be approx. 70 % for the IM and ca. 80 % for the OM"'®1"7.
While the IM bears a collagenous composition of 60 % collagen Il and 40 %
collagen |, collagen | is predominantly found inside the OM with other collagen
variants (type I, Ill, 1V, VI, and XVIIl) present at less than 1 %'"%"?° The entire
extracellular matrix is composed primarily of water (72 %) and collagen (22 %);
proteoglycans, non-collagenous proteins and glycoproteins account for the remaining
Weighm.

Meniscus tissue features a highly oriented collagen ultrastructure, which makes the
tissue anisotropic in tension, compression and shear®®. The complex architecture of
the meniscus in three distinct cross section layers has been described by Petersen et
al.'?2: The tibial and femoral meniscus surfaces are covered by a fibrillary meshwork.
Underneath, a layer of lamella-like collagen fibril bundles is found. Collagen fibrils,
which are arranged in a radial direction, proceed in the external circumference of the
anterior and posterior segments, while collagen fibril bundles intersect at various
angles in all other parts. The dominant fraction of collagen fibrils is located in the
central region of the meniscus. Here the collagen fibril bundles are orientated in a
circular manner (Figure 2.5 b)m. In other words, parallel to the peripheral border,

121

the collagen fibers are oriented circumferentially < assembling a lamellar network

over the majority of the meniscus tissue.
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Figure 2.5: Structure of meniscus tissue. a) Zonal composition of meniscus tissue in a hyaline

cartilage-like inner meniscus zone (IM) and a fibrocartilage-like outer meniscus zone (OM)”G. b)

Lamellar inner fibril texture of the meniscus'%.

During development, the menisci are formed between joint surfaces of femur and
tibia by condensation of an intermediate layer of mesenchymal tissue, which is

121 |n coherence with the

building attachments to the surrounding joint capsule
hyaline and the fibrocartilaginous nature of the inner and outer meniscus zones, also
the presence of GAGs changes throughout the meniscus. According to the literature,
the GAG content, measured as cdw, accounts up to 10 % for the inner and less than
1 % for the outer meniscus zone, respectively115’121. More precise sources reported
values of 2 % cdw GAGs for the IM and 0.8 % cdw GAGs for the OM'*. Thereby
chondroitin sulphate represents as the most abundant GAG in all zones, accounting
for about 80 % of all GAGs in the inner and 50-56 % in the outer zone'?>.

The developing menisci are highly cellular and vascular, with the blood supply
entering from the periphery and extending through the entire width of the menisci, but
within mature menisci only the peripheral 10 % to 30 % have blood supply'?'. The
cells of the menisci are referred to as “fibrochondrocytes” since they represent a

mixture of fibroblasts and chondrocytes in their appearance120‘124.

Meniscal tears are the most common knee injuries and have a poor ability of healing.
Since the meniscus consists of a vascularized part at the outer seam and an inner
avascular part, lesions of the vascularized area have the greatest capacity for repair.
Meniscal tears are usually located in the inner avascular zone of the meniscus and
are unable to heal by themselves'?. Furthermore, long persisting damage leads to
joint degeneration which may manifest as osteophyte formation, articular cartilage

degeneration, joint space narrowing and symptomatic osteoarthritis '
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Osteoarthritic menisci show an increased expression level of collagen | and Il genes
when compared to healthy tissue, but the cellular matrix synthesis is only modestly
enhanced'®. A severe decrease in collagen content within the entire meniscus,
suggesting an increased collagen-degrading enzymatic activity, was observed in

osteoarthritic menisci'?’.

2.3 Tissue Engineering of Bone and Cartilage

Since the technologies available currently, or in the near future, are most likely not
able to compete with the highly complex native tissue structures described in the
previous chapters, the use of autografts (healthy tissues that are harvested from the
patient to replace damaged parts) is still to be considered as the gold
standard™%'%*'%9 But due to a lack of availability in combination with surprisingly
high failure rates, alternatives are needed®'?”. Allografts and xenografts (tissues that
are harvested from cadavers of the same species or from different species to replace
damaged parts) are alternatively applied, but they bare problematic issues due to
immunological reactions and disease transmission potential in combination with poor
repair results and even higher failure rates than autografts'®’-'2%'30  Therefore the
discipline of tissue engineering is seeking to fulfil the demand for functional tissue
replacement by a combination of scaffolds, suitable cells and an appropriate
environment™".

Tissue engineering requires highly porous scaffolds to host mammalian cells while
guiding tissue growth and regeneration in 3D"*2. Because of their lack in mechanical
properties in combination with a common absence of interconnected channels,
existing three-dimensional scaffolds are considered “less than ideal” for actual
applications'®2. This is reasoned by the fact that tissue ingrowth affecting factors like
pore size, shape and tortuosity are insufficiently controlled when established
processing techniques are used'*?. Therefore a need for new manufacturing

methodologies is present132

since conventional biological tissue culture may not fulfil
the tasks of engineered production processe521.

As reviewed recently, inherent material properties may be engineered to dictate stem
cell fate decisions™. Although stem cells react to multiple material inputs
simultaneously, the variety of potentially relevant material properties aggravates the

control of material-induced stem cell responses in complex microenvironments'>>.
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A desirable approach in scaffold design has to be able to fabricate hierarchical
porous structures in order to create the required mechanical function and mass
transport (permeability and diffusion) propertiesS. Furthermore, the approach has to
enable the production of scaffolds with arbitrary complex three-dimensional
anatomical shapes5. The underlying mechanisms, on which tissue specific
reconstruction and the regeneration of functional tissue rely, are yet not well
understood and the importance of the interplay between the scaffolds composition
and structure is controversy discussed'**. But there is reasonable evidence to

confirm that structural’®

and functional properties play essential roles for the
biological response’*.

Consequently, anisotropic and hierarchical build tissue mimetic scaffolds are
presumed to be beneficial for the healing performance, but the realization of an
adequate scaffold fabrication process is still lacking. Since a description of all of the
numerous relevant approaches in musculoskeletal tissue engineering is way beyond
the scope of this thesis, only the ones with close relations to the developed scaffolds
are addressed. Therefore, selected strategies and issues for tissue engineering with
the focus on bone, osteochondral and meniscus tissue will be presented in the

following paragraphs:

Alginate as Hydrogel for Tissue Engineering
The anionic polysaccharide alginate is produced by brown algae for the commercial
use and is widely applied within the field of biomedical applications136’137. Besides the

use as encapsulation polymer138 or bead'”’

in cell culture, it is applied in the form of
fibre meshes ™%, fiims'*' and 3D scaffolds'** for tissue engineering applications. In
particular, alginate is also used for osteochondral scaffolds'*®. By blending with other
polymers also high performance materials may be created'®.

Alginate represents a high molecular weight copolymer of B-D-mannuronic acid (M)
and a-L-guluronic acid (G) in 1,4-connection'**. These monomers assemble into
blocks, which in turn form macromolecular sequences (Figure 2.6 a)). For the use as
hydrogel, alginate is commonly transferred from the sol to the gel state by
complexation. Possible geometric arrangements of alginate bonding with divalent
metal ions (M) forming a chelate complex are shown in Figure 2.6 b). A chelate
complex bond within an alginate chain leads to a planar geometry, as it may

be observed in the left hand side of the scheme. If two alginate chains
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or one curved chain are bound by a chelating ion, non-planar geometries are
resulting as depicted in the middle and right part of the figure145. Within the chelate
complex bonding with divalent cations, such as the Ca”*-ion, the central ion is usually
eightfold coordinated. The bonds, which do not connect to carboxyl or hydroxyl
groups, are known to coordinate with water'*°. The formation of a complex bond can
take place with several different divalent cations. However, the strength of the

chelate complex bonding varies with the metal ion involved'®.

A possible
arrangement of antiparallel running alginate chains which are bound together by the
presence of divalent cations is depicted in Figure 2.6 c). Hereby, the black spheres

represent complex-forming cations.
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Figure 2.6: Molecular structure of alginate. a) Sodium alginate is composed out B-D-mannuronic acid
(M) and a-L-guluronic acid (G) in 1,4-connection, which form an unbranched binary copolymerm.
b) Chelation of divalent metal (M) alginate complexes”S. c) Van der Waals structure of cross-linked,
anti-parallel and helical arranged alginate chains (Adapted with permission from Literature 146
Copyright 2001 American Chemical Society).
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In the resulting gel structure, the complex bound alginate molecules are oriented
parallel to each other'’. The reaction of a calcium ion with sodium alginate may be

formally described in the following manner:
2 NaAlginate + Ca?* & Ca (Alginate), + 2Na*t (3)

The process is reversible, so that the equilibrium is shifted to the left hand side of
equation 3 on addition of monovalent ions, which leads to a reaction back to the sol
state and thus the dissolution of the gel structure. This feature is responsible for the
degradation behaviour of the gel structure in vivo by ion exchange'*'.

A diffusion of polyvalent cations in alginate solutions may lead to the formation of a
primary membrane, followed by the separation of gel phase and deliberated water'.
The process of polyvalent cations diffusing unidirectional into an alginate sol is
described as ionotropic gelation: Immediately a sparingly soluble salt is formed as a
gel membrane, which separates the alginate sol from the electrolyte solution. lons
and electrolytes of the alginate sol may diffuse through this membrane. However,
because of its size the alginate polyanion is not able to penetrate the gel membrane,
which features a thickness of about 1 micron and pores smaller than 5 nm. Due to
the size and the respective charge of the different ions, they diffuse at different rates
so that a diffusion potential is build up. The coiled alginate chains are elongated by
the formed electric field. They are arranged orthogonally to the ion current, and finally
consolidated into an anisotropic gel."®

This mechanism of ionotropic gelation may be also applied for the generation of self-
aligned precipitating crystals in multilayer biocomposites'°. Depending on diffusion
processes caused by temperature gradients (thermodiffusion) and concentration
gradients (interdiffusion) ionotropic capillaries may be formed in shape of cylindrical
pores inside the gel phase. A theoretical description of the emergence of ionotropic
capillaries in alginate gels was performed by H. Treml and H.-H. Kohler et al.: By
integration of a diffusion-reaction model in a hydrodynamic model a reasonable
agreement with experimental findings was achieved. The formation of ionotropic
capillaries requires certain ion concentrations as well as a critical value of the gel

contraction velocity which lead to hydrodynamic circular convective streams. 715011
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Bone Tissue Engineering

Deville et al. used a unidirectional freeze casting of slurries to produce porous
hydroxyapatite scaffolds for bone tissue engineering applications, exhibiting high
compressive strengths up to 145 MPa'>2. Although it was possible to attain an
anisotropic porous structure within the upper regions of the scaffold, two other zones
featuring an isotropic pore structure and a non-porous dense structure were always
formed in the downer scaffold regions'”2. Thus, a consecutive anisotropic pore
structure could not be achieved. Gelinski et al. developed porous scaffolds consisting
of collagen | which is mineralized by nano-crystalline hydroxyapatite'*®. The scaffolds
were prepared by freezing and following lyophilisation before they were cross linked
by 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)'3. Thereby an isotropic
porosity, with pore sizes of approx. 200 uym, was generated, which showed a low cell
density in the centre of the scaffold after cell seeding>. In cyclic unconfined
compression testing, the scaffolds reached a compressive strength of ca. 11.5 kPa at
20 % compression in simulated body fluid"™>. Similar problems with an effective
cellular penetration were often observed in various types of synthetic and natural
scaffolds, so that an unfavourable restriction of cellular ingrowth commonly appears
after some 100 um below the scaffold surface™* "¢

As reviewed by Geiger et al. an optimal approach in bone healing involves the local
delivery of an osteoinductive differentiation factor, like bone morphogenetic protein
(BMP), which is released by an adequate matrix™’. These scaffolds should prolong
the residence time of the loaded proteins and act as support for invading
osteoprogenitor cells®®'’. But extremes like a burst release, or prolonged low level
release are not considered to be beneficial to bone induction'”. Especially collagen
sponges are seen as adequate matrices™. A demineralized rat bone matrix, which
was loaded with a low (1.4 pg) and a high (11 pg) dose of BMP-2 was used to treat
5 mm femoral defects in rats'®. Whereas no instances of union were observed for
the low dose, 80 % of the defects were bridged for the high dose, but the histological
evaluation of the regrown tissue did not return a very native impression'®. Regarding
the mechanical properties', it was demonstrated that bone regeneration may be
influenced by the hydrogel’s elasticity’*®. An “optimal” bone formation was registered
at an elastic modulus of 60 kPa, which demonstrated the ability of biophysical cues to

direct stem cell behaviors in situ'°.
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Osteochondral Tissue Engineering

Harley et al. created osteochondral scaffolds by layering of a calcium phosphate
mineralized collagen I/GAG suspension and a collagen II/GAG suspension that was
purchased from Geistlich Biomaterials'®. Both were allowed to interdiffuse and
placed into a freeze drier before they were cross linked by EDC'®. Thereby, a bi-
layered osteochondral scaffold was produced without large areas of delamination at
the interface, which featured irregular spongy pore sizes between 350 um and
700 um'®. Elastic moduli of the scaffolds were measured in cyclic unconfined
compression with a clearly visible change in cross section area that persisted after
deformation'®. Independently on the situation in vivo the scaffolds were measured in
dry state and showed zonal Young moduli of ca. 30 kPa for the cartilage replacement
and ca. 760 kPa for the bone replacement area of the scaffolds'®. A decrease of
these values by two orders of magnitude was denoted for hydrated scaffolds, but
exhibiting comparable mechanical properties to native tissues was not seen as a
requirement for optimal regenerative capacity160.

Tampieri et al. combined three layers of different composition by pressing them onto
each other to produce one collagen scaffold, which was subsequently subjected to a

' Prior to this, the individual layers were cross linked

freeze-drying proc:ess.16
separately by 1,4-butanediol diglycidyl ether'®’. The top layer consisted of pure
collagen | and served as replacement for the chondral zone while the subchondral
bone was replaced by collagen | that was mineralized by precipitated hydroxyapatite
with a mineral matrix ratio of 70/30 wt%'®'. An, similarly mineralized, intermediate
layer with a mineral matrix ratio of 40/60 wt% was supposed to represent the tide

mark®’

. The dimensions of the intermediate layer clearly exceed the tide mark
dimensions of the native osteochondral tissue for orders of magnitude161. A cell
seeding of the spongy porous scaffolds turned out to be problematic, since only a
small cell migration with a non-uniform distribution was observed in the interior of the
cartilage replacement zone''. The region in the centre of the scaffolds remained
essentially acellular’®’. A commercially available class Ill osteochondral scaffold
based on this proceeding is represented by “MaioRegen® (Finceramica, Faenza,
Italy). As revealed by the associated patent EP 1858562 B1, the individually
produced zones that were compressed together afterwards, may show

2

delamination issues on rehydration of the freeze dried matrices'®2. Histological

results of animal experiments indicated that only fibrous cartilage material,
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without any morphological connection to native articular cartilage tissue, was found in
the treated cartilage area'®. Fibrous cartilage differs from native cartilage tissue in
structure and functionality. It is also formed in the meagre, natural and incomplete
self-healing processes of cartilage.

Another, more synthetic based, osteochondral scaffold in medical use is represented
by “Trufit CB®” (Smith & Nephew, Hamburg, Germany). The chondral replacement
zone is composed out of a polylactide-co-glycolide copolymer and the bone
replacement area is made out of polyglycolide fibres, calcium sulphate and a
surfactant. Since histologic analysis of revision surgery biopsy specimens revealed a
fibrous vascularized repair tissue with the presence of foreign-body giant cells inside
the articular cartilage, the clinical results are to be rated as “modest”'®>. When
applied in a medical study within human knees, no significant differences have been
observed between the scaffold treated group and the control/empty defect group'®.
Moreover, 20.0 % of the patients showed persistent clinical symptoms or even more
clinical symptoms163.

An insight in approaches using directional solidification to create anisotropic porous
scaffolds that might be also relevant for osteochondral tissue engineering is to be
found within Chapter 2.5.4.

Meniscus Tissue Engineering

Gastel et al. used folded and compressed layers of porcine small intestine
submucosa (SIS) to replace the inner meniscus zone in rabbits'®. SIS is known to
contain GAGs as well as growth factors like fibroblast growth factor, vascular
endothelial cell growth factor, and transforming growth factor-B; moreover it features
the common issues of xenogenic grafts'®. Although this approach represents rather
simple, the filled defect was infiltrated by apparent fibrochondrocytes and a
considerable replacement of the SIS material occurred by connective tissue that
appeared similar to the host tissue'®.

A co-culture of meniscus cells and synovium derived stem cells in a fibrin gel on SIS
that was supplemented with transforming growth factor -1 and insulin-like growth
factor | was used by Tan et al.'®®. By the incubation in chondrogenic medium, a
differentiation into chondrogenic phenotypes, which expressed GAG, collagen |l, and
Sox 9 but relatively low collagen |, was achieved by the cost of decreasing cell

numbers during culture'®.
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Mdller et al. investigated in vitro the influence of two types of freeze dried scaffolds
with spongy pores on meniscus cells'®”. The first type consisted of collagen | and
chondroitin sulphate (GAG), while the second type was made out of collagen Il and
chondroitin sulphate167. In case of the collagen II/GAG matrix, the cells were forming
a loose network on the outside of the scaffold, but they were also inhomogenously
distributed on the inside'®”. The collagen I/GAG sponge was densely encapsulated,
with a layer up to 15 cells thick, and hardly any cells were found within the
scaffold'®”. Moreover a shrinkage of ca. 54 % was denoted during cell culture for the
collagen I/GAG scaffolds'®”. On both kinds of scaffolds, the cells were shown to
produce collagen 1'%.

A complete meniscus scaffold from electrospun collagen | fibre mats, was developed
by Bahcecioglu et al."®®. These mats were dehydrothermal cross linked, before they
were layered and infiltrated with poly (L-lactic acid) / poly (lactic acid-co-glycolic acid)
solution'®®. After freeze drying, the meniscus constructs were further treated with
oxygen plasma resulting in random pore structures with diameters of ca. 130 pm168.
After a 21 day culture with fibrochondrocytes, the cells had produced collagen |,
collagen Il and aggrecan as extracellular matrix components168.

From a current clinical point of view, meniscus allografts and the collagen meniscus
implant (CMI Menaflex®, ReGen Biologics, New Jersey, USA) are the only options
that are close to represent a sufficient scaffold for the treatment of larger meniscus
defects'®. CMI consists out of purified bovine Achilles tendons together with
hyaluronic acid and GAGs; the scaffold is cross linked by glutaraldehyde and

t169—171

dehydrothermal treatmen . However, CMI may only be used for a partial

meniscus replacement, since a stable rim of native meniscus is still needed'®.
Although the use of CMI did not show a significant benefit shortly after implantation,
the ingrowth of repair tissue was observed in second-look-arthroscopies and the
knee cartilage degeneration did not increase one year after the treatment'®°.

Current repair techniques only succeed in repairing the peripheral vascularized area
of the meniscus and a uniform cell infiltration still represents to be problematic''’.
Summarized, the use of extracellular matrix molecules are often favorited, but
collagen Il/GAG scaffolds promote more meniscus cell proliferation, GAG deposition
and less contraction than collagen I/GAG matrices''”. There is a controversial

discussion about appropriate pore sizes of scaffolds for meniscal repair.
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While pore sizes between 100 um and 150 pm have been reported to be favourable
for meniscus cells'"’, pores between 150 ym and 500 um were demonstrated to be

optimal for ingrowth and incorporation of partial or complete meniscus scaffolds'".

Ddespite decades of intensive research, matching the special peculiarities of the
respective zones of cartilage tissue and thus the formation of functional tissue, which
may enable a true regeneration, was not achieved jet'>'"*. For cartilage tissue
engineering, an ideal scaffold should be chondroinductive, chondroconductive and
guide the cells to differentiate along the right Iineagem. Additionally the distinct
structural properties, as well as the changing material composition inside the native
tissues should be considered®. Especially the anisotropic structure of mature
cartilage seems to play a key role for durable and functionally competent scaffold
materials'".

Besides the pore structure, also the pore size was demonstrated to have a noticeable
effect on the cellular behaviour and acceptance: A decrease in pore size, in the
range between 150 pm and 95 ym, led to a linear increase in cell attachment and
viability for collagen I/GAG scaffolds with isotropic pores'”. Cells seeded inside
collagen | scaffolds with spherical pores showed the highest expression of collagen I
and aggrecan for the smallest pores, which were investigated in the range between
150 um and 500 pm?’.

In order to obtain a specific cell differentiation, cytokines are commonly used for
tissue engineeringm. But regarding clinical application, the use of such growth

factors bares problematic regulatory aspects177

as well as risks for growth factor
related complications”s. Thus, a material which is capable of inducing a zonal
specific stem cell differentiation without the need for cytokines would be beneficial in
terms of translational intentions. Although multiple attempts of chondrogenic
differentiation of MSCs were undertaken, none of them recreated a fully functional
articular hyaline cartilage without chondrocytes exhibiting a hypertrophic

phenotype'”.
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Since an integral cell ingrowth would be facilitated by a continuous pore system that,
at best, also approaches the pathway of the collagen fibres in the native tissues,
directional solidification seems to be a promising processing route to fulfil this need.
Indeed, the use of controlled freezing was applied to generate scaffolds from

14180181 and ceramics™>'#%'% for tissue engineering before, but so far a

collagen
combination of tissue mimetic zonal adapted material composition together with
aligned micropores was not achieved. In other words, the prior state of art does not
allow creating a physical or (bio) chemical hierarchical, monolithic structure with

multiple zones of different material compositions and continuous anisotropic pores.

2.4 Cross Linking of Collagens

In order to control the biodegradation rate and to prevent a rapid elution of the
scaffold, collagen-based biomaterials are commonly further cross linked'®*. Thereby,
the mechanical properties may be increased to a level where they can be handled or
sutured conveniently'®. Furthermore, cross linked collagen shows a bigger
resistance to proteases and a lower degree of swelling than un-cross linked
collagen'™. In the following, the most common methods for cross linking of

collagenous scaffolds will be addressed:

A physical way of cross linking is represented by using dehydration via a so called

dehydrothermal treatment'®. It

involves subjecting collagen to increased
temperatures (T > 90 °C) under vacuum'®. Commonly, this treatment is carried out
for an exposure period between 24 h and 120 h'%®. This way, water is removed from
the collagen molecules, which results in the formation of intermolecular cross links.
More precisely, condensation reactions are induced either by esterification or amide
formation’"81%¢, Although it seems preferable over alternative crosslinking

d186

methods, since the use of cytotoxic reagents is avoide it is known to result in

partial degradation of the collagen187.

Further physical cross linking methods include the use of high energy irradiation. The
application of gamma and electron beams is able create radicals'®. These radicals
may also lead to the establishment of covalent bonds throughout the scaffold, but
since the radicals are formed very unselectively, there is little control over the

occurring molecular changes.
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In most cases, chemical ways of cross linking are carried out. Among the entire cross
linking mechanisms that are driven by addition reactions, the use of isocyanates“,
and especially of 1,6-hexamethylene diisocyanate (HMDI) represents to be very
popular. As a family member of the organic isocyanates, it reacts with hydroxyl
groups in a sequence of reactions to give urethanes (carbamates), allophanates and
isocyanuratesmg_ Which product develops favourably, is depending on ratios of
functional groups and the presence of eventual catalysts'®®. Additionally, a reaction
with water, finally yielding amine groups at the former isocyanate molecule and
liberated CO2 may occur. Furthermore, HMDI is known to react with amine groups,
e.g. of collagen, resulting in stable urea groups'®. But since HMDI is very toxic to
cells, a careful extraction'® or full conversion is indicated.

A further, well established, cross linking method is represented by chemical reaction
of complementary functional groups'®®. Therefore glutaraldehyde is commonly used,
whereby the aldehyde groups react with amine groups to give covalent imine bonds.
Because glutaraldehyde is a toxic compound that shows cell-growth inhibition, even
at low concentrations, alternatives have been developed138:

The most prominent cross linking mechanism for collagen, by condensation
reactions, is carried out by the use of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC)'®. The underlying cross linking mechanism is explained according to Damink
et al. in Figure 2.7'"": It involves the activation of carboxylic acid groups of amino
acid residues in collagen (1) by EDC (ll) to return 0-acylisourea groups (I11)"".

These 0-acylisourea groups may either react with an available amino group of
collagen, or they may be hydrolytically split'®2. In the first case, zero length cross
links, without an additional spacing between two collagen molecules (V) are formed

192

as peptide bonds ™ after nucleophilic attack of 0-acylisourea groups (lll) by free

amine groups of collagenous amino acids (I)191.

Thereby, the water-soluble
compound 1-ethyl-3-(3-dimethyl aminopropyl)urea (VIII) is liberated™. In the second
case, water can act as a nucleophile on the 0-acylisourea group (lll), resulting in a
hydrolysis to return a substituted urea (VIIl) and the starting carboxylic acid group of

)191

collagen (I)™". A rapid hydrolysis of carbodiimides in aqueous solutions can be

observed in general, which is increased by the use of common buffers like

phosphate-, acetate- and tris buffers'®

. Additionally, the highly reactive 0-acylisourea
group may react to a stable N-acylurea group (V), which is referred to as an “N-acyl

shift” that is independent on the presence of nucleophiles191.
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Since the normal lifetime of the 0O-acylisourea groups (lll) is extremely short, the
cross linking effect can be quite low when EDC is used alone'®”. Reasoned by this,
N-Hydroxysuccinimide (NHS (V1)) is often supplemented to the cross linking solution
since it suppresses the unbeneficial side reactions of hydrolysis and N-acyl shift'®".
NHS can interact with the 0-acylisourea groups (lll) to form an activated ester (VIl),

which is significantly more stable in aqueous solutions'#

and less susceptible to
hydrolysis at acidic pH values'®'. This ester (VIl) can then form a covalent bond with
another collagen molecule (IV). After longer times, the ester (VIlI) may also hydrolyse,
restoring the collagenous carboxyl group (1)'®2. Thus, by simultaneous application of
EDC and NHS the 0O-acylisourea groups (lll) and the NHS-activated carboxylic acid

91 and therefore,

group (VIl) can both react with free amine groups of collagen (I)
very high crosslink yields may be achieved'®.

The EDC derived cross links may be formed within one collagen a chain, between
two a chains, or as intermolecular linkages between two collagen fibres/fibrils'®2. In
comparison to glutaraldehyde, where each cross link requires two amino groups (with
a maximum of 15 crosslinks per 1000 collagenous amino acid residues), EDC cross
linking requires only one amino group (with a maximum of 20 crosslinks per 1000
residues) and leads to a higher mechanical stability of the product192. Since EDC is
able to bind on carboxyl groups of sugar residues and proteins'®, it is also been
used to attach GAGs to collagen®. The use of 2-(N-morpholino)ethanesulphonic acid
(MES) may extend the half-life period of EDC to 20 h at a pH of 6.0, where the
highest degree of cross linking may be achieved for GAG containing collagen
matrices'®. Porous collagenous matrices often collapse during EDC cross linking;
under the presence of ethanol, a reduced tendency to collapse together with an

increased incorporation of bioavailable GAGs can be obtained®.
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Figure 2.7: Collagen cross linking mechanism by carbodiimides. Carboxylic acid groups of collagen (1)
are activated by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC (ll)), yielding 0-acylisourea
groups (ll). Covalent peptide bonds are formed between collagens (1V) after nucleophilic attack of 1l
by free amine groups of I. Unwanted side reactions, to a N-acrylurea group (V) or hydrolysis of Ill
resulting in collagen (1) and 1-ethyl-3-(3-dimethyl aminopropyl)urea (VIII), may be suppressed by the
supplementation of N-Hydroxysuccinimide (NHS (VI1)). Thereby, a more hydrolytically stable NHS
activated carboxylic acid group (V1) is created which also can react together with | to build WA

2.5 Solidification Technologies

Solidification processes influence material structures in a very broad range of
meltable materials on the macroscopic as well as the microscopic level. The
directional form of solidification is yielding particularly interesting results, since the
spatial orientation of the solidification progress may influence the material structure
accordingly. On a macroscopic level, the directional solidification of lava melts was
responsible for shaping entire land areas resulting in basalt columns with diameters
in the meter range'®>'%®. On the other hand, the directional solidification of melts
traditionally represents a significant processing step in metalworking applications'®’.
Thereby, the microstructure of solidified bodies and thus their mechanical properties
can be influenced. For example, this is employed for the production of high-strength
turbine blades'®® or single crystals out of metalloid melts to generate the raw material

for silicon wafers'®.
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In addition to these high temperature applications for metals and metalloids,
directional solidification is also partially used in low temperature applications with
materials in aqueous media. Therefore, the freezing characteristics of water are of

special importance:
2.5.1 Solidification of Water

At atmospheric pressure and below 0 °C, water manifests in solid form of the stable
ice phase I;. In addition to I, currently twelve other crystal structures of ice are
known which appear only under special circumstances®®™. Since the oxygen atom
inside the H,O molecule is sp® hybridized, each water molecule is linked tetrahedral
via hydrogen bonds with four other water molecules. Growing |y, crystals in aqueous
solutions preferably take the shape of hexagonal prisms. Therefore, the growth
kinetics of ice |, are suitably to be described in a hexagonal crystal system. The
{0001} plane corresponds to the base of the prism (basal plane). A side surface of
the prism is e.g. described by the {1010} plane (prism surface). The location of the
{1120} plane is illustrated together with the previously mentioned crystal planes in
Figure 2.8 a)*°".

The respective growth kinetics of individual crystal planes can be concluded from a
consideration of the steric circumstances at a molecular level: The growth at the
ice/water interface proceeds by rearrangement of the hydrogen bond network in the
liquid phase. This occurs in two-dimensional form for the basal and in three-
dimensional form for the prism and the {1120} planes (Figure 2.8 b)). From the basal
plane water molecules are standing off, whereby the mutual distance is too large that
they could be attached together via hydrogen bonds. More water molecules can only
be bound stable by the establishment of hydrogen bonds to three already
incorporated water molecules, resulting in a layer-wise growth mechanism. On the
contrary, in case of the prism and {1120} planes the steric circumstances are more
advantageous for the incorporation of water molecules into the crystal lattice. Here,
newly adhered water molecules have to establish less hydrogen bonds to enable a

stable structure. This results in a higher growth rate compared to the basal plane®®’.
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Besides these steric considerations also the correlation between vacancy energies
and corresponding dipole moments is of importance for an incorporation into the
crystal lattice of ice’®. A more detailed insight into the molecular dynamics of ice
freezing, based on the circumstances in the hydrogen bond network, may be found in
literature .

In addition to the growth of individual ice crystals, the macroscopic structure of ice is
also produced by the sintering of crystallites. During the sintering process the
inclusion of impurities, which may be present in all three aggregate states’®
determines the microstructural and mechanical properties of the formed ice?%>2%.
The presence of impurities often results in a lowered freezing point of water?®”. While
sintering in a liquid phase, the mass transport within his phase occurs mainly by
diffusion and convection. Hereby, the convective transport is several orders of
magnitude faster than the diffusive transport?®®. While water molecules are
incorporated into the crystal lattice, other molecules, colloids and ions predominantly
stay behind at the grain boundaries of the ice surface, which leads to an elevated

concentration in the liquid phase ("cryoconcentration")205.

2.5.2 Supercooling and Solidification Morphologies

When a liquid substance is cooled below its freezing temperature without being
transferred to the solid state, it is called supercooled?® or undercooled. The transfer
to the solid aggregate state requires stable nucleation sites which depend on the
difference of the chemical potentials of both states, as well as the interfacial free

210 A detailed review on different solidification states of water

energy of the crystallite
may be found in literature ?'". The nucleation may be either driven by thermodynamic
fluctuations or catalytic particles (extrinsic nucleation substrates), which feature a
higher melting point than the nucleating phasezoa. As indicated by the naming, the
energy barrier to pass is smaller in case of catalytic particles than for fluctuations.
While impurities, which might act as catalytic particles, facilitate the nucleation on the
one hand, an accumulation of those impurities by cryoconcentration will lower the
temperature at which solidification can occur on the other hand. The local
accumulation of particles increases the density of microstates, which results in

increased entropy and energy dispersion when compared to the previous state?'?.
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This supercooling due to composition changes was defined as “constitutional
supercooling” by Rutter and Chalmers®™. In the 1950s they investigated the
solidification processes of metals and metal alloys. This led to the establishment of a
fundamental theory, in which the constitutional supercooling is occurring in an
unstable liquid ahead of the solid liquid interface. Here the layer of liquid is below its
equilibrium liquidus temperature, which also may be interpreted by a comparison of
gradients: For a constitutional supercooled liquid, the gradient of the sample
temperature at the solid liquid interface is smaller than the gradient of the liquidus

214

temperature curve~™”. (Figure 2.8 g) bottom panel)

For the mathematical description of these processes, complex models have been
created based on the pioneering work of Mullins and Sekerka in the 1960s2'>2'". By
perturbation theory calculations they derived a criterion for the morphological stability
of a solid liquid interface. Originating from a slight, spatially regular disturbance, the
solid liquid interface may become more unstable (Figure 2.8 c)) or more stable
(Figure 2.8 d)) with progressing solidification. The scale bar is indicating typical
projection sizes for the casting of alloys. Perturbations of the interface may be
induced by a variety of fluctuations in temperature, composition, or pressurezoa. The
circumstances of interacting concentration and temperature changes may be
advantageous or disadvantageous the formation of forward-pointing solid
projections®'® leading to morphological instability or stability, respectively. This
represents a significant aspect for the solidification of metal melts since applications

like single crystalline silicon wafers'®

require a stable solid liquid interface, while
refined polycrystalline castings, e.g. for turbine blades?'®, require a morphological
instability of the interface.

Different possibilities of solidification morphologies, as well as respective
concentration and temperature fields are displayed in Figure 2.8 e)-h)m: Here, ¢,
represents the concentration of a further phase so that e€) and f) depict the situation
for pure substances (¢, = 0) while g) and h) represent alloys (c, > 0). The upper
panel depicts the solidification morphologies together with the corresponding mass
diffusion fields (middle panel) and heat diffusion fields (bottom panel) along the
dashed line in the upper panel. The temperature gradient at the solid liquid interface

is expressed by G, which is imposed by the external heat flux.
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Within the heat diffusion fields T, represents the sample temperature while T; and T,
stand for the melting point of a pure substance and the liquidus temperature of an
alloy, respectively.

For a pure substance, a plane solidification front will form when a pronounced
external temperature gradient is directing the solidification. Since the heat flow is
progressing in the opposite direction of solidification, more heat will pass the tips of
perturbations leading to their re-melting and a planar interface (Figure 2.8 e)). If the
external temperature gradient is small / approaching zero, an equiaxed crystal growth
will occur in a supercooled melt (marked as cross hatched in the bottom panel). Due
to the released latent heat, the area surrounding the equiaxial crystal is warmed
which leads to a preferential growth of perturbations and a morphological unstable
interface (Figure 2.8 f)).

In the case of alloys, a columnar/dendritic solidification may occur for a pronounced
external temperature gradient. If the slope of the liquidus temperature multiplied by
the concentration gradient is bigger than the positive interface temperature gradient,
the conditions of constitutional supercooling are matched and the interface becomes
constitutional unstable. These circumstances are to be fulfilled to obtain an oriented
microstructure by directional solidification (Figure 2.8 g)). For small external
temperature gradients, an equiaxed crystal growth will result again, since heat and
the further phase are both accumulated in front of the unstable solid liquid interface
(Figure 2.8 h)).

Since a detailed description of the highly complex mechanisms of solidification
processes is beyond the scope of this thesis, the interested reader is referred to the
textbooks of Glicksman®®®, Kurz and Fischer*". Although these models have been
created for a description of solidifying metal melts, the general principles may be also

transferred to the solidification of aqueous mixtures/alloys.
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Figure 2.8: Solidification of water. a) Crystal planes of ice 120", b) Steric circumstances at adhesion
sites of water molecules (modified from literature 2m). ¢), d) Temporal development of morphological
stability for an unstable (c¢)) and stable (d)) solid liquid interface. e) - h) Different solidification
morphologies for pure substances (e), f)) and alloys (g), h))m. Upper panel illustrates solidification
morphologies, while middle and downer panel depict the corresponding mass and heat diffusion fields
along the dashed line in upper panel. Circumstances to obtain an oriented microstructure by
directional solidification under constitutional supercooling are described in g). (Abbreviations: ¢, =
concentration of a further phase, G = temperature gradient at the solid liquid interface, T, - sample
temperature, T; = melting point of a pure substance and T, = liquidus temperature of an alloy; Figures
¢) — h) modified from literature 214 \yith permission of Trans Tech Publications)
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During the application of a unidirectional freezing process on aqueous colloidal
suspensions different ice growth styles may occur, depending on the respective
freezing parameters: In the case of slow freezing rates a flat ice front, which
displaces the colloidal particles, is formed preferably219. An equiaxial ice crystal
growth is manifesting in spherical ice crystals that are found for low external
temperature gradientszzo. The dominant presence of equiaxial crystal growth finally
leads to an isotropic solidification morphology.

A lamellar or dendritic (tree-like) morphology is established for a columnar form of
solidification under higher external temperature gradients??’. A lamellar morphology
can be imagined as an arrangement of fins, while a columnar morphology
corresponds to rod or prism-shaped appearances. Protrusions of the side surfaces of
a lamellar or columnar morphology that branch out yield a dendritic solidified phase.
Under conditions that produce unstable planar interfaces, the developing interface
morphology may be cellular, but dendritic growth usually occurs when the degree of
instability is Iarge221. The dendritic branches run along preferred growth directions
which correspond to low-indexed crystallographic directions of the crystal |attice®*?
and decrease in size with increasing freezing rates®>. All of these types of
morphologies result in an anisotropic form of solidification.

Depending on the local variation of freezing parameters and thus, the corresponding
primary spacing between the anisotropic morphologies, individual crystals tips may
also be overgrown. On the other hand, a tip splitting or the growth of a tertiary arm
may occur in cellular and dendritic patterns, respectively?®*. In general, all forms of
solidification patterns may be perturbed by heterogeneities (particulates/dirt) which
may lead to a variety of polycrystalline growth pattern5225. These larger
polycrystalline patterns may be also formed superimposed to the smaller underling
solidification morphologies.

Freezing solutions, with ingredients that are likely to crystallize, show a eutectic
freezing behaviour: if, for instance, water crystallizes in the form of ice, the remaining
saturated solution is gradually more concentrated by further crystallization until the
sample is completely solidified and present in the solid aggregate state’'*. Even
sodium chloride solutions tend to show a eutectic solidification behaviour®®. Other
solutions, however, tend to supersaturation. They solidify as an amorphous glass,

rather than crystallizing at the eutectic point?'.
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2.5.3 lIssues Related to Mathematical Descriptions of Solidification Processes

Due to the relevance for the metal working industry, the mathematical description of
the solidification problem has been the field of intensive research?'??"23! A variety
of relevant parameter functions are known for well characterized systems like metal
and alloy melts. The direct transfer to arbitrary other systems remains problematic
due to a lack of detailed information. Especially for complex systems, which may
contain a mixture of solvents, polymers and particles, the correct ascertainment of
values for the functions of numerous variables’ represents a problematic issue.
These variables often depend on multiple parameters, which also may change during
the solidification processZSQ.

With respect to the solidification phenomena of the current work, the consideration of
some material parameters of water and ice seems indicated: In the case of aqueous
formulations, the fact that heat capacity and compressibility of liquid water increase
dramatically when the supercooled region is approached?®?, complicates a correct
description. Furthermore, the parameter function of the latent heat of water was
observed to show abnormalities for a solidification in the supercooled state?**. By
negligence of the temperature dependency of the thermal conductivity of water,
whose value may change for ca. 58 % between 0 °C and — 100 °C?®, the heat flux
through the solid liquid boundary may be underestimated by a factor of two>°.
Accordingly, this also results in a higher ice front velocity and cooling rate at the ice
front**.

Since the solidification is performed on materials in a non-solid aggregate state, the
precursors in form of solutions, suspensions or gels are rather to be treated as
present in the liquid aggregate state. Thus, the solidification of liquids would have to
be described by mathematical models. In contrast to solid materials, which show a
linear progression of the temperature profile in heat transfer situations, the situation
in liquid materials is way more complicated: Besides heat conduction, which
represents the dominant mechanism in solids, also convection inside the liquid has to
be considered®. This aggravates a correct mathematical description heavily, since
the temperature profile of a transition between a solid and a liquid material does not

follow a linear behaviour®>’.

" Diffusion coefficient, Gibbs-Thomson coefficient, Gibbs free energy, mixing entropy, wetting angle,
viscosity, heat capacity, latent heat and thermal conductivity are examples of important functions for
the for the theoretical description of solidification processes.
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During the sintering of ice crystals, the mass transport in the liquid phase is carried
out via diffusion and convection®”>. The convective transport proceeds several orders

of magnitude faster than the diffusive tr.‘ansport205

and adds up to the other
convective processes, which are induced in the liquid phase: Depending on
geometrical aspects, the temperature gradient, flow properties of the liquid and
further parameters, convective processes occur, whereas turbulent streams cannot
be excluded in real situations?*’. Obviously, a general theoretical description of this

problem is far away from being trivial?*®

, Whereby the assumptions of the boundary
conditions should meet actual experimental conditions too. Additionally, the entropic
changes during solidification represent a significant aspect for crystallisation

processes.

Alternatively to this, most of the mathematical descriptions approximate heat transfer
processes in already solidified liquids, under the negligence of convective heat
transfer and the assumption of quasi stationary conditions. Moreover, the
mathematical solution of “Neumann” represents the most prominent analytical
approach to solve the solidification problem of differential equations. However, the
necessary boundary condition of first order, which demands a constant temperature
of the sounding container, is corresponding to a heat transition coefficient of infinite
size, which will most likely not be fulfilled in practical conditions®®.

Due to the high complexity in combination with an incomplete general understanding
of the interaction of all related phenomena, the actual solidification of a liquid is
commonly not mathematically solved. The significance of the related issues becomes
obvious, if the fact is considered that currently, even the crystallisation of pure water

may be simulated only partially?*°.
2.5.4 Directional Solidification in Biomedical Applications

Freeze structuring of ceramics was studied by Deville et al. via the solidification of
slurries on a one-sided cooled cold finger, in order to achieve an anisotropic
structuring'°%182.183.241-245 By controlling the cooling and freezing rate, a unidirectional
ice growth could be obtained, which resulted in a plane-parallel orientation of the

ceramic particles that correlated with the structure of nacre'®2.
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In this way hydroxyapatite ceramics, intended for osseous tissue regeneration, were
obtained which showed a compressive strength parallel to the ceramic layers of
about 145 MPa despite a porosity of 48 %', The process of cryostructuring is
variable with respect to the achievable structures: In addition to the freezing rate,
additives (e.g., salts, carbohydrates, alcohols) and template structures underneath
the frozen slurries may exert control of the freezing process and thus the resulting

ceramic structures?4®.

Further applications that were carried out using an analogue experimental approach
as mentioned above succeeded in the ice-templating of cellulose®*” and B-tricalcuim

231248249 \vith controlled ice front velocities. By infiltration with

phosphate
poly (caprolactone), the inner surface of the ice-templated ceramic structures was
coated, which lead nearly to a duplication of the compressive strength for samples

with low initial solid content®™.

The influence of initial pH values on the freezing characteristics of collagen

dispersions was studied in literature 21

, resulting in varying freezing temperature
profiles for acidic and basic conditions. H. Schoof investigated the controlled
directional solidification of collagen | suspension5252: Based on light microscopic
investigations of the ice front, she determined acetic acid with concentrations
between 1.5 wt% and 3.8 wt% as an appropriate solvent for the attainment of a
cellular ice crystal morphology. By using the technology described in
DE 19751031 A1%, a controlled formation of an anisotropic pore structure could be
generated in the range between 20 um and 50 pm'#%3.

This technology®? is also applied by the Matricel GmbH (Herzogenrath, Germany) to
produce collagen | products. Besides collagenous membranes for the coverage of
bone and cartilage defects, the anisotropic porous scaffold "OptiMaix 3D" is
produced, which is not intended for use in humans yet. The freezing method is based
on finger shaped ice crystals that grow through a collagen | dispersion, producing
channel like structures. For this purpose, a freezing method has been designed in
analogy to conventional methods for metal processing: A mixture of substances is
solidified between two temperature controlled, parallel or concentrically arranged

surfaces while the temperature gradient between the surfaces is kept constant.
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Resulting scaffolds with pores of ca. 50 um have been applied in research
concerning preadipocyte transplantationzs"‘, muscle cell differentiation®> and nerve

guidan06256’257.

Pot et al. used a different “wedge-based” system to create anisotropic porous
scaffolds from collagen 1%°%: By using two baths of liquid nitrogen and a dry ice /
ethanol mixture, smaller pores of ca. 66 um and larger pores of ca. 146 um diameter
could be generated, respectively. The variation of the concentrations of collagen and

acetic acid as well as the incorporation of detergents led to a further slight alteration

of attainable pore sizes.
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3 Materials and Methods

Since the development of a novel process and the construction of a custom device,
which is specialized for the fabrication of new scaffolds represented crucial elements
of the thesis, these topics are described in detail within Chapter 4 “Results and
Discussion”. Similarly, the development of a confined compression setup and

evaluation method is more explicitly described in Chapter 4

3.1 Alginate

An alginate solution was produced in distilled water by dissolving 5.5 wt% Protanal
LF 10/60, (G/M=70 %, MW=180 kDa; FMC Biopolymer, Drammen, Norway) a low
viscosity alginate for wound dressings. Therefore a successive addition of sodium
alginate was carried out under vortex appearance in order to prevent formation of
alginate association colloids. The concentration of Ca”" ions within the distilled water
was determined by inductivity coupled plasma mass spectrometry (ICP-MS) to a
value of 2.4 pmol/l, which shows a certain degree of inherent gelation potential of the

solution.

3.2 Calcium Phosphates

3.2.1 Synthesis of Brushite

Brushite crystals (calcium hydrogen phosphate dihydrate) were synthesized by
precipitation reaction of a 1 mol/l (NH4),HPO4 solution with an equimolar
Ca(NOs3), - 4H,0 solution:

(NH,),HPO, + Ca(NO,), - 4H,0 — CaHPO, - 2H,0 + 2NHJ + 2NO3 + 2H,0 (4)

Upon contact of the two solutions, a milky turbidity, followed by sedimentation of
white precipitate was instantly recognizable. The resulting mixture was filtered and
washed several times with deionized water to remove residual ions, and water-
soluble salts. After air-drying the remaining calcium phosphate slurry brushite
crystals were derived.
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3.2.2 Synthesis of Hydroxyapatite

For the synthesis of hydroxyapatite two solutions of 300 ml were prepared in
desalinated water: A phosphate solution, containing 0.05 mol/l (NH4),HPO4, and a
calcium solution, containing 0.03 mol/l Ca(NOs3),-4H,0O, were produced. Both
solutions were split into aliquots of 100 ml each. The first 100 ml of both solutions
were combined inside a reaction vessel drop wise, afterwards the second parts were
mixed slowly and finally the remaining solutions were rapidly poured together.
Instantly, 40 ml of a 25 % NHs; solution were supplemented and the reaction vessel

was heated to 80 °C for 10 min before it was left to rest for 16 h.?*°

3 (NH,),HPO, + 5 (Ca(NO3), - 4H,0) + NH; -
Cas(PO,);(OH) + 7 NH} + 10 NO; + 18 H,0 + 2 H,0* (5)

The suspension was filtered under suction and washed five times, each with 1 |
deionized water to remove residual ions and water-soluble salts. After freeze drying
(Chapter 3.3.2) of the calcium phosphate slurry, hydroxyapatite crystals were
obtained. (The crystal phase was identified as hydroxyapatite by X-Ray Diffraction
(XRD) analysis.)

3.2.3 3D Powder Printing of Calcium Phosphates

In order to produce the inorganic component of the osteochondral scaffolds as
monolithic piece, 3D Powder Printing was applied. A CAD based bone replacement
section was designed using “ThinkDesign suite 2008.1° (think3; Bologna, Italy) and
printed as cylindrical samples, with 30 mm diameter and 3 mm height as well as
11 mm diameter and 2 mm height, both penetrated by holes with 1.5 mm diameter on
the lateral surface. The printing was performed by using a/p tricalcium phosphate

powder and diluted phosphoric acid as binder like described in literature °.
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By sintering of CaHPO,4 (monetite) together with CaCO3 at 1400 °C for 5 h, tricalcium

phosphate was generatedT:
2 CaHPO, + CaCO; — Cag(P0,4), +CO, + H,0 (6)

After milling for 20 min a a/B tricalcium phosphate powder with a fraction size below
100 ym was derived. The powder was processed with a 3D powder printing system
“ZPrinter 310” (Z Corporation; Burlington, Massachusetts, USA) which was controlled
by the software “ZPrint 7.10.2-9” (Z Corporation; Burlington, Massachusetts, USA).
For the 3D printing process, the most promising results were obtained using a layer
thickness of 0.1 mm together with a saturation of 72 % for the shell and a saturation
of 198 % for the core, both with a binder / volume ratio of 0.165. Monolithic brushite
parts may be formed by hydraulic setting reaction together with 20 % phosphoric acid

as binder:
Caz(P0O,), + H3PO, + 6 H,0 — 3 CaHPO, - 2H,0 (7)

After removal of the printed part from the build container and blowing off excessive
powder with a pressure of ca. 2 bar, a post-curing with 20 % phosphoric acid was

performed for 1 min.

3.3 Collagen

The raw materials for collagen suspensions were derived from processing

|73.77,82

collagenous tissues of animalistic origin. A mixture of collagen | and Il was

isolated from murine tail tendon, while bovine knee cartilage represented the basis to
isolate a mixture of collagen II, 1X and X|73:84:89.92.260.261

Considering the dominant collagenous amounts in these mixtures, they are referred
to as “collagen I” and “collagen II” in this thesis. Calf knees were purchased from
“Braninghoff Kalbfleisch” (Bocholt, Germany) while murine tails were kindly provided
by the animal testing facility of the “Department for Functional Materials in Medicine

and Dentistry” (FMZ, University of Warzburg, Germany).

T The production of the raw powder material was carried out by Ms. Isabell Biermann, technical
assistant at FMZ.
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3.3.1 Collagen Isolation

Murine tendons were harvested to isolate collagen |. Instead of pulling out single
collagenous tendon fragments from cut of rat tail parts using tweezers, it was found
to be more effective to derive the collagen | after the execution of the following
protocol: Freeze stored rat tails were thawed in physiologic NaCl-solution. Using a
medical clamp the tail was fractured in 2-3 cm distance from the tip of the tail. While
holding the rest of the tail, the fractured piece was pulled out together with the
attached tendons (Figure 3.1 a), b)). The fracturing and pulling out was repeated in
intervals of 2-3 cm until the entire tail was processed. The tendons were cut off the
tail pieces with a scalpel and stored in physiological NaCl solution. In average, a yield
of ca. 0.9 g tendon material per tail could be gained by this way of processing.

The tendons were disinfected twice for 10 min in 70 % ethanol and washed under
stirring in 0.9 % NaCl for 12 h. The dissolution of the collagenous material was
carried out by acidic fractioning with 100 ml of 0.1 % acetic acid per gram of tendon
material.

The setup for the acidic fractioning is depicted in Figure 3.1 c): A “RML6” cryostat
(Lauda; Lauda-Kénigshofen, Germany), cooled by a 1:1 ethylene glycol water
mixture, is coupled to a glass reactor. Inside the reactor, tendons are fractured for
28 days at 5 °C under stirring with an “E60” KPG stirrer (Heidolph; Schwabach,
Germany) at 15 rotations per minute (rpm). Finally the collagen | was lyophilized and
stored at - 20 °C.
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Figure 3.1: Isolation of collagen | from murine tendon. a) Radial orientation of the tendons along a rat
tail. b) Pulling out of collagenous tendon material. ¢) Setup for acidic fractioning of collagen I.

An analogous procedure applied to collagen Il material did not produce a significant
yield. Alternatively, a procedure corresponding to the patent DE 10157182 A1%%2 was
chosen, where various wet chemical purification steps were carried out for the
isolation of collagen Il. The removal of hydrophobic contaminants, the action of
calcium chelating agents or enzyme inhibitors respectively, the leaching out of
hydrogen bound contaminants, as well as the repeated storage in acids and bases

represent the most concise steps involved.??

The isolation and purification of collagen Il was carried out after the following
protocol: Fresh, intact calf knees were dissected by cutting the lateral sinews of the
patella from the femur to the tibia. After opening of the joint and cutting through the
cruciate ligament the menisci and all surrounding tissue were removed before the
articular cartilage of femur, tibia and patella was carved out with a scalpel.
(Figure 3.2.) Special attention had to be paid that the collection of bone and
periosteum material was avoided to ensure the purity of the collagen Il. Hyaline
articular cartilage produced squeaking noises during carving of the whitish tissue. If
the tissue was reddish and did produce other sounds upon carving, it was discarded.
The collected cartilage chips were inactivated and disinfected by placing 100 g
cartilage in 500 ml of 0.5 mol/l NaOH for 2 h at 20 °C. A neutralization step was

carried out with 0.3 mol/l HCI under stirring for 30 min.
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Neutralization residues were removed by a washing step which was repetitively
applied during this isolation protocol: The material to purify was triple washed in 1 |
desalinated water for 30 min each, followed by discarding the supernatant after
sieving through a 125 micron sieve.

Afterwards the cartilage material was fractioned together with crushed ice in a
"Waring Laboratory Blender" (Waring; Connecticut, USA): 250 g of crushed ice,
250 ml of cooled desalinated water and the cartilage chips were subjected to 3 x
45 sec "LO" pulse; after supplementation of 60 g of crushed ice and 3 x 45 sec "HI"
pulse the cartilage fragments were separated from the liquid by a 125 micron sieve.
This cartilage mass together with 50 g of crushed ice and 150 ml of desalinated
water was again subjected to a 45 sec "LO" pulse followed by 5 min of continuous
operation on "HI", while adding 60 g of crushed ice every minute. After another
sieving procedure the last fractioning step was repeated and the cartilage mass was
sieved again.

A degreasing of the obtained collagen mass was performed by 3 times washing in
0.5 | of acetone each for 45 min to remove hydrophobic contaminants. The residues
of the acetone were removed by another washing step, as described previously.

In the next step, calcium chelating agents and enzyme inhibitors were applied by
washing the collagen mass threefold, each with 0.5 | of 27 mmol/l HEPES-buffered
(pH ~ 5) 50 mmol/l NaCl solution, mixed with 7 mmol/l ethylenediaminetetraacetic
acid (EDTA) (Sigma-Aldrich; Munich, Germany) each for 45 min. Hereinafter, the
afore mentioned washing procedure was carried out.

To remove impurities bound by hydrogen bonds 250 ml of 4 mol/l urea solution were
added to the collagen mass and left for 45 min reaction time. Another application of
the washing step leads to the removal of urea residues.

For the avoidance of irreversible peptide bond cleavage, the collagen mass was
stored in 500 ml of 0.1 mol/l NaOH for 24 h at pH values of 12 - 14. After
neutralization with 100 ml of 0.1 mol/l HCI a further washing step was applied
followed by storage of the collagenous mass in 500 ml of 0.1 mol/l HCI for 24 h at pH
values between 0 and 3. After neutralization with 0.1 mol/l NaOH, a final washing
step was applied followed by centrifugation of the supernatant. Afterwards, the

collagen Il was lyophilized and freeze fractured before it was stored at - 20 °C.
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Figure 3.2: Isolation of collagen Il from bovine knee cartilage. a) Articular cartilage is harvested from
the knee joint surfaces of femur (top), tibia (middle) and patella (bottom). b) Dissection of cruciate
ligament to access the hyaline cartilage tissue. ¢) Carving of cartilage chips from patella with a scalpel.

3.3.2 Lyophilisation

The freeze drying of all samples was performed with an "Alpha 1-2 LD" lyophilizator
(Christ; Osterode, Germany). The specimens were frozen for 3 h at - 20 °C inside the
glass vessels that were plunged onto the lyophilizator afterwards. If not specified
otherwise the sublimation of the frozen solvent was generally carried out for 18 h, at

a temperature of - 52 °C and a pressure of 70 pbar.

3.3.3 Cryogenic Fracturing

Since hyaline cartilage from bovine knee tissue represents an extraordinary rigid
material a comminution to small particles by conventional methods would involve the
risk of heat denaturation of the collagens as well as unsatisfactory fraction sizes. To
avoid any risk of thermal denaturation, the collagen Il was fractured cryogenically
with an oscillating mill “CryoMill MM400” (Retsch; Haan, Germany) under cooling with

liquid nitrogen supplied by an “autofill” Dewar unit.
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A 25 ml zirconia milling container and a 20 mm diameter zirconia milling ball were
used in order to prevent the contamination of the collagen by abrasion of metal
particles. The following milling protocol was found to be most effective in reaching the
smallest obtainable particle sizes while preventing denaturation:

The milling container was filled up with ca. 1.3 g freeze dried collagen |l fragments
and the milling ball. After mounting the container to the CryoMill a precooling step
was carried out in “Auto” mode with 5 Hz oscillations. Thereby, the container was
bathed by liquid nitrogen and the specimen was entirely frozen. For the actual
fragmentation, 8 milling cycles with 25 Hz were each applied for 4 min each. In order
to prevent heat denaturation during the milling procedure the above named cycles
were interrupted by intermediate cooling cycles with 5 Hz for 1 min where liquid
nitrogen was flushed through the system. This way, a bimodal particle size
distribution (Figure 9.1), featuring peaks around 10 pm and 40 pym with a median

value of ca. 14 ym was obtained.

3.4 Design and Manufacturing of Custom Devices

The individual parts of the custom devices used in this thesis were designed by using
both computer-aided design (CAD) softwares “ThinkDesign suite 2008.1% (think3;
Bologna, Italy) and “SolidWorks Education Edition SP2.0” (Dassault Systémes; Paris,
France).

Preliminary parts were fabricated out of acrylonitrile-butadiene-styrene (ABS) by
using the 3D printer "MakerBot Replicator 2X" (MakerBot Industries; Stuttgart,
Germany). The 3D printing was carried out with a platform temperature of 110 °C and
an extruder temperature of 218 °C, using a layer height of 0.25 mm and an extruding
speed of 60 mm/s. Depending on the respective part, 3 - 5 shells were used together
with an internal filling percentage of 20 - 100 %.

The manufacturing of the final parts was performed within the Workshop* of the
Department for Functional Materials in Medicine and Dentistry (FMZ, University of
Wirzburg). These components were used to assemble an Adjustable Cryostructuring
Device as well as a confined compression setup in an iterative process. (Chapters
41.1and 4.6.1.1)

' The fabrication of custom build final parts was carried out by Mr. Harald Himpfer and Mr. Anton
Hofmann, precision mechanic masters at FMZ.
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3.5 Scaffold Characterization

3.5.1 Cryostatic Sectioning

In order to prepare smooth cross section surfaces for the electron microscopic
investigations, a cryostatic sectioning was performed using a “Cryostat MNT”
cryomicrotome (SLEE, Mainz, Germany). The samples were frozen and fixated onto
the sample rack by using water before they were trimmed in 20 um steps and finally
cut in 1 um steps. Only the truncus of each sectioning was used for further evaluation

in lyophilized form; the sections were discarded.

3.5.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

Prior to the electron microscope studies, characteristic areas of freeze dried samples
were prepared using a ceramic blade or cryostatic sectioning. The materials were
fixed on the sample racks (Provac; Sprendlingen, Germany) by "Conductive Carbon
Cement LEIT C" (Neubauer; Minster, Germany). After curing of the cement a two-
fold, four-minute gold coating was applied in a "Emtech K550" (Emtech; Mannheim,
Germany) DC sputtering system, each with 25 mA. A "Digital Scanning Microscope
940" (Zeiss; Munchen, Germany) was used to accommodate the scanning electron

microscope (SEM) images with an acceleration voltage of 5 kV.

In addition, SEM and EDX investigations were carried out at the Fraunhofer Institute
for Silicate Research in Wirzburg. An “Auriga 60" SEM (Zeiss; Miunchen, Germany)
was used for recording high resolution images. The samples were thinly coated with
carbon and platinum before they were scanned with 3 kV acceleration voltage.
Energy dispersive X-ray spectroscopy (EDX) measurements of characteristic sample
areas were performed within the “Auriga 60" SEM using an “Apollo XL SDD”
detector. The EDX spectra were captured with 5 kV acceleration voltage at a

resolution of 133 eV.
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3.5.3 Mechanical Testing

The mechanical testing measurements were carried out in PBS at 25 °C using a
“Eletroforce 3220" (Bose GmbH, Friedrichsdorf, Germany) with “Wintest 4.1”
software. The scaffolds were tested in elastic response inside a custom build
confined compression setup (Chapter 4.6.1.1) coupled to a 2.45 N load cell.

Cylindrical chondral, subchondral, osteochondral, inner meniscus and outer
meniscus scaffolds were tested with an 8 mm diameter custom confined
compression setup, while bone scaffolds with isotropic pores, anisotropic pores and
isotropic pores with chondroitin sulphate were tested inside a 4 mm diameter setup.
All measurements were performed with 5 samples for each scaffold type within a
deformation interval of 10 % of the initial scaffold height, executing the following

deformation protocols:

e Linear compression with 0.15 mm/sec
e Cyclic compression with physiological frequencies of 0.2 Hz and 2 Hz and a
high frequency of 20 Hz; n=5

¢ Instantaneous compression with a square function (0.2 Hz, n=3).

The apparent elastic modulus, the dissipation factor and the relaxation time were
determined (Chapter 4.6.1.2). Measurement inaccuracies were determined by error

propagation.
3.5.4 Micro Computer Tomography (u-CT)

M-CT-scans of freeze dried osteochondral scaffolds were performed§ at the “SKZ
Technology Centre® Wuirzburg. Prior to scanning, a ca 5 mm? cuboid sample was
fixated by cyanoacrylate glue to a polyethylene sample rack. A “CT-Workstation
exaCT S60” (Wenzel Volumetrik; Balingen, Germany) was used to capture and

process the data. 360 ° CT- scans were recorded with a voxel size of ca. 7 um.

S M-CT scans were carried out by Mr. M. Eng. Sebastian Horlemann; SKZ Technology Centre
Wirzburg
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3.5.5 Degradation Study

Osteochondral scaffolds (chondral, subchondral and osteochondral), meniscus
scaffolds (inner meniscus, outer meniscus and combined meniscus scaffolds) and
bone scaffolds (anisotropic, isotropic and isotropic with chondroitin sulphate) were
subjected to lixiviation in PBS (137 mmol/l NaCl, 2.7 mmol/l KCI, 7 mmol/l Na;HPOy,
1.5 mmol/l KH,PO,4) containing 3 mmol/l sodium azide. The degradation behaviour
was monitored for 30 days at 37 °C and shaking with 25 rpm.

For osteochondral and meniscus scaffolds, the degradation was carried out with
6 cylindrical scaffolds of each type (8 mm diameter; 3 mm height) in 24 well plates,
with 2 ml buffer per scaffold being exchanged every two days. In case of the bone
scaffolds, 5 cylindrical scaffolds of each type (4 mm diameter; 6 mm height) were
lixiviated in 96 well plates, where 0.5 ml buffer was exchanged in a two day interval.
The initial dry weight, the wet weight and the drained weight of the gamma sterilized
scaffolds were used to determine mass loss, free water content and equilibrium water
content. Associated errors are represented by the respective standard deviations.
The scaffolds were drained by placing each side for 4 seconds on tissue paper.

The obtained data was processed, to calculate residual mass (m/mo), equilibrium
water content (EWC) and free water content (FWC). Although the degradation
behaviour is not to be expected to proceed strictly linear, a linear fit was performed
on the datasets to allow an approximated statement of the daily changes.
Therefore, the software "Origin Pro 8.5.1 G" (OriginLab Corporation; Northampton,
Massachusetts, USA) was used whereby the displayed errors represent the standard

error of the linear fit.
3.5.6 Fourier Transform - Infrared Spectroscopy (FT-IR)

FT-IR measurements were performed with a “NICOLET iS10” (Thermo Fischer
Scientific; Waltham, Massachusetts, USA) spectrometer. Freeze dried samples were
measured within an interval between 500 cm™ and 4000 cm™ in triplicate, each with
32 scans at a resolution of 0.5 cm™. The determination of the maximal peak positions
was carried out by using the software “OMNIC 8.2" (Thermo Fischer Scientific;
Waltham, Massachusetts, USA). Hereby, the measuring inaccuracies were displayed

as standard deviation.
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3.5.7 Rheological Measurements

To investigate the viscosity of different precursors as an approximation for the initial
cooling during the cryostructuring, rheological measurements were carried out with a
temperature sweep. A “MCR301” rheometer (Anton Paar; Graz, Austria) was
mounted with a “PP25-SN18294” measuring system against a circular plate with
25 mm diameter. The temperature was sweeped with a continuous ramp of 2 K/min
between 20 °C and 0 °C. A precursor volume of ca. 490 pl was measured within a
gap of 1 mm under 0.1 rpm. Temperature and viscosity were displayed by the
software “RHEOPLUS/32 V3.40” (Anton Paar; Graz, Austria).

3.5.8 Electrostatic Spinning of Polymeric Solutions

In order to realize a fibre alignment parallel to the scaffold surface, electrostatic
spinning of polymer solutions was applied. A spinning solution was prepared by
dissolving 72.8 mg poly (D,L-lactic-co-glycolic acid) (PLGA) in a mixture of 225 pl
acetone, 25 ul dimethyl sulfoxide (DMSQO) and 5 pl of a tri-fluor acetic acid/water
mixture (9 % TFA). The solution was filled into a 1 ml syringe which was mounted to
an “AL-1000” syringe pump (World Precision Instruments; Sarasota, Florida, USA),
operating at 0.5 ml/h. A voltage of 13 kV was applied between the blunt needle
(0.4 mm diameter, 25 mm length) and the ground target which was positioned
approximately in 17 cm distance to the needle tip. The scaffold was fixed on an
aluminium foil enveloped petri dish cover by an electrical clamp. For the generation
of the high voltage, the output of a “PS-2403D” laboratory power supply (Voltcraft;

Wollerau, Switzerland) was set up by a custom build 25 kV transformer.

3.5.9 BMP-2 Release Study

To perform a cytokine release study with the bone scaffolds described in
Chapter 4.3, the optimal rehydration volume of the scaffolds was determined to
60 pl. Using a stock solution containing 83,3 ng/ul rh-BMP-2 (recombinant human
bone morphogenetic protein 2), each freeze dried scaffold was soaked with the
objective to be loaded with 5 pg of BMP-2. For this task, a progressive loading

procedure was elaborated:
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The gamma radiation sterilised scaffolds are placed inside the wells of a 96 well
plate, where 60 pl of the BMP stock solution were pipetted on each scaffold.
Afterwards, the well plate was placed on an orbital shaker for 30 minutes of orbital
shaking with 150 rpm. A manual compression of the lateral surface of each scaffold
was performed with a spatula by exerting 0.7 N for 1 sec. The 96 well plate was
transferred inside a desiccator, of ca. 2 | inner volume, coupled to a vacuum pump
with a performance of 2 mbar and evacuated for 10 min using a “KNF Laboport”
vacuum pump (Neuberger; Freiburg, Germany). After keeping the pump running for 1
min, the scaffolds were left to stay evacuated for 9 min with the pump switched off;
the pump was shut off to avoid losing too much liquid by evaporation. In order to

achieve a good loading result, no drying-agents should be present in the desiccator.

After loading, the scaffolds were immediately transferred into “Protein LoBind”
sealable vials (Eppendorf, Hamburg, Germany) to perform the BMP-2 release study:
The BMP-2 loaded scaffolds were subjected to lixiviation for 28 days in sterile PBS
solution (137 mmol/l NaCl, 2.7 mmol/l KCI, 7 mmol/l Na;HPO4-2H,0, 1.5 mmol/l
KH>PQ,). Five scaffolds of each kind (anisotropic, isotropic and isotropic chondroitin
sulphate containing bone scaffolds) were subjected to 0.5 ml PBS solution for each
day until the next measuring point. The lixiviation was carried out at 37°C under
shaking with 25 rpm. The supernatant was captured and replaced on the days 1, 2,
3,4,5,7,9,11,14,17, 21 and 28.

The release was investigated” within 28 days using an enzyme linked
immunosorbent assay (ELISA). Therefore, a “RayBio Human BMP-2 ELISA Kit” (Ray
Biotech; Norcross, Georgia, USA) was used to measure the exchanged buffer
samples. In brief, an antibody specific for human BMP-2 was used to immobilize the
BMP-2 of standards and samples. With repetitive washing, a biotinylated anti-human
BMP-2 antibody, a HRP-conjugated streptavidin and a TMB substrate solution are
added subsequently to develop a colouring (measured at 450 nm) in proportion to the
amount of bound BMP-2. The sample read out was conferred with the standards
read out to vyield cytokine concentrations. A standard deviation between the

measured values was used as error.

" The ELISA test and read out was performed by Ms. Maria Aniolek, technical assistant at FMZ.
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Each sample was measured in duplicate. With respect to the amount and reliability of
steps involved, an ELISA Kit accuracy in the lower pg/ml range was doubtful.
Therefore an accuracy level of 130 pg/ml was introduced, since the ELISA read out
for duplicate measurements of the same samples returned zero or another numerical
value below this level. Consequently only values above the introduced accuracy level
are suitable for a closer interpretation of the results. Additionally, the BMP-2 retention
was cumulatively displayed. Since the standard deviations of the ELISA
measurements alone were too small to describe the inaccuracies involved in the
entire process of loading and release, a 0.1 % tolerance of the total BMP-2 content
was additionally considered for the initial amount of cytokine that was loaded to the
scaffolds. Consequently the displayed measuring accuracies of the BMP-2 retention
are represented cumulatively by the loading tolerance and standard deviations.
(Figure 4.26)

3.5.10 X-Ray Diffraction (XRD)

With an X-ray Diffractometer "D5005" (Siemens; Karlsruhe, Germany) 2-theta scans
of the samples were recorded in Bragg-Brentano geometry. Hereby, an acceleration
voltage of 40 kV and an electron current of 30 mA were applied. An X-ray tube of the
type "FK60-04x12" with copper anode served as radiation source. The sets of
apertures and X-ray wavelengths used are listed in Chapter 9 Table 1.

The XRD diffractograms were recorded with the software “Diffracplus XRD
Commander 2.4.1” at a resolution of 0.02 °. Since calcium phosphates show a high
density of characteristic reflections especially in the a 2@ angle range of 20 ° to 40 °,
this angular range was used for the investigations. The data processing was
performed using the software "EVA 10.0.1.0". Crystalline components were identified
by the JCPDS substance database®®.
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4 Results and Discussion

Parts of the following chapter have been originally written by the author and are
published analogously in other text documents. In particular, fractions of the
Chapters 4.1, 44 and 4.5 are disclosed by the Patents EP 2788171 A2°" and
US 2014350331 A1%%.

4.1 Process Development - Directional Solidification

Despite intensive research, the current available solutions still do not allow the
production of a physical or (bio) chemical hierarchical, monolithic structure with
zones of different material compositions and continuous anisotropic pore structures.
It is a well-known problem that subsequently joined materials often show a material

failure at the contact points of different components265

. This is of particular
significance for materials with porosities in the micron range. Here, the porosities are
mostly present in random distribution and therefore do not fit each other when
individual components are assembled together. If the entire material is considered,
this causes a decrease of the overall penetrability, which may affect the functionality

significantly.

This problem is solved by the method according to the invention described in
EP 2788171 A2%’, since multi layered but monolithic materials featuring continuous
pore structures can be obtained: In the newly developed proceeding multiple flowable
precursors are solidified inside a cryostructuring device; after ice crystal removal they
are cross linked to a monolithic material. The precursors, which are arranged
between temperature-controlled bodies and isolating bodies that may represent
partial the desired shape of the material negatively, are directionally solidified entirely
or partially. Various mutually different precursors can be combined to form a
monolith. These precursors may consist out of solutions, dispersions, suspensions,
gels or polymeric melts, which Iinclude sublimable additives. After cryo-
structuring, the solidified additives are removed by sublimation under suitable
pressure and temperature conditions. Thereby, a hierarchically build material is

generated, which is entirely or partially penetrated by anisotropic pores.
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4 Results and Discussion

A further consolidation of the resulting material can be performed by cross linking,
sintering or infiltration with other materials or mixtures of materials. Figure 4.1 is
illustrating the main production steps of an osteochondral scaffold, which represents
a more concrete example of the developed platform proceeding. A directional
solidification of different precursors (e.g. collagen “solutions”), which are layered
inside a cryostructuring device is leading to a controlled growth of aligned ice
crystals. While the ice crystals penetrate the individual solution layers perpendicular
to the planes of layering they push particulate constituents aside, forming channels of
ice. The ice inside the cannels is removed by lyophilisation, leaving behind a
continuous pore structure.

If a superficial layer with fibre orientation parallel to the surface is desired, polymer
fibores may be deposited by electrostatic spinning (Chapter 4.5.4). In order to
consolidate all layers as a monolithic structure, covalent cross linking by using
activated carbodiimides is applied. In this cell-compatible "zero-length" cross linking
covalent bonds are established between the collagen molecules without the
incorporation of other substances or linkers.

After removing chemical residues of the cross linking by washing, the scaffold is
freeze dried and subjected to gamma sterilization. Finally, the scaffold may be used

for cell seeding or directly as off the shelf product for surgical implantation.

Ry-N=C=N-R,

e

N

a b c d e

Figure 4.1: Schematic illustration of the process steps involved in the developed cryostructuring
process for an osteochondral scaffold. a) Directional solidification, b) lyophilisation, optional: c)
electrospinning of polymer fibres on the scaffold surface, d) covalent cross linking of multi layered
precursors, e) cell seeding or implantation.
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4.1.1 Development and Assembly of an Adjustable Cryostructuring Device

The development of a tuneable device, which was especially designed for the
directional solidification of aqueous precursors, represented a crucial part for the
practical realization of the process. Without such a device the precise control over ice

crystal growth and thus, the porosity of the scaffolds would be impossible.

The generation of a controllable temperature gradient in a thermal well isolated
environment represented the core requirement of the device, which lead together
with a very broad application spectrum to the respective design decisions. In contrast
to established freezing devices for directional solidification'423-2%182.183,242,246,249,253,266
were liquid nitrogen is used to generate a low temperature level, the developed
device is based on electrical temperature control by usage of Peltier elements (PEs).
Based on preliminary studies of the authors diploma thesis?®®, the preferable
temperature parameters for the creation of cell carrier matrices are to be reached
more practically by the chosen method than by the established ones. Conventionally,
one liquid nitrogen cooled metal body is heated up by a current-carrying wiring, from
a basis temperature (towards — 273 °C) to the desired level?® 183242249206 | the
developed device, two temperature-controllable bodies are thermally connected to an
intermediate temperature reservoir (tempered between 5°C and -35 °C). The
temperature-controllable bodies are heated or cooled to the necessary temperature
levels and thus require a smaller temperature difference to be modulated.

The Adjustable Cryostructuring Device (ACD) was designed as a variable kit so that
modifications, extensions or improvements can be made efficiently regarding
resources of time, effort and costs. After several optimizations, it was possible to use
the ACD for the preparation of different sample types with spatially resolved

compositions and adjustable sample dimensions, pore sizes and orientations.

The basic operation principle of the ACD is depicted in Figure 4.2 a): two Peltier
elements (PE) are arranged opposing each other. In between them, flowable
precursor materials may be arranged in a sample volume. A powerful thermal
isolation around the sample volume is required for the generation of a directional
external temperature gradient. The PEs are tempered at different temperature levels

by electrical control, so that a directional temperature gradient is generated.
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The absolute value of the external temperature gradient is dependent on temperature
difference and distance of the respective PEs. If, for instance, the upper PE is
brought to a higher temperature level than the lower one, the temperature gradient is
build up from the upper to the downer PE. A front of solidification may now expand
antiparallel to the direction of heat flow. Depending on the composition of the

precursors and the strength of the heat flow, the solidification may manifest in an

equiaxial, dendritic or columnar growth of solidified solvent.

Figure 4.2: Operation principle and stages of development of the Adjustable Cryostructuring Device
(ACD). a) A directional temperature gradient (8T/0x) is established between two differently tempered
Peltier elements (red PE — higher temperature; blue PE - lower temperature). Ice crystals grow
antiparallel to the temperature gradient through precursors (grey, green, yellow) inside the sample
volume. b) Intermediate development stage of the ACD depicting the heat exchanging elements which
are surrounded by an isolating housing in the final development stage (c).

An intermediate development stage of the ACD is documented in Figure 4.2 b)
revealing its major components: A stovepipe hat shaped copper unit (outer assembly
group (OAG); Figure 4.2 b) number 1) is responsible for the overall heat exchange.
The OAG is connected to a “Julabo F32° cryostat (Julabo; Seelbach, Germany)
(Figure 4.2 b), c) number 2) by a piping system. The combination of both devices
enables the generation of an intermediate cooling level while removing the heat that
is generated inside the inner assembly group (IAG; Figure 4.2 b), c) number 3),
which is located inside the OAG. Two Programmable Power Supplies “PSP 12010”
(Voltcraft; Wollerau Switzerland) (Figure 4.2 b), c) number 4) enable the control of
the PEs within the IAG.
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4 Results and Discussion

To ensure a good accessibility for modifications of the IAG and a convenient sample
production, the top of the OAG may be lifted up by four pneumatic driven cylinders
“DNSU-20-160-PPS” (Festo; Esslingen; Germany). The temperatures of the PEs and
the sample precursors can be monitored and recorded by temperature sensors,
connected to a “K204 Datalogger” (Voltcraft; Wollerau Switzerland; Figure 4.2 b), c¢)
number 5).

In order to increase the performance and to avoid the unwanted deposition of
condensed water, the ACD was further upgraded until its final configuration. The
OAG was isolated by two custom polyurethane foam shells (Figure 4.2 c) number 6)
fit into an outer stainless steel cylinder (Figure 4.2 c) number 7). The piping system
between cryostat and OAG was isolated by tubular polyethylene foam isolations. To
shield off air exchange and thus condensed water to the bare parts of the OAG, the
top of the OAG and the pneumatic cylinders were augmented by an isolation sealed
hood (Figure 4.2 c) number 8) out of polyethylene and acrylic glass. The top, and the
bottom part, as well as the outer housing of the OAG are grounded to the respective
zero conductors of the DC power supplies. The current supply of the PEs and the
temperature sensors run through an isolation sealed horizontal tunnel at the back of
the OAG (Figure 4.3 a), b)), which also allows an endoscopic monitoring of the

cryostructuring process itself.

After multiple years of development, four major IAG configurations of the ACD were
ready for use (Figure 4.3 c) — f)) so that various different sample types and
dimensions are accessible. For these configurations further sub-configurations,
including diverse sample shaping moulds have been created. This facilitates the
production of smaller as well as large samples, with one single device. Thereby, cell
carrier matrices like a partial rat femur and a complete bovine meniscus may be
produced.

An itemized plan of the ACD’s central components and their assemblage is depicted
in Figure 4.3: A combination of the precisely fiting IAG and OAG is shown in
Figure 4.3 a) as a sectional image. The cupreous OAG comprises the IAG including
the sample volume (red) in the centre, which is investigable through a horizontal
service tunnel. Inside this tunnel run the current supply cables of the PEs as well as
three temperature sensors. One sensor monitors the sample temperature, while two

sensors record the PE surfaces that are facing the sample (orange sub channels).
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The three central parts of the OAG are shown in Figure 4.3 b). The main heat
exchanger unit A1 is traversed by the cooling agent of the cryostat in order to be kept
on an intermediate temperature. On top of A1 sits a ring shaped heat exchanger unit
A2, which contains the IAG and is gaped to provide the service tunnel. The four (not
depicted) pneumatic cylinders are screwed in here, to lift or close the top heat
exchanger unit A3 for precursor fillings into the sample volume.

An exploded view of IAG main configurations can be found in Figure 4.3 c) - f).
Individual components of the IAG are representatively described for configuration f):
The sample volume is located in the centre of the isolation unit 11 and is in thermal
contact with the temperature-controlled bodies W1 and W2, mounted above and
below the sample volume. Those parts are fit in the isolation units |11 and 12 and are
thermally coupled to the PEs P1 and P2, which in turn are fixed by the isolation units
I3 and 14. Temperature sensors run along channels in |12 and eventually W2 while the
current wires of the PEs run inside of 14. While the isolation units are all made out of
polyether ether ketone (PEEK), the temperature-controlled bodies are fabricated out
of aluminium. For reasons of clarity the sample volume S is only depicted in
Figure 4.3 c).

Petri dishes may be placed inside the sample volume before the precursors are
arranged inside to ensure a hygienic sample production with a low contaminant
exposure. To enable the production of differently sized samples, sample volumes of
344 cm® (c), 14 cm® (d), 10 cm® (e) and 6 cm® (f) can be addressed with the I1AGs
depicted in Figure 4.3. A hardware based preset of the used temperature gradients
may be selected by choosing the appropriate distance between the temperature-
controllable bodies from 14 mm (Figure 4.3 c), d)), 8 mm (Figure 4.3 e€)) and 5 mm
(Figure 4.3 f)).
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Figure 4.3: CAD images of Adjustable Cryostructuring Device with different configurations of the inner
assembly group. a) Sectional image of combined central parts of inner and outer assembly group. The
precisely fitting groups comprise the sample volume which is investigable through a horizontal service
tunnel. b) Central parts of outer assembly group. Exploded view of main configurations of the inner
assembly group with different maximum sample volumes: c) 344 cm3, d) 14 cm3, e) 10 cm’ fie cm”.
Further components of the device are not depicted.
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During development, the OAG of the ACD was upgraded multiple times by
improvement of isolation and variation of the cooling agent. The variation of the
cooling agent had a considerable impact on the achievable (intermediate)
temperatures of the OAG, being responsible for heat exchange. While temperatures
of only 1 °C were practicable using pure water, the use of a 1:1 mixture of ethylene
glycol and water enabled temperatures of -20 °C. By using “Thermal HY Baysilone-
Oel M3” (Julabo; Seelbach, Germany) intermediate temperatures down to -27 °C
could be established. Isolation optimizations of cooling agent piping systems and
OAG were carried out in parallel to the change of cooling agents. A significant
performance improvement of the ACDs accessible external temperature gradient
from (1.3 £ 0.1) K/mm up to (9.0 £ 0.1) K/mm was achieved, which enabled the

directional solidification of (collagenous) precursors in a highly controlled manner.

4.1.2 Process Evaluation by Fabrication of Cryostructured Alginate Scaffolds

The cryostructuring process of alginate solutions was analysed regarding
temperature gradient, cooling rate and solidification rate. The pore sizes of the
resulting scaffolds were determined for the top, the bottom and the cross section.
Alginate was chosen as scaffold material due to a better availability and a lower
economic significance than collagen. In order to get reproducible results efficiently, a
temperature gradient working range where the ACD does not require thermal

regeneration was chosen.

4.1.2.1 Scaffold Preparation

For the systematic investigation of cryostructured scaffolds, an alginate solution in
deionized water was prepared by dissolution of 5.50 wt% Protanal LF 10/60, a low
viscosity alginate with a mean G/M ratio of 70 % and mean molecular weight of
180 kDa (FMC Biopolymer; Drammen, Norway). In order to avoid the formation of
alginate compound colloids, the alginate was added gradually under vortex
appearance. 2.5 uyg/ml Fungizone Amphotericin B (Invitrogen Life Technologies,
Karlsruhe, Germany) was added as a precaution to prevent an eventual colonization

by mould fungus.
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The ACD was set up with the IAG depicted in Figure 4.3 €) and the cryostat cooled
the heat exchanging unit of the ACD to a temperature of -25 °C. A polished petri dish
cover, with an inner diameter of 37 mm, (BioOne, Greiner, Germany) was placed in
the centre of the cryostructuring unit and the PEs were supplemented with the
current necessary, to generate the respective desired temperature gradients. When
the cryostructuring unit of the ACD was near thermal equilibrium, 3 ml of the alginate
solution were injected into the petri dish cover. The solution was frozen under the
influence of a unidirectional outer temperature gradient. The temperature curves of
the PEs and the solidifying solution were recorded.

After solidification, the specimens were transferred to a lyophilizator, where the
sublimation of the frozen solvent was carried out for 18 h, at -52 °C and 70 pbar. The
resulting porous alginate structure was further ionically crosslinked. Therefore, the
structure was placed in a pressure vessel (Figure 4.17), which was evacuated until
reaching an operating pressure of 100 mbar. 50 yl of 1 mol/l CaCl, solution was
added per mg of specimen; 45 seconds after the infiltration of the material, the
pressure vessel was vented. After 24 h reaction time, the scaffold was washed three

times in distilled water.
4.1.2.2 Temperature curve evaluation

Temperature curves were recorded for scaffolds that were produced under varying

external temperature gradients VT. The external temperature gradient was

calculated according to:

= aT Tpa—T,
v T — — ,-\=_, I i)d _)pul) (8)
ax Xyu—Xd

with T,,,, and T,,4 being the temperatures, X,, and X, being the position vectors of the

upper and the lower tempered bodies (e.g. PEs), respectively. For the further
evaluation, the external temperature gradient ratio perpendicular to the surface of the
PEs was considered. A gradient range from 0.5 K/mm to 4.5 K/mm was investigated
in steps of 0.5 K/mm; within each step the cryostructuring of five scaffolds was

analysed.
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A cooling rate, which is representing the cooling performance of the device, and a
solidification rate, which stands for the temporal progression of solidification inside
the precursors was determined. In order to generate discrete values for cooling rate
and solidification rate a linear interpolation was performed between t(7,), the time
when the sample reached a temperature of 0° C, and ¢(T.), the time when complete
solidification was reached. The point of complete solidification was set according to
the starting point of a 30 second time interval when the temperature of the frozen
sample did not change any further (Figure 4.4). The linear interpolated solidification
rate v, and the linear interpolated cooling rate v, were calculated according to the

following formulas:

h=#1,09 T:—To
— ; vC I e——
t(T*)_t(TU) t(T*)_t(TD)

(9; 10)

Vg =

With h being the height of the freeze dried scaffold, considering a solidification

conditioned, sample volume expansion of approximately 9 % at a confined sample

radius.
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Figure 4.4: Exemplary temperature curve for VT =45Kmm. Cooling rate and solidification rate have
been determined by linear interpolation between 0° C (7,) and the temperature of complete
solidification (T,).

66



4 Results and Discussion

The further temperature curve evaluation was performed by calculating the arithmetic
average, for the linear interpolated cooling rate (Figure 4.5 a)) and the corresponding
linear interpolated solidification rate (Figure 4.5 b)), out of five cryostructured
scaffolds per temperature gradient step of 0.5 K/mm. The standard deviations of

mean pore diameters and temperature gradients are displayed by error bars.
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Figure 4.5: Linear interpolation of a) cooling rate and b) resulting solidification rate in dependency of
the applied external temperature gradient.

After Fourier's law, the heat current density is directly proportional to the present
temperature gradient. In case of the cooling rate, which is in turn directly proportional
to heat current density, a linear dependency from the temperature gradient is
resulting. On the other hand the linear temperature decrease during cryostructuring is
obviously superimposed by the heat energy that is released due to the crystallization
enthalpy (Figure 4.4). In order to determine a mean rate of solidification a linear
interpolation was performed which led naturally to a linear dependency form the
temperature gradient. Out of the slope of the linear fit in Figure 4.5 a) properties of
the ACD can be determined for the used experimental setup: An external
temperature gradient increase of 1 K/mm is resulting in a cooling rate elevation of
(- 1.900 £ 0.059) K/min.

Since the velocity of the ice front is an crucial parameter which determines the
properties of the growing ice crystals, the dependency of the solidification rate from
the external temperature gradient is of special interest. From considering the slope of
the linear fit in Figure 4.5 b) it can be seen that, for the current parameters, the linear
interpolated solidification rate will increase about (1.46 + 0.14) ym/min for each

external temperature gradient increment of 1 K/mm.
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4.1.2.3 Pore analysis

Image data processing of SEM images followed by statistical analysis was used to
determine the pore sizes of scaffolds that were produced under varying external
temperature gradients. Again, a gradient range from 0.5 K/mm to 4.5 K/mm was
investigated in steps of 0.5 K/mm. Therefore, the central region was cut out of three
scaffolds per step, and subjected to gold coating inside a gold sputtering unit with
25 mA sputter current. For each scaffold, SEM images of the top, the cross section
and the bottom were captured with a Scanning Electron Microscope at 5 kV
acceleration voltage (Figure 4.6 a), b) and c)).

These pictures were analysed by the use of the software "ImagedJ 1.43m". After
threshold adjustment, pore masks (Figure 4.6 d), e) and f)) were generated, which
were used to determine area and diameter of each single pore. Because of
irregularities of the gold coating in combination with disparities in the level of
analogue photographic development, the threshold adjustments had to be carried out
individually. Since the pores showed, perpendicular to the ice crystal growth direction
an elliptic appearance, a short pore diameter (dx) and long pore diameter (dy) was

determined (Figure 4.9 a)). In average, over 600 Pores were analysed per image.

This data was further processed with the software "Origin Pro 8.5.1 G". Assuming,
that higher pore areas are corresponding to higher pore diameters, both pore
diameters and the pore areas were ordered by absolute value. Each pore area was
normalized to the total pore area of the image and summed up iterative. Thus, a
normalized pore area fraction was plotted in dependency of the short pore diameter
(dx) and long pore diameter (dy), respectively. At a normalized pore area fraction of
0.5, a mean value of the pore diameters dx and d, was gained for each image.
(Figure 4.7)
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Figure 4.6: Image data processing. SEM images of the scaffolds (original) were analysed regarding
their pore areas and diameters by threshold adjustment resulting in pore masks (processed).
Exemplary results for a) top, b) cross section and c) bottom of the central scaffold region. The
evaluation was carried out as described on page 68.
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Figure 4.7: Exemplary determination of mean pore diameters by normalized pore area fraction. a)
Short pore diameter of bottom pores, b) long pore diameter of top pores. For an illustration of the
spatial orientation of short and long pore diameter see Figure 4.9 a).

Exemplary SEM images of the scaffold pore structures are shown in Figure 4.8.

Corresponding to the external temperature gradients (? T) which were applied during
cryostructuring, the respective pore structures can be observed for the top, the cross
section and the bottom pores.

On the top surface of the scaffolds, a few micrometres thin sheeting is open-worked

by elliptic to spindle-shaped pores. While these pores show an irregular spatial

orientation and stronger differing pore areas at lower values of VT, the spatial
orientation as well as the pore areas are getting more uniform and the pore sizes are
decreasing with higher values of V T

In the cross sections, anisotropic spindle- to tube-shaped pores are stretching
through the entire height of the scaffolds. Smaller temperature gradients are leading
to a rather confused alignment of single domains where the pores run more or less
parallel to each other in comparatively flatter angles to the scaffold surface. With
increasing temperature gradients the pore orientation is moving until a perpendicular
orientation to the scaffold surface, resulting in a highly ordered pore structure for high
VT.

At the bottom of the scaffolds, a fine feather-like pore structure is established which
is resulting from the initial crystallization processes at the beginning of
cryostructuring. Inside the scaffold this structure is expanding only for a few
micrometres before merging into the cross section pores. The pore size at the bottom

of the scaffolds is increasing with incremental temperature gradients.
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Cross section
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Figure 4.8: SEM images of exemplary pore structures for the top, the cross section and the bottom
pores in dependency of the external temperature gradient used for their creation. (Scale bars:
200 pm)

After image data processing and evaluation, the arithmetic average of the pore
diameters dx and dy was calculated for top and bottom images corresponding to the
associated temperature gradient step (Figure 4.7). In case of the cross section
images, only the short pore diameter could be obtained by this evaluation method.
Besides preparative challenges, a reliable image data processing for a cross section
of the long pore diameter appeared impossible because of the small contrast
changes correlating with the comparably low depth of the pore elongation in

dx-direction which is impaired by the dendritic microstructure of the pore wall.
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Figure 4.9: a) Schematic image of a porous scaffold showing the orientation of the measured pore
diameters (d, = short pore diameter; d, = long pore diameter). Average pore diameters of the cross
section (b)), top (c), d)) and bottom (e), f)) pores.

72



4 Results and Discussion

Summarized it can be observed that for an increasing external temperature gradient
the diameters of top and cross section pores are decreasing while the diameters of
bottom pores are increasing. Within the analysed working range, it can be roughly
estimated that the final pore diameter decrease is nearly always about 50 %, while
the increase is about 200 % of the initial pore diameter, respectively. Since the total
pore homogeneity and anisotropy is increased with higher external temperature
gradients and a short cross section pore diameter of about 80 um is to be achieved
at higher temperature gradients. Isotropic pore structures may be created by
operating at low temperature gradients, while the production of (osteo)chondral
scaffolds is best to be performed at elevated temperature gradient levels. For
scaffolds with an meniscus microstructure lower external temperature gradients in

between the afore mentioned ranges are the appropriate choice.

4.1.3 Optimization of Processing Steps

In order to achieve the material production in the final stages, as demonstrated in
Chapters 4.3, 4.4 and 4.5, several years of development and optimization were
required. Besides the successive augmentation of the ACD also optimization in the
processing of precursors was crucial. The control over the freezing regimes inside
the ACD enabled the formation of complex scaffold microstructures, like a meniscus
mimetic fibre architecture (Chapter 4.4). A continuous propagation of anisotropic ice
crystals through different layers of precursors, turned out to be a challenging task.
Different cross linking methods have been evaluated before the most suitable

solution was found.

4.1.3.1 Precursor Preparation

To apply the cryostructuring process in a way to yield an anisotropic pore structure,
the precursors must feature a certain level of flowability. For the determination of the
optimal concentrations of the respective precursor components, multiple
concentration ranges had to be screened. For proof of principle, preliminary scaffolds
have been produced by using alginate. Therefore concentrations (w/w) between
0.5 % and 6.0 % dissolved in water were evaluated regarding their cryostructuring

potential.
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Alginate solution represented a very convenient precursor material for directional
solidification, regardless of the concentration used. The fact that the solubility of
sodium alginate (Protanal LF 10/60 FT) in water, respectively the saturation level, is
increasingly limited above a concentration of 5.0 % turned out to be the only real
limitation. Since the mechanical stability of the resulting scaffolds is increasing
together with the biopolymer content of the precursors, concentrations between
5.0 % and 5.5 % have been found to yield optimal results. Higher concentrations

leaded to inhomogeneities caused by the aggregate formation of unsolved alginate.

As a measure of flowability, the temperature dependent viscosity of a 5.0 % alginate
solution was compared to a 5.0 % alginate solution containing 5.0 % brushite.
Therefore, rheological measurements during cooling from 20 °C to 0 °C were carried
out to approximate the situation in the beginning of the cryostructuring process
(Figure 4.10 a)). Upon the addition of the plate shaped calcium phosphates the
viscosity increases for a manifold. Especially at lower temperatures an exponential

increase of the systems viscosity can be clearly observed.

To follow a biomimetic approach, collagen | represented the main structural
constituent of the precursor materials of the final scaffolds. Collagen | material,
derived as described in Chapter 3.3.1 and dissolved in 0.5 mol/l acetic acid was
investigated within a concentration range (w/w) of 0.1 % to 4.5 %. Suitable
concentrations of acetic acid for the preparation of collagenous solutions have been
already investigated by H. Schoof?*2. The viscos behaviour upon cooling of a 1.0 %
collagen solution is depicted in Figure 4.10 b). Within the investigated range from
20 °C to 0 °C a nearly linear increase can be observed for the progression of the
viscosity.

While alginate solutions with concentrations in the range of 5 % still behave honey
like regarding the flowability, collagen | solutions of about 1 % already behave like a
gel. Although this fact represents important for the practical realisation of
experiments, it is not predictable if only the measured viscosities are considered. The
directional solidification of collagenous solutions was achievable up to concentrations

of 4.0 %. Above this value, only an isotropic solidification was observable.
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Figure 4.10: Viscosities of precursors. a) Alginate precursors show a significant increase of viscosity
upon the addition of calcium phosphates. b) Collagen precursors exhibit varying viscosities according
to their respective compositions SC, CD (Chapter 4.5) and IM, OM (Chapter 4.4).
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Besides the collagen |, also collagen |l, chondroitin sulphate, hydroxyapatite and
brushite were employed for the precursor preparation. In these cases the precursor is
not to be titled as solution or gel anymore. The precursor may be rather stated as
dispersion, suspension, or slurry. Regarding these further ingredients it is of huge
importance to consider if the components are to be seen as inert or active to some
degree during precursor preparation. Hereby, the interaction with the collagen | is of
main significance. Also the particle/aggregate size of the ingredients is a key feature,
since larger particles may lead to significant disturbances during the directional

crystal growth.

Calcium phosphates like brushite and hydroxyapatite are to be seen as inert
particles, which interfere with the cryostructuring process only marginally within
certain concentration limits. Depending on the particle size, the only relevant
alteration, of the precursor represents the reduction of the flowability (Figure 4.10
a)). For calcium phosphate crystals with a particle size below 60 pm, the formation
potential of anisotropic crystals upon directional solidification is only slightly
decreased If the dry weight of calcium phosphates does not exceed the dry weight of
the main structural component.

The use of higher concentrations of inert particles is still possible, but a continuous
anisotropic pore structure of the resulting materials is not to be expected anymore.
Commonly the establishment of a dense and an isotropic zone will occur before an
area where an anisotropic structure might be formed'??. Structures of this quality
maybe formed without a dispersing agent by using ceramic particles up to the fivefold

dry weight of the biopolymer.

Collagen Il in the used form of ground, purified cartilage particles represents as
almost inert regarding the precursor alteration. With a collagen Il particle size of
60 um or lower, the swelling upon rehydration alters the precursor performance only
marginally, as long as the dry weight of collagen |l does not exceed the 1.5 fold of the
dry weight of the collagen I. It is also possible to process anisotropic structured
scaffold layers consisting entirely of collagen Il (Figure 4.16). Therefore, also
enzymatically treated collagen Il, which could be obtained after pepsin digestion, was
used. However, these scaffolds were extremely fragile to handle before cross linking

and after the consolidation they still featured only a negligible stability.
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Consequently, the used states of collagen Il did not contribute sufficient structural
integrity to the overall matrix structure. Because it would represent the most
biomimetic approach, the fabrication of osteochondral scaffolds which only contain
collagen Il as structural component within the chondral zones would be highly
desirable. Unfortunately, the mechanical requirements for prolonged cell culture or
surgical implantation are not matched by the use of the available collagen Il alone.
Thus, collagen | represented the most suitable biopolymer for the creation of
scaffolds that fulfil all the requirements. Additionally, collagen Il was supplemented to
the scaffolds, close to the maximal amount without disturbing the anisotropic pore
formation. This way, the biological key signals of collagen Il are still to be expected to
affect invading stem cells while the mechanical performance of the scaffolds

corresponds to the above mentioned requirements.

In order to mimic the different zonal compositions of the cartilagnious tissues, also
GAGs were supplemented. The mutually repulsion of the, in hydrated state,
negatively charged sulphate groups of GAGs in native cartilage represents a key
component for the mechanical dampening function. This feature might be adequately
transferred to the scaffolds by processing GAGs too.

Native meniscus tissue is known to feature different amounts of GAGs in the
respective tissue zones. According to the literature, the GAG content, measured as
cdw, accounts to 10 % for the inner and less than 1 % for the outer meniscus zone,
respectively“5’121.

According to the investigations of Venn et al. considering the chemical composition of

human articular cartilagem‘m, the

respective zonal content of GAGs was
determined. Based on this data, the sum of all GAGs was calculated to be
approximately 20 % of cdw in the deep chondral zone and ca. 15 % cdw in the
middle chondral zone. Inside native femoral head cartilage, the chondroitin sulphate
content shows only a small variation with depth on a dry weight basis while keratan
sulphate increases with distance from the articular surface'®. However, for reasons
of economic favourability, chondroitin sulphate sodium salt from bovine cartilage
(Sigma-Aldrich; Munich, Germany) was chosen to be used as compensatory for all

GAGs in the native tissues.
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Therefore, the content of chondroitin sulphate was varied within the biological
significant range of 0 % to 20 % cdw within the scaffold zones. In contrast to the
previously mentioned precursor ingredients, chondroitin sulphate is to be considered
as actively interacting with other components. The most dominant effect on the
precursor behaviour is clearly the interaction with collagen |. Already after short
stirring time during precursor preparation, a gelling of chondroitin sulphate together
with collagen | could be observed. This leads to a local segregation of the gelified
proteins from the solvent. Depending on the total concentration of the respective
components, this might lead to a significant change of the flowability which may
culminate in disabling the formation of an anisotropic crystal structure during
directional solidification. If chondroitin sulphate is added in trace amounts (1*10? %
to 1*10° %) the mentioned local segregation leads to a lowered viscosity due to a
relative increase of available solvent. Within the range of 1*10” % and above, the
overall viscosity is increased for precursors featuring collagen | concentrations above
1 %. In this case, the gelification is dominating the effect of the released solvent.
(Figure 4.10 b))

In order to achieve an anisotropic solidification despite the employment of 20 % cdw
of chondroitin sulphate the content of collagen | and consequently the total amount of
precursor materials had to be reduced. Self-evidently this is lowering the overall
mechanical performance of the scaffolds, since the increase in sulphate group
repulsion alone will not compensate the associated loss of material, responsible for
the structural integrity. But on the other hand the increase in availability of key signals
to a biomimetic quantity may be able to improve the cellular response to the scaffold

and thus the clinical relevant outcome.

Collagens and where required also GAGs and CaPs were stirred together with
0.5 mol/l acetic acid to produce a flowable mixture. During the stirring process, a
considerable amount of air is incorporated within the precursors. Entrapped air
bubbles lead locally to unwanted alterations of the microstructure during the
cryostructuring process. For precursors which are closer related to solutions in their
behaviour, a stirring under low pressure may be a sufficient way to overcome this
problem. Low concentrated alginate solutions represent good examples for this

behaviour.
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For precursors being closer related to gels, like it is the case for most of the
collagenous formulations used to produce the described scaffolds, this method is not
adequately applicable. A centrifugation within a syringe as shown in Figure 4.11
represented the most effective and practical method for degassing of the precursors.
Therefore, the precursor was filled inside a 10 ml Luer-Lock syringe, which was
augmented with a stabilization unit before it was cap-locked. The stabilization unit
prevents a lateral displacement of the Luer-Lock/cap-lock junction and facilitates this
way a higher operation safety. Before centrifugation, the system in transferred into a
50 ml centrifugation tube with a circular opening for the plunger of the syringe. After
ensuring, that the plunger may not collide with inner parts (11180 setup) of the “3-
16K” centrifuge (Sigma Laborzentrifugen; Osterode am Harz, Germany) the
precursor was subjected to centrifugation with 4500 rpm for 5 minutes. This way, a
highly effective degassing could be achieved since air of approximately half of the

initial precursor volume could be separated from the precursor by centrifugation.

Figure 4.11: Centrifugation of precursors in syringe setup. a) A Luer-Lock syringe filled with precursor
(white) is augmented with a stabilization unit (black) and cap-locked (red). b) The system in
transferred in a centrifugation tube. c¢) After centrifugation, a highly effective degassing is achieved.
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4.1.3.2 Cryostructuring of Collagenous Precursors

Due to the high potential of the directional solidification processes, a calculation of
the parameters that would be needed to achieve specific structural sizes and
alignments would be desirable to reduce time and resources of research. For
precursors, that can be considered as “single component” materials like metal or
metal alloy melts where the specific behaviour is already well-defined and
understood, such calculations are reasonable and very usefully applied to the casting
of metal materials®*®%'4**".

The motivation to transfer the associated mathematical apparatus, designed for
“single component” systems to “multi component” systems, which do not actively
interact with each other, represents comprehensible. However, already the transition
of these complex calculations to simpler “multi component” systems requires several
approximations. Some assumptions, which would allow a convenient mathematical
description of solidification processes upon temperature change, include the
treatment of material parameters as constants to yield numerical values.

As presented in Chapter 2.5.3 these parameters are mostly defined as functions of
several other (e.g. temperature) dependent variables. Thus, the adequacy to use
variables as constants remains a subject for debate for each specific parameter.
During the cryostructuring process, the interaction of a huge variety of parameters
influence the form of solidification: decrease in enthalpy upon cooling as well as
enthalpy decrease on solidification (latent heat of fusion), external heat flux, heat
capacities, diffusion properties, nucleation probabilities, changes in Gibbs energy
upon interface formation etc. Depending on those, the liquidus temperature of the
precursor and the slope in the temperature position diagraph determines an eventual
constitutional undercooling of the precursor (Chapter 2.5.2). In the area of
constitutional undercooling, crystallisation habits, the tip radius and the wetting angle
of directional solidifying material(s) initiate the formation of solidification structures on
small length scales.

An experimental determination of the respective parameter functions, for interacting
precursor materials and for several distinct precursor compositions used in this study,
itself would necessitate an enormous amount of research. However, bigger issues
would have to be faced for deriving a new system that would allow a correct

mathematical description of these highly complex multi component systems.
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Even if both of the previously mentioned barriers would have been overcome, an
experimental verification of the theoretical apparatus would still be inescapable. As a
result of these considerations it was found to be most effective to evaluate the

practically critical parameters by an empirical, experimental approach.

In order to investigate the behaviour of collagen during directional solidification, a
0.5 wt% collagen | solution was prepared, as described previously, using 0.5 mol/l
acetic acid. The cryostructuring was carried out with varying external temperature
gradients in order to monitor qualitatively the microstructural changes associated with
different manifestations of ice crystal growth. Figure 4.12 displays representative ice
crystal morphologies of the collagen | precursors. All Images were captured using an
“‘AxioCam ICc5” and further processed with “Zen Pro 2012 blue edition” (Carl Zeiss
Microscopy; Minchen, Germany).

Figure 4.12 a) depicts the common macroscopic appearance of directional solidifying
collagen precursors. Like in all images of Figure 4.12, the solidification is
propagating form the bottom to the top. Reasoned by the hexagonal crystallization
behaviour of water, a lamellar solidification is established. The orientation of the
visual plane corresponds to the cross section view depicted in Figure 4.8 and the
short pore diameter d, explained in Figure 4.9 a), respectively. During the ice crystal
growth the very most of the non-aqueous components in the precursors are rejected
from the growing crystal. A separation of crystalline water and in this case, of
collagen | and acetic, acid is occurring. Dark lines in Figure 4.12 a) indicate the
accumulation of collagenous material in between the ice crystals. A homogenous
crystallization may be achieved over a range of several mm.

A dependence of alignment and spacing between the ice crystals on the magnitude

of external temperature gradients (_V’ T = “dT/ox”) is captured in Figure 4.12 b): Here,
the typical dendritic crystallization behaviour which is commonly established under
external temperature gradients in the range of 1* 10" K/mm can be exemplary
observed. A front of needle like, primary crystals is penetrating the collagen
precursor. Dendritic crystal structures are rising out of these primary crystals. Due to
the plane of optical focus, only the dendritic structures pointing outward of the picture
plane are visible. The temperature gradient on the left side of the image dT/ox_ =
(6.6 £0.8) K/mm bares a lower absolute value in the crystal growth direction

compared to the one on the right side of the image dT/éxg = (8.3 £ 0.8) K/mm.
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As observable, the spacing between the individual primary ice crystals is directly
depending on the magnitude of applied temperature gradient. Together with an
increasing absolute value in growth direction, the distance between the primary
crystals in decreasing from AL = (72.5+£5.0) pm to Agr = (38.6 £5.0) um. This
behaviour is consistent with the findings of Chapter 4.1.2. Together with the
decrease in spacing, the alignment of the solidified water is increasing from left to
right.

As visible in Figure 4.12 c) a columnar morphology of the ice crystals is formed
under high external temperature gradients in the range of 1* 10 2 K/mm. The crystal
tip features a nearly elliptic shape and a smooth surface. While further crystal growth,
the initial smoothness vanishes, since small manifestations of dendritic side branches
build up. During videographic observation, the piling up of displaced collagen fibres is
visible ahead of the moving ice front. Due to the opacity of the hydrated collagen |
this effect does not show very well on non-motion pictures.

An insight in the nature of dendritic side branches is given in Figure 4.12 d). Again,
the plane of optical focus is on the dendritic structures, so that the primary crystals
are not in focus. Nevertheless, a significant outgrowing of dendritic manifestations
can be observed after a length distance of 60 - 80 um from the tips. These show a
hexagonal crystal growth with a planar geometry.

Being oriented parallel to the growth direction of the primary crystal tips, the lateral
surface is corresponding to the basal plane of the hexagonal crystal lattice. In higher
developed states of growth they branch out and fuse at the sides, being equivalent to
prismatic surfaces, which finally leads to a lamellar solidification. All primary dendritic
branches themselves also exhibit secondary dendritic side branches with the same
planar geometry as the primary dendrites. Due to the cryoconcentration, the dendritic
notches occasionally accumulate collagenous fibres, which are circumvented by the
secondary dendritic crystals. These secondary dendritic crystals in turn fuse together
behind the accumulated fibres, so that an entrapment may occur. After ice crystal
removal, these structures will show as bridges between the respective scaffold

lamellae.
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50 pm

Figure 4.12: Ice crystal morphologies in collagen | precursors. a) Macroscopic appearance of lamellar
solidification. b) Alignment and spacing between the ice crystals depend on external temperature
gradients (dT/éx). A higher temperature gradient leads to a smaller spacing between the individual
crystals and a higher alignment, respectively. ¢) A columnar morphology of the ice crystals is formed
under high temperature gradients. d) Dendritic side branches lead to a lamellar solidification.

When Figure 4.12 c) is compared to b) and d) a significant difference between the
diameters of the early primary crystals is obvious. While the columnar ice crystals in
c) expand to their maximal width already after ca. 200 pm, due to a higher
temperature gradient, the dendritic crystals in a) b) and d) expand stepwise. This
special feature of lamellar solidifying precursors shows especially well in alginate
solutions: Figure 4.13 a) depicts the solidification of a 3.0 % alginate solution
(Protanal LF 10/60 FT). Here, the stepwise increasing lamellar solidification is clearly
visible in three stages, where the Iintensifying darkening corresponds to a

pronounced cryoconcentration caused by the gradual dendritic ice crystal growth.
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During the very beginning of the cryostructuring process a thin initial layer of
fishbone-like structured ice crystals is formed at the bottom of the precursor
containing vessel (Figure 4.13 b): Starting from points with the highest cooling, an
interweaved and plane, crystal structure is formed inside a 0.5 wt% collagen |
precursor. This mechanism corresponds to the appearance of the bottom structure in
Figure 4.8. The primary crystals which dominate the rest of the directional
solidification originate highly probable from dendritic side branches of these initial

crystals.

Figure 4.13: Special dendritic growth habits during directional solidification. a) Stepwise intensifying
lamellar solidification in alginate solution, as indicated by black arrows on the right hand side. b)
Fishbone-like structure in collagen precursor at initial stages of solidification (The darker part in the top
left corner is owed to an air bubble as artefact).

After achieving control over the solidification microstructures, the processing of
multiple precursors to form one monolithic scaffold was approached. Therefore, the
method firstly was established with alginate precursors. Approximating the zonal
variations of articular cartilage, three different precursors were prepared by using
4.0 wt% alginate (Protanal LF 10/60 FT). Furthermore, 4.0 wi% brushite was
supplemented for the subchondral zone (SC), and for the deep (CD) and middle
(CM) chondral zone, each 2.0 wt% of orange and blue pigments were added,
respectively. The ACD was mounted with the IAG depicted in Figure 4.3 e) and
the cryostat cooled the heat exchanging unit of the ACD to a temperature of
-21 °C. A polished petri dish cover (BioOne, Greiner, Germany), with an inner

diameter of 37 mm, was placed in the centre of the cryostructuring unit.
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The PEs were supplemented with the current necessary, to generate an outer
temperature gradient of (4.313 + 0.063) K/mm. When the cryostructuring unit of the
ACD was near thermal equilibrium, 1.2 g of the SC precursor was injected into the
petri dish cover to create the subchondral zone of the scaffold. Hereinafter, 1.7 g CD
precursor and 1.1 g CM precursor were added subsequently to generate the deep
and middle zone of the scaffold, respectively. The directional solidification was
performed with a linear interpolated cooling rate of (-1.33 £ 0.13) K/min which led to a
linear interpolated solidification velocity of (225 % 11) pm/min. Afterwards, the
combined precursors were lyophilized and further ionically crosslinked with 50 ul of

1 mol/l CaCls, solution per mg of sample.

As a summary of the aspects mentioned afore, Figure 4.14 a) - c) shows a
cryostructuring diagraph together with images of the resulting osteochondral scaffold.
A temperature diagraph depicting the thermal precursor alteration during directional
solidification is displayed in Figure 4.14 a). In consistence with the following images
the subsequent addition of precursors is colour-coded: grey = subchondral zone
(SC), green = deep chondral zone (CD), yellow = middle chondral zone (CM).

The linear cooling of the SC precursor is superimposed by the latent heat which is
generated from the fusion of liquid water to ice. Energy of motion is drawn from the
water molecules when they take their place in the ice crystal lattice and released in
the surrounding environment. In the very beginning of solidification, this may even
lead to a temperature peak, which appears to be attributed to an equiaxial
manifestation of solidification. Considering the resulting scaffold structures, featuring
an entirely anisotropic pore structure, it seems more likely, that the generation of the
initial fishbone-like structure (Figure 4.13 b)) is causing a general warming of the
precursor. This might look like an equiaxed solidification from the temperature
diagraphs. But since these initial ice crystals feature a preferential growth direction in
the plane perpendicular to the external temperature gradient, they may not be
defined as equiaxial.

All generated thermal energy has to be removed by the heat flow which is
induced by the external temperature gradient. Like described in Figure 4.12 and
Figure 4.13 the lamellar solidification is progressing rather fast for the primary
crystals, whereas the final structure is depended on the growth of dendritic

side branches which requires more time to be carried out in completion.
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This also shows in the temperature diagraph, where an intense amount of heat is
generated in the beginning of the solidification. Afterwards, the slope of the
temperature graph is decreasing again, but not to the extent that was shown before
the solidification started.

When the temperature is approaching an equilibrium value, the addition of the next
(CD) precursor is carried out. Due to the higher temperature of the precursor, in
combination with the newly released heat of fusion, the slope of the graph is rapidly
increasing. The processes mentioned afore proceed again, whereas the expression
of the slope alteration is damped with each further layer of precursor. Hereinafter, the
last (CM) precursor is applied, with the consequence of essentially analogue effects
that have been described previously. In the end; the solidified multi zonal sample is

left for the final ripening of ice crystals until thermal equilibrium is reached.

A photography (Figure 4.13 b)) and a SEM image (Figure 4.13 c)) depict the
resulting pigmented scaffold. The pigmented colouring in Figure 4.14 b) corresponds
to the precursor composition as follows: white = subchondral zone (SC), orange =
deep chondral zone (CD), blue = middle chondral zone (CM). As observable, no
intermixing between the respective precursors is occurring. With the presented
process, scaffolds having clinical relevant dimensions may be prepared since

scaffolds with height and area of typical osteochondral defects may be created.
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Figure 4.14: Evolution of multi-layered cryostructuring with osteochondral scaffolds. The respective
scaffold zones may be distinguished by the coloured labelling: subchondral zone — SC/grey, deep
chondral zone — CD/green and middle chondral zone — CM/yellow. The proof of principle was
performed using alginate as precursor material by directional solidification according to the
cryostructuring temperature diagraph a). The resulting pigmented scaffold is depicted as photography
(b) and SEM image (c). Evolutionary steps, from early/left to late/right, of the multi-layered
cryostructuring of collagenous precursors are depicted as SEM images (d) (See text for description).

As shown by Figure 4.14 c), the monolithic osteochondral matrix features an entirely
anisotropic pore structure with short pore diameters (dx in Figure 4.9 a)), or cross
section pore widths, of ca. 80 um. Details of Figure 4.14 c) are depicted in
Figure 4.15 as SEM images: Continuous pores but a clearly identifiable interface are
shown in the pore structure between middle (CM) and deep (CD) chondral zone (a)).
With a roughness in the micron to sub-micron range the surface structure of the
chondral zone lamellae represents rather smooth (b)). The interface between deep
(CD) and sub- (SC) chondral zone is very fluent, but cross section pore diameters in
the subchondral zone are smaller than in the deep chondral zone. Within the
subchondral zone, a rough surface is created by lamellas with anchored off-standing

plate shaped brushite crystals.
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Although the consistency in pore size as well as the smoothness of the interfaces are
not perfect yet, this osteochondral scaffold features, in mean, a preferable pore size
for cell seeding and servers as proof of principle for the creation of multi zonal

scaffolds by the presented method.

Figure 4.15: SEM images of osteochondral alginate scaffold details. a) Pore structure and interface of
middle (CM) and deep (CD) chondral zone. b) Surface structure of chondral zone lamellae. c) Pore
structure and interface of deep (CD) and sub- (SC) chondral zone. d) Off-standing plate shaped
brushite crystals lead to a rough surface in the subchondral zone lamellas.

Since the presence of biomimetic key signals is suspected to influence seeded cells
positively regarding their differentiation and matrix products, the next step consisted
in transferring the method on collagenous precursors. In comparison to alginate, the
anisotropic structuring of collagen precursors represented itself significantly more

challenging.

88



4 Results and Discussion

Self-evidently a truly biomimetic composition of osteochondral scaffolds, with
collagen Il, Xl and I1X being the only present collagen phases in the chondral zones of
the scaffold, would be desirable. Although the cryostructuring of a pure collagen I
precursor could be demonstrated to be feasible with attractive pore sizes
(Figure 4.16 a)), the resulting scaffolds featured only a marginal initial stability. By
the use of different cross linking methods (Chapter 4.1.3.3), the overall stability could
be increased, but not to a level which would be relevant for the intended use as
implant or matrix for in situ tissue engineering. Consequently, the incorporation of the
not fully biomimetic collagen | within the chondral zone of osteochondral scaffolds
represented the most suitable compromise that still fulfils the before mentioned

requirements while contributing additional structural integrity.

Representative evolutionary steps, in the generation of multi-layered cryostructured
collagenous precursors are depicted in Figure 4.14 d). From left to right, stages of
increased development are presented as SEM images. In the early times of process
development an anisotropic pore structure could only be observed suggestively. Due
to the immature stage of the ACD, the achievable external temperature gradients
represented themselves too small to achieve a unidirectional pore structure with
multi-layered collagenous precursors (first image in Figure 4.14 d)). Upon further
improvement of the ADC an anisotropic pore formation could be generated. In further
earlier stages (second image in Figure 4.14 d)) the directional pore formation
succeeded within the subchondral zone, but not as intended with pores orthogonal to
the layering. Also the ice crystal growth within the chondral zones represented only
occasionally anisotropic. Both are to be explained by the still insufficient absolute
value of the established temperature gradient. Following additional upgrades, the
formation of continuous anisotropic pores parallel to the external temperature
gradient was achieved. Due to insufficient process control, the pore sizes varied
within the single zones (third image in Figure 4.14 d)). Finally, after adaption of the
precursor formulations, a continuous anisotropic pore structure with rather constant

pore sizes could be realized (fourth image in Figure 4.14 d)).
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4.1.3.3 Cross Linking

In order to transform the cryostructured and lyophilized multi-layered constructs into
decent scaffolds the process includes some form of consolidation after the
structuring. This way a multi zonal but monolithic material can be generated.
Therefore, wet chemical cross linking with and without spacer, as well as thermal

cross linking was evaluated.

For prehardening of the fragile collagen Il scaffolds prior to wet chemical cross linking
a dehydrothermal treatment was carried out. By thermal removal of water from the
collagen molecules, the formation of intermolecular crosslinks through condensation
reactions either by esterification or amide formation may be achieved’?"8>-186_
Therefore, the cryostructured, freeze dried scaffold was cured inside a vacuum oven
“Vacutherm VT 6060 M-BL” (Heraeus; Waltham, Maine, USA). At a pressure below
10 pbar the cross linking temperature was varied between 90 °C and 120 °C, while
the duration of the heat treatment was evaluated between 1 h and 3 h. If the
dehydrothermal treatment is carried out at elevated temperatures for more than one
hour, the whitish scaffold is transformed to a yellowish colour, indicating a thermal
alteration of the collagenous structure. This might be avoided by curing the scaffold
inside an aluminium foil envelope.

Resumed, a dehydrothermal treatment for 80 minutes with a temperature of 105 °C
represented as the best compromise between unnecessary thermal degradation of
the collagen and increased mechanical stability. The structural alteration induced by
the dehydrothermal cross linking may be observed by comparison of Figure 4.16 a)
(untreated scaffold) with Figure 4.16 b) (thermal treated scaffold). A “melting down*
of smaller fragments, standing out of the main structure may be observed here.
However, since the beneficial feature of the cryostructuring process to employ non-
denatured collagenous materials could be forfeited by the thermal treatment, it was
preferred to employ also collagen | for a stable scaffold production and to spare the

dehydrothermal treatment.
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As mentioned in Chapter 4.1.2, alginate scaffolds were cross linked using a 1 mol/l
CaCl; solution. This concentration was chosen based on previous investigations26 by
the author. To yield an increased mechanical stability of multi-layered alginate
composite materials, a further cross linking step using diisocyanates may be applied

(Stuckensen et al.“g)

. Since the highly reactive isocyanate groups suit for a bonding
of the amide and hydroxyl groups of collagens, they were used for a cross linking
approach of the collagenous scaffolds too.

The concentration of the cross linking agent 1,6-hexamethylene diisocyanate (HMDI)
was varied between 5.0 vol% and 10.0 vol% in acetone solution. The duration of
cross linking was varied between 1 h and 5 h. Summarized, a submersion of the
scaffold in 7.5 vol% HMDI for 80 minutes yielded the most promising results.
Nonetheless the cross linking using HMDI was found to be afflicted with significant
disadvantages:

Firstly, the submersion technique vyields to an inhomogeneous increase of the
mechanical stability. During the cross linking process, the HMDI is required to diffuse
inside the porous structures of the scaffold. Since the reaction of the isocyanate
groups is rather unspecific, the HMDI tends to accumulate more on the outside of the
scaffold than in the inner areas. Consequently, the surface of the scaffolds is highly
cross linked, while the interior gains only marginally in stability. Together with this
effect comes an entanglement of the HMDI chains (Figure 4.16 c)), which is leading
to a subsequent blocking of the pore channels (Figure 4.16 d)). The probability for an
intensive web formation across a pore is rising together with increasing submersion
exposure time and closeness to the scaffold surface. Consequently, the submersion
in HMDI solution did not represent an appropriate way of cross linking, since the
potential for cell colonialization and the mechanical performance is altered

unfavourably.
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4 Results and Discussion

Figure 4.16: SEM images of collagen Il scaffold cross sections. a) Anisotropic pore structure of pure
collagen Il scaffold. b) Dehydrothermal treated collagen Il scaffold. ¢) 1,6-hexamethylene diisocyanate
(HMDI) cross linking is leading to an entanglement of the cross linking polymers. d) Further HMDI
cross linking leads to a blocking of the channel pores by web like structures.

By far the most promising results were attained by using carbodiimides for a wet
chemical cross linking step. Carbodiimides belong to the class of zero-length cross
linkers, since they do not remain as part of the bonding'®> and rely on a spatial
closeness (about 1 nm) of the collagen molecules?®®’. The cross link formation
between collagens using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)
evolves in multiple steps of a condensation reaction: After the activation of the
carboxylic acid groups of glutamic or aspartic acid residues by EDC, 0-acylisourea
groups are generated. After nucleophilic attack by free amine groups of lysine or
hydroxylysine residues, crosslinks are formed between the collagens.
Simultaneously, the EDC-related water-soluble compound 1-ethyl-3-(3-

dimethylaminopropyl)urea is liberated (Figure 2.7)"".
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4 Results and Discussion

Some studies estimate / calculate / measure the number of carboxylic acid groups
per alpha chain of collagen to approximate the optimal molar ratios for the cross
linking. However, the most promising mechanical results in this thesis were achieved
when the cross linking components were available in excess' "% This might firstly
to be attributed to the natural fluctuations of the state of collagens after the respective
isolation treatments. Secondly, the reaction potential of EDC with GAGs that are
naturally attached to collagen fibres is often not considered. Additionally to the
collagen-collagen cross links described above, an amide formation between
collagens and the carboxyl groups of GAGs is possible via activation by EDC?°.
Moreover, when GAGs are additionally supplemented to the collagenous precursors,
an increased amount of EDC is required. In general, a further steric hindrance to the
EDC cross linking upon the addition of supplements during the processing of the
collagen scaffold may not be excluded.

Since a significant reduction of the EDC half-life in aqueous solutions is occurring

under presence of phosph.‘ates193

, they were avoided within the cross linking solution.
Alternatively, the system was buffered by 2-(N-morpholino)ethanesulphonic acid
(MES). In order to suppress unwanted side reactions of the 0-acylisourea groups,
N-hydroxysuccinimide (NHS) was added. On the one hand, water can act as a
nucleophile and the hydrolysis of the 0-acylisourea group may result. On the other
hand, the reactive 0-acylisourea group can perform an N-acyl shift and convert to a
stable N-acylurea group. By supplementing NHS, the 0-acylisourea group may
convert to a NHS-activated carboxylic acid group. Compared to the 0-acylisourea
group, this activated carboxylic acid group is less vulnerable to hydrolysis at acidic
pH values.""

The ranges of 5 -40 mmol/l NHS, 50 - 250 mmol/l| EDC und 100 - 350 mmol/l MES
were screened for the best cross linking results. To ensure a reliable cross linking
result for multiple precursor concentrations of different cross linkable materials (such
as collagen |, collagen Il and chondroitin sulphate) the cryostructured and lyophilized
samples were subjected to 100 pl crosslinking solution per mg of scaffold. The most
effective cross linking solution was achieved by dissolving 250 mmol/l MES,
120 mmol/l EDC and 25 mmol/l NHS inside a mixture of 40 vol% ethanol and
60 vol% H20.
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Due to the possibility of air entrapment inside the scaffold pores upon submersion in
cross linking solution, all kinds of wet-chemical cross linking were carried out inside a
vacuum apparatus to avoid inhomogeneous results. The used setup of vacuum
apparatus is depicted in Figure 4.17. In order to generate optimal cross linking
results, the sample was placed at the bottom of the container in adequately sized
petri dishes. By using a “KNF Laboport N 840.3FT.18” vacuum pump (Neuberger;
Freiburg, Germany) the interior of the container was evacuated for 3 minutes to
8 mbar in order to remove the air from the scaffold pores before the pump was shut
off. Cross linking solution was filled inside the separating funnel at the top of the
apparatus. The afflux vessel was slightly opened, so that the solution could slowly
drop down a spiral hose and gradually submerse the samples from the bottom to the
top. After 3 minutes of incubation, the pressure vessel (Figure 4.17 left) was gently
vented and the sample was left 20 h for cross linking. By using this method, the
common problem of collapsing pore structures during the wet chemical cross linking

of collagenous cryostructured scaffolds could be avoided.

5cm

Figure 4.17: Vacuum apparatus for optimal cross linking results containing a meniscus scaffold.

After cross linking by carbodiimides an intensive washing procedure is mandatory.
Since the EDC as well as the resulting substituted urea product are toxic to cells,
they have to be removed from the scaffolds before they can be used for cell culture
or implantation. Therefore, the scaffold was washed three times for one day, each in

100 ml distilled water per 100 mg of scaffold dry weight.
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4 Results and Discussion

4.2 Precursor Materials and Processing Induced Alterations

Despite alginate and chondroitin sulphate, all materials used for the production of
scaffolds by the developed cryostructuring process were self-produced or gained
from natural materials which were further processed. In the following, a further insight
on the characterization and eventual alteration during processing of the precursor

materials is represented.
421 Collagens

As described in Chapter 3.3.1 collagen | was isolated from the tendons of rat tails,
while collagen Il was derived after the processing of bovine knee cartilage. The
inherent structure of the osteochondral tissue in a bovine tibia plateau is depicted in
Figure 4.18 a): The downer fifth of the picture shows the subchondral area where
porous calcified bone matrix shows partially through the collagen | rich tissue of the
beginning bone. The tidemark extends rippled at the interface between chondral and
subchondral tissue. Above this, the collagen Il based hyaline cartilage tissue of the
chondral part expands for approximately 1 mm in height.

A closer insight in the structure of the chondral zone is depicted in Figure 4.18 b):
the extracellular matrix represents as a woolly structure of fibres with voids in the
lower micron or sub-micron range. The bigger spheroid shaped slots with an
expansion of about 10 um represent the hollow chondrons, where the formerly living
chondrocytes produced a dense matrix around them.

With respect to these circumstances, the limited migration potential of the cartilage
synthesizing cells and thus the small self-healing capacity of articular cartilage
becomes quite understandable. Regarding the overall spatial alignment of the
collagenous fibres and the chondrons together, a preferential fibre direction from the
bottom (facing the subchondral zone) to the top (facing the articular cartilage surface)

can clearly be observed.
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Figure 4.18: SEM images of collagenous tissues from bovine knee cartilage and murine tail tendon. a)
Cross section of native osteochondral tissue in bovine tibia plateau. b) Detail image of a) revealing the
structure of chondral tissue. c¢) Surface of native rat tail tendon. d) Rat tail tendon after acidic
fractioning, depicting fractioned collagen fibrils in the (sub-) micron rage.

A surface of a native murine tendon is represented in Figure 4.18 c). The pathway of
the collagen | fibres can be divined inside a densely packed matrix: A preferable fibril
orientation from the top to the bottom of the image indicates the main direction of
fracturing during acidic treatment. When subjected to mild acidic fractioning
(Chapter 3.3.1), the collagen fibrils separate along the indicated directions as
exemplary shown in Figure 4.18 d). Collagen | fibrils with diameters in the sub-
micron or low micron range are derived by acidic fractioning. Among all used
precursor materials they represent the most important ones regarding the structural
integrity and mechanical performance of the scaffolds. The accessible resolution of
the used "Digital Scanning Microscope 940" was not sufficient to illustrate the

characteristic D banding pattern of the collagen fibrils.
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In order to characterize the native, isolated and cryostructured collagenous materials
Fourier Transform - Infrared Spectroscopy (FT-IR) measurements were carried out.
The characteristic major amide bands in the IR spectra of collagen have been
summarized by Yannas’? and have been verified later on in literature "%

The N-H stretching vibration (Amide A) is located in the interval between 3290 cm’”
and 3330 cm™. The stretching vibration of the C=0 bond (Amide I) is to be found
from 1640 cm™ to 1660 cm™. A combination of the stretching vibration of the C-N
bond with a bending vibration of the N-H bond (Amide I1) represents from 1535 cm™
to 1550 cm™'. Between the wavenumbers 1230 cm™ and 1270 cm™ the C-C stretching
vibrations combine with the stretching vibration of the C-N bond and the bending
vibration of the N-H bond (Amide Ill).

As depicted in Figure 4.19, those four characteristic amide bands can be clearly
identified in the FT-IR spectra described in Chapter 4.5 (native bovine articular
cartilage and rat tail tendon, isolated collagens | and Il and cryostructured
collagen I/ll scaffolds before and after cross linking). Since no peak, where constancy
in height, shape and maximal peak position could be guaranteed among all
investigated samples, was identifiable within the FT-IR spectra, they could not be
normalised and quantified.

However, a significant difference in the extinction levels correlated directly with the
presumed density of the tested materials. While the dense native tendon and
cartilage tissues show only low values of extinction in the investigated range, the
isolated collagens exhibited medium levels. The highly porous cryostructured
scaffolds displayed the lowest optical density.

Muyonga et al. 271

investigated fish collagens and gelatines by FT-IR and found a
very obvious broadening of the N-H stretching vibration peak upon thermal
denaturation. Such an evidence for denaturation could neither be found for the
isolated precursor collagens nor for the cryostructured scaffolds investigated in

Figure 4.19.
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Figure 4.19: FT-IR spectra of native collagenous tissues, precursor collagens and resulting scaffolds.
Considering the comparability of the respective samples, no significant changes in the relative peak
heights and positions were observable.

An eventual denaturation of collagenous materials was studied by Sachlos et al.>"?

using FT-IR measurements: By monitoring the wavenumber of the N-H stretching
vibration, conclusions on the tertiary structure of collagen resp. on a denaturation of
the collagen were drawn. A thermal denaturation was stated to lead to a lowered
wavenumber of the N—H stretching vibration peak. Bovine achilles tendon collagen
type | (Sigma-Aldrich) was thermally denatured for 1h with temperatures up to 80° C.
FT-IR measurements with 20 scans at a resolution of 2 cm™ were reported to show a
decrease in the wavenumbers of peak positions up to 25 wavenumbers lower than
the ones of native material.

In order to evaluate this finding, the same collagen | material (Bovine achilles tendon;
Sigma-Aldrich; Germany) was subjected to temperatures up to 90°C for 2 h. The FT-
IR measurements were performed with a larger number of scans and a higher

resolution than in the named literature (Chapter 3.5.7).
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Figure 4.20: a) FT-IR spectra of native, isolated and thermally treated collagen |. All spectra show
amide bands that are characteristic for collagen. A significant broadening of the N-H stretching
vibration peak upon thermal treatment could not be observed. b) N-H stretching vibration peak
positions of native collagenous tissues, precursor collagens, resulting scaffolds and thermally treated

collagen.
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4 Results and Discussion

The resulting spectra (Figure 4.20 a)) show the amide bands that are characteristic
for collagen. In comparison, bovine material obviously exhibited a stronger
pronouncement of C-H stretching vibrations than murine material. The respective
amide A peak positions of native collagenous tissues, precursor collagens,
cryostructured scaffolds and thermally treated collagen were compared in
Figure 4.20 b).

Contrary to literature 2’2, the native materials showed peak positions with lower or
comparable wavenumbers than the other tested materials. With consideration of the
existent signal fluctuations, the existence of a denaturation related shift of the N-H

vibration peak could not be verified.

Since insoluble native collagenous materials are generally problematic to investigate
for signs of denaturation, FT-IR scans of the freeze dried tissues would represent a
convenient characterization method. Regarding all FT-IR measurements, with
respect to the comparability of the respective samples, no significant changes in the
relative peak heights and positions were observable. Consequently, FT-IR
spectroscopy could not be evaluated as an appropriate characterization method to
perform an undoubtedly investigation of the eventual denaturation of collagenous

materials.
4.2.2 Calcium Phosphates

Freeze dried calcium phosphates used for the precursor preparation were
investigated by SEM. Figure 4.21 a) depicts precipitated brushite with a clearly
visible plate-like crystal morphology. A longitudinal extension of the brushite plates in
the double-digit micron range is obvious. The elongated crystal shape indicates the
bidental underlying growth mechanism. Due to mechanical stress during the
production and purification procedure, the corners of the crystals are usually broken
off and represent themselves in the form of fragments. These crystal fragments
extend up to the single digit micron range. In addition, it can be observed that planar
regions are fractured off the plate crystal surfaces. Some crystallites are even
cleaved parallel to the surface. The thickness of these breakaway regions
accounts typically for about 1 micron. Both phenomena are probably to be

explained by the derogation of the crystals structural integrity by crystal water.

100



4 Results and Discussion

Since the fluid retentions in the crystals are layered parallel to the (010) plane within
the crystal structure (Figure 2.2 b), c)) they predetermine the propagation pathway of
eventual fractures.

The sub-micron crystallites of the precipitated hydroxyapatite may be viewed in
Figure 4.21 b). The typical needle shape of hydroxyapatite crystals is embodied by a
cuboid shape when regarded in detail. This corresponds well with the known
prismatic growth habit; even though the hexagonal crystallisation system does not
show in the established morphology. The usually square shaped basal area of the
prisms occasionally also extends to a rectangular shape and thus to plate shaped
crystals. The precipitates mainly consist out of cuboids with a diameter in the
nanometre range. When they occasionally expand to a plate shape, the crystal

diameter expands into the sub-micron range, too.

Figure 4.21: SEM images of synthetized calcium phosphates. a) Plate shaped brushite crystallites, b)
cuboid shaped hydroxyapatite particles.

X-Ray Diffraction (XRD) patterns of the synthesised calcium phosphates and
exemplary calcium phosphate containing scaffolds are collated in Figure 4.22. Each
of the respective diffractograms has been indexed with the associated crystal
reflections according to the JCPDS database®®. The raw powders were measured in
an arbitrary orientation of the crystallites, which led to an almost exact accordance to

the respective reflection intensities of the database.
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Figure 4.22 a) depicts the diffraction pattern of the brushite powder with a
comparably sharp and intense signal. All the reflections of the raw powder were
identifiable as brushite characteristic. The diffactogram of the used hydroxyapatite
precipitates is displayed in Figure 4.22 b). Due to the sub-micron crystal size, the
respective peaks are wider and more overlapping than the ones for brushite. In
addition, a higher scattering by multiple smaller surfaces leads to an overall lowered
intensity than in case of the previously mentioned material. Nonetheless, a well
consistence with the database was found for the characteristic reflections of the
synthesized hydroxyapatite.

In order to compare the initial inorganic material compositions with the processed
calcium phosphate containing scaffolds, and to detect an eventual conversion of the
mineral phase, XRD diffractograms of the scaffolds were recorded. The XRD pattern
of the subchondral zone of an osteochondral scaffold (Chapter 4.5) that was
produced with brushite is shown in Figure 4.22 c). The only pronounced reflections
are represented by those characteristic to brushite. Consequently, even if conversion
processes occur during the processing, the crystalline parts of the final scaffolds
consist entirely of brushite.

Figure 4.22 d) depicts the diffractogram of an anisotropic bone scaffold
(Chapter 4.3), produced with a hydroxyapatite containing precursor. The
characteristic reflections of hydroxyapatite are identifiable. Furthermore the diffraction
pattern of brushite is represented in the scan. At first this might seem to be surprising
since the complete process is carried out at ambient conditions, but when all
production steps are considered the conversion is elucidated:

For the precursor preparation, hydroxyapatite is mixed together with collagen | in
0.5 M acetic acid (pH precursor = 4.06 £ 0.08). After cryostructuring, the carbodiimide
cross linking performed in acidic conditions too (pH cross linking solution = 4.21 £ 0.08).
Considering the solubility properties of calcium phosphates, as regarded in Figure
2.2, the singular point, where hydroxyapatite becomes less stable than brushite or
monetite is situated at a pH value of 4.2. Consequently, at acidic conditions below
this singular point, brushite and monetite represent as the thermodynamically more
stable phases. Whereas hydroxyapatite and brushite are about equally
stable during the carbodiimide cross linking, the HsO" concentration while

the precursor fabrication is high enough to dissolve the hydroxyapatite.
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No characteristic reflections of monetite could be identified in Figure 4.22 d). Thus, it
might be assumed, that the incorporation of H,O in the crystal lattice of the re-
precipitating calcium phosphates is energetically favoured during the process. This
leads to the formation of brushite instead of monetite.

Both of the scaffold diffraction patterns in Figure 4.22 c) and d) are superimposed by
a stronger background signal due to the processed biopolymers and thus show a
lower intensity, compared to the pure powders. Despite the presence of the
biopolymers themselves, the structural state of the materials is also affecting the

intensity of the background signal.
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Figure 4.22: XRD diffractograms of synthesised calcium phosphates and exemplary calcium
phosphate containing scaffolds. a) Brushite, b) hydroxyapatite, ¢) subchondral zone of osteochondral
scaffold produced with brushite, d) anisotropic bone scaffold from hydroxyapatite precursor.
Crystalline components were identified as brushite (PDF-No. 009-0077263) and hydroxyapatite (PDF-
No 009-0432%%%).
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While the powders of Figure 4.22 a) and b) were conventionally prepared by
compacting a smooth surface to the measuring plane, the anisotropic scaffolds of
Figure 4.22 c) and d) were both cut vertically and measured without applying a
grinding process. The microstructured surfaces of the scaffolds were scanned within
the measuring plane in order to examine the scaffolds for an eventual preferential
orientation of the calcium phosphates by the anisotropic structure of the matrix.

As revealed by Stuckensen et al.'*®

, an anisotropic biopolymer matrix may induce a
preferential spatial alignment of precipitating brushite crystals. The crystallographic
orientation can be linked to the intensity of certain characteristic reflexes with the
XRD diffractograms: Powders show a random orientation of the crystallites, whereas
the respective reflection intensities match those of the database?®. Brushite
containing, anisotropic composite diffraction patterns may show a significant higher
intensity of the (04 0) reflection (occurring at 23.3911°), in relation to the other
occurring reflections. Since the (0 1 0) crystal plane is identical with the basal plane
of the brushite crystal, the (0 4 0) crystal plane is an equivalent for the plate surface
of the crystals. This would consequently indicate a preferred crystal orientation within
the composite. A significant difference of the scaffolds reflections intensities from the
intensities shown by powders could not be observed in the two theta scans of
Figure 4.22. As a result, the induction of an anisotropic mineralization behaviour

could not be observed for the cryostructured scaffolds.

4.3 Bone Scaffolds

For the production of cryostructured bone scaffolds, a collagenous suspension was
prepared by suspending collagen | and hydroxyapatite, each 3.8 wt%, in 0.5 molar
acetic acid. The suspension was degassed by centrifugation. The ACD was set up
with the inner assembly group depicted in Figure 4.3 d) and the cryostat cooled the
heat exchanging unit of the ACD to a temperature of -25 °C.

A polished petri dish, with an inner diameter of 37 mm, (BioOne, Greiner, Germany)
containing a silicon body with cylindrical moulds (diameter = 5 mm, height = 7 mm)
was placed in the centre of the cryostructuring unit. The PEs were supplemented with
the current necessary, to generate the respective desired outer temperature
gradients. When the cryostructuring unit of the ACD was near thermal equilibrium,

1.4 ml of the suspension was injected into the moulds.
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The precursor was frozen for 25 minutes under the influence of a unidirectional outer
temperature gradient. Temperature curves of the PEs and the solidifying precursor
were recorded. After solidification, the specimens were transferred to a lyophilizator,
where sublimation of the frozen solvent was carried out for 18 h, at
-52 °C and 70 pbar.

The resulting porous structure was further covalently cross linked with a carbodiimide
solution containing 3/5 H>O, 2/5 Ethanol, 200 mmol/l MES, 52 mmol/l EDC and
21 mmol/l NHS. Therefore, the structure was placed in a pressure vessel, which was
evacuated until reaching an operating pressure of 100 mbar. 100 pl of a cross linking
solution was added per mg of specimen; 45 seconds after the infiltration of the
material, the pressure vessel was vented. Following 20 h reaction time, the scaffolds
were washed three times in distilled water. Thereupon, the scaffolds were freeze

dried again to yield cylindrical samples of 4 mm diameter and 6 mm height.

In order to investigate different scaffold attributes upon their benefit for bone
regeneration three kinds of scaffolds were produced out of equal weight amounts of

collagen | (Chapter 3.3.1) and sub-micron hydroxyapatite crystals (Chapter 3.2.2):

e Bone scaffolds with anisotropic channel pores, which propagate from one
basis of the cylinder to the other. (ANI)

¢ Bone scaffolds with an isotropic, sponge like, pore structure that are randomly
distributed among the matrix. (ISO)

e Bone scaffolds with isotropic pores containing 2/5 collagen |,
2/5 hydroxyapatite and 1/5 chondroitin sulphate. (ISOCS)

Although an entirely anisotropic pore structure (ANl scaffolds) does not reassemble
the situation in a native bone, it could result in favourable results after implantation
due to a higher facilitation of cell migration. Therefore, both isotropic types of
scaffolds (ISO and ISOCS) recapitulate the structure of spongiosa bone tissue.
Furthermore, the addition of the GAG chondroitin sulphate in the ISOCS scaffolds
may increase the stiffness and present another kind of biological key stimulus to

inherent cells.
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Since the term critical size bone defect is defined as the size where the body cannot

bridge the defect without further cell stimulating substances and scaffoldingm’, th

e
task to heal such a defect just by implantation of a scaffold is pretty ambitious.
Reasoned by this, scaffolds were also loaded with the cytokine “recombinant human
bone morphogenetic protein 2" (rh-BMP-2) for a further induction of bone growth.
Scaffolds containing BMP-2 are commonly used as alternative to bone autograﬁszm.
Besides other attempts, BMPs are also delivered through collagen sponges®®?’°. The
effective dose of BMPs needed for treatment is much higher than the
physiological®’®.

By using the cryostructured scaffolds the efficiency of existing BMP-2 treatments may
be increased, since the sub-micron hydroxyapatite crystals represent a highly
attractive binding site with a huge surface area. This way, the conventional leaching
out of loaded cytokines like BMP-2 could be avoided. Thereby, the needed BMP-2

dose for a treatment of critical sized bone defects could be significantly reduced.

These three types of scaffolds have been fabricated with the following sets of

experimental parameters: The anisotropic scaffolds (ANI) were cryostructured with

an external temperature gradient of VT= (4.750 £ 0.0357) K/mm. At a linear
interpolated cooling rate of v, = (-0.806 £ 0.093) um/min the ice front propagated with
a linear solidification velocity of vs= (505 £ 30) uym/min. The isotropic scaffolds

(ISO and ISOCS) were subjected to an external temperature gradient of

VT = (1.128 £ 0.0357) K/mm. The application of a linear interpolated cooling rate of
Ve=(-0.393 £ 0.043) pm/min, led to a linear interpolated solidification velocity of
Vs= (476 £ 27) pm/min.

Corresponding cryostructuring diagraphs are displayed in Figure 4.23 a), where the
typical thermal behaviour of an anisotropic structured scaffold may be compared with
the two types of isotropic scaffolds. Since the cooling attributes of the isotropic bone
scaffolds are coherent to each other only the graph for the ISOCS scaffolds is
displayed representatively. Both types of samples first are cooled down linearly with
the respective cooling rates, before the temperature diagraphs are superimposed by
the latent heat, generated from the fusion water. In the beginning of solidification,

this leads to a temperature peak in case of the anisotropic scaffolds.
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Again, this appears to be attributed to an equiaxial manifestation of solidification.
However, the generation of the initial ice structure at the bottom of the scaffold is
causing a general warming of the precursor and thus only seems like an equiaxed
solidification from the temperature diagraphs. Since these initial ice crystals feature a
preferential growth direction in the plane, perpendicular to the external temperature
gradient, they may not be defined as equiaxial.

Both, the anisotropic as well as the isotropic curves feature an inflection point during
the further progressing of the graph. The existence of the inflection points is to be
explained by the superposition of heat peaks. The initial heat peak, corresponding to
the primary crystals, combines with a further heat peak, attributed to the secondary
or higher ordered crystal growth, which requires more time to be carried out in
completion. This behaviour is expressed more distinctly in case of the anisotropic
scaffolds, since here the precursor reaches a lower temperature within a shorter time

than the isotropic structured precursors.

The elementary composition of the resulting bone scaffolds was analysed by Energy
Dispersive X-ray spectroscopy (EDX) (Figure 4.23 b)-d)). Due the equivalent
precursor compositions the spectra of ANI and ISO scaffolds reach similar values of
ca. 40.4 wt% Carbon, ca. 11.2 wt% Nitrogen, ca. 23.6 wt% Oxygen and ca. 23.6 wit%
Calcium and for the dominant peaks, while ca. 0.7 wt% Phosphor and ca. 0.4 wt%
Sulphur have been detected for the minor peaks. The chondroitin sulphate containing
ISOCS scaffolds reach values of ca. 27.7 wt% Carbon, 4.8 wt% Nitrogen 0.8 wt%
Phosphor and 33.5 wt% Calcium. In contrast to the ANI and ISO scaffolds, the
ISOCS scaffolds reach values of 31.5 wt% Oxygen and 1.6 wt% Sulphur, which
correspond to a significant increase of the sulphate groups due to the addition of
GAGs. As residues from the collagen isolation, also Sodium and Chloride were
detected in all the captured EDX spectra.

Admittedly, EDX does not represent the most optimal method for analysing partially
organic samples, but nonetheless the expected ranges of elementary compositions
are matching with the measured ones. Since the sample coating was performed with
a thin layer of carbon and platinum, a small fraction of the respective peak areas is to
be attributed to the coating. This is of special importance for the Phosphor peak
which is superimposed by the stronger Platinum peak with energetically close Kq

radiations.

107



4 Results and Discussion

—— Anisotropic bone scaffold|
| — Isotropic bone scaffold

10 -

Temperature of bone scaffold [°C)

15 4

T T T T T T T T v T T T T T
0 200 400 600 800 1000 1200 1400
a Time [s]

EDX ahisotrcd}ic bone scaffold

Na I P S CI | Ca

c 1 2 3 3 keV'

| EDX isotropic bone scaffold

Ca
1 2 3 4 keV
c . . .
(0] e e ]
[ EDX |sotrod>_|c bone scaffold
with chondroitin sulfate
= i Na P S CI Ca
d =
1 2 3 E keV

Figure 4.23: a) Temperature diagraphs during preparation of cryostructured anisotropic and isotropic
bone scaffolds. ¢) - d) Energy Dispersive X-ray spectra of all three types of bone scaffolds.
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The resulting bone scaffolds are depicted in Figure 4.24. All three types of cylindrical
bone scaffolds (ANI, ISO and ISOCS), intended to fill a rat femur critical sized defect,
are photographed in Figure 4.24 a). Sub-micron hydroxyapatite crystals which are
adhered to the inner scaffold surface are standing off the composite matrix structure
and create a huge surface area (Figure 4.24 b)).

A cross section through a wall between the pores is presented in Figure 4.24 c). The
ca. 0.5 pym thick walls consist of a homogeneous composite structure of collagen I,
hydroxyapatite (and chondroitin sulphate in case of the ISOCS scaffolds). A random
distribution of the cuboid shaped hydroxyapatite crystals is present. Cross sections,
perpendicular to the basic surface of the cylinder samples, reveal the inner pore
structure of all three types of scaffolds:

In case of the ANI scaffolds, a homogeneous, anisotropic aligned pore structure is
present. Channel pores featuring small cross section pore widths of (65 + 25) um are
supported by collagenous fibre pillars (Figure 4.24 d)). Figure 4.24 e) and f) give
insights into the random pore structure of the isotropic scaffolds ISO and ISOCS,
respectively. The spongy irregular shaped pores of the isotropic scaffolds are
interconnected by randomly distributed and sized holes inside the pore walls. For the
ISO scaffolds, the diameter accounts (88 + 35) ym, and for the ISOCS scaffolds
(93 £ 42) um, respectively. Due to the gelification of collagen | with chondroitin

sulphate?’’

, aggregates are produced, which lead to the formation of some bigger
pores and thus, a slight increase of the mean pore diameter in case of the ISOCS

scaffolds.
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4 Results and Discussion

Figure 4.24: Cryostructured bone scaffolds. a) Photography of cylindrical bone scaffolds to fit a critical
sized defect in a rat femur (Anisotropic bone scaffolds — ANI, isotropic bone scaffolds — ISO, isotropic
chondroitin sulphate containing scaffolds - ISOCS). b) Sub-micron hydroxyapatite crystals are adhered
to the inner surface of each scaffold type. c) Cross section of a typical lamellae revealing a
homogeneous composite structure of collagen | and hydroxyapatite. d) —f) Cross sections of the
different pore structures of ANI (d)), ISO (e)) and ISOCS (f)) scaffolds. (Images b) - f) captured by
SEM)
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4 Results and Discussion

Under physiological conditions, the degradation behaviour of bone scaffolds was
analysed, like described in Chapter 3.5.6. Over a time span of 11 weeks, the
scaffolds were evaluated in terms of change in residual mass, equilibrium water
content and free water content like depicted in Figure 4.25:

The residual mass (m/mo) was determined as the percental relation between current
and initial drained mass. Within the first 10 weeks all the bone scaffolds behaved
similarly and showed a mean mass loss of (0.52 + 0.13) % per day. During the 11"
week the ISOCS scaffolds lost clearly more of their drained weight than the ANI and
ISO scaffolds (Figure 4.25 a)).

A calculation of the percental relation of water, which is still bound after draining, to
the drained weight of the scaffolds, returned the equilibrium water content (EWC).
Again, all the bone scaffolds behaved nearly the same and showed an average EWC
loss of ca. (0.0595 + 0.0059) % per day within weeks 1 to 10. Consistent with the loss
of residual mass, the ISOCS scaffolds showed a distinct higher EWC loss after the
10" week (Figure 4.25 b)). Since this behaviour was only observed for the
chondroitin sulphate containing ISOCS scaffolds, it is likely to suspect that the
connections upon gelation of collagen | and chondroitin sulphate are less stable
towards degradation than the carbodiimide induced cross links.

Additionally, the free water content (FWC) was determined as the percental relation
of loosely adhered water to the wet weight of the bone scaffolds. In average the FWC
increased for about (0.389 + 0.020) % per day. Due to the anisotropic channel pores,
the ANI scaffolds were capable to release the loosely stored water more easily than
the isotropic ISO and ISOCS scaffolds.
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Figure 4.25: Degradation behaviour of the three types of bone scaffolds under physiological
conditions (PBS at 37 °C under shaking with 25 rpm). a) Residual mass (m/mo). b) Equilibrium water
content (EWC). c) Free water content (FWC).
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Taken together, the degradation behaviour of the bone scaffolds under physiological
conditions is moderate over a period of ten weeks. Thereby, the suitability for a
prolonged cell culture or an in vivo implantation might be given. Admittedly, such a
degradation model cannot recapitulate all the processes, which are to be expected in
vitro or in vivo due to a lack of enzymes, cellular remodelling and liquid perfusion.
After eleven weeks, the breakdown of the scaffold structure was clearly recognizable
in form of a significant loss in structural integrity. Interestingly, the erosion culminated
in a volume degradation, where the interior of the scaffolds was more altered than
the outer shell. In case of the isotropic scaffolds, this was to be expected due to the
limited diffusion potential of the cross linking agents. Nonetheless, the same
processes occurred in case of the anisotropic scaffolds so that it can be concluded,
that the carbodiimide based cross linking also yields slightly inhomogeneous results

for high concentrated collagen precursors.

With the objective to load bone scaffolds with each 5 ug of rh-BMP-2 a progressive
loading procedure was performed as described in Chapter 3.5.10. The rh-BMP-2
was produced inside modified Escherichia Coli Bacteria and kindly provided by Dr.
Joachim Nickel (Department for Tissue Engineering and Regenerative Medicine,
University of Wirzburg, Germany).

A release study of the BMP-2 loaded scaffolds was performed, and evaluated
according to Chapter 3.5.10. The resulting BMP-2 release and retention of all three
types of bone scaffolds is displayed in Figure 4.26. For the ELISA kit, an accuracy
level was set to 130 pg. Below this level the duplicate measurements returned zero
or a numerical value. Therefore, the obtained values that are lower than the accuracy
level should not be considered for a detailed interpretation.

The released amounts of BMP-2 per measuring day are depicted in Figure 4.26 a).
Only minimal amounts in the ng rage were released within the first two weeks. After
this timespan the released cytokine was below the detection limit of the kit. Based on
the cumulative release, the percental retention of the BMP-2 was calculated by
assuming a successful initial loading of 5 pg rh-BMP-2 for each scaffold
(Figure 4.26 b)). Concluding it can be stated that, the BMP-2 release accounted ca.
0.022 % for the isotropic scaffolds (ISO), ca. 0.043 % for the anisotropic scaffolds
(ANI) and ca. 0.089 % for the chondroitin sulphate containing isotropic scaffolds
(ISOCS).
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4 Results and Discussion

Calcium phosphates are known to bare a high binding potential to proteins like
BMP-22"®. Due to the use of sub-micron hydroxyapatite crystals for the generation of
cryostructured bone scaffolds, a high surface area with attractive BMP-2 binding sites
has been created, so that after all only less than 0.1 % of the initially loaded cytokine
is released within 4 weeks.

The ISO scaffolds showed in relation to the ANI scaffolds a higher retention
capability. In direct comparison with the ANI scaffolds, a leaching out of the BMP-2 is
eased in case of the anisotropic pore structure, reasoned by the possibility of
unhindered liquid flow and diffusion in the channel pores. The isotropic pores in turn
present a higher hindrance to the distribution processes. In case of the ISOCS
scaffolds, the “highest” release was detected although the absolute values were still
very small. Nonetheless, an effect caused by the added chondroitin sulphate, which
is lowering the retention capability of the scaffolds measurably, seems to exist. A
possible explanation of this phenomenon may be represented by the gelification of
the chondroitin sulphate together with collagen | during the precursor production: The
BMP absorbing hydroxyapatite crystals are more likely to be encapsulated within the
collagen-glycosaminoglycan gel. Thus, the BMP adhering sites of the calcium
phosphates are not as present to the cytokine as it would have been the case without

a further precursor gelification, which reduces the overall retention capability.
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Figure 4.26: BMP-2 release and retention of bone scaffolds. a) Amounts of cytokine released within
two weeks. Only values above the accuracy level of the used ELISA Kit are adequate for a significant
interpretation. b) BMP-2 retention based on cumulative release. Only less than 0.1 % of the initially
loaded BMP-2 is released during the investigated time span.
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4.4 Meniscus Scaffolds

441 Ice Crystal Growth Angled to External Temperature Gradient

As shown in Chapter 4.1.2 a variation of the temperature gradient may also be used
to control the spatial alignment of the ice crystals and the resulting pore structure,
respectively. By using smaller temperature gradients, also crystal growth directions
which are angled to the external temperature gradient may be achieved (Figure 4.8).
If the process is performed under borderline conditions of small external temperature
gradients which still allow a directional solidification, an ice crystal growth
propagating nearly perpendicular to the external temperature gradient can be
achieved. Since this pore orientation reassembles the preferred fibre orientation in
meniscus tissue in large, the process was tuned to work out with a composition
approximating the one of native tissue. The cryostructuring process described in
Chapter 4.1.2 was performed with a collagenous precursor, containing 0.75 %
collagen Il, 1.75 % collagen | and 10 % of the collagenous dry weight (cdw) in
chondroitin sulphate, which was solidified at an external temperature gradient of
4.8 K/mm. For collagen precursors, this absolute value is to be considered as low,
since the anisotropic solidification of collagens requires higher temperature gradients

than alginate precursors.

Cross section SEM images of the resulting scaffolds may be observed in
Figure 4.27. An external temperature gradient, close to the borderline case of
anisotropic solidification, was running from the top to the bottom of each displayed
image, while the upper surface of the scaffold is located upwards. As observable in
Figure 4.27 a), the angle between the propagation direction of the anisotropic
scaffold pores and the external temperature gradient moves towards 90 °. A
complete perpendicular progression of the ice crystal growth to the temperature
gradient is practically not realizable in the test conditions, since the initial crystal
phases still originate at the bottom of the precursor containing vessel. Thus, as long
as the solidification is intended to be anisotropic, always a slight angle will remain

between the achievable structures and the temperature gradient vector.
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A closer insight into the microscopic pore structure is given in Figure 4.27 b). Intra-
lamellar pillars support the nearly horizontally aligned lamellar pores. Since these
processing conditions represent a borderline case in anisotropic crystal growth, the
growth progress of individual ice crystals may occasionally break down. The negative
imprint of an ice crystal tip where the growth has ceased is shown in Figure 4.27 c).
In direct comparison to ice crystal tips depicted in Figure 4.12 c) a strong
geometrical correlation is present since the surface of the tip imprint represents
rotational elliptically and very smooth. On the right edge of Figure 4.27 c) a rim is
present below the tip imprint. This rim is originating from the primary dendritic growth

processes as discussed in Chapter 4.1.3.2.

Figure 4.27: SEM images of scaffolds describing the borderline case of anisotropic solidification for
low temperature gradients. a) The anisotropic scaffold pores proceed nearly perpendicular to the
external temperature gradient which was running from the top to the bottom of the image. b) Lamellar
pores that are supported by intra-lamellar pillars are formed. ¢) During this borderline case the growth
of individual ice crystals may break down which results in negative shapes of the ice crystal tips.

Thus, also more complex pore architectures may be fabricated by the invented
cryostructuring processing route, when the external temperature gradient is adjusted
to the respective precursor composition. The next logical step consisted in combining
the multi zonal approach with a tissue mimetic pore orientation. On top of this, also
the production of complete meniscus scaffolds featuring an authentic shape and size
was possible, since the ACD was designed to allow a scaffold production with clinical
relevant dimensions. Consequently, the application of the afore mentioned principles
may be used together with anatomically shaped scaffold moulds to create a novel

biomimetic meniscus tissue engineering approach.
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In order to shape the precursors during solidification inside the ACD, moulds or
temperature controllable bodies may be used (Figure 4.28 a), b) and Iiteraturezm).
These feature a negative imprint of the desired scaffold shape, in this case a
meniscus, and may be fabricated out of metals (like Aluminium) or polymers (like
Polytetrafluorethylene, Polyvinylsiloxane or Polystyrol).

Again, the proof of principle was performed by using pigmented 5.5 wt% alginate
precursors (Figure 4.28 c)) with a blue colouring for marking the inner meniscus
zone (IM) and orange for the outer meniscus zone (OM). The cross section in the
centre of Figure 4.28 c) shows the successful tissue mimetic generation of
continuous pores throughout both zones. Admittedly, the propagation of the pores did
not work out as intended throughout all regions the complete meniscus scaffold in
these early stages of development, but since the process functionality was generally

proven, the transfer to collagenous precursors was approached.

Figure 4.28: CAD design of bi-zonal meniscus scaffold (a) and temperature controllable bodies (b) to
shape the precursors during solidification. The proof of principle was performed with pigmented
alginate precursors (c).

4.4.2 Cryostructured Meniscus Scaffolds

According to the literature!'6.118.121,127.280.281

it may be collated, that the extracellular
matrix of native meniscus tissue is mainly build up out of an inner meniscus zone,
consisting of ca. 3/5 collagen |l, ca. 2/5 collagen | and ca. 10 % cdw in GAG and an
outer meniscus zone consisting of collagen | with trace amounts (< 1 % cdw) of GAG.
In order to find precursor compositions fulfilling the structural pore alignment after
cryostructuring and biomimetic composition at the same time, the following ranges of
protein concentrations have been screened: 1.80 % - 0.75 % collagen Il, 1.75 % -

0.80 % collagen Il and 0.25 % - 0.008 % cdw chondroitin sulphate as GAG.
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Finally, the most successful results were achieved by preparing an inner meniscus
precursor (IM) featuring 1.2 % collagen I, 0.8 % collagen | and 0.2 % chondroitin
sulphate, together with an outer meniscus precursor (OM) consisting out of 1.0 %
collagen | and 0.008 % chondroitin sulphate. Hereby, 0.5 mol/l acetic acid was used
as solvent for each precursor.

For the preparation of the meniscus scaffolds, the ACD was mounted with the IAG
depicted in Figure 4.3 c) and the cryostat cooled the heat exchanging unit of the
ACD to a temperature of -25 °C. A meniscus mould was used to generate the outer
scaffold shape. The PEs were supplemented with the current necessary, to generate
an outer temperature gradient of (2.464 £+ 0.035) K/mm.

When the cryostructuring unit of the ACD was near thermal equilibrium, 5.0 ml of the
OM precursor and subsequently 2.6 ml IM precursor was applied to create the outer
and inner meniscus zone of the scaffold, respectively. The precursor preparation
followed the procedure described in Chapter 4.1.3.1, while the directional
solidification was performed with a linear interpolated cooling rate of
(-0.322 £ 0.014) K/min which led to a linear interpolated solidification velocity of
(195.9 £ 8.7) yum/min. Afterwards, the combined precursors were lyophilized and

covalently cross linked by carbodiimides as mentioned in Chapter 4.1.3.3.

A graphical expression of the cryostructuring procedure can be observed in
Figure 4.29 a). The temperature diagraph is depicting the thermal precursor
alteration during directional solidification upon the subsequent addition of both
precursors (green = OM/outer meniscus zone and yellow = IM/inner meniscus zone)
to yield a meniscus scaffold as shown in the inlay. The linear cooling of the OM
precursor is superimposed by the heat of fusion which again shows in a small
pseudo equiaxial manifestation of solidification. As described in Figure 4.12 and
Figure 4.13 the lamellar solidification is progressing faster for primary crystals,
whereas the final structure is depending on the slower growth of dendritic side
branches. This corresponds to the temperature diagraph, where a bigger amount of
heat is generated in the beginning of the solidification before the slope of the
temperature graph is decreasing again. When the temperature is approaching an
equilibrium value, the IM precursor is added and the mentioned processes proceed

again.
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In agreement with the CAD drawing, the resulting scaffold, as depicted in
Figure 4.29 b) is build up out of an inner meniscus zone (IM) and an outer meniscus
zone (OM). Although both precursor materials appear whitish, the transition between
both zones may be recognized as a change in the white intensity. Since the
processed collagen Il material is more dense and white appearing than the used
collagen | material, the IM zone also appears more whitish than the OM zone. The
anterior and the posterior horn of the meniscus scaffold have both been sectioned off
to reveal the inner pore structure of the scaffold.

A higher magnification of the inner pore structure can be observed in Figure 4.29 c).
The pores inside the scaffold are propagating through both scaffold zones over large
length scales, while approximating the preferential alignment of the collagenous
fibres inside native meniscus tissue'?2. Due to the considerable mass of solidified OM
precursor, the smaller mass of IM precursor was subjected to additional cooling
during the cryostructuring process, which led to the formation of smaller cross section

pore diameters in the IM zone than in the OM zone.
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Figure 4.29: Biomimetic meniscus scaffold. a) Cryostructuring graph documenting the directional
solidification of inner (IM) and outer (OM) meniscus precursors. Inlay: CAD image of meniscus
scaffold indicating a preferential pore alignment through inner (IM) and outer (OM) meniscus zone. b)
Photography of macroscopic meniscus scaffold featuring an authentic size and shape. ¢) Light
microscopic image of a cross section revealing the tissue mimetic microstructure.

A closer insight into the scaffolds microstructure can be gained by consideration of
cross section SEM images (Figure 4.30). Due to the differing pore sizes the interface
between the finer IM and the comparably coarser OM zone is clearly recognizable.
By using the above mentioned parameters, the process could be tuned to an extent,
that the curved pathway of the ice crystals has not been interrupted upon their way

through both precursors (Figure 4.30 a)).
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The mechanism behind this effect is revealed by Figure 4.30 b). The interface
between the right OM zone and the left IM zone is recognizable by off standing
collagen smithereens. These resulted from the proteins that have been concentrated
in front of the ice crystal tips during solidification. During addition of the IM precursor,
areas which created the smithereens bared a higher temperature because the heat
of fusion has been transmitted to them. Reasoned by a combination of these local
surface temperature changes together with the mass correlated thermal resistance of
the OM precursor a tip splitting of the ice crystals did occur on interface. The smaller
cross section pore size in the IM zone was thus a consequence of a higher number
of ice crystals which are additionally restrained inside a smaller volume than in the
OM zone.

In Figure 4.30 c) and d) the resulting pore structures for the IM and OM zone can be
viewed in detail. In average, the cross section pore diameter accounts to
(93 = 21) pm for the IM zone and (248 + 63) um for OM zone. Within both areas,
supporting pillars in between the lamella structures can be observed. Closer insights
in this architecture can be gained on consideration of Figure 4.30 e) and f). The
waved lamellas feature a smooth surface within the multiple micrometre range. Since
the pillar structures are only present in between two opposing lamellas and do not
propagate through them, the creation mechanism is to be attributed to the dendritic
crystallization during solidification of the precursors. Upon successive growth, the flat
lateral surface of the lamellar ice crystals is pushing the solid precursor components
aside. At the place where the primary dendritic sprouting originated, the pillars are
created by the entrapment of collagenous material in between fusing secondary
dendritic crystals. By inspection of a cross sectioned lamella, the laminated inner
structure of sub-micron collagen layers becomes obvious. Thus, the growth
progression of ice crystals seems to occur in intervals which yield a laminated lamella

structure in sub-micron dimensions.
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Figure 4.30: Microstructure cross section SEM images of meniscus scaffold. The pores extend
continuously between the inner (IM) and outer (OM) meniscus zone (a)). On the interface between
both zones, a tip splitting of the ice crystals (b)) leads to a shrinkage of the pore size from the OM (d))
to the IM (c)) zone. Supporting pillars are present in between opposing lamellas (e)), which are
constituted from multiple sub-micron thick layers (f)).
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If the surface structure of the lamellas in the respective zones is inspected even
further, a distinct sub-micron to nanostructure shows up (Figure 4.31 a), b)).
Essentially, this structure may be described as combination of bulk material and
nano-aggregates which form a wave like surface structure. Interestingly, both zones
show differences in their respective nanostructures. While the height of the wave
structures ranges within ca. 300 nm - 400 nm for the IM zone, the ones of the OM
zone range within ca. 250 nm — 300 nm. Furthermore, the diameter of the spherical
aggregates, which is visible from outside varies between ca. 10 nm - 150 nm for the
IM zone and ca. 60 nm — 100 nm in case of the OM zone.

A possible explanation for these wave structures is again to be found in the
mechanism of crystal growth during cryostructuring: Upon progressive crystal growth
the non-solvent constituents of the precursors are piled up in front of the moving
primary ice front and later on also in front of higher ordered crystal morphologies.
When certain critical values of piled up mass, precursor flowability, friction and
corresponding moving force of the growing ice crystals are reached, the material and
ice crystal slip apart. This leaves an accumulation of material behind, which is further
modified by equivalent later ripening processes during crystal growth. The
differences in the height of the wave structures also correspond to the measured
precursor viscosity (Figure 4.10 b)). The comparably higher viscous OM precursor
will slip earlier away from the ice crystals then the IM precursor, which is leading to
smaller heights of the wave structures in the case of the OM zone.

EDX was used to analyse the elementary composition of the meniscus scaffold
zones (Figure 4.31 c) and d)). Surely, the accuracy that can be expected from
analysing organic samples with EDX is limited, but still insights in composition and
purity may be gained from this analysis. In consistency with the differing precursor
compositions, the spectra of the meniscus zones reach values of ca. 52.8 wt%
Carbon, ca. 18.8 wt% Nitrogen, ca. 21.4 wt% Oxygen and ca. 1.3 wt% Sulphur for
the IM zone, while ca. 54.9 wt% Carbon, ca. 21.7 wt% Nitrogen, ca. 15.6 wit%
Oxygen and ca. 0.7 wt% Sulphur have been detected for the OM zone. The further
subdominant peaks for Sodium and Chloride are owed to residues originating from
the saline storage during the collagen | isolation. A visible platinum peak is to be

reasoned by the sample coating procedure.
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Summarized it can be stated, that the differences between the spectra may
dominantly be attributed to the variation of the Sulphur and Oxygen peaks. A
pronounced presence of the sulphate groups in the IM zone was to be expected due
to the addition of GAGs to the precursors.

EDX was also used to compare the chemical composition of the nanoaggregates
with the one of the bulk material, but with respect to the expected measuring
accuracy, no significant differences were observable. Therefore, a gelling of the
collagen | together with the GAGs on a nanometre range seems not to be an
appropriate explanation for the presence of the nanoaggregates. Although their true
origin remains unclear, they are suspected to represent a feature of the collagen |
since they are found inside both zones.

Obviously, these aggregates show up more prominently in the OM zone than in the
IM zone, although they seem to be equally present in both zones. A potential
explanation for this behaviour might be found in the density of the materials. To a
high degree of likeliness the aggregates will exhibit a slightly increased density,
compared to the bulk material. If now the ice crystals push against these small
spherical bodies, they will more easily penetrate the less viscous IM zone which
results in a lowered visibility. In case of the OM zone the relation of density and bulk
material viscosity seems to be more counterbalanced, so that the aggregates show

up better on the surface.
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Figure 4.31: Nanostructure and elemental composition of meniscus scaffolds. Surface topographical
nanostructure of lamellas in IM (a)) and OM (b)) captured by scanning electron microscopy (SEM).
Energy Dispersive X-ray spectroscopy (EDX) of IM (c)) and OM (d)).

As described in Chapter 3.5.6, the degradation behaviour of the meniscus scaffolds
was analysed during 30 days under physiological conditions. Therefore, cylindrical
scaffolds which were consisting entirely out of the IM composition were compared
with scaffolds produced only with the OM precursor and also with combined
(ca. 50 % IM and ca. 50 % OM) meniscus scaffolds. The results in terms of change in
residual mass (Figure 4.32 a)), equilibrium water content (Figure 4.32 b)) and free

water content (Figure 4.32 c)) were determined:
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A percental relation between current and initial drained mass was set as the residual
mass (m/mo) of the scaffolds. With respect to the limited measuring accuracy, all the
meniscus scaffolds behaved similarly and showed, in mean, a mass loss of ca.
(1.56 £ 0.10) % per day. The equilibrium water content (EWC) was calculated as the
percental relation of water, which is still bound after draining, to the drained weight of
the scaffolds. Again, all the meniscus scaffolds behaved nearly the same and
showed a EWC loss of ca. (0.479 + 0.041) % per day. Additionally, the free water
content (FWC) was determined as the percental relation of loosely adhered water to
the wet weight of the scaffolds. The daily increase of the FWC accounted in average
to (0.389 = 0.020) %. Thus, the scaffold mass and amount of bound water shrank
with proceeding erosion while the quantity of soaked water increased.

Although the overall degradation of the meniscus scaffolds represents itself quite
considerable, they still own enough structural integrity for cell culture. Due to the
respective precursor compositions, the OM scaffolds always exhibited the highest
loss of mass and EWC, since the collagen | concentration and the presence of
gelation inducing GAGs was smaller in the OM precursor than in the IM precursor.
The individual scaffolds, which lost up to ca. 50 % of their initial mass featured only a
marginal handling stability when they reached this value. In case of the combined
meniscus scaffolds, there was no preferential breakdown observable at the interface

between both zones.
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Figure 4.32: Degradation of meniscus scaffolds under physiological conditions (PBS at 37 °C under
shaking with 25 rpm). a) Residual mass (m/mo). b) Equilibrium water content (EWC). c¢) Free water
content (FWC).
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4.5 Osteochondral Scaffolds

4.5.1 Strategy for Osteochondral Tissue Engineering

As shown in Chapter 4.1.3.2, the cryostructuring process may be tuned to yield
multi-layered scaffolds with continuous pores proceeding parallel to the external
temperature gradient. In order to generate tissue mimetic osteochondral scaffolds,
the structure and composition of the native tissue should be considered, to develop
an appropriate scaffold design (Figure 4.33).

Like depicted in the histological staining and the schematic drawing of native articular
cartilage architecture, it may be divided up into three chondral zones which merge
into a subchondral zone. Thereby, the chondral zone is mainly composed out of
collagen Il and GAGs. The concentration of GAGs in the chondral zone increases
downwards, displayed in colour from red to yellow to green, until the subchondral
zone is reached. This subchondral zone is consisting out of collagen | and calcium
phosphates like hydroxyapatite. In the native tissue, the spheroid shaped
chondrocytes and their organization are adapted to the specific requirements of each
zone (s, m, and d). The spheroids in the scaffold design displayed in Figure 4.33 c)
symbolize cells with zone specific morphology.

A preferential alignment of collagen fibres inside the chondral zone proceeds
orthogonal to the chondral surface inside the deep chondral zone, through the middle
chondral zone, into the superficial chondral zone, where the fibres are arranged
mostly parallel to the chondral surface. Since the deep chondral zone represents the
most dominant zone of native tissue, in terms of volume fraction, the scaffold design
uses predominantly an equivalent pore alignment. In order to mimic the fibre
architecture of the superficial chondral zone too, fibres may be deposited in the
scaffold surface by electrostatic spinning. In detail, a fibre alignment parallel to the
joint surface can be achieved by using electrospun polymers.

For the reasons already mentioned in Chapter 4.1.3.2, a combination of collagen |
and collagen Il will lead to more promising results for the cryostructuring of the
chondral zone, than the use of precursors featuring only collagen Il. In order to mimic
also the content of GAG in the respective chondral zones, the concentration of
chondroitin sulphate (representing the GAGs) was successively increased

downwards to the subchondral zone.
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This subchondral zone is mainly containing hydroxyapatite in the native tissue, like
the bone scaffolds described in Chapter 4.3. However, it was decided, to use the
calcium phosphate phase brushite instead of hydroxyapatite to yield a completely
resorbable/degradable scaffold. In contrast to hydroxyapatite, which features only a
poor resorption potential in vivo, brushite may be dissolved and remodelled more
easily. Thus, the subchondral zone of the scaffold was created by using precursors

consisting of collagen | and brushite.

Figure 4.33: Comparison of native osteochondral tissue with scaffold design. a) Hematoxylin-eosin
staining of articular cartilage (modified from literature 232). b) Schematic drawing of zonal articular
cartilage architecture”. The preferred collagen fibre alignment is indicated by the dashed blue lines. c)
Design of cryostructured osteochondral scaffold. The chondral part of native tissue may be divided up
into three zones (s = superficial zone, m = middle zone and d = deep chondral zone) which merge into
the subchondral bone. In order to approximate the native tissue, the scaffold is mimicking its structure
and composition. (CS = chondral superficial scaffold zone, CM = chondral middle scaffold zone, CD =
chondral deep scaffold zone and SC = subchondral scaffold zone)

4.5.2 3D Powder Printing of Calcium Phosphates

With the aim to test the application of 3D Powder Printing for the suitability to be
combined with the cryostructuring method, the inorganic component of the
osteochondral scaffolds was produced as one monolithic piece. Porous cylindrical
samples were prepared by printing of a CAD concept into tricalcium phosphate
powder. Upon reaction with phosphoric acid coin like brushite samples were

produced by hydraulic setting reaction. (Chapter 3.2.3)
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Figure 4.34: 3D printed calcium phosphate substrates in petri dish (left), 48 well (middle) and 96 well
(right) formats.

In order to ensure a variable applicability, sample sizes to fit in 96 well, 48 well and
petri dishes, with 3.3 cm diameter, were produced (Figure 4.34). The sample height
corresponded to the diameter with 1 mm, 2 mm and 3 mm, respectively. These
substrates could be successfully incorporated into the subchondral zone of
osteochondral scaffolds, where they replaced the supplemented calcium phosphate
powder. Although the massive structure was present within the subchondral zone,
the creation of an anisotropic pore structure in the chondral zone was possible by
application of the cryostructuring process.

Thereby, the stiffness of the native subchondral zone was approximated closer, than
with the addition of calcium phosphate crystals. Unfavourably, the resulting
osteochondral scaffolds showed no relaxation after extreme compression. When the
hydrated scaffolds were heavily compressed, most of the water inside the pores was
pressed out of the top opening of the pores. The internal porosity of the substrates
was either not sufficient in permeability or blocked by biopolymers. Therefore, the
channel like pores stayed collapsed after compression, since capillary forces
prevented a re-expansion. In order to try to improve this deficit in relaxation potential,
the substrates were designed to be perforated by channels with the smallest
printable dimensions.

Reasoned by the printer resolution for the used tricalcium phosphate powder,
0.5 mm was found to represent the smallest printable channel size. Additionally, the
fraction of channels to total volume, where the structural integrity of the substrates

was not altered too much accounted only to 17 % (Figure 4.34 48 well format).
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Because of the high brittleness of the calcium phosphate bodies before post
hardening, a significant increase of this relation would not result in appropriate
results. Based on the small channel to volume fraction, the overall effect of collapsed
pores was improved, but not a level which would seem promising to create scaffolds
that might be used clinically. Moreover, the migration potential of cells through the
subchondral zone would be dramatically reduced in comparison to the permeable
structure of subchondral zones that may be prepared by adding calcium phosphate
powder to the precursors. Therefore, the latter method was chosen over the use of

calcium phosphate substrates for the following experiments.
4.5.3 Osteochondral Scaffolds

In order to produce a scaffold featuring a consecutive pore structure while preferably
mimicking the zonal composition of native tissue, as well as a beneficial pore size for
cellular migration, multiple precursor compositions and cryostructuring conditions
were tested. More precisely, the precursor concentrations were varied in the intervals
0.5-2.0 % for collagen |, 0 — 3.0 % for collagen Il, 0 — 0.8 % for chondroitin sulphate
and 0 — 1.8 % for brushite, while the external temperature gradient was changed in
between 2 K/mm and 9 K/mm. After evaluation of humerous attempts, the following
procedure was found yield the most promising results:

Prior to the cryostructuring, the precursors of the respective zones were prepared
according to Chapter 4.1.3.1. For the SC precursor 1.2 % brushite and 1.2 %
collagen | were used, while both chondral precursors CD and CM were produced
from 1.8 % collagen Il and 1.2 % collagen |. For the deep and middle chondral zone
15 % cdw and 5 % cdw chondroitin sulphate was supplemented, respectively.

Again, the directional solidification was carried out inside the ACD, which was
mounted with the IAG depicted in Figure 4.3 e). The cryostat temperature was set to

-25°C and the Peltier elements were supplied with the current necessary, to

generate an external temperature gradient of VT= (8.300+0.062) K/mm. When the
cryostructuring unit of the ACD was near thermal equilibrium, each 2.0 ml of the
precursor were subsequently applied to create the three scaffold zones. In
correspondence to the cryostructuring diagraph (Figure 4.35 a)), the directional
solidification was performed with a cooling rate of v; = (-1.42 + 0.22) pm/min which

resulted in a solidification velocity of vs= (511 £ 40) um/min.
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Figure 4.35: Cryostructuring diagraph and cross section SEM images of osteochondral collagen
scaffold. a) Temperature progress during directional solidification. The respective scaffold zones may
be distinguished by the coloured labelling: subchondral zone — SC/grey, deep chondral zone —
CD/green and middle chondral zone — CM/yellow. b) Resulting osteochondral scaffold with fluent
interfaces. c¢) Inner structure of lamella in deep chondral zone. d) A re-precipitation process during the
scaffold production is influencing the crystal morphologies in the subchondral zone (bright yellow:
residual brushite crystal; bright red: re-precipitated brushite crystallites). The left half of images b) and
d) has been coloured to facilitate a differentiation between scaffold zones and crystal morphologies,
respectively.

As depicted, the thermal precursor alteration during directional solidification upon the
subsequent precursor addition (grey = SC/subchondral zone, green = CD/deep
chondral zone and yellow = CM/middle chondral zone) yields an osteochondral
scaffold as shown in the inlay. The linear cooling of each layer of precursor is
superimposed by the heat of fusion. In the SC precursor this also shows in a small
pseudo equiaxial manifestation of solidification. As described for Figure 4.12 and
Figure 4.13, the lamellar solidification is progressing faster for primary crystals,

whereas the final structure is depending on the slower dendritic branch growth.
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Correspondingly, a bigger amount of heat is generated in the beginning of the
solidification, before the slope of the temperature graph is decreasing again in the
temperature diagraph. When the temperature is approaching an equilibrium value,
the next precursor may be added which leads again to the explained processes.
Afterwards, the three precursors were lyophilized and covalently cross linked by

carbodiimides (Chapter 4.1.3.3) to fabricate a monolithic structure.

SEM cross section images of the resulting osteochondral scaffolds are displayed in
Figure 4.35 b) —d) and Figure 4.36. Where necessary, the left half of the image has
been coloured to facilitate a clear assignment of the respective scaffold zones or the
crystallite structures. The tri-zonal but monolithic scaffold is penetrated by aligned
pores, whereby the respective interfaces are blending smoothly into each other. As
visible in Figure 4.36 the zonal interfaces are barely detectable, even on a
micrometer range. Collagenous smithereens like the ones that could be detected on
the interface between inner and outer meniscus zone (Chapter 4.4) are only
occasionally present. The consecutive lamellar pore structure is extending fluently
throughout the entire osteochondral scaffold as it could not been realized before. The
scaffold pores feature a mean diameter of (82 + 25) um in SC, (83 £ 29) um in CD
and (85 +39)um in CM. They propagate perpendicular to the chondral surface,
reassembling the dominant collagen fibre arrangement in native osteochondral
tissue® 717, Thereby they facilitate a good nutrient supply and guidance for seeded
cells.

Obviously, the mean pore diameter is increasing a little with the addition of each
further zone. If the corresponding errors are compared among each other too, they
demonstrate also an increase in the variation range of pore sizes. This is mainly to
be attributed to single pores, which continuously grow larger than others.
Consequently, the overall average diameter increases together with the respective
deviations. The creation of single larger pores can be tracked to the interface
between SC and CD, where obviously a fusion of ice crystals occurred in some

cases.
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Figure 4.36: SEM cross section images of interfaces between osteochondral scaffold zones. a)
Middle (CM) and deep (CD) chondral zone. b) Magnification of a). ¢) Deep (CD) and subchondral zone
(SC). d) Magnification of c). The left halves of images a) and c) have been coloured to facilitate a
differentiation of the scaffold zones.

Figure 4.35 c) depicts the surface as well as the inner structure of a lamella in the
deep chondral zone. This surface is imposed by a sub-micron structure consisting
out of larger waves and smaller aggregates. Furthermore, the sectioning of the
lamella revealed a layered inner structure parallel to the lamella surface.
Consequently, this laminated inner structure seems to be attributed to the growth
progression of ice crystals which occurs in intervals (Figure 4.13). The sub-micron
structure, found on the outer surface, is not present inside which is leading to the

assumption, that it is created during later ripening processes.
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In the subchondral zone, the mineralization of collagenous material with brushite
crystals can be observed (Figure 4.35 d)). Usually, these plate shaped crystals,
which had been supplemented to the precursors, were arranged to lie flat on the
lamellas by the action of ice crystals. Interestingly, the brushite crystals are altered
during the preparation, so that new small crystal structures are generated. These are
found in the centre of the flat brushite crystals, where they tend to point out of the
surface. Thus a flower like crystal arrangement is created, which is indicated by the
colouring in Figure 4.35 d). The bright yellow coloured brushite crystal apparently
was exposed to eroding processes, so that the initial smooth surface has been
altered. In the centre of the brushite crystals, with an approximate diameter of 20 pm,
smaller crystals, which have been formed during the cryostructuring process, are
coloured in bright red.

A closer insight into the newly formed crystallites is given in Figure 4.37 g). Basal
diameters, in the range of ca. 0.5 ym — 2.0 ym, were measured for these plate
shaped crystals. The elementary composition of the mentioned crystallites was
analysed by EDX (Figure 4.37 h)). The approximate weight percents of the main
constituents Oxygen, Phosphate and Calcium accounted to 40.1 %, 24.1 % and
25.8 %. When the particular weight percents are divided by the molar masses of the
corresponding elements a Ca:P:0O relation around 1:1:4 is attained. This
represents the composition of brushite (CaHPO4-2H,0) or its anhydrous phase
monetite. According to the XRD measurements of the subchondral zone
(Figure 4.22 c)), where brushite represented the only detectable calcium phosphate
phase, the crystallites consist out of brushite. Reasoned by the SEM sample coating
a peak of 9.9 wt% Carbon was detected, which may be used as “baseline” for the
interpretation of the organic components of the scaffold zones.

The newly formed crystallites feature significantly smaller sizes than the crystals that
have been supplemented to the precursor and are to be identified as brushite re-
precipitates. Their origin is to be explained by the acidic conditions during the
precursor preparation. Since the precursors are prepared by stirring in 0.5 mol/l
acetic acid, the solubility of brushite is high (Figure 2.2 a)) and the crystals are partly
dissolved. Due to the gel like consistency of the precursor, the diffusion of ions away
from the etched crystals is limited. During the cryostructuring process, the
cryo-concentration of involved ions leads to a shift of the reaction equilibrium to the

crystal phase, with the consequence of re-precipitating brushite crystallites.
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Because they are predominately found in the centre of the etched crystals an
epitactic growth mechanism might be suspected. Nonetheless, the spatial alignment
of the crystallites basal planes ((010) crystal plane in Figure 2.2 b)) is mostly not
coherent with the one of the underlying crystal. Therefore, an epitactic mechanism

seems not to represent the dominant mechanism behind the re-precipitation.

An observation of the sub-micron to nano scale surface structure of the different
zones is displayed together with the chemical composition as determined by EDX in
Figure 4.37 a) - f). As indicated before, a wave structure of the bulk material is
combined with spherical aggregates, which shows in the surface appearance of the
CD and the CM zones. Both show rather comparable surfaces with wave structures
of ca. 1 ym height and aggregates in the range of 30 nm - 120 nm for the CD zone
and wave heights of approximately 1 - 2 ym and aggregates between 30 nm - 90 nm
for the CM zone, respectively. These differences are again to be explained by the
composition which reads: ca. 56.2 wt% Carbon, ca. 17.6 wt% Nitrogen, ca. 21.1 wt%
Oxygen and ca. 1.2 wt% Sulphur for the CD zone and ca. 62.2 wt% Carbon, ca. 19.9
wt% Nitrogen, ca. 12.4 wt% Oxygen, ca. 0.8 wt% Sulphur for the CM zone.
(Figure 4.37 a) - d))

By comparison of the contents in Carbon and Nitrogen the limited accuracy of the
EDX results for organic samples becomes obvious, since the only difference between
the CD and the CM precursors consisted in varied amounts of added chondroitin
sulphate. However, these varieties show in the EDX signals detected for Oxygen and
Sulphur where a higher content, which is to be attributed to the sulphate groups of
the GAG, was recorded for the CD zone.

In case of the SC zone, the previously discussed brushite crystals and crystallites are
predominately found in discrete mineral “islands”. Apart from those, the remaining
material is forming a unique surface structure of dominating aggregates stand out of
wave structures, featuring a height in the sub-micron range. Diameters in the range
of 90 nm - 210 nm were present for the aggregates. The elemental composition of
ca. 28.9 wt% Carbon, ca. 10.6 wt% Nitrogen, ca. 24.1 wt% Oxygen, ca. 15.4 wt%
Phosphor and ca. 15.8 wt% Calcium shows that the presence of calcium phosphates

is not restricted to those island structures. (Figure 4.37 €) - h))
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Figure 4.37: Nanostructure and composition of osteochondral scaffold zones. SEM images (a, ¢, e, 9)
and EDX spectra (b, d, f, h) of middle chondral zone (CM), deep chondral zone (CD) and subchondral
zone (SC). Newly formed crystallites in SC (g)) show calcium to phosphate ratios (h)) that are
coherent with X-Ray diffraction analysis of brushite and are therefore supposed to consist of re-
precipitated brushite. The nanostructure of the bulk material in all zones (a), ¢) and e)) shows a
combination of aggregates and wave like structures.

Although not visible from the outside, the bulk material is consisting of a brushite and
collagen | composite. Since the SC zone represented the only zone where aggregate
structures were mainly responsible for shaping the surface, it may be inferred that the
aggregates represent themselves to be a feature of the collagen |. Possibly,
some kind of mineralisation also occurred inside these aggregate structures.

Sadly, their small size aggravates an analysis of single aggregates by EDX.
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Such a small area would be quickly altered by the energy input so that the output
signal would not be very reliable. However, the used EDX was accurate enough to
map the threefold of the CM zone’'s GAG content in the CD zone. For the inorganic
materials the EDX results were coherent with the expectations and the XRD results.
In addition to the mentioned signals also minor peaks for Sodium, Chloride and
Platinum have been detected in the EDX spectra. While the Platinum peak is to be
attributed to the coating for the SEM sample preparation, the signals for Sodium and
Chloride are to be assigned to residues originating from the collagen | isolation.

On comparison of the three surface structures it becomes apparent that the
mechanism of crystal growth during cryostructuring and the measured precursor
viscosity (Figure 4.10 b)) alone are not sufficient to explain all details of the found
structures. The difference in intensity of the waving between the two chondral zones
is explainable by a higher structural integrity due to a pronounced gelation upon an

increased addition of GAGs in the CD zone.

An overview of the scaffolds macroscopic appearance together with the 3D
microstructure is revealed by Figure 4.38. The cylindrical scaffolds may be used as
osteochondral plugs since they feature clinical relevant dimensions in terms of tissue
thicknesses and area. In order to ease a differentiation of the subchondral zone from
the more whitish appearing chondral zone, a black suture material is indicating the
chondral zones CM and CD, while the subchondral zone SC is marked by a blue
suture material.

By u-CT acquisition the 3D microstructure was made visible. Hereby, the mineralized
subchondral part may be identified more clearly due to the higher
X-Ray absorbance of the calcium phosphates. A vertical section, depicted in
Figure 4.38 c), allows following the continuous propagation of the scaffold pores
orthogonal to the scaffold surface. Within a horizontal section through the
subchondral zone (Figure 4.38 d)) the alignment of the spindle shaped pore
structures is documented: During the cryostructuring process, the ice crystals align in
domains of preferential directions. These domains seem to feature random sizes and

orientations, but their boundaries always build polygonal areas of varying angels.
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Figure 4.38: Macroscopic appearance and 3D microstructure of an osteochondral scaffold. a)
Photography of cylindrical scaffolds with suture material marking the chondral (black suture material)
and the subchondral (blue suture material) zone. b) —d) u-CT images depicting mineralization and
pore structure. Calcium phosphates in the subchondral zone lead to an increased signal. ¢) Vertical
section through osteochondral scaffold. d) Horizontal section through subchondral zone.

Since it represents an important factor for in vitro and in vivo performance, the
degradation behaviour of the osteochondral scaffolds was analysed during 30 days
under physiological conditions (Chapter 3.5.6). By investigating chondral,
subchondral and the osteochondral samples, the effect of individual zones on the
overall scaffold can be extrapolated. Like for the other scaffold types, the changes in
residual mass (Figure 4.39 a)), equilibrium water content (Figure 4.39 b)) and free
water content (Figure 4.39 c)) were determined:

Again, the residual mass (m/mo) was set as the percental relation between current
and initial drained mass. The subchondral scaffold showed the smallest daily mass
loss of ca. (0.393 = 0.074) %. Chondral and osteochondral scaffolds behaved
similarly and showed, in mean, a mass loss of ca. (0.80 + 0.10) % per day. The
percental relation of water, which is still bound after draining, to the drained

weight of the scaffolds was calculated as the equilibrium water content (EWC).
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In this case, the chondral scaffold featured the least capacity to bind water with a
daily EWC loss of (0.125 £ 0.017) %, while the subchondral and osteochondral
scaffolds behaved nearly similar by showing an EWC loss of ca. (0.106 £ 0.012) %
per day. Furthermore, the free water content (FWC) was determined as the percental
relation of loosely adhered water to the wet weight of the scaffolds. The daily
increase of the FWC accounted in average to (0.363 + 0.048) % for the chondral
scaffold. With respect to the fluctuations in the data, the subchondral and
osteochondral scaffolds yielded a comparable FWC value of ca. (0.47 + 0.015) % per
day.

The differences in the residual mass may be explained by the presence of calcium
phosphates in subchondral scaffolds, which do not degrade as fast as the
biopolymers. In case of the osteochondral scaffolds this effect does not seem to play
a major role, although the mass loss is proceeding a little slower than for the
chondral scaffolds. In contrast to this, the presence of calcium phosphates, which
induce a higher surface area, influences the water binding capacity in a positive way
for both the osteochondral and subchondral scaffolds. The effect of calcium
phosphates seems to be dominating the effect resulting from the presence of
sulphated GAGs on the EWC capacity. Despite slightly different values were
obtained for the variating capacity of loosely bound water, the deviations fade out
when the measuring accuracies are considered. Therefore, a discussion of the
individual differences in alteration of the FWC does not appear reasonable.

In general, the scaffold mass and amount of bound water shrink with proceeding
erosion while the quantity of soaked water is increasing. Featuring a moderate
degradation, the osteochondral scaffolds represent themselves suitable for cell
culture. Furthermore, the multi-zonal osteochondral scaffolds did not show a

preferential breakdown at the interface between the zones.
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Figure 4.39: Degradation of osteochondral scaffolds under physiological conditions (PBS at 37 °C
under shaking with 25 rpm). a) Residual mass (m/mo). b) Equilibrium water content (EWC). c) Free
water content (FWC).
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4.5.4 Preparation of Articular Cartilage Surface by Electrostatic Spinning

In order to realize a fibre alignment parallel to the chondral surface, electrostatic
spinning of polymer solutions was applied on the top of the cryostructured
osteochondral scaffolds to create the superficial chondral zone (CS in
Figure 4.33 c)). Under the influence of an electrostatic field, a charged polymer
solution is accelerated and deposited on a target. During the flight phase, solvent
evaporation leads to a transformation from a solution jet to small polymer threads
which form a non-woven fabric on the scaffolds.

This way, a matrix consisting out of poly (D, L-lactide-co-glycolide) (PLGA) was
deposited on the middle chondral (CM) zone of the scaffold. A tilted cross section
view of the CS and CM zone is displayed in Figure 4.40 a). To ease the zonal
assignment, the left half of the image has been coloured. The red marked CS zone is
consisting out of the polymeric fibres, while the yellow coloured CM zone represents
the underlying cryostructured osteochondral scaffold. Like described in the scaffold
strategy (Chapter 4.5.1), the fibre alignment of the CS zone proceeds parallel to the
chondral surface and the consecutive cryostructured pores propagate orthogonal
them. A more detailed image in top view is depicted in Figure 4.40 b). The
electrospun fibres, with a diameter in the micron to sub-micron range, are bridging

the scaffolds top pores to form the chondral surface.

Thus, an osteochondral scaffold with zones of tissue mimetic microstructure
alignment could be fabricated. Even if the polymeric fibres would be covalently
attached to the underlying scaffold, the long term stability of the CS/CM interface
remains questionable. During an application, where it is subjected to mechanical
forces, the stability cannot be guaranteed, since the number of contact points is small
in relation to the covered area. This may also be attributed to the scaffolds top
surface, which is uneven on a micrometre scale. At the edges of the scaffold pores
collagenous smithereens may stand out, where the polymeric jet entangles
preferably because of electrical field peak effects. Consequently, the local adhesion

area is to be considered as marginal.
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Figure 4.40: Electrospun polymers on osteochondral scaffold. a) Poly (D, L-lactide-co-glycolide) fibres
as superficial chondral zone on osteochondral scaffold. The left half of the image has been coloured
(red = polymer fibres/superficial chondral zone; yellow = middle chondral zone) to ease a zonal
assignment. b) Electrospun fibres are bridging the scaffolds top pores.

4.6 Development of Mechanical Testing Procedure in Confined

Compression

The mechanical properties of cell substrates were demonstrated to influence the fate
of seeded stem cells significantly?®>. Additionally, the practical requirements to
handling and in vitro / in vivo versatility have to be fulfilled. Therefore, the mechanical
testing of scaffolds represents an important aspect to consider. Since unconfined
compression testing of hydrogel scaffolds is limited in accuracy due to negligence of
the occurring area change while compression, testing in confined conditions seems
to be a suitable way to overcome this drawback.

Common dynamic mechanical analysis or unconfined compression measurements
lack the mentioned inclusion of area change. For samples like osteochondral
scaffolds, testing in confinement represents a better approximation of the scenario
after implantation. This mentioned testing is typically performed using porous platens
for compression and/or bedding together with a non-permeable confinement'?®""4.
Although the according issues due to interdigitation between the sample surface and

the porous filter remain a known problem, it is seldom addressed in the literature?”:
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The sample surface is only partially in contact with the solid part of the porous filter
while the number of contact points and their total area is increasing with
accumulating compression. To overcome these limitations a confined testing setup
with massive compressing stamp and bedding in combination with a confinement that
allows the displacement of liquids may be chosen.

Commonly measurements in confined compression are performed under the
assumption of equilibrium conditions and yield the aggregate modulus; a measure of
the tissues stiffness when all fluid flow has ceased. Since the clinical relevant
conditions are far away from equilibrium state, a dynamic model was chosen for the
evaluation, which allows the determination of the frequency dependent apparent
elastic modulus of the system. Technically speaking the elastic modulus is only
defined for homogeneous isotropic materials, but nonetheless allows a description of

the apparent elastic modulus a comparison to established materials.

4.6.1 Experimental Setup

For each chondral, subchondral, osteochondral, inner meniscus and outer meniscus
scaffolds, six cylindrical samples with a uniform diameter of 8 mm and a height of
2 - 3 mm were prepared using a hollow punch. In case of the anisotropic, isotropic
and isotropic chondroitin sulphate containing bone scaffolds each five samples were
tested with a uniform diameter of 4 mm and a height of 6 - 7 mm.

After storage in freeze dried state, they were rehydrated in phosphate buffered saline
(PBS, Chapter 3.5.5) one hour prior to testing. The measurements were carried out
in PBS at 25 °C using a “Eletroforce 3220" (Bose GmbH, Friedrichsdorf, Germany)
with “Wintest 4.1” software. Due to a limitation of the “Wintest 4.1” software to record
only 2000 data points per file, the used deformation protocols were carried out with
fewer deformation cycles to achieve a better resolution of the captured data. The
scaffolds were tested in elastic response inside a custom build confined compression
setup coupled to a 2.45 N load cell. (Figure 4.41)

To ensure a testing in the elastic range, all measurements were performed within a
deformation interval of 10% of the initial scaffold height. Prior to the
measurements, the samples were placed inside the confinement and the force

transducer was driven inside the liquid until the sample surface was reached.
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After taring of the load cell, the following deformation protocols were measured:
linear compression with 0.15 mm/sec; cyclic compression with physiological
frequencies of 0.2 Hz and 2 Hz and a high frequency of 20 Hz (each n=5);

instantaneous compression with a square function (0.2 Hz, n=3).

Figure 4.41: Custom build confined compression setup mounted to the mechanical testing device
“Electroforce 3220”. a) Entire measuring setup. b) Detail view of tight-fitting setup coupled to force
transducer (top) and load cell (bottom).

4.6.1.1 Custom Build Confined Compression Setup

A compressing stamp, a confinement and a container represent the sub units that
were used to assemble the confined compression setup. Both, the outer diameter of
the cylindrical aluminium stamp and the inner diameter of the Teflon confinement
correspond to the sample diameter of 8 mm for the osteochondral and meniscus
scaffolds and 4 mm for the bone scaffolds, respectively. To enable a measurement of
hydrogels in liquid environment, the confinement is fit inside the aluminium container
which is filled up with PBS. The sample is placed inside the confinement and

stimulated by the compressing stamp.
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4 Results and Discussion

Figure 4.42 a) is illustrating the setup for an 8 mm sample diameter. While the upper
part of the stamp may be connected to the force transducer of the mechanical testing
device, the load cell may be screwed on the downside of the container. Channels
with 0.2 mm depth in the bottom of the confinement facilitate liquid to be pressed out
of the hydrogel samples. Thereby, a continuous exchange of liquid in the
confinement and the reservoir is possible through notches in the outer edge of the
confinement. (Figure 4.42 b), c))

In order to ensure that the deviations through the channels in the confinement stay
negligible, the sample height should be at least ten times the channel depth.
Additional to this, the deformation during the tests is performed within 10 % of the
initial sample height so that a confined measurement within the elastic response of
the material is given. The friction between compressing stamp and confinement, as
well as the shear forces upon liquid displacement represented to be negligible within

the measuring accuracy.

1cm

Figure 4.42: CAD design of custom build confined compression setup for 8 mm sample diameter. a) A
cylindrical sample is placed inside of a confinement, which is set inside of a container filled with
phosphate buffered saline. The sample is stimulated by a piston, which may be coupled to the force
transducer of the testing device, while the container is mountable to the load cell. b), ¢) Top and
bottom view of the confinement. A displacement of liquids is facilitated through small channels along
the bottom of the confinement.
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4 Results and Discussion

4 6.1.2 Data Evaluation

All parameters derived by the subsequent methods describe the states of laterally
confined scaffolds in PBS as one system. To compare of the evaluation method of
the used cyclic mechanical testing, also linear compression was addressed.
Therefore, the samples were tested with the confined compression setup using a
cross head speed of 0.15 mm/sec. The apparent elastic modulus was calculated as
the slope of a linear fit in a compressive strain - elongation plot of the measured data
(Figure 4.44 a) and Figure 4.45 a)). An analysis of the cyclic mechanical testing was

performed according to the following implementations of Figure 4.43:

— Stimulating signal
—— Measured signal

10~

Force [N]
1
o
Displacement [mm]

15

20+

Time [s]

Figure 4.43: Theoretical dataset derived by cyclic mechanical compression. The stimulating and the
measured signal are offset by a time shift interval At. The associated change in force (AF) and sample
height (4h) may be gained out of the measured and the stimulation signal, respectively.

The frequency f and time t depending behavior of the scaffolds forced, dampened

oscillation during the cyclic mechanical testing in confined compression may be

described by the complex approach
Z(f, t) =C ei(2ﬂ'ft+8), (1 1 )

with amplitude C and phase shift angle §. The time shift interval At(f) and the

oscillation duration T = f~! are related to §(f, t) after the following equation:

BN - SID o §(f,t) = 2nfAt(f).  (12)

T 2w
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4 Results and Discussion

Hereby, the dissipation factor tan(d) may be calculated to express the relation of lost
energy (viscous behavior) to stored energy (elastic behaviour) i.e. the dampening
performance of the scaffolds inside the measuring setup. Thus, the complex

apparent elastic modulus E*(f, t) is represented by:

i2mft izmft
ax € U ax € U

E*(f,t) = o(ft) _  om Tm — Tmax ,—i2mfAt (13)

£(f,0) - Emas e 2T E+6) - Emax €12 gl - Emax

In order to obtain the apparent elastic modulus E(f, t) the real part of Equation (13) is
considered using the previous equations together with the extrema definitions of

input stress o,,,, = AF/A and resulting sample strain &,,,,, = 4h/hy:

E(f,t) = Re[E*(f,t)] = Re :max {cos(—2mfAt) + isin(—2mfAt)}

max

AF

= |E*(f,t)| cos(—2nfAt) = Al_h cos(2nfAt). (14)

ho

Here, AF represents the input force and A the confined sample area while Ah and h,

give the displacement and initial height of the sample, respectively.

Assuming that time and force are associated with the most significant inaccuracies of
the measured signals the tolerances for the phase shift angle and apparent elastic

modulus are derived by error propagation:

o5 = |(2) -on? = @ oa? (15)

OEN\* . (0EN*
o= |(Gar) oo+ () o

1 2 AF 2
- J(%-cos(ﬁ)) - opp2 + (%-(—ZHfsin(fS) )) 052, (16)

ho
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A determination of the scaffolds

relaxation behaviour

was performed by

instantaneous compression using a square function (Figure 4.47 a)). The relaxation

time was set as the time interval between the initial force peak upon deformation and

the force relaxation plateau. Thereby, the force relaxation plateau was set as the

level which was reached when the signal noise was the only change in the detected

force signal for 2 seconds.

4.6.2 Results of Developed Testing Method

Exemplary datasets of linear and cyclic measurements inside the confined

compression setup are shown in Figure 4.44 for an osteochondral scaffold and in

Figure 4.45 for an isotropic bone scaffold.
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Figure 4.44: Exemplary datasets of a) linear compression with a cross head speed of 0.15 mm/sec
and b), c¢), d) cyclic compression with 0.2, 2, and 20 Hz for an osteochondral scaffold with anisotropic
pore structure aligned parallel to the compression direction.
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Figure 4.45: Exemplary datasets of a) linear compression with a cross head speed of 0.15 mm/sec
and b), ¢), d) cyclic compression with 0.2, 2 and 20 Hz for a bone scaffold with isotropic pore structure.

Figure 4.44 a) and Figure 4.45 a) show a representative compressive strain-
elongation plot of the measured system derived from linear compression. The highly
developed noise in the measured signal is owed to the high force resolution in the
range of 1-10* N. Within these tolerances, a linear progression of the stress-strain-

behaviour was observed ensuring a measurement in the elastic deformation range.

Generic load-time-displacement graphs are displayed in Figure 4.44 and
Figure 4.45 b), c), d). Apparently the extrema positions in the measured loads are
always reached prior to the extrema positions in the displacement signal. This feature
matches the behaviour of articular cartilage?®* and is to be attributed to the interplay
of the pore structures in the scaffolds with the inherent liquid: Upon deformation,
the migration of the, comparably incompressible, liquid is occurring considerably
faster than the response of the scaffold material itself so that the super positioned

response of the whole system is leading to the mentioned behaviour.
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4 Results and Discussion

As to be expected, the time shift interval is decreasing, while the occurring force
changes are increasing with incremental stimulating frequencies. Remarkably, the
elastic response and structural integrity of the hydrated scaffolds was not even
affected by measurements with frequencies as high as 20 Hz. In comparison with the
osteochondral and meniscus scaffolds, the bone scaffolds reached approximately the
two fold force values when the displacement distance was ca. doubled while staying

within a 10 % deformation range.

Based on the datasets of linear and cyclic compression, the apparent elastic modulus
as well as the dissipation factor were calculated as material parameters according to

the previously stated equations (Figure 4.46):
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Figure 4.46: Resulting apparent elastic modulus for linear and cyclic compression and dissipation
factor (relation of lost energy to stored energy) of osteochondral, meniscus (a), b)) and bone scaffolds
(c), d)). (Testing parameters: 0.15 mm/sec, 0.2 Hz, 2 Hz and 20 Hz respectively; Error bars were
derived by error propagation)
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4 Results and Discussion

A resistance against elastic deformation for osteochondral and meniscus scaffolds is
given by the apparent elastic modulus in Figure 4.46 a): The average value of all
tested scaffolds apparent elastic moduli accounted to (3.14 £ 0.85) kPa in linear
compression, as well as (3.8 £0.9) kPa for 0.2 Hz, (7.0t 2.1) kPa for 2 Hz and
(9.0+£3.2)kPa for 20 Hz of cyclic compression. Thus, a frequency depending
behaviour of the apparent elastic modulus could be clearly observed.

With respect to the highly porous scaffolds used here, the material properties are
more suitably to be compared with cartilage matrix structures rather than the entire
cartilage tissue. Ateshian et al. investigated the compressive modulus of bovine
articular cartilage of native and enzymatically proteoglycan removed samples in
linear confined compression'™. Values of (0.40 + 0.20) MPa and (0.26 + 0.15) MPa
for immature and mature articular cartilage, as well as (8.7+2.1) kPa and
(40 £ 12) kPa for proteoglycan removed immature and mature articular cartilage were
reported. In comparison with these results the value of (3.14 £ 0.85) kPa for linear
compression represents approximately one third of the (8.7 £ 2.1) kPa compressive
modulus which is reached by enzymatically treated immature articular cartilage. In
relation to contrastable freeze dried collagen/GAG scaffolds, which reached a

compressive modulus of 0.23 kPa®®?

, the scaffolds presented here feature a
resistance against mechanical deformation that is improved for one order of
magnitude.

Interestingly, the chondral and subchondral scaffolds always exhibited a lower elastic
modulus than the osteochondral and meniscus scaffolds. A combination of the
chondral and subchondral scaffolds to osteochondral scaffolds creates a further
interface and thus an additional resistance for the liquid in the pores to pass. This
difference between chondral / subchondral scaffolds and meniscus scaffolds may be
explained by their approximated spatial alignment of the pore microstructure: while
the pores of the chondral / subchondral scaffolds run parallel to the applied force the
channels inside the meniscus scaffolds run perpendicular to it. Since in this
measuring setup the liquid flow can mainly occur through the bottom channels of the
confinement, it is to be achieved at a smaller force for the pores in direction of the
external force than for the ones with perpendicular orientation. Apparently, the
supportive effect of the pore walls in force direction is not contributing as much to the

total resistance against deformation as the resistance of liquid flow inside the

scaffolds.
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Dampening properties of the osteochondral and meniscus scaffolds inside the
measuring setup are expressed by the dissipation factor displayed in Figure 4.46 b):
Within one testing frequency all sorts of tested scaffolds showed a similar behaviour.
While only less than 1 % of the exerted energy is lost under physiological frequencies
this amount is increased to ca. 2% under high frequencies as 20 Hz. In
consequence 99 % of the energy is stored elastically under physiological
frequencies, which proves the applicability of these scaffolds as dampening
materials. For porcine articular cartilage tested in unconfined compression a
dissipation factor of ca. 0.009 was reported 2%°. Thus, the scaffolds potential of

energy storage after compression reflects the one of native cartilage.

Figure 4.46 c) depicts the apparent elastic modulus for the bone scaffolds. In
average, the bone scaffolds exhibited moduli of (37.6 £6.9) kPa in linear
compression, together with (49.8 £ 9.3) kPa for 0.2 Hz, (70 £ 11) kPa for 2 Hz and
(74 £ 20) kPa for 20 Hz of cyclic compression. Compared to the tested cartilage
scaffolds the respective apparent elastic moduli of the bone scaffolds are each about
one order of magnitude higher. Still, they are far away from the values that are
reached by native bone tissues, but they approach the literature value of 60 kPa,
which led to an “optimal” bone formation in vivo™®. As reported in the literature, the
elastic moduli of native bone tissues vary with origin287 and sample geometry288 of
the tissues. While for cylindrical samples, comparable to those in this study, a value
of ca. 1 GPa was determined by uniaxial compressionzBB, other sources refer to

289 up to ca. 17 GPa 287, Again, a frequency depending behaviour

values from 2 GPa
of the apparent elastic modulus was obvious. With respect to the related errors, the
bone scaffolds with isotropic and anisotropic pores showed comparable values.
Consequently a direct influence of the inherent pore structure on the resistance
against mechanical deformation under the measuring conditions could not be
observed. In contrast to this, an additional presence of GAGs in form of chondroitin
sulphate inside the scaffolds leaded to notable higher values of the moduli in all
testing conditions.

As measurable value for the dampening properties of bone scaffolds inside the
measuring setup, the dissipation factor is shown in Figure 4.46 d).
Under physiological frequencies less than 0.8 % of the exerted energy is lost,

which is increased to values below 1.7 % under high frequencies as 20 Hz.
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This reflects the dissipation factor of native bone tissue, which is approximately
ranging between 0.6 % and 1.1 %% within physiological frequencies. In this
frequency range both, scaffolds and native bone tissue may store over 99 % of the
energy elastically.

In comparison of the inherent pore structures, the anisotropic scaffolds reach
significant lower values than the isotropic ones, which were found to be always
bigger for at least 50 % of the anisotropic scaffolds value. This behaviour may be
explained by the turbulent liquid streams within the different pore structures: For the
anisotropic scaffolds, with their channel like pores parallel to the direction of
displacement, the created turbulences lead to a smaller loss of energy than it is the

case for the spongy pores of the isotropic scaffolds.

In the case of multi-layered scaffolds, the creation of a further interface in turn seems
to lead to a considerable energy loss. Interestingly, the supplementation of 50 % cdw
in chondroitin sulphate led to a complete compensation of the energy loss associated
with the isotropic pore structure. This is because the negatively charged sulphate
groups of the GAG increase the mutual electrostatic repulsion upon deformation and
thus enlarge the amount of elastically stored energy to the level of the anisotropic

pore structures.

As further parameter for the mechanical characterization, the relaxation time after
spontaneous deformation was determined out of the load-time-displacement graphs
of the scaffolds (Figure 4.47). Independent of the involved forces, the relaxation time
showed comparable values for osteochondral and meniscus scaffolds as well as
among bone scaffolds. These results were to be expected due to the respective
similar composition of the main structural components. The fast relaxing
osteochondral and meniscus scaffolds featured an average relaxation time of
(0.613 £ 0.040) sec while an average value of (0.815 £ 0.077) sec was found for the

3

bone scaffolds. In comparison to native human articular cartilage“ and bovine

291

cortical bone”™, this is a very quick relaxation since typical relaxation times for both

tissues take around 100 seconds.
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Figure 4.47: Exemplary dataset of instantaneous deformation by square function for an osteochondral
scaffold (a)) and an isotropic bone scaffold (c)), respectively. Mean relaxation time of tested
osteochondral, meniscus (b)) and bone (d)) scaffolds (error bars represent standard deviation).

4.7 Biological Results

By in vitro and in vivo application of the previously introduced scaffolds the following
results were obtained. While the author of this thesis was responsible for design,
creation and characterization of the scaffolds, the biological evaluation was carried
out by collaboration partners: In vivo experiments were performed by Dr. José M.
Lamo de Espinosa, Dr. Froilan Granero Molté and Dr. Emma Muifos (Experimental
Orthopaedics Laboratory, Cell Therapy Department of the Clinica Universidad de
Navarra, Pamplona, Spain; Chair: Prof. Dr. Felipe Présper) and by Dr. lon Andreu
(CEIT and TECNUN of the University of Navarra, San Sebastian, Spain).
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In vitro culture was executed by M.Sc. Andrea Schwab and Markus Knauer
(Department for Tissue Engineering and Regenerative Medicine of the University of
Wiarzburg, Wurzburg, Germany; Chair: Prof. Dr. Heike Walles). However, since the
biological performance of the created materials represents a key feature regarding
the intended application, the biological key findings are displayed within this thesis

with permission of the originators.

471 Bone Scaffolds

A biological evaluation of the bone scaffold performance was carried out in vivo by
using the scaffolds to fill a critical size defect in the femurs of Sprague-Dawly rats
(female 10-12 weeks old). A femur segment of 5 mm length was removed with a
dental burr and the bone was stabilized with a compression plate and four screws.
Bone scaffolds with anisotropic and isotropic pore structure (ANI and ISO;
Chapter 4.3) were employed in this study. The in vivo groups of the study (each
n = 6) contained empty defects, bone scaffolds and bone scaffolds loaded with 5 ug

recombinant human bone morphogenetic protein 2 (rh-BMP-2) (Chapter 3.5.10).

A radiographic monitoring of the healing progression was carried out at weeks 5, 7
and 10 after the surgery. Dr. Froilan Granero Molt6 performed the radiographic
evaluation of the defect region blindfolded through classification into three healing
categories: A complete, continuous cortical bone represented the criterion for the
highest category. The presence of a fracture line or a discontinuity in the cortical
bone of a bridged defect led to a categorisation in the intermediate category. When
the defect healing did not differ largely from the empty control, since no bone was
formed to bridge the defect, the lowest category was chosen. These three categories
correspond to a scoring of 0, 50 and 100 % in the radiographic healing evaluation
displayed in Figure 4.48 a): While all of the anisotropic scaffolds supplemented with
BMP-2 showed a complete defect healing from week 5 on, the isotropic BMP-2
containing scaffolds showed in mean a slightly lowered, but still high, healing score.
In case of the pure scaffold groups, a bridging of the defect with a fracture line could
be observed. Interestingly, all isotropic scaffolds showed a bridging in week 5, which
developed back in nearly all cases until week 10. In contrast to this, only half of the
anisotropic scaffolds showed an equivalent behavior in the fifth week of the study, but

afterwards the healing score mean value increased towards the tenth week.
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After 10 weeks the assessed study duration was finished and the explanted femurs
were characterized by p-CT, histology and mechanical testing. Dr. lon Andreu
performed the mechanical characterization in torsion, which yielded the maximal
torsional moment as depicted in Figure 4.48 b): The defects treated with both types
of BMP-2 loaded scaffolds attained nearly half of the mean torsional moment that
was observed for intact femurs of the contralateral side. Without the employment of
BMP-2 significantly lower values were obtained. While the application of the
anisotropic scaffolds resulted in a mean torsional moment of one third of the ones
that were exhibited by the use with BMP-2, the isotropic scaffolds only yielded one
eighth of this value. Since individual samples of native tissues tend to show a
divergent behavior, the values obtained for the intact and repaired femurs showed
considerably large individual variations.

Representative u-CT images of the explanted femurs confirmed the findings of the
radiographic healing evaluation and the mechanical testing (Figure 4.48 c)): Here,
the X plane corresponds to the apical plane, which is oriented parallel to the bone
compression plate. With an orthogonal orientation to the base of the bone
compression plate, the Y plane is identical to a sagittal section. A 3D animation is
showing a view of the plate averted side. As visible in the Y plane and 3D animation,
an excessive bone growth was induced in the region that was altered by the bone
compression plate. In agreement with the radiographic healing evaluation the best
regeneration results were visible for the BMP loaded anisotropic scaffolds, while the
BMP loaded isotropic scaffolds showed slightly lower, but still good results. An
equivalent but more intense manifestation of this trend may be observed for the pure
scaffolds. In most of the cases an incomplete bridging of the defect was present for
the anisotropic scaffolds, but only poor bone growth could be found in case of the
isotropic scaffolds.

Within the final healing evaluation of the explants, one defect that was treated with an
anisotropic scaffold even healed without the application of BMP-2 (data not shown).
Summarized, advances in the healing outcome could be assigned to the bone
scaffolds featuring an anisotropic porosity since both types of scaffolds featured

identical properties in all other aspects than the porosity.
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Figure 4.48: In vivo results for bone scaffolds. By employment of 5 ug BMP-2, good healing results
could be observed regardless of the scaffolds porosity. On direct comparison of the porosities,
advantages in bone healing could be demonstrated for an anisotropic scaffold pore structure. a)
Radiography based evaluation of defect healing (100 % = bridged defect with intact cortical bone;
50 % = bridged defect with fracture line; 0 % = no bridging; Individual classifications that were used to
determine the medium values are indicated by “0”). b) Mechanical characterization of explanted
femurs by maximal torsional moment. ¢) Representative pu-CT sections and 3D animations of bone
explants after 10 weeks.

Hematoxylin-Eosin stainings of the explants are displayed in Figure 4.49. Without
BMP-2 only incomplete regeneration processes could be observed (Figure 4.49 a),
c)). A better healing appearance was visible in case of the anisotropic pore structure,
which served as guidance for the migrating bone cells (Figure 4.49 a2)). For the
BMP-2 loaded scaffolds, good healing results were attained (Figure 4.49 b), d)).
In both cases, cortical bone (Figure 4.49 b2), d2)) and trabecular bone
(Figure 4.49 b3), d3)) were generated. By comparison with literature 22 the

hollow spherical structures may be identified as yellow bone marrow.
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More trabeculae and lacunas are formed inside the isotropic scaffolds, which
obviously showed a significant higher cell density. Interestingly, the anisotropic bone
scaffolds still exhibited over all the highest healing quality, but a lower cell density
when loaded with BMP-2.

Thus it can be suspected, that the anisotropic pore structure induces a better
functionality of inherent cells than the isotropic pore structure. A presence of BMPs is
known to induce the formation of bone tissue in non-skeletal implantation sites®®.
However, clinical results of BMP loaded collagen or hydroxyapatite / tricalcium
phosphate scaffolds do not always show a significant increase in bone healing of
critical sized defects when compared to the scaffolds alone®™. The fast leaching out
of BMP was presumed to cause these unsatisfying results for the above mentioned
scaffolds?®. According to literature 2’>, the opinion that a low release of BMPs over a
long period of time does not lead to beneficial bone healing results, seems to be
established. In contrast to this, the regeneration of a critical sized bone defect could
be demonstrated by using anisotropically structured collagen | / hydroxyapatite

scaffolds with a very high BMP retention capability.
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Anisotroplc bone scaffold Anlsotropic bone scaffold BM P-z

Figure 4.49: Hematoxylin-Eosin staining of bone scaffold treated defects after 10 weeks. Rectangles
in a1-d1 indicate the approximate region of magnifications. If formed, the cortical bone is depicted in
a2-d2 while the trabecular bone is represented by a3-d3. Without BMP-2 only meager regeneration
processes could be observed (a), ¢)).The anisotropic pore structure served as guidance for the
migrating bone cells (a2) and led to a better healing appearance. For the BMP-2 loaded scaffolds,
good healing results, with cortical and trabecular bone, were generated (b), d)). Interestingly, the
isotropic BMP containing scaffolds showed a higher cell density, but the anisotropic bone scaffolds
exhibited over all a higher healing quality when loaded with BMP-2.
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4.7.2 Cartilage Scaffolds

To evaluate the applicability of osteochondral and meniscus scaffolds for in situ
tissue engineering, bi-layered scaffolds were subjected to static and perfusion cell
culture with human mesenchymal stem cells (hMSCs). In order to ensure the
comparability of both scaffold types the chondral zone of the osteochondral scaffold
(CD) was fabricated using the same precursor composition as the inner zone of the
meniscus scaffolds (IM): 2/5 collagen |, 3/5 collagen Il and 10 % of the collagenous
dry weight in chondroitin sulphate. The subchondral zone of the osteochondral
scaffolds (SC) consisted out of equal amounts of collagen | and the bioresorbable
calcium phosphate phase brushite (CaHPO4-2H,0) while the outer meniscus zone
(OM) was composed out of collagen | and 0.8 % of the collagenous dry weight of
chondroitin sulphate. Both sorts of scaffolds were produced as presented in
Chapters 4.4 and 4.5, respectively.

Thus, the constituents of the osteochondral scaffold match the key signals of native

97,100,101 i |arge, while the composition of the meniscus scaffolds

osteochondral tissue
truly represented the one of native tissue''®"712!_ Admittedly, the hyaline cartilage of
the native chondral zone does not contain collagen |. Both types of scaffolds were
seeded with hMSCs under static and perfusion conditions. The static cell cultures
were performed with scaffolds featuring a diameter of 8 mm and a height of ca. 3 mm
inside 48 well plates.

For the perfusion cell culture, two types of bioreactors were used: In case of the
osteochondral scaffolds a tube reactor was used with cylindrical scaffolds of 11 mm
diameter and ca. 3 mm height. In between the tube connections, the hMSC seeded
scaffold was mounted between two perforated polyether ether ketone (PEEK) plates
where it was subjected to a flow of cell culture medium (Figure 4.50 a)).Native
meniscus tissue is surrounded by an outer partly vascularized structure''’-12!122,
Therefore, the perfusion cell culture of meniscus scaffolds featuring an authentic size
and shape, was carried out inside a vascularizable tissue (Figure 4.50 b)). This
tissue, known as “BioVaSc” (BV) was derived from decellularized porcine jejunal
segment and connected to a perfusion array. Within this setup, the meniscus scaffold

has been precultured with hMSCs, while the BV was seeded by endothelial cells.
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Figure 4.50: Used perfusion reactors for cell culture and cellular matrix remodelling. a) Tube perfusion
reactor for osteochondral scaffolds in explosion view (the external tubing is not depicted). b) Meniscus
scaffold inside vascularizable porcine jejuna segment (BioVaSc / BV) with connections for nutrient
supply. ¢) Hoechst stain fluorescence image depicting matrix remodelling in horizontal cross section of
hMSC seeded osteochondral scaffold.

The cellular response in terms of matrix remodelling processes is shown exemplary
with immunohistological cross section stainings for collagen |, collagen Il and
aggrecan in Figure 4.51. Since the same trends were observable under static and
perfusion conditions for both scaffold types, one example for each culture setup is
shown. While the complete bi-layered meniscus scaffold (OM/IM) is sectioned
together with the perfused vascularizable tissue (BV), the displayed osteochondral
scaffold (CD/SC) was cultured under static conditions.

As a consequence of the collagenous material, which is still supposed to be in the
native state, the scaffolds were very well accepted by the cells. Together with the
consecutive anisotropic pore structure, this lead to an effective guidance of hMSCs
deep inside the scaffold volume. Thereby, a huge advantage is represented, since
most of the conventionally used 3D scaffolds lead only to a rather superficial cell
colonialization.

Although other stainings would be more suitable to confirm these findings, the fact
that the inner scaffold structure has been significantly remodelled by inherent cells,
represents the indirect prove for a high cellular migration and activity. As proven with
negative controls, the staining was specific to human extracellular matrix, since no

staining was present for the scaffold matrix of animalistic origin (data not shown).
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An impression of larger matrix remodelling processes may be gained upon
consideration of Figure 4.50 c): A horizontal cross section through the chondral zone
of an osteochondral scaffold was stained with Hoechst, so that the cell DNA is
fluorescing. The thin walls of the scaffold were seeded with matrix deforming cells.
Accumulations of multiple cells lead to a pronounced matrix remodelling, creating
spherical to stretched new matrix structures with thicker walls and dimensions in the

rage of multiple 100 pm.

In case of the meniscus scaffolds, collagen | was generated throughout the entire
matrix with the most dominant manifestation in the outer vascularizable tissue (BV).
Remarkably, the distribution of collagen Il and aggrecan represents the one found in

native menisci' '©1®

, since both are expressed predominately in the inner meniscus
zone (IM). In between BV, IM and OM a lumen is present which is to be attributed to
the histological preparation (Figure 4.51 a)). For the osteochondral scaffolds,
collagen | was produced within the chondral zone (CD), but especially in the
subchondral zone (SC). Interestingly, a pronounced synthesis of the chondrogenic
matrix proteins collagen |l and aggrecan was carried out by hMSCs in the chondral
part of the scaffolds (CD) (Figure 4.51 b)). All the displayed stainings have been

unselectively modified in contrast to yield more comparable images.
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e

Aggrecan staining

Figure 4.51: Immunohistological stainings of hMSC seeded, cross sectioned cartilage scaffolds (a),
d): collagen [; b), e): collagen II; ¢), f): aggrecan). The bi-layered meniscus scaffolds (OM/IM) have
been cultured inside a BioVaSc (BV) under perfusion conditions (a)-c)), while bi-layered osteochondral
scaffolds (CD/SC) were cultured inside static cell culture. Like in native tissue, the cellular production
of collagen Il and aggrecan is more pronounced in the inner meniscus (IM) and the chondral zone
(CD) than in the outer meniscus (OM) and the subchondral zone (SC), respectively.

Summarized, these findings demonstrate a tissue mimetic matrix remodelling in the
respective tissue zones. Since collagen Il and aggrecan constitute dominant protein
structures which are characteristic for chondrogenic differentiation, these produced
extracellular matrix proteins represent first signs for zone specific stem cell
differentiation. Although further biological evaluation, like real time polymerase chain
reaction (q-PCR), is needed to confirm these findings as true chondrogenic
differentiation, the presented results already underline the unusual high suitability of
these scaffolds for tissue engineering.

Commonly, an additional supplementation of growth factors or cytokines is required
during cell culture to manipulate the cell faith in specific directions of differentiation.
This is to a high degree of likeliness originating from the unnatural environment in
which the cells are cultured. Interestingly, the presented tissue mimetic cartilage
scaffolds seem to provide enough relevant properties and biological key signals, so

that no additional growth factors are required to achieve these results.
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2% the production of collagen Il and GAGs was achieved

In comparison to literature
before within the chondral zone of fibrin glued collagenous osteochondral scaffolds,
but required the use of various growth factors (TGFB-1, TGFB-3 and
FGF-2). In case of the meniscus scaffolds, the production of GAGs and collagen |l
was demonstrated in flat scaffolds of fibrin gel on small intestine submucosa with the
use of growth factors (TGFB-1 and IGF-1)166. Without the use of cytokines only
smaller amounts of collagen |, collagen Il and aggrecan were synthesized in
complete meniscus scaffolds from layered collagen | fibre mats that were infiltrated
with PLA/PLGA'®®. Thereby, the matrix production occurred by the cost of decreasing
cell numbers during cell culture. However, these approaches could not recapitulate

the native zonal structure of osteochondral and meniscus tissue.

165



4 Results and Discussion

4.8 Outlook on Further Applications

Parts of the following chapter are published analogously in the priority patent
application DE 102011120488 and have been written by the author?®.

4.8.1 Variation of Precursor Materials

Although the use of collagenous materials is currently expected to yield the most
promising results for biological cell carrier matrices, the inventive platform procedure
may also be applied with a large number of further precursor materials to create a
variety of 3D materials with defined microarchitectures. Therefore, numerous
sublimable and non-sublimable materials may be contemplated for the precursor
preparation, which are listed in claim 2 and 3 of PCT/EP2012/074980%%.

By using organic solvents, as sublimable precursor components, the application
range for synthetic polymers, as non-sublimable materials, would be largely widened.
Self-evidently, the use of conventional commercial freeze dryers would not be
sufficient to induce a sublimation of organic solvents, so that other devices would be
required. The method would be also applicable to create ceramic or metallic
materials. Also the use of metalloids or non-metals and their oxidized states is
possible. Therefore, these non-polymeric materials have to be processed in grind or
powder form within the precursors. All non-polymeric, non-sublimable materials
would require the use of a further phase to ensure the conservation of the structural
integrity of the materials after solvent sublimation. The consolidation step would have
to be adapted to the used precursor materials, so that the non-polymeric, non-
sublimable materials are treated by sintering or infiltration. Consequently, the
application possibilities of the general process are very broad, so that the production
of collagenous bone and cartilage scaffolds for tissue engineering represents only a

small fraction of the accessible application range.
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4.8.2 Intervertebral Disc Scaffolds

In addition to cartilage scaffolds for osteochondral and meniscus engineering, also
biomimetic scaffolds for the use in intervertebral disc defects may be produced by
application of the inventive method. Although the quest for biomimetic solutions is the
subject of intense research®®’, no adequate replacement in the form of a monolithic
support structure, with biomimetic composition and microstructure was achieved yet.
The framework of the extracellular matrix of the native intervertebral disc consists
essentially of an inner core, the nucleus pulposus, which is surrounded by fibrous
lamellae that form the annulus fibrosus. Being structurally and mechanically isotropic,
the nucleus pulposus contains a network of collagen type Il and proteoglycans. From
a simplified perspective, the annulus fibrosus consists out of a plurality of fins, which
are made out of collagen type | in the outer part and out of type Il collagen in the
inner part.

In accordance with the native tissue, the intervertebral disc scaffold is composed out
of the mentioned tissue components, which are combined to form a biomimetic
monolithic carrier matrix. Figure 4.52 a) visualizes the biomimetic scaffold strategy.
An undirected network (reassembling the nucleus pulposus, NP in Figure 4.52 a)) is
produced by isotropic solidification and is located within two multi-ring-shaped
structures (reassembling the annulus fibrosus). These two ring structures may be
realized by anisotropic solidification of two compositions with lamellar structure (iIAF
and oAF in Figure 4.52 a)). As a proof of principle, a lumbar disc-like support
structure based on alginate can be observed in Figure 4.52 b) and c) where several
zones of different precursors form a monolith. A light micrograph of a top view of the
outer portion of the ring matrix is shown in Figure 4.52 b), revealing the anisotropic
lamellae structure. A photograph of the macroscopic appearance is shown in
Figure 4.52 c). For illustration of the multi-zonal construction, individual regions were
produced with coloured precursors (nucleus pulposus/NP - blue, inner annulus
fibrosus/iIAF - white and outer annulus fibrosus/oAF - orange). Possible future
applications of these scaffolds are outlined as matrix for cell cultivation or even for a

complete spinal disc replacement when used for matrix coupled cell transplantation.
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4.8.3 Cell Culture under Mechanical Stimulation

Although many of the native tissue key signals are matched by the presented
scaffolds, the approximation of the composition and microstructure alone cannot
return all relevant cell stimulants that are found in the respective tissues. Therefore,
the addition of a suitable mechanical stimulation to the cell culture conditions would
represent a further step to approach the in vivo situation more closely. Additionally,
this would illuminate the interesting question if different porosity arrangements may
induce a specific shaped matrix remodelling of the seeded cells. Currently, a clear
assignment of the larger remodelling structures to the spatial alignment of the
scaffold pores is not easily possible (Figure 4.51 and Figure 4.50 c)). Since the
stimulation exerted mechanical forces would be transmitted to the cells by the
differently aligned matrix pores, a recognizable effect might be expected. Moreover,
the bioreactor system currently used for the culture of osteochondral scaffolds
(Figure 4.50 a)) could easily be connected to a mechanical force transducer system,
so that the used setup for cell culture would not have to be change significantly. The
only modification needed would consist in a fixation of the perforated PEEK plates so

that they always stay in place when the hollow cylinder piston is moving.

4.8.4 Influence of Cellular Behaviour by Tuning of Topographical Surface
Structure

The manifestation of a certain sub-micron to nanostructure in form of a combination
of waved bulk material and nano-aggregates was observed for both types of cartilage
scaffolds. Since the surface topography in these length scales is known to influence

cellular behaviour'>>2%3%0

the possibility to tune it to desired sizes also represents a
highly interesting aspect for future investigations. A combination of piling up and
slipping away of the cryo-concentrated precursors was hypothesized to be the
creation mechanism of these pore surface structures. Referring to this, the
differences in expression of surface structures seem to be directly connected to the
solidification velocities. On comparison of the sub-micron to nanostructures found in
osteochondral and meniscus scaffolds it may be concluded, that higher solidification
velocities lead to smaller heights of the topographical structures, while lower ones

yield higher structures.
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Consequently, a controlled tuning of the solidification velocity by adjustment of
external temperature gradient and precursor composition would enable the steered
formation of surface topographies. Thereby, the cryostructuring processing route may
provide a further parameter to control migration, adhesion, proliferation and

differentiation properties of seeded cells and thus the clinical relevant outcome.
4.8.5 Electrospinning

As a modification for the osteochondral scaffolds, the electrospun poly (D, L-lactide-
co-glycolide) fibres representing the superficial chondral zone (Chapter 4.5.4) could
be covalently bound to the underlying structure. This may be achieved by the
functionalization with amphiphilic macromolecules generated from star-shaped
poly (ethylene) oxides, where the covalent bonding may be expressed by the action
of isocyanate groups, terminating the star shaped molecules''. Thereby, the non-
specific adsorption of proteins could be greatly minimized. Additionally, it would be
possible to bind Proteoglycan 4, alias lubricin, covalently to allow a use as sliding
layer on the cartilage surface.

Another possible endorsement would consist in the realization of the superficial
chondral zone by electrospinning of collagen solutions. If applied directly after the
lyophilisation processing step, remaining moisture residues of the spinning solution
could soften the top of the underlying scaffold. This way, both collagenous materials
might “melt” together before they are cross linked by the carbodiimide method
described in Chapter 4.1.3.3. Thereby, a stronger coupling between the superficial

and middle chondral zone could be achieved.
4.8.6 Filter Materials

Since porous materials are used in various application areas for filtering particles
from liquids or gases, the invented production method, may also be applied to create
filter elements. This way, a solid retention, which comprises different components in
individual zones, each having specific affinities regarding the retainable substances,
can be produced. Hereby, an internal pore structure is extending through all different

composite areas.
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Figure 4.52 d) depicts a CAD representation of a filter material while Figure 4.52 e)
shows photography of a segment for dual material retention. The inner and the outer
material segment contain different colour pigments, representative of various
materials with high affinities for the retainable substances. Since the cryostructuring
method allows to process a huge variety of materials together with defined porosities,
both may be adjusted to an optimal material retention. Additionally, the nano-
topography of the inner surface may be tuned to increase the area of interaction
(Figure 4.31 and Figure 4.37). By the use of multiple retention stages, the overall
effectivity/capacity and thus the operating life may be increased in comparison to

conventional filter systems.

4.8.7 Material for Multistage Catalysis in Continuous Chemical Reactions

In chemical engineering different solid catalysts, arranged one behind the other, are
used in a reactor for certain implementation processes. Using the described
cryostructuring method, heterogeneous solid catalysts could be produced in which
various catalysts or catalyst systems are mutually combined to form a monolith. The
multistage catalyst may comprise a plurality of zone penetrating porosity with defined
pore diameters in the micrometre range.

Figure 4.52 f) illustrates a schematic representation of the basic design for a multi-
stage, heterogeneous solid state catalyst. The colour coded zones represent a
plurality of stages where different catalysts or catalyst systems may be included in
each. Figure 4.52 g) shows a proof of principle where the pigments represent
multiple catalytic systems, penetrated by a continuous pore structure in the sub
millimetre range. Thereby, diverse steps of chemical reactions could be carried out
while passing reactants through the continuous pore structure. Again, the control
over pore diameter and inner surface could be advantageously used to fit the
appropriate reaction time of processes. These kinds of multi-stage catalysts could be
favourably applied where the chemical reactions proceed rapidly and individual

reaction products feature only a short-term stability.
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Figure 4.52: Outlook: Creation of intervertebral disc scaffolds, filter materials and multi stage catalysts
and by application of the cryostructuring process. a) CAD design, b) light microscopic detail of top
view on ring lamellas and c) photography of intervertebral disc scaffold (oAF/orange = outer anulus
fibrosus; iAF/white = inner anulus fibrosus; NP/Blue = nucelus pulposus). d) CAD design and e)
photography of section through a dual filter material. f) CAD design and g) photography of tri-zonal
solid stage catalyst.
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5 Conclusion

5.1 Development of a Directional Solidification Process and Device

A new platform procedure based on the directional solidification of flowable
precursors was developed at the Department for Functional Materials in Medicine
and Dentistry, without accessible prior knowledge. A solution, which was so far
unknown by the prior art, is presented by the inventive process, since it enables the
fabrication of multi-zonal monolithic materials, featuring consecutive pores
proceeding orthogonal to the zonal interfaces. Furthermore, the use of one platform
process to generate multiple biomaterials represents in economic compliance with
recent advanced therapy medicinal product (ATMP) regulations®®'. The University of
Wirzburg filed marketable outcomes in the patents WO 2013/083844 A2%7°,
EP 2788171 A2*" and US 2014350331 A1%%.

This new directional solidification process facilitates the formation of materials,
composed out of zones with different material compositions, which are penetrated by
aligned anisotropic pores. The spatial orientation of the pores may also run angled to
the interfaces between the respective zones of the material. An entirely monolithic
material is obtained since the consolidation processing step is carried out after the
“cryostructuring” process, where joining of the material zones and the pore formation
are taking place simultaneously. The resulting materials bare especially desired
properties for medical scaffolds. A fully biomimetic zonal composition may be
realized together with aligned pore structures, facilitating cellular acceptance and
ingrowth. Spatial alignment and size of the scaffold pores may be controlled during
fabrication. Due to the low processing temperatures, native sensitive components
should be able to be processed without protein denaturation. This increases the
potential use of the technique significantly, since many other scaffold production
procedures involve harsher circumstances.

In order to apply the procedure, a custom made Device (ACD) was developed,
designed with CAD software and assembled. Inside the device heat is pumped to
flow through the inner assembly group. Thereby, an electrical controllable crystal
growth of solidifying solvents or dispersing phases may be achieved in the sample
volume. This way, a high control over spatial alignment and size of the crystals was

possible, while producing a material with zonal compositions and custom shape.
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The ACD may work without thermal regeneration in an external temperature gradient
interval from 0 to 4.5 K/mm, where a continuous production of medical scaffolds is
possible. Within a working range up to 9.0 K/mm the device may also be used for
reproducible processing when a regeneration interval is allowed in between the
cryostructuring of several scaffolds. After multiple upgrades, the ACD now represents
a powerful, versatile and easy to maintain tool for scaffold fabrication. In contrast to
other machines that are designed for directional solidification®>?1:?*¢ the ACD allows
the direct measurement of temperature changes in the solidifying precursors which

enables a better assignment of freezing parameters to the resulting morphologies.

5.2 Precursor Materials and Processing Induced Alterations

Essential raw materials for the cryostructuring of collagenous precursors were
independently produced and isolated, respectively. As mineral phase for all bone
replacement precursors, the calcium phosphates brushite and hydroxyapatite were
attained by precipitation reactions. An identification of the precipitated materials as
the intended ones was performed by evaluation of characteristic reflections in X-Ray
Diffraction (XRD) scans. In case of the bone scaffolds a partial conversion of
hydroxyapatite to brushite could be observed, which was explained by the pH
dependent solubility under the conditions of precursor preparation.

Native articular cartilage and tendon tissues were investigated by Scanning Electron
Microscopy (SEM). The proceedings for the isolation of collagen | and Il from murine
and bovine tissue sources were established in the Department for Functional
Materials in Medicine and Dentistry. This included practical methods for harvesting of
collagenous tissue from murine tendons and bovine articular cartilage as well as
working instructions for the purification and fractioning of the collagens. Additionally,
a purification protocol of literature % was established in a modified form.

A characterization of native, isolated and cryostructured collagenous materials was
performed by Fourier Transform - Infrared Spectroscopy (FT-IR) measurements. By
comparison to investigations in the literature, FT-IR turned out not to represent the

most suitable method to investigate a protein denaturation of collagenous materials.
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Unfortunately, the predominant insolubility in mild aqueous solutions aggravates the
characterization by other methods heavily. Nonetheless, no protein denaturation
could be detected for the isolated and cryostructured collagenous materials by FT-IR.
Since none of the processing steps is carried out in harsh conditions regarding
protein denaturation and no denaturation could be detected, the purified collagens

are supposed to be still in their native conformation.

5.3 Evaluation and Optimization of the Cryostructuring Process

The performances of the ACD and the produced materials have been systematically
investigated by using alginate precursors. Structural aspects were evaluated by SEM
image data processing together with material production parameters that were
obtained by analysis of cryostructuring temperature profiles. With variation of the
external temperature gradient, via electrical regulation of the Peltier elements (PEs),
the pore size of the resulting scaffolds may be tuned relatively precise. This is
consistent with the expectation, that by regulating the cooling rate of the ACD, the
solidification rate of the used precursor is directly proportional manipulated, which in
turn is affecting the size of the growing ice crystals.

An increase in availability of key signals to a biomimetic quantity was hypnotized to
improve the cellular response to the scaffold and thus the clinical relevant outcome.
Therefore, the optimization of the precursor processing to achieve specific
microstructures by using tissue mimetic compositions represented a crucial task. In
order to tune the scaffold production to the final stages, several years of development

and optimization of the process were required.

Ice crystal growth

To understand the microstructural changes associated with different manifestations
of ice crystal growth, the behaviour of collagenous precursors was investigated.
Various precursor compositions were rheologically analysed, regarding viscosity
alterations upon cooling. A consideration of the viscosities alone represented to be
not as important as the effects resulting from the interaction of single precursor
components. In addition, mechanisms behind the establishment of different

crystallization morphologies were connected to outer experimental parameters.
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Within the established theory for pure substances, the anisotropic ice crystal growth
is thought to originate from perturbances at a morphological unstable solid liquid
interface. In contrast to this, the dominant anisotropic crystallization for the used
precursors was observed to originate from fishbone-like structured ice crystals at the
bottom of the precursor containing vessel (Figure 4.13 b)). Since these structures
were formed at first, the anisotropic crystal structure was concluded to rise from
dendritic side branches of these initial crystals. The results of the systematic
investigations carried out in Chapter 4.1.2 confirmed this conclusion.

Although the crystallisation does not originate from a visible solid liquid interface
which becomes morphological unstable, this does not necessarily mean that similar
perturbances are not involved in the crystal morphology. The morphology of the
fishbone-like structure might be attributed to a sort of “steady wave” within the
undercooled liquid zone. Such a phenomenon could have induced a preferential
growth of the observed initial structures in an interweaved pattern. Nonetheless,
these initial structures were only influencing the first few micrometres of the sample
height. Afterwards, the solidification regime changed to an anisotropic lamella like
crystal growth, which stayed dominant until the top of the sample was reached. This
change is subjected to be attributed to the rise of dendritic side branches from the
initial structures, which develop to the “primary crystals” represented by the lamella

like dendritic crystals.

Experimental Parameters and Resulting Solidification Morphologies

Based on temperature curve evaluation and pore size analysis of all scaffolds that
were produced by the use of collagenous precursors, a summarizing chart illustrating
the dependency-trends of different solidification morphologies was created
(Figure 5.1). Here, the absolute values in direction of the PE induced heat flow
(defined as x-direction) of the vector variables solidification rate (“vs”) and external
temperature gradient (“VT”) are considered. Both are connected with the resulting
morphologies of crystal growth inside collagenous precursors.

These types of variables represent crucial attributes that depend on the precursor
compositions as well as the processing parameters. Together, they yield more
information than the cooling rate, since the physical relevant information is included
in the function of solidification velocity. Self-evidently, vs represents as a function of

VT and is also influenced by the different individual precursor compositions.
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Consequently, such a comparison may rather be used to visualize trends than to
read out numerical values, since various precursor compositions were included in the

chart. In general, the solidification crystal size is increasing with lower vs while the
degree of spatial alignment is increasing with VT,inan interdependent manner:

A plane ice front might be expected for VT — 0 under theoretical assumptions of
pure substances. In the reality of experiments, the high number of precursor
components contains numerous crystallization nuclei, where small thermal

fluctuations lead to an equiaxed ice crystal growth. This leads to an isotropic

solidification, which is to be expected for low V T as depicted by equiaxed ice crystals
in the greyish area in the left side of the chart. Scaffolds with a spongy
microstructure, like isotropic bone scaffolds, were created by working inside this
regime.

The degree of spatial alignment is increasing with VT until the isotropic solidification

regime ends. Now the driving force, transmitted by V T, is high enough to induce a
preferential crystal growth direction, so that the boundary case of anisotropic
solidification is reached. For the aqueous collagen precursors, these processing
conditions result in a dendritic ice crystal morphology. A small blueish area indicates

this freezing regime in Figure 5.1, where low vs meet intermediate to low values of
VT. Here, an anisotropic ice crystal growth nearly orthogonal to VT may be
established, which was applied to create scaffolds with a meniscus like
microstructure.

If the values of v and VT increase further, the anisotropic spatial alignment
approaches successively an antiparallel proceeding to V T which is indicated by the
intensifying greenish area depicted in the right upper section of Figure 5.1. Hereby,
the crystal diameters get smaller while the angle to the V T vector lowers. This form
of solidification was applied to create osteochondral scaffolds. In order to yield
constant consecutive pore diameters when multiple precursors are combined, a

stronger expression of vs and VT during the cryostructuring process turned out to be

beneficial.
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Figure 5.1: Dependency-trends of solidification morphologies from solidification rate (vs) and external
temperature gradient (? T) for collagenous precursors. The crystal size is increasing with lower v;
while the degree of spatial alignment is increasing with VT, interdependently. For low ?T, an isotropic
solidification is to be expected (greyish area). Due to compositional differences, different values of v,
are attainable for similar values of V T. In the boundary case of anisotropic solidification, for low vy
together with low to intermediate values of ?T, an anisotropic ice crystal growth nearly orthogonal to
VT may be established (small blueish area). For increasing values of v; and VT the anisotropic spatial
alignment approaches an antiparallel proceeding to VT while the crystal diameters get smaller
(greenish area).

Multi-layered Cryostructuring

After undergoing an evolutionary process, the multi-layered cryostructuring of
osteochondral scaffolds could be successfully transferred from alginate to
collagenous precursors featuring a tissue mimetic zonal composition and consecutive
anisotropic pores. This transfer was enabled by a combination of process

optimization steps together with adjusted precursor compositions.
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Cross Linking

Additionally, the wet chemical cross linking with 1,6-hexamethylene diisocyanate
(HMDI) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), as well as
dehydrothermal cross linking was evaluated for collagenous scaffolds. The use of
HMDI turned out yield undesirable results, since the cross linking lacked in
homogeneity over the entire scaffold and pores were partially closed by web-like
polymer accumulations. Thermal cross linking was able to improve the stability of
fragile scaffolds. But since the stability was not sufficient for the intended applications
and an unbeneficial thermal alteration of the protein structures could not be excluded,
the more promising route of carbodiimide cross linking was pursued further. A
formulation for an EDC cross linking solution was found, which resulted in a high
scaffold stability. By applying the cross linking with gentle supplementation of EDC
solution inside a reduced pressure apparatus the common problem of pore collapse

during wet chemical cross linking could be avoided.

5.4 Cryostructured Scaffolds

Due to the versatility of the cryostructuring process, medical cell carrier matrices for
bone, articular cartilage and meniscus tissue engineering could be developed. All
together feature suitable scaffold dimensions and shapes. Additionally, the material
composition was biomimetically inspired so that also characteristic spatial material
distributions inside the respective tissues are matched. Furthermore, the control over
the freezing regime allowed the creation of various microstructures, which are

mimicking the native tissue structures.

Bone Scaffolds

Three types of cylindrical bone scaffolds, fitting to fill out critical size defects in rat
femurs, were produced out of collagen | and hydroxyapatite precursors. The bone
scaffolds differed in pore structure and composition: Scaffolds with anisotropic
channel pores, which propagate from one basis of the cylinder to the other (ANI)
were created. Additionally, scaffolds featuring an isotropic, sponge like, pore
structure (ISO) that is randomly distributed among the matrix and scaffolds with

isotropic pores containing chondroitin sulphate (ISOCS) were fabricated.
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Since a healing of critical size defects will per definition®?

not occur during the
natural lifetime of an animal, further support in form of scaffolds and/or cell stimulants
is required. Therefore, the bone morphogenetic protein (BMP) retention/release
capacity of cryostructured bone scaffolds was evaluated by ELISA:

For all three types of scaffolds, only minimal amounts in the ng rage were released
within the first two weeks. After 11 weeks, the BMP-2 release accounted to ca. 0.022
% for the ISO scaffolds, ca. 0.043 % for the ANI scaffolds and ca. 0.089 % for the
ISOCS scaffolds. Due to the presence of sub-micron hydroxyapatite crystals on the
inner pore walls of the bone scaffolds, a high surface area with attractive BMP
binding sites has been created. Consequently, only less than 0.1 % of the initially
loaded cytokine was released within 4 weeks, which proves an excellent BMP

retention potential of the scaffolds.

Meniscus Scaffolds

If the cryostructuring process was performed under borderline conditions of
anisotropic solidification, an ice crystal growth propagating nearly perpendicular to
the external temperature gradient could be achieved. This pore orientation
reassembles the preferred fibre orientation in meniscus tissue in large. Thus, the
process was successfully tuned to work out with precursor compositions
approximating the one of native meniscus tissue.

By processing precursors of collagen |, collagen Il and chondroitin sulphate in fully
biomimetic mass ratios, bi-zonal scaffolds were produced. Being composed out of an
inner (IM) and outer (OM) meniscus zone, they were fabricated either in a cylindrical
shape, for the cell culture in well plates, or in an authentic meniscus size and shape
for a cell co-culture inside a vascularizable tissue. The pores inside the scaffolds
were propagating through both scaffold zones over large length scales. Interestingly,
they even approximated the preferential alignment of the collagenous fibres inside

native meniscus tissue in case of complete meniscus scaffolds.

Osteochondral Scaffolds
By application of the cryostructuring process on three varying precursors consisting
out of collagen |, collagen IlI, brushite and chondroitin sulphate, tri-zonal

osteochondral scaffolds were created:
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One mineralized subchondral zone (SC), was covered by two chondral zones (CD
and CM), which were imitating the gradual glycosaminoglycan (GAG) distribution
found in native osteochondral tissue. The anisotropic pore structure proceeded
consecutively to the respective zones and perpendicular to the scaffold surface.
Furthermore, the possibility of combining the cryostructuring process with substrates
fabricated by 3D Powder Printing of calcium phosphates, to resemble the
subchondral zone, was evaluated. Although this joint venture excursus yielded
stable, anisotropically structured scaffolds, the performance of those in practical
application under higher compression turned out to be Ilimited. The calcium
phosphate substrates featured an inherent porosity as well as an additional pore
structure, printed from CAD design. Both were not sufficient to ensure a proper re-
erection of stronger compressed anisotropic pores. Therefore, the osteochondral
scaffolds were further processed by using calcium phosphate powders in the
subchondral zone.

An overview of the scaffolds macroscopic appearance together with the 3D
microstructure was attained by p-CT investigations. Here, the pore propagation
pathways and morphologies could be expressed more holistically than it was
possible with single section areas, as for instance in electron microscopic
investigations.

To fulfil a biomimetic inspired strategy, where structural and compositional properties
of the native osteochondral tissue are matched by the scaffolds, electrostatic
spinning of polymer solutions was applied. A matrix consisting out of
poly (D, L-lactide-co-glycolide) was deposited on the top of the middle chondral zone
(CM) of the scaffold to create the superficial chondral zone (CS). By this, the native
fibre alignment, parallel to the joint surface was mimicked. Thus, an osteochondral
scaffold with four zones of tissue mimetic microstructure alignment could be

fabricated.

Pore sizes, Morphologies and Topographical Structures

Since the process deals with the production of materials with special microstructures
as a main feature, the investigation of the resulting matrices by SEM represented one
of the most suitable characterization methods. An investigation of the ANI bone
scaffolds revealed a uniform, anisotropic aligned pore structure, featuring diameters

of (65 £ 25) um. The ca. 0.5 um thick walls consisted of a homogeneous composite
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and were supported among themselves by collagenous fibre pillars.
In addition, an insight in the pore structure of the ISO and ISOCS scaffolds showed
spongy irregular shaped pores that were interconnected by randomly distributed and
sized holes inside the pore walls. The pore diameter accounted to (88 + 35) ym for
the ISO scaffolds and (93 £ 42) um for the ISOCS scaffolds, respectively.

For the meniscus scaffolds, differing pore sizes between the finer IM and the
comparably coarser OM zone were clearly recognizable. But nonetheless, the
process could be tuned to an extent, that the curved pathway of the ice crystals was
not interrupted through both precursors. The mechanism behind this effect was
discussed based on solidification properties. Respective pore diameters accounted to
(93 £ 21) um for the IM zone and (248 £ 63) um for OM zone. Again, supporting
pillars were observed in between the lamella structures and the mechanism leading
to the deviation in the zone’s pore sizes was argued.

In case of the osteochondral scaffolds, the respective zonal interfaces were barely
detectable, even on a micrometre range. The tri-zonal but monolithic matrix was
penetrated by an aligned, consecutive lamellar pore structure, which was extending
fluently throughout the entire osteochondral scaffold. Channel pores, with diameters
of (82 £ 25) um in SC, (83 £ 29) um in CD and (85 £ 39) um in CM, were propagating
perpendicular to the zonal surfaces. All in all, they were reassembling the dominant
collagen fibre arrangement in native osteochondral tissue. By analysis of the SC
zone, the results of re-precipitation processes were found and the underlying
mechanism was explained.

Concluding it can be stated that a wider range of pore sizes was finding its
application in the respective scaffolds. Pore sizes may be tuned to approach a
desired value of ca. 80 ym with only smaller deviations of ca. 5 um throughout
multiple scaffold zones. If an anisotropic pore structure baring wider angles to the
external temperature gradient is desired, the pore sizes naturally approach higher
values. The angle is coupled with the external temperature gradient which is in turn
affecting the pore size. In the case of higher concentrated precursors, bigger
temperature gradients are needed to attain an anisotropic structure, which results in
comparably smaller pore sizes. The addition of GAGs in 20 % cdw increased the
pore diameters of isotropic scaffolds slightly, but measurable. For anisotropic
scaffolds, the addition of 15 % cdw in GAG did not lead to effects that are to be

considered significant, with respect to the measuring accuracy.
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Both types of cartilage scaffolds were exhibiting a certain sub-micron to
nanostructure, resulting from a combination of waved bulk material and nano-
aggregates. In case of the meniscus scaffolds, the height of the wave structures
ranged within ca. 300 nm - 400 nm for the IM zone and ca. 250 nm - 300 nm for the
OM zone, while the diameter of the spherical aggregates varied between
ca. 10 nm - 150 nm for the IM zone and ca. 60 nm - 100 nm in case of the OM zone.
The osteochondral scaffolds showed aggregates, with diameters in the ranges of
90 nm - 210 nm, 30 nm - 120 nm and 30 nm - 90 nm together with wave structures of
<1 um, ca. 1 ym and ca. 1 um - 2 um approximate heights for the SC, CD and CM
zones, respectively.

A creation mechanism of the sub-micron to nanostructure was hypothesized, which
was referring to a combination of piling up and slipping aside of the cryo-
concentrated precursors. On consideration of that, the differences in expression of
the wave structures seemed to be directly connected to the solidification velocities:
Higher solidification velocities lead to higher wave structures, while lower ones vyield
lower wave structures. Since the surface topography in these length scales is known
to influence cellular behaviour, the possibility to tune it to desired sizes represents an

additional very promising feature of the cryostructuring processing route.

Cryostructuring Diagraphs

Temperature diagraphs depicting the thermal precursor alteration during directional
solidification were recorded and evaluated for the different scaffold types. This
allowed drawing conclusions from the cryostructuring parameters to the resulting
scaffold morphologies. The subsequent addition of precursors together with the
superpositioned cooling of the device and the generated heat of fusion are shaping
the recorded temperature profiles characteristically. Different stages and forms of
solidification were explained by the progression of the respective cryostructuring
diagraphs. With evaluation of the parameters for external temperature gradient,
solidification velocity and cooling rate, a reproducible regulation of the created

solidification microstructures was enabled.
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Scaffold Compositions and Degradation Behaviour

Elementary compositions of the respective scaffold zones were determined by EDX.
Although, this method may not be optimal to analyse organic components, it was
sufficient to map the presence of calcium phosphates and GAGs in the single
scaffold zones.

The degradation behaviour represents an important factor for scaffolds intended for
in vitro and in vivo applications. Mechanical support®, remodelling capabilities® and

degradation by products'?

are of huge importance for the cellular response to the
material. An evaluation of residual mass (m/mo), equilibrium water content (EWC)
and free water content (FWC) gave an insight of the degradation under physiological
conditions:

While the bone scaffolds showed a mean daily mass loss of (0.52 £ 0.13) %, the
meniscus scaffolds lost ca. (1.56 + 0.10) % and the osteochondral scaffolds lost ca.
(0.57 £ 0.21) % of the drained mass per day. The EWC of the bone scaffolds
exhibited a loss of ca. (0.0595 + 0.0059) % per day, while the meniscus scaffolds lost
ca. (0.479 + 0.041) % and the osteochondral scaffolds lost ca. (0.100 + 0.030) %
each day. In average, the FWC increased daily (0.389 £ 0.020) % for the bone
scaffolds, (0.407 = 0.078) % and (0434 + 0.060) % for the meniscus and
osteochondral scaffolds, respectively.

In general, the scaffold mass and amount of bound water shrunk with proceeding
erosion while the quantity of soaked water was increasing. The multi-zonal scaffolds
did not show a preferential breakdown at the interface between the zones, which is to
be attributed to the high quality of the interfaces on a microscopic level. A distinct
lower rate of degradation was observable in case of the mineralized scaffolds that is
to is to be reasoned by the comparably higher stability of the calcium phosphates
against degradation. Due to the different cryostructuring conditions, varying pore
architectures and pore sizes were produced. Larger pore sizes led to a greater
extend of degradation progression, which is explainable by the increased circulation
potential of liquids inside the scaffold pores. On consideration of all scaffold’s pore
sizes and degradation profiles, it was concluded, that the degree of degradation is

directly proportional to the pore size.
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An erosion of the bone scaffolds culminated in a volume degradation, where the
interior of the scaffolds was more altered than the outer shell. This process was not
that present in case of both types of cartilage scaffolds, so that this difference might
be attributed to the inclusion of a higher amount of sub-micron hydroxyapatite
crystallites in the bone scaffolds. However, it can be concluded too, that the
carbodiimide based cross linking also yields slightly inhomogeneous results for high
concentrated hydroxyapatite collagen precursors.

The degradation behaviour of all the scaffolds represented to be moderate under
physiological conditions. Thereby, the suitability for a prolonged cell culture or an in
vivo implantation might be given. Admittedly, such a degradation model cannot
recapitulate all the processes which are to be expected in vitro or in vivo due to a
lack of enzymes, cellular remodelling and liquid perfusion. Although the degradation
properties reflect the known behaviour of biodegradable polymeric scaffolds for

303

tissue engineering applications™ ", they still bare room for optimisation.

Summarized, the invented process facilitated the fabrication of scaffolds that may
address defects in multiple parts of the musculoskeletal system. This extent in
mimicking of native tissue’s structural properties in combination with spatial resolved
tissue compositions exceeds the ones of conventional scaffolds, produced by state of
the art methods. Since the whole production process takes place only at low
temperatures, even temperature-sensitive active ingredients such as antibiotics and
growth factors could be added to the different zones of the support structures. Thus,
a new production method was conceptualized, optimized and implemented, whereby
the fabrication of scaffolds that allow a testing of the key hypothesis (Chapter 1) was

enabled.

5.5 Development of Mechanical Testing in Confined Compression

A new setup and evaluation method for confined compression measurements of
hydrogels was developed. By working around the use of porous platens for
compression or bedding, the well-known problem of interface alteration, associated
conventional confined compression testing methods could be solved. The measuring

setups were custom designed for different sample dimensions using CAD software.
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A straight forward evaluation method was worked out to yield values for the apparent
elastic moduli and the relation of lost to elastically stored energy (tan d). Many other
existing evaluation methods for confined compression experiments are limited in their
actual practical applicability due to multiple approximations and boundary conditions.
In contrast to these, the presented method is only deduced from progression of a

complex wave function together with elementary definitions.

Osteochondral, meniscus and bone scaffolds were mechanically tested and
evaluated with a custom build confined compression setup. An average linear
compression value of (3.14 £ 0.85) kPa for apparent elastic moduli of cartilage
scaffolds correlated with known values for enzymatically treated articular cartilage.
The apparent elastic moduli of the bone scaffolds were about one order of magnitude
higher than the moduli of osteochondral and meniscus scaffolds. However, the bone
scaffolds exhibited, in mean, a linear compression module of (37.6 £ 6.9) kPa, which
was significantly lower than known values for native bone tissue.

Within the present testing conditions, the additional interfaces present in multi-
layered scaffolds led to higher apparent elastic moduli than the ones that could be
reached by comparable monolayer scaffolds. Consequently, the implementation of a
multi-layering in the invented production method was leading to an improved
compressive behaviour of the scaffolds. The form of the scaffolds inherent pore
structure (anisotropic and isotropic pores) seemed not to have a significant influence
on the resistance against mechanical deformation under the measuring conditions. In
contrast to this, an additional presence of GAGs in form of chondroitin sulphate
inside the scaffolds leaded to notable higher values of the moduli in all testing

conditions.

An analysis of the dissipation factor revealed a very similar behaviour of elastic
energy storage to native articular cartilage and bone tissue. Under physiological
frequencies less than 1.0 % and 0.8 % of the exerted energy was lost case of the
bone and cartilage scaffolds, respectively. Thus, the scaffolds potential of energy
storage after compression reflects the ones of native cartilage and bone. The
anisotropic scaffolds showed significant lower values for energy loss than the
isotropic ones. Interestingly, the supplementation of 50 % cdw in GAGs was sufficient

to compensate of the energy loss associated with the isotropic pore structure.
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The fast relaxing scaffolds featured an average relaxation time of (0.613 + 0.040) sec
and (0.815 £ 0.077) sec for the cartilage and bone scaffolds, respectively. Therefore,
the relaxation time of the scaffolds was found to be four orders of magnitude faster
than typical values for articular cartilage and cortical bone tissue. Since the
investigated mechanical properties of the scaffolds mimicked mostly the behaviour of
cartilage and bone tissues, another beneficial key signal which might be recognized
by inherent cells is presented. Additionally, the fast relaxation behaviour and the high
energy storage potential would benefit a use of the scaffolds in dynamic cell culture

conditions.

Interestingly, all kinds of produced scaffolds were able to withstand cyclic
compression with un-physiological frequencies as high as 20 Hz, without a loss in
structural integrity. Although the behaviour of the scaffolds energy storage is
matching the ones of the respective native tissues, the elastic modulus represents to
be orders of magnitude lower than the values of these. If the fact is considered, that
the scaffold volume consists predominantly out of pores that shall allow a proper cell
seeding, whereas the constituents of the musculoskeletal system are much more
dense, this is little surprising.

However, the influence of matrix stiffness on cellular behaviour is still a matter of
discussion in the literature®®. On the one hand, the stiffness of planar hydrogel
matrices was demonstrated to influence stem cell adhesion and differentiation
pathw:ays305 in the absence of protein tethering effects and porosity306. On the other
hand, the alteration of cellular behaviour was shown to be independent on the
changes in mechanical behaviour, since it rather relies on the binding of collagen | to
integrins®®’. The mechanical properties of the matrix surely represent an important
factor which is sensed by cells, but the cell fate is also influenced by the complexity
of additional factors like chemical functionality, adhesivity, nanostructure and

degradability of the matrix'>.
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5.6 Biological Scaffold Performance

The cryostructuring process was applied to create bone scaffolds form collagen | and
hydroxyapatite with anisotropic and isotropic pore structure. When loaded with
BMP-2 a healing of critical sized defects in rat femurs could be demonstrated,
despite their low cytokine release potential would be conventionally rated as
unbeneficial’’”>. While the trabecular bone features an isotropic appearance, the
structure of cortical bone is rather to be seen as anisotropic. Despite this fact, no
preferential formation of one of the mentioned tissue types could be attributed to the
specific porosity anisotropic or isotropic scaffolds.

However, as shown by radiographic healing evaluation, torsion testing, p-CT and
haematoxylin eosin stainings, an anisotropic scaffold pore structure led to
advantageous healing outcomes. In direct comparison between the anisotropic and
isotropic pore structure, the oriented pores induced a more sustainable bridging of
the defect and overall a more preferable healing impression. Interestingly, the cell
density in the isotropic explants was found to be significantly higher, but apparently
the functionality of the immigrated cells was expressed more pronounced inside an
anisotropic pore structure. If these effects are to be attributed to the directionality of
pore structure alone, or if the pore size and topographical microstructure of the
scaffolds represent dominating effects remains to be clarified within further

investigations.

Moreover, osteochondral and meniscus scaffolds with clinical relevant dimensions
and properties were produced by unidirectional cryostructuring of hydrogel
precursors. Despite being monolithic matrices, zones of varying composition were
combined within the scaffolds, thus featuring at the same time an adapted material
composition and continuous micropores, respectively. While the constituents of the
osteochondral scaffolds matched the key signals of native osteochondral

97,100,101

tissue in large, the meniscus scaffolds featured an entirely biomimetic

composition116’“8'121’127‘280’231

. When subjected to static and perfusion cell culture,
first signs for tissue mimetic zonal specific stem cell differentiation could be
observed. By comparison of similar pore sizes, the cellular infiltration and distribution
induced by the fabricated scaffolds represented to be superior to results of other

literature®®®, where only a limited holistic cellular infiltration could be observed.
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A combination of tissue mimetic pore orientation and zonal composition presumably
induced a zone specific matrix remodelling of the inherent cells like it is found inside
the native tissues. In contrast to the bone scaffolds, no additional cytokines have
been supplemented to influence the differentiation pathway during cell culture of
cartilage scaffolds. This represents a further step towards biomimetic tissue
engineering, which might guide the way to the formation of functional tissue, and thus

eventually a true regeneration of cartilage.

Concluding it can be stated, that an anisotropic pore structure resulted in a higher
functionality of immigrated cells which finally led to advantageous healing outcomes.
Furthermore, the mimicking of local compositions of musculoskeletal tissues in
combination with a consecutive anisotropic porosity that approaches the ones of
native tissue structures was demonstrated to induce zone specific matrix remodelling
in stem cells. Additionally, clues for a zone specific chondrogenic stem cell
differentiation were attained without the supplementation of growth factors.

Consequently, the hypothesis, that an increased approximation of the hierarchically
compositional and structurally anisotropic properties of musculoskeletal tissues
would lead to an improved cellular response and thus presumably a better healing
quality, could be confirmed. A direct transfer of the insights gained within this thesis
to clinical regenerative therapies could also lead to improved results for cell free In

situ tissue engineering approaches.
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6 Summary

The key hypothesis of this work represented the question, if mimicking the zonal
composition and structural porosity of musculoskeletal tissues influences invading
cells positively and leads to advantageous results for tissue engineering.
Conventional approaches in tissue engineering are limited in producing monolithic
“scaffolds” that provide locally variating biological key signals and pore architectures,
imitating the alignment of collagenous fibres in bone and cartilage tissues,
respectively. In order to fill this gap in available tissue engineering strategies, a new
fabrication technique was evolved for the production of scaffolds to validate the

hypothesis.

Therefore, a new solidification based platform procedure was developed. This
process comprises the directional solidification of multiple flowable precursors that
are “cryostructured” to prepare a controlled anisotropic pore structure. Porous
scaffolds are attained through ice crystal removal by lyophilisation. Optionally,
electrostatic spinning of polymers may be applied to provide an external mesh on top
or around the scaffolds. A consolidation step generates monolithic matrices from
multi zonal structures. To serve as matrix for tissue engineering approaches or direct
implantation as medical device, the scaffold is sterilized.

An Adjustable Cryostructuring Device (ACD) was successively developed; individual
parts were conceptualized by computer aided design (CAD) and assembled. During
optimisation, a significant performance improvement of the ACDs accessible external
temperature gradient was achieved, from (1.3 £ 0.1) K/mm to (9.0 £ 0.1) K/mm.
Additionally, four different configurations of the device were made available that
enabled the directional solidification of collagenous precursors in a highly controlled
manner with various sample sizes and shapes.

By using alginate as a model substance the process was systematically evaluated.
Cryostructuring diagraphs were analysed yielding solidification parameters, which
were associated to pore sizes and alignments that were determined by image
processing. Thereby, a precise control over pore size and alignment through

electrical regulation of the ACD could be demonstrated.
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To obtain tissue mimetic scaffolds for the musculoskeletal system, collagens and
calcium phosphates had to be prepared to serve as raw materials. Extraction and
purification protocols were established to generate collagen | and collagen II, while
the calcium phosphates brushite and hydroxyapatite were produced by precipitation
reactions.

Besides the successive augmentation of the ACD also an optimization of the
processing steps was crucial. Firstly, the concentrations and the individual behaviour
of respective precursor components had to be screened. Together with the insights
gained by videographic examination of solidifying collagen solutions, essential
knowledge was gained that facilitated the production of more complex scaffolds.
Phenomena of ice crystal growth during cryostructuring were discussed. By
evolutionary steps, a cryostructuring of multi-layered precursors with consecutive
anisotropic pores could be achieved and successfully transferred from alginate to
collagenous precursors. Finally, very smooth interfaces that were hardly detectable
by scanning electron microscopy (SEM) could be attained. For the used collagenous
systems, a dependency relation between adjustable processing parameters and
different resulting solidification morphologies was created.

Dehydrothermal-, diisocyanate-, and carbodiimide- based cross linking methods were
evaluated, whereby the “zero length” cross linking by carbodiimide was found to be
most suitable. Afterwards, a formulation for the cross linking solution was elaborated,
which generated favourable outcomes by application inside a reduced pressure
apparatus. As a consequence, a pore collapse during wet chemical cross linking
could be avoided.

Complex monolithic scaffolds featuring continuous pores were fabricated that
mimicked structure and respective composition of different areas of native tissues by
the presence of biochemical key stimulants. At first, three types of bone scaffolds
were produced from collagen | and hydroxyapatite with appropriate sizes to fit critical
sized defects in rat femurs. They either featured an isotropic or anisotropic porosity
and partly also contained glycosaminoglycans (GAGs). Furthermore, meniscus
scaffolds were prepared by processing two precursors with biomimetic contents of
collagen |, collagen Il and GAGs. Here, the pore structures were created under
boundary conditions, which allowed an ice crystal growth that was nearly
orthogonal to the external temperature gradient. Thereby, the preferential

alignment of collagen fibres in the natural meniscus tissue could be mimicked.
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Those scaffolds owned appropriate sizes for cell culture in well plates or even an
authentic meniscus shape and size. Finally, osteochondral scaffolds, sized to either
fit well plates or perfusion reactors for cell culture, were fabricated to mimic the
composition of subchondral bone and different cartilage zones. Collagen | and the
resorbable calcium phosphate brushite were used for the subchondral zone, whereas
the cartilage zones were composed out of collagen |, collagen Il and tissue mimetic
contents of GAGs. The pore structure corresponded to the one that is dominating the
volume of natural osteochondral tissue.

Energy dispersive X-ray spectroscopy (EDX) and SEM were used to analyse the
composition and pore structure of the individual scaffold zones, respectively. The
cross section pore diameters were determined to (65 + 25) pym, (88 + 35) ym and
(93 £ 42) um for the anisotropic, the isotropic and GAG containing isotropic bone
scaffolds. Furthermore, the meniscus scaffolds showed pore diameters of
(93 = 21) ym in the inner meniscus zone and (248 + 63) pm Iinside the outer
meniscus zone. Pore sizes of (82 + 25) ym, (83 + 29) um and (85 £ 39) um were
present inside the subchondral, the lower chondral and the upper chondral zone of
osteochondral scaffolds. Depending on the fabrication parameters, the respective
scaffold zones were also found to feature a specific micro- and nanostructure at their
inner surfaces.

Degradation studies were carried out under physiological conditions and resulted in a
mean mass loss of (0.52 + 0.13) %, (1.56 £ 0.10) % and (0.80 + 0.10) % per day for
bone, meniscus and osteochondral scaffolds, respectively. Rheological
measurements were used to determine the viscosity changes upon cooling of
different precursors. Micro computer tomography (u-CT) investigations were applied
to characterize the 3D microstructure of osteochondral scaffolds. To obtain an
osteochondral scaffold with four zones of tissue mimetic microstructure alignment, a
poly (D, L-lactide-co-glycolide) mesh was deposited on the upper chondral zone by
electrostatic spinning. In case of the bone scaffolds, the retention / release capacity
of bone morphogenetic protein 2 (BMP-2) was evaluated by an enzyme linked
immunosorbent assay (ELISA). Due to the high presence of attractive BMP binding
sites, only less than 0.1 % of the initially loaded cytokine was released. The suitability
of combining the cryostructuring process with 3D powder printed calcium phosphate
substrates was evaluated with osteochondral scaffolds, but did not appear to yield

more preferable results than the non-combined approach.
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A new custom build confined compression setup was elaborated together with a
suitable evaluation procedure for the mechanical characterisation under physiological
conditions. For bone and cartilage scaffolds, apparent elastic moduli of
(37.6 £6.9) kPa and (3.14 £ 0.85) kPa were measured. A similar behaviour of the
scaffolds to natural cartilage and bone tissue was demonstrated in terms of elastic
energy storage. Under physiological frequencies, less than 1.0 % and 0.8 % of the
exerted energy was lost for bone and cartilage scaffolds, respectively. With average
relaxation times of (0.613 + 0.040) sec and (0.815 £ 0.077) sec, measured for the
cartilage and bone scaffolds, they respond four orders of magnitude faster than the
native tissues. Additionally, all kinds of produced scaffolds were able to withstand
cyclic compression at un-physiological frequencies as high as 20 Hz without a loss in

structural integrity.

With the presented new method, scaffolds could be fabricated whose extent in
mimicking of native tissues exceeded the one of scaffolds producible by state of the
art methods. This allowed a testing of the key hypothesis: The biological evaluation
of an anisotropic pore structure in vivo revealed a higher functionality of immigrated
cells and led finally to advantageous healing outcomes. Moreover, the mimicking of
local compositions in combination with a consecutive anisotropic porosity that
approaches native tissue structures could be demonstrated to induce zone specific
matrix remodelling in stem cells in vifro. Additionally, clues for a zone specific
chondrogenic stem cell differentiation were attained without the supplementation of
growth factors.

Thereby, the hypothesis that an increased approximation of the hierarchically
compositional and structurally anisotropic properties of musculoskeletal tissues
would lead to an improved cellular response and a better healing quality, could be
confirmed. With a special focus on cell free in situ tissue engineering approaches, the
insights gained within this thesis may be directly transferred to clinical regenerative

therapies.
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7 Zusammenfassung

Die Schlusselhypothese dieser Arbeit bestand darin zu Uberprifen, ob eine
Nachahmung der zonalen Zusammensetzungen und Porenstruktur muskulo-
skelettaler Gewebe einwandernde Zellen beeinflusst und zu vorteilhafteren
Ergebnissen im Tissue Engineering fuhrt. Obwohl bereits zahlreiche konventionelle
Ansatze existieren, so sind diese in ihrem Vermdgen spezielle Zelltrdgermatrices
(,Scaffolds“) herzustellen limitiert. Insbesondere kénnen dabei lokal variierende
biologische Schlisselreize nicht mit einer Porenstruktur, welche die Ausrichtung der
Kollagenfasern in Knochen- und Knorpelgeweben imitiert, kombiniert werden. Um
diese Licke in den verfugbaren Tissue Engineering Strategien zu schlielRen, wurde
ein neues Verfahren entwickelt. Dieses erlaubte die Herstellung monolithischer

Scaffolds, welche eine Validierung der Hypothese ermdglichten.

Das neue Plattform-Verfahren basiert auf der gerichteten Erstarrung mehrerer
flieRfahiger Vorstufen, um somit eine kontrollierte anisotrope Porenstruktur
vorzubereiten. Ein Entfernen der erstarrten Lésungsmittel durch Lyophilisation fihrt
zu porésen Scaffolds. Optional besteht die Maoglichkeit, Polymere mittels
elektrostatischem Verspinnen als umhiullendes Vlies zu inkorporieren. Nach einem
Vernetzungsschritt resultieren monolithische Matrices, bestehend aus mehreren
Zonen mit unterschiedlichen Zusammensetzungen. Vor einer Verwendung als Tissue
Engineering Matrix oder implantierbares Medizinprodukt erfolgt eine Sterilisation.
Hierfir wurde ein “Adjustable Cryostructuring Device“ (ACD) entwickelt, einzelne
Bauteile mit Computer Aided Design entworfen und zu einer Apparatur montiert. Die
Optimierung der Anlage ermdglichte eine signifikante Erhéhung des verfugbaren
externen Temperaturgradienten von (1.3+£0.1) K/mm auf (9.0+0.1) K/mm.
Aulerdem erlauben vier unterschiedliche Konfigurationen des ACD die gerichtete
Erstarrung von kollagenen Vorstufen in einer besonders kontrollierten Art und Weise
bei einer Vielzahl an Probengréfzen und Formen.

Die systematische Evaluation des Prozesses erfolgte mit Alginat als Modell-
Substanz. Aus den zeitlichen Verlaufen der Gefrierstrukturierung resultierten
Erstarrungsparameter, die mittels Bildverarbeitung den entstandenen Porengréfen
und -ausrichtungen zugeordnet wurden. Dies demonstrierte eine prazise Kontrolle

der Ergebnisse durch elektrische Ansteuerung der ACD.
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Zur Erzeugung von Rohmaterialien war eine Etablierung von Extraktions- und
Aufreinigungsprotokollen fur Kollagen | und Kollagen Il notwendig, wahrend eine
Herstellung der Calciumphosphate Bruschit und Hydroxylapatit mittels Prazipitations-
Reaktionen verlief. Neben der sukzessiven Verbesserung des ACD, stellte auch die
Optimierung einzelner Prozessschritte wichtige Aspekte dar. Die Untersuchung und
Diskussion des Verhaltens einzelner Vorstufenkomponenten sowie der Erstarrungs-
phdnomene von Kollagenlésungen fuhrte zu einem Verstdndnis welches die
Produktion von komplexeren Scaffolds zulie. Somit war es auch madglich eine
Abhéngigkeitsrelation der einstellbaren Prozessparameter zu den resultierenden
Erstarrungsmorphologien der verwendeten Kollagensysteme abzuleiten.

Die Gefrierstrukturierung von mehreren Lagen unterschiedlicher Vorstufen konnte
erfolgreich von Alginat- auf Kollagenvorstufen transferiert werden. Nach einer
Optimierung der jeweiligen Grenzflachenibergange, waren diese selbst mittels
Rasterelektronenmikroskopie kaum noch zu erkennen. Eine Evaluierung von
dehydrothermal-, diisocyanat- und carbodiimid- basierten Quervernetzungs-
methoden zeigte die vorteilhaftesten Ergebnisse fur die Vernetzung durch
Carbodiimide. Zusatzlich wurde eine Zusammensetzung der Vernetzungslésung
ermittelt, welche beim Einsatz in einer Unterdruckapparatur einen
Porenstrukturkollaps durch nasschemische Vernetzung vermeidet.

Eine erweiterte Kontrolle der Gefrierprozesse erlaubte es Struktur und
Zusammensetzung verschiedener Zonen nativer Gewebe durch eine monolithische
Zelltragermatrix mit durchgangiger Porenstruktur und biochemischen Schlisselreizen
nachzuahmen. Zuerst wurden drei Arten von Knochenscaffolds aus Kollagen | und
Hydroxylapatit hergestellt, die Defekten kritischer Gréfe in Rattenoberschenkel-
knochen entsprachen. Diese zeichneten sich durch eine isotrope oder eine
anisotrope Porenstruktur aus und enthielten teilweise Glycosaminoglycane (GAGs).
Weiterhin erfolgte die Produktion von Meniskusscaffolds aus zwei Vorstufen mit
biomimetischen Anteilen an Kollagen |, Kollagen Il und GAGs. Dabei verlief die
Gefrierstrukturierung unter Grenzbedingungen, welche ein nahezu senkrechtes
Eiskristallwachstum zu dem aduleren Temperaturgradienten erlaubten. Somit konnte
der bevorzugte Verlauf von Kollagenfasern in nativem Meniskusgewebe nachgeahmt
werden. Die Scaffolds waren entweder passend fur ,Well Plates® der Zellkultur

bemal3t oder besal’en sogar Form und GréRRe von authentischen Menisken.
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7 Zusammenfassung

Zuletzt wurden osteochondrale Scaffolds hergestellt, deren Zusammensetzung den
jeweiligen Bereichen von Subchondralzone und verschiedenen Gelenkknorpelzonen
entsprach. Kollagen | und die bioresorbierbare Calciumphosphatphase Bruschit
fanden Verwendung in der Subchondralzone, wahrend die Knorpelzonen aus
Kollagen |, Kollagen Il und entsprechenden biomimetischen Anteilen an GAGs
bestanden. AulRerdem bildete die Scaffoldporenstruktur die Volumendominierende in
natirlichem Osteochondralgewebe nach, wobei die Dimensionierungen der Scaffolds
Well Plates oder Perfusionsreaktoren der Zellkultur angepasst waren.

Mittels energiedispersiver Réntgenspektroskopie und Rasterelektronenmikroskopie
erfolgte die Analyse von Zusammensetzung und Porenstruktur der jeweiligen
Scaffoldzonen. Die Grél3e der Porenquerschnitte betrug (65 £ 25) ym, (88 £ 35) um
und (93 + 42) um fur die anisotropen, die isotropen und die GAG-haltigen isotropen
Knochenscaffolds. Die Meniskusscaffolds besallen Porendurchmesser von
(93 £ 21) um in der inneren Meniskuszone und (248 + 63) pm innerhalb der dul3eren
Meniskuszone. Im Falle der osteochondralen Scaffolds wurden Porengréf3en von
(82 £ 25) pm, (83 £ 29) pym und (85 + 39) um in der subchondralen, der unteren
chondralen und der oberen chondralen Zone gemessen. In Abhangigkeit von den
Prozessparametern zeigten die inneren Oberflachen der jeweiligen Scaffoldzonen
eine spezifische Mikro- und Nanostruktur.

Eine Prifung des Degradationsverhaltens unter physiologischen Bedingungen ergab
einen mittleren Massenverlust von (0.52+0.13)%, (1.56+£0.10)% und
(0.80 £ 0.10) % pro Tag fur die Knochen-, Meniskus- und osteochondralen Scaffolds.
Die Untersuchung der Viskositdtsveranderungen wahrend der Abkihlung
unterschiedlicher Vorstufen geschah mit rheologischen Messungen. Weiterhin wurde
die 3D Mikrostruktur von osteochondralen Matrices mit Mikro Computer Tomographie
charakterisiert. Um einen osteochondralen Scaffold mit vier Zonen gewebeahnlich
ausgerichteter Mikrostruktur zu erhalten, konnte die Scaffoldoberflache durch ein
elektroversponnenes Poly (D, L-Lactid-co-Glycolid) Vlies modifiziert werden.

Ein ,enzyme linked immunosorbent assay“ (ELISA) diente zur Evaluation des
Riuckhalte- bzw. Freisetzungsverhaltens von ,bone morphogenetic protein 2¢
(BMP-2) in Knochenscaffolds. Bedingt durch die hohe Prasenz von attraktiven BMP
Bindungsstellen betrug die freigesetzte Menge des initial beladenen Zytokins nur

weniger als 0.1 %.
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7 Zusammenfassung

Die Eignung einer Kombination des Gefrierstrukturierungsprozesses mit 3D
gedruckten Calciumphosphatsubstraten wurde anhand von osteochondralen
Scaffolds Uberpruft, aber zeigte keine vorteilhafteren Resultate als die nicht
kombinierte Vorgehensweise.

Fur die mechanische Charakterisierung unter physiologischen Bedingungen konnte
ein neues Test-Setup mitsamt Auswertungsverfahren entwickelt werden. Die
gemessenen Elastizitatsmoduln betrugen (37.6 £6.9)kPa fir Knochen- und
(3.14 £ 0.85) kPa fur Knorpelscaffolds. Da unter physiologischen Frequenzen nur
weniger als 1.0 % der eingebrachten Energie verloren ging, entsprach die Fahigkeit
der Zelltragermatrices zur elastischen Energiespeicherung dem von natirlichem
Knochen- und Knorpelgewebe. Bei mittleren  Relaxationszeiten  von
(0.613 £ 0.040) sec und (0.815+£0.077) sec fur Knorpel- und Knochenscaffolds
reagieren diese vier GréRenordnungen schneller als die nativen Gewebe. Aullerdem
waren alle produzierten Matrices dazu in der Lage zyklischen Kompressionen bei
unphysiologisch hohen Frequenzen von 20 Hz zu wiederstehen, ohne an

struktureller Integritat zu verlieren.

Mit dem vorgestellten neuen Verfahren konnten Scaffolds hergestellt werden, deren
Ausmald in der Nachahmung nativer Gewebe mit etablierten Methoden nicht
erreichbar war und welche eine Uberpriifung der Schliisselhypothese erlaubten: Die
biologische Evaluation einer anisotropen Porenstruktur in vivo zeigte eine hdhere
Funktionalitdt eingewanderter Zellen, was zu vorteilhafteren Heilungsergebnissen
fuhrte. DarUber hinaus demonstrierte eine Imitation der lokalen Zusammensetzungen
in Kombination mit einer durchgangigen anisotropen Porenstruktur, welche an
diejenige in nativen Geweben angenéhert ist, eine Induktion von zonenspezifischer
Matrixremodellierung von Stammzellen in vifro. Aul3erdem waren Hinweise auf eine
zonale chondrogene Stammzelldifferenzierung ohne eine gesonderte Zugabe von
Wachstumsfaktoren zu beobachten.

Somit konnte die Hypothese, dass eine verbesserte Nachahmung der hierarchischen
Zusammensetzung und anisotroper Struktur von muskuloskelettalen Geweben zu
einer optimierten zellularen Reaktion und somit einer besseren Heilungsqualitat fuhrt,
bestatigt werden. Mit einem speziellen Fokus auf zellfreies in situ Tissue
Engineering, konnten die Erkenntnisse dieser Arbeit direkt fur klinische Therapien

eingesetzt werden.
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Apertures and filters

Aperture 2 mm
Scatter aperture 2 mm
Ni-Filter Elimination of k; radiation

Detector agerture 0.2 mm

X-Ray wavelengths

ket 1541 A
Ko 1544 A
kg 1.392 A

Table 1: Apertures, filters and X-Ray wavelengths of XRD measurements.
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Figure 9.1: Particle size distribution of collagen |l after cryogenic fracturing. The measurement was
performed by Retsch (Haan, Germany) using a laser scattering particle size distribution analyser LA-
950 in volume distribution resulting in a bimodal particle size distribution. (D10 value ca. 5 pm, D50
value ca. 14 uym, D90 value ca. 45 ym)
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