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Abstract

Collagens are the most abundant and structurally the most important proteins of the human
extracellular matrix. Therefore, the mechanical properties of the collagen building blocks, that
are collagen fibrils in mineralized and non-mineralized form, are of crucial importance. In spite
of their important role, the mineralization process of collagen fibrils in vitro as it relates to the
mechanical properties has not been studied comprehensively. In this study, the mechanical
properties of in vitro mineralized native and reconstituted collagen fibrils were investigated at
different stages of mineralization using Atomic Force Microscopy (AFM) based
nanoindentation. A measurement protocol was developed which allows the investigation of
several fibrils within the same measurement run. First, native and reconstituted fibrils were
selected and imaged using AFM in the contact mode. Second, fibrils were preconditioned in
PBS buffer at 37 °C, for either 2h or 48h. Third, indentation force maps of the already selected
fibrils were measured in contact mode in PBS at sample areas of 1 x 2 um. Fourth, the
mineralization process was initiated by adding a mineralization buffer and, fifth, force maps in
contact mode were taken after 20h, 40h, and 60h of mineralization time. Per force map, 16
indentation points on the longitudinal axis and at least 10 indentation points on the cross-
sectional axis of the fibril were measured. A custom-built Matlab script was used for the
analysis of the indentation data (depth, deflection, reaction force), and the calculated modulus.
The mechanical properties of samples across the mineralization stages were compared. The
results suggest that a sample of reconstituted fibrils could well resemble the mechanical
properties of native fibrils, and even provide less variance among fibrils compared to native
samples. As a result of the mineralization procedure, crystal formation was detected on the
fibrils in all samples. The presence of intrafibrillar mineralization was suggested by the results
but could not be significantly verified. EDTA was successfully used after some mineralization
steps to clear off surface crystallization, but may have also influenced intrafibrillar mineral
deposits. It was found, that pre-conditioning in PBS significantly reduced the subsequent
softening behavior, which may partially suppress the stiffening effect of mineralization.
Additionally, important methodological developments emerged from the study, such as the use
of a mica disc for the sensitivity calibration of the AFM, as well as an iterative method for the
choice of the cantilever. Overall, the use of AFM nanoindentation with a sharp pyramidal tip
proved to impose frequent complications when measuring mineralized fibrils. Tensile tests

might be a more promising alternative in future studies.
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Kurzzusammenfassung

Kollagene sind die hdufigsten und strukturell sowie mechanisch wichtigsten Proteine der
menschlichen extrazelluldren Matrix. Daraus ergibt sich, dass die mechanischen Eigenschaften
der Grundbausteine in der hierarchischen Struktur der Gewebe, der sogenannte
Kollagenfibrillen in mineralisierter sowie nicht mineralisierter Form, von entscheidender
Bedeutung sind. Generell gibt es wenig wissenschaftliche Daten in Bezug auf die mechanischen
Eigenschaften von Kollagenfibrillen; insbesondere liegen fiir mineralisierte Kollagenfibrillen
iberhaupt keine Daten vor. In diesem Zusammenhang ist auch der in vitro
Mineralisierungsprozess von Kollagenfibrillen in Bezug auf deren mechanischen
Eigenschaften noch nicht untersucht worden. Daher war es das Ziel dieser Arbeit, die
mechanischen Eigenschaften von in vifro mineralisierten nativen und rekonstituierten
Kollagenfibrillen in verschiedenen Mineralisierungsstadien unter Verwendung von
Rasterkraftmikroskopie (AFM) im Nanoindentationsmodus zu untersuchen. Hierfiir wurde ein
Messprotokoll entwickelt, welches die Untersuchung mehrerer Fibrillen innerhalb der gleichen
Messreihe erlaubt. Zundchst wurden hier native und rekonstituierte Fibrillen selektiert und
unter Verwendung von AFM im Kontaktmodus abgebildet. In weiterer Folge wurden diese
selektierten Fibrillen zuerst in PBS-Puffer bei 37 °C fiir entweder 2 Stunden oder 48 Stunden
vorkonditioniert. Danach wurden von den bereits ausgewihlten Fibrillen mittels AFM
Nanoindentation sogenannte Indentationskarten in PBS auf einer Probenfldche von 1 x 2 pm
aufgenommen. Danach wurde der Mineralisierungsprozess durch Hinzufiigen -einer
Mineralisierungslosung eingeleitet. Darauffolgend wurden weitere Indentationskarten
entweder sofort nach Initialisierung der Mineralisierung oder nach 20, 40 und 60 Stunden
Mineralisierungszeit gemessen. Pro Indentationskarte wurden 16 Indentationspunkte auf der
Langsachse, und mindestens 10 auf der Querschnittsachse der Fibrille gemessen. Fiir die
Analyse der Messdaten wurde ein Matlab-Skript verwendet um Fibrillenhohe sowie
Indentationsmodul zu berechnen. Die mechanischen Eigenschaften der Proben wurden iiber die
einzelnen Mineralisierungsstufen hinweg verglichen. Die Ergebnisse zeigen, dass
rekonstituierte Fibrillen den mechanischen Eigenschaften nativer Proben dhneln und eine
geringere Variation des Indentationsmoduli zwischen verschiedenen Fibrillen aufweisen. Der
Mineralisierungsprozess hat offensichtlich Kristallbildung auf der Oberflache von Fibrillen zur
Folge. Das Vorhandensein einer intrafibrillairen Mineralisierung wurde durch die Ergebnisse

nahegelegt, konnte jedoch nicht mit statistischer Genauigkeit nachgewiesen werden.
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EDTA wurde nach einigen Mineralisierungsschritten zur wirkungsvollen Reinigung von
auftretenden Oberfldchenkristallen eingesetzt, konnte aber gegebenenfalls auch intrafibrilldre
Mineralablagerungen reduzieren oder ganz auflosen. Im Zuge der Arbeit konnte eine
signifikante Reduzierung der Indentationssteifigkeit aufgrund von Vorkonditionierung in PBS
nachgewiesen werden, was ebenfalls einen Versteifungseffekt durch Mineralisierung
verschleiern konnte. Trotz der aufgetretenen Probleme wurden in dieser Arbeit wichtige
methodische Weiterentwicklungen erarbeitet, wie z.B. die Verwendung von Glimmer fiir die
Kalibrierung der Cantilever-Sensitivitdt, sowie eine iterative Methode zur Auswahl geeigneter
Cantilever. Die ermittelten Zusammenhinge, sowie die methodischen Weiterentwicklungen
werden insgesamt einen wertvollen Beitrag fiir zukiinftige mechanische Untersuchungen an

mineralisierten Kollagenfibrillen leisten.

III
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Abbreviations

ACP — Amorphous calcium phosphate
AFM — Atomic force microscopy

BMD — Bone mineral density

BMDD — Bone mineral density distribution
CaP — Calcium-Phosphate

DW — Distilled water

ECM - Extracellular matrix

EDTA — Ethylenediamine-tetraacetic acid
GAG - Glycosaminoglycan

HA - Hydroxyapatite

InvOLS — Inverse optical lever sensitivity
MCF — Mineralized collagen fibril

MEMS — Micro-electro-mechanical system
NCP — Non-collagenous protein

OLS — Optical lever sensitivity

PSD — Power spectral density

PG — Proteoglycan

PLL — Poly-I-lysine

QI — Quantitative Imaging ©

SD — Standard Deviation

TC — Tropocollagen
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1. Introduction

Collagen is not only the most abundant protein in the human body, but also the most important
extracellular structural component of human tissues, providing passive mechanical function,
and determining the shape of organs. One of the unique features of collagen is its hierarchical
organization into multi-level structures. The mechanical function of these structures originate
from the biomechanical properties of collagen fibrils. Hence, there is a fundamental need to
determine these at different scales and levels of hierarchy. The detailed mechanical examination
of collagen fibrils is not only essential for the macroscopic analysis of tissue biomechanics, but

also contributes to a better understanding of the micro-structure of collagen fibrils themselves.

1.1. Motivation

It is widely accepted that the bone mineral content directly relates to the hardness and stiffness
of bone [1]-[3]. Meanwhile, on the microstructural level, a direct proof of the influence of
mineral content on the mechanical properties of mineralized collagen fibrils (MCFs) is still
missing. The key length scale to understand bone mechanics, fracture mechanics and scaffold

architectures is the submicroscale, represented by MCFs [4].

In general, a solid knowledge about the mechanical properties of the lowest hierarchical level
of bone can contribute to the development of collagen biomaterials and synthetic grafts, and to
a better understanding of bone fractures. Today’s existing models for synthetic scaffolds use an
arbitrary value for the fibril stiffness [5], lacking experimental data. With the help of models

using experimentally sourced inputs, synthetic scaffolds can be developed more effectively.

The experimental observation of MCF mechanical properties still represents a gap in basic

knowledge. Therefore, a robust methodology to test MCFs is desired.

1.2. Aim of the study

The primary purpose of this study is to produce MCFs in vitro with the help of an established
mineralization protocol, and to verify the production methodology itself by subsequent
mechanical testing of the MCFs. An additional, essential goal of these experiments is the

extraction of mechanical properties of single MCFs, which has not been done yet.
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Reconstituted and native Type I collagen fibrils shall be measured in their unmodified state and
after repeated steps of mineralization in vitro. The mechanical properties of the fibrils shall be
examined by nanoindentation using Atomic Force Microscopy (AFM) in different stages of

mineralization. By AFM, the indentation modulus of the fibrils can be assessed.

The elementary expected outcome of the tests is then a change in mechanical properties of the
fibrils across multiple mineralization stages, expecting a converging behavior towards a
characteristic end value of indentation modulus, verifying the mineralization methodology. The
final mineralized state of reconstituted and native fibrils can be also compared to draw

conclusions about the reproducibility and applicability of mineralized reconstituted fibrils.

1.3. Structure of the thesis

This master thesis is structured as follows: after a brief introduction about the goals of the work
and the problem field, which called for this experimental research, the required background
knowledge is explained, starting with the structure of collagenous tissues. Afterwards, the
mechanical properties of collagenous tissues, and previous achievements in observing their

behavior are introduced and discussed.

In the following methods part, the measurement principle and measurement modes of Atomic
Force Microscopy (AFM), and the development of the experimental methodology are
introduced. The process of sample preparation, imaging, and the measurement of material
properties by nanoindentation is described, followed by an explanation of the calculations and
statistical methods applied to yield the expected relations and comparisons from the

measurement data.

After the description of the methods, the outcomes from the experiments and calculations are
presented. Statistical values, plots, and images are introduced in the results section, and
significant measurement outcomes are presented. In the following part, the results are
interpreted and discussed, considering their accuracy and significance, contemplating the role
of present study in the field of collagen mechanics. Finally, conclusions are drawn and

suggestions are made for the further extension of this study.
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2. Background

2.1. Human tissue

The human body is built from various tissues, which demonstrate a high variety in their
constitution and function. One of the most important features of the body and its organs is
having a well-defined structural organization, shaped by their comprising tissues. Skeletal
tissues constitute features of the body which provide stability and support, enabling locomotion
while protecting inner organs. Without skeletal tissues, the human body would only be an

amorphous mass.

2.1.1. Skeletal tissue

2.1.1.1. Tendons and ligaments

The tissue of tendons and ligaments can be noticed by a characteristic shiny white extracellular
matrix, resulting from the content of collagen fibers (Figure 1). These are arranged in a dense
connective tissue structure, shaping regular bundles, containing fibroblast (collagen secreting
cell) inclusions. The scarcity of blood supply and active cells limit the tendon to redevelop

properly, so that the healing process after a damage is elongated compared to other tissues [6].

Tendon of the biceps brachii muscle

Ligaments stabilizing
the joint

Figure 1: Medial view of an elbow joint [6]
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Tendons and ligaments play a key structural role in the human body along with bones.
Ligaments provide strong attachments between bones, and provide mechanical stability by
smoothly constraining and guiding joint motion, while they bear tensile and torsional loads.
Tendons connect muscles to bones and transfer dynamic forces, whereby they must have less
ductility and higher stiffness compared to ligaments, to directly and effectively transfer loads.
Due to their hierarchical rope-like architecture, tendons and ligaments can withstand tensile
loads up to 30 M Pa, with an average stiffness of 1.2 GPa [7]. This value is lower in comparison
to bone tissue (20 GPa) [8], which is comprised of the much stiffer mineralized collagen fibril.

The tensile behavior of bone and tendons will be described in more detail in Chapter 2.2.4.

!
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Figure 2: The hierarchical structure of a tendon [9]

The hierarchical architecture of a tendon can be described as follows (Figure 2): a tendon
consists of several thick fascicles of 50 — 300 um diameter, separated by their fascicular
membrane. The fascicles basically accommodate bundles of collagen fibrils, the fibers, along
with important supplemental blood vessels, nerves and the fibroblast cells. The basic building
block of tendons and ligaments is the type I collagen fibril (Chapter 2.2.), incorporating type
III molecules, with a diameter spanning on the 100 nm scale [9]. Fibrils are further comprised
of tropocollagen strands (see 2.2.1), which can be organized in microfibrils or subfibrils.
Tendons of vertebrate origin further act as the most important source of native collagen fibrils.
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2.1.1.2. Bone tissue

During embryonic development, bone tissue evolves by the replacement and calcification of
cartilage tissue, or by direct mineralization of the osteoid matrix. In the comprising ECM of
bone, the collagen fibril (type I) occurs in a modified state, in which calcium-phosphate (CaP)
mineral platelets are embedded in the fibrils of the ECM. The calcified collagenous connective

tissue is then arranged hierarchically. This can be described on seven levels as on Figure 4 [10].

Osteocyte

Figure 3: Bone structure on level 6, and illustration of an osteocyte embedded in calcified ECM [6]

A whole bone (level 7), in its bulk shape consists of two remarkably different arrangements of
calcified tissue on the macroscopic level 6 (Figure 3): compact and trabecular bone. Compact
bone consists of osteons, which consist of concentric lamellar tubes. The lamellae are built of
calcified collagen fibers. Tight gaps of lacunae are located between lamellae. Other elements
of the calcified ECM such as osteocytes are tightly embedded in this dense structure. The
Haversian canals, the central axial void of osteons, include the network of blood vessels which

is spread across the compact bone structure and supplies the tissue [6].

In contrast, trabecular (spongy) bone is built of small struts and plates called trabeculae. The
trabeculae build an open porous network, which allows for the accommodation of the bone
marrow. Generally, spongy bone fills the inside cavity of small sized bones and the epiphysis
and metaphysis of long bones, building a mesh which follows load trajectories, while the
compact bone provides the essential structural strength, comprising the shell of bones, creating

their shape. Thus, bones are structured as a hollow, creating an optimal mass/strength ratio [6].

5
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Compact bone has a specific basic building block as their main constituent on the next lower
level (level 5): the osteon is a circular columnar structure of concentric lamellae circumventing
a central tunnel. The outer diameter of one osteon lies between 200 — 250 um [11] in adult
human bones. The osteon evolves due to the remodeling process of the bone tissue which is
uncommon for any other calcified tissue. During remodeling, the tissue is reabsorbed by
osteoclast cells at locations with decreased load. Then, osteoblasts fill up the cavities again,
secreting calcified tissue onto the surface, allocated depending on the specific load distribution.
The new tissue is deposited in layers on each other so that in the end the thin Haversian canal

remains only, surrounded by the bone tissue [10].

«10um
otifs: Osteons

44 200nm
Level 2: Mineralized Collagen Fibril

Level 1: Major Components

Figure 4: Organization of bone tissue on different hierarchical levels [10]
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On the same level (level 5), the trabecular microstructure of spongy bone becomes visible. The
struts and plates (a few millimeters long and several hundred micrometers wide) consist of
trabecular packets with lengths on the 10 — 100 um scale and thicknesses on the 1 — 10 um
scale. These consist of lamellae of calcified extracellular tissue, with osteoclasts and osteoblasts

shaping the trabecular architecture according to the load to bear [6].

The calcified fibrous ECM, building the lamellae of both of the compact and trabecular
microarchitectures, can take up different arrangements (level 4) on the suprafibrillar level
(1 um order of magnitude). The fibril bundles (level 3) can be arranged in random stacks
(woven bone), parallel, or in a plywood formation (Figure 5 - ¢). The plywood arrangement is
the common structure of the human lamellar bone, having different layers of fibers, each layer
with a certain orientation. The structural strength evolves due to the angular change of the layer

orientations, changing gradually from 0° at the first layer to an orthogonal last layer [10].

Figure 5: Possible arrangements of fibril bundles on level 4 [10]
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The fibril bundles consist of mineralized collagen fibrils (MCFs, Figure 4), additionally
surrounded by an extrafibrillar mineral matrix [12]. The MCF is the basic building block of
bone, denoted as level 2 by WEINER & WAGNER [10], with the collagen (type I) fibril as the

level 1 constituent. It has a length on the um-, and a thickness on the 100 nm length scale.

Collagen is not the only protein comprising bone tissues: several other proteins play a key
functional and structural role in the effective synergy of collagen and CaP minerals. These non-
collageneous proteins (NCPs), such as osteopontin, osteocalcin or osteonectin, control and
maintain the nanoscale assembly and the mineralization process. They provide <10% of the

bone mass [13], [14], and directly impact bone fracture mechanics.

The strength of bones results from the above discussed multi-level architecture, the overall bone
matrix volume (BMV), and the level of bone mineralization. BMV is commonly referred to as
bone mass, and is sometimes interchangeably used with the bone mineral density (BMD). In
fact, they represent different properties. While BMV [%] reflects the amount of bone tissue
mass in a volume element, BMD describes the degree of mineralization in the bone matrix [15].
Additionally, BOIVIN et al. established the bone mineral density distribution (BMDD). BMDD
is a statistical distribution, describing the examined area by a histogram of mineral contents,

while BMD is given in a ratio of g/cm? [16].

Bone remodeling activity is the key determinant of BMD and BMDD, directly impacting bone
mechanical properties [16]. During remodeling, the organic matrix is synthesized and deposited

first at desired locations. The new matrix begins to mineralize after 5-10 days, in 2 phases.

Due to these special mineralization kinetics, deviations in BMDD can serve as an important
indicator for different diseases, whereas the values of healthy individuals demonstrate an

insignificant biological variance [16].

The bone tissue, tendons, and ligaments are the most relevant examples of connective tissues
in structural biomechanics. Their function and mechanical properties on the micro scale can be

best understood by examining their comprising connective tissues.
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2.1.2. Connective tissue

Elastin Proteoglycans
1 ,_\A_. Collagen fiber

Extracellular matrix

Cell
membrane
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Integrin  Fibronectin

Actin ﬂlar{'em

Figure 6: lllustration of major ECM components surrounding a cell membrane [17]

Connective tissues consist of two basic elements: extracellular matrix and cells. The type of
cells, but especially the constituents of their extracellular matrix (ECM) characterize the tissue,
defining its unique mechanical and biochemical properties, and thus predestinating its specific
functions and anatomic location. The cells of the connective tissue are widely spaced, giving
enough space for the ECM. The ECM consists of special protein fibers and other basic
substances like proteoglycans (PGs), mucopolysaccharides, glycosaminoglycans (GAGs), as
illustrated in Figure 6. The type of the comprising extracellular protein fibers is always
characteristic for the particular tissue, and as such secreted by the appropriate connective tissue

cells. The most abundant protein fibers are collagen, reticular fibers and elastin [6].

Elastic fibers consist of molecules of the protein elastin bound together with the glycoprotein
fibrillin to form a fibrous network. The formed elastic connective tissue is capable of large
reversible deformations. This kind of elasticity is necessary e.g. in artery walls, in the trachea,

or in the tissue of the vocal chords [6].
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Fibroblast

Collagen

Elastic fiber

Reticular
fiber

Figure 7: Histological image of human connective tissue [6]

Reticular fibers consist of collagen, however, the collagen molecules are arranged in looser
bundles coated by glycoprotein which also fills the space in between. On a higher scale, a loose
network is built by these fibers, to provide strength to sheath organs such as alveoli or arterial
walls. They are most abundant in the reticular connective tissue, which forms the basement

membrane and the stroma, the embedding, capsuling coating tissue of soft organs [6].

Collagens are the most important structural fibers in human tissues, whereby they are also
present in non-vertebrates. The variable molecular assembly possibilities of collagens provide

a wide range of different collagen types.

2.2. Collagen fibril

Collagen fibrils primarily consist of collagen molecules, often including other inorganic
(mineral) or organic compounds. There are 28 types of collagen in mammals, designated by

numerals [-XXVIII, each of them having different structure-mechanical capabilities [18].

Only certain types of collagen form fibrils: types I, IL, III, V, and XI are the most important
fibrillary collagens, which self-assemble during a special biokinetic process. Among these, type
I collagen is the major fibrillary collagen: it is present in most tissues acting as the main
structural constituent of tendons, ligaments and bones. Different types of tropocollagens can

also combine, e.g. by type I merging with a type III network, modifying its properties [19].
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2.2.1. Composition of collagen fibrils
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Figure 8: The molecular self-assembly process of a collagen fibril [20]

Collagen molecules consist of three helical polypeptide chains (so called a-chains), which
assemble into a triple-helix (trimer). In case of the human ECM, the different a-chains are
denoted by the chain type (Arabic numbers) and their comprised collagen type (Roman
numerals), e.g. ai(I). Various combinations of a-chains yield the wide-range of collagen types.
If the collagen assembly involves different a-chains, it results in a heterotrimer, while in case
the same a-chains comprise the triple-helix, it is denoted as a homotrimer. For instance, type I
heterotrimer collagen is built by the combination of two chains of ai(I) and one chain of ax(I),

type II collagen contains three identical chains of ai(II), so it is a homotrimer [18].
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Studies on collagen have revealed, that both native and reconstituted fibrils demonstrate a
considerable change in diameter in fluidic environment in contrast to dry ambient conditions
[21]-[25]. This reversible phenomenon is accounted for the ability of water molecules to
incorporate in between the hydrophilic intrafibrillar TC molecules. This increases the
intermolecular distance. A diameter increase of around 70% is typically observed in phosphate-

buffered-saline (PBS) solution [23], [26].

2.2.2. Collagen fibrillogenesis

Let us proceed with the introduction of the molecular self-assembly process of collagen type I
(Figure 8). The process is essentially similar to the assembly of other collagen types. The two
a1(I)-chains, and the ax(I) chain are peptide-chains with different amino acid sequences, where
every third amino acid residue is a glycine, resulting in a characteristic Gly-X-Y pattern.
Among all other residues, proline and hydroxyproline are the most frequent. The polypeptide
chains are generated in a fibroblast cell and each separately evolve into a secondary structure
of left-handed helices. Tertially, the three helices arrange themselves into a right-handed triple-

helix, folding in a zipper-like manner resulting from the pattern of amino acid residues [27].

The triple-helices are synthetized in the endoplasmic reticulum as soluble procollagens with
free ends. Thereafter, a specific proteinase cleaves the start- and end-propeptides, so that the
rod-like, already non-stretchable tropocollagen (TC) with the characteristic length of 300 nm is
yielded, which is then secreted out of the fibroblast cell [28].

The TC molecules further assemble by an entropy-driven process into fibrils, with the help of
specific covalent cross-linking [19]. The assembly is characterized by a staggered arrangement
of TC molecules (Figure 9), leading to a characteristic array of a 40 nm gap and a 27 nm
overlap zones and resulting in the formation of the unique 67 nm D-spacing pattern (Figure 9)

as described by the Hodge-Petruska model [29]. Regarding the fibril’s cross section, a

1
nm?2

cylindrical structure of a radial packing density of 0.5 is established, where each TC is

surrounded by six neighbors [30].

Type [ fibrils further arrange into fibers and fascicles to comprise tendons and ligaments

(2.1.1.1) or act as the basic building block of bones in their mineralized form (2.1.1.2).
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Figure 9: The evolution of the D-spacing pattern [27]

The in vitro growth mechanism of reconstituted fibrils eventually requires the presence of
additional agents and enzymes, which would fine-tune the generation process towards a result
which is comparable to an average native fibril [31]. Often, in vitro developed fibrils develop

an irregular, structure, appearing less robust than that of an average native fibril (Figure 10).

Figure 10: Qualitative height images of native (4) & reconstituted (B) fibril segments of 2um length
13
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2.2.3. Mineralized collagen fibrils

The property which makes collagen fibrils a unique substance, is their morphological and
mechanical versatility due to the combinational ability with other substances such as

Hydroxyapatite (HA) minerals, GAGs, PGs, or NCPs.

Calcification occurs primarily in the gap zone of the fibril. The mineralizing substance
precipitates from cells, near the prospective growth zone in the form of amorphous calcium
phosphate (ACP) globules, with sizes ranging from 1.3 — 1.6 nm [32], enabling the substance
to penetrate the gaps [16]. Thereafter, the chemical phase transformation into the
thermodynamically more stable solid phase occurs highly organized, via homogeneous
nucleation without organic substances involved [33]. The crystalline platelets can grow to a
size of 1- 7 nm in thickness, 15- 200 nm in length, and 10- 80 nm in width depending on the

gap size and the chemical potential of the environment.

The formation of the Hydroxyapatite ( Caio(PO4)s(OH)> ) crystals is initiated in spatially distinct
nucleation spots in the hole zone region, with the long axes of the crystals aligned parallel to
the long axis of the fibril (Figure 11). The primary growth of the crystals occurs longitudinally,
followed by a thickening in width [3]. The increase in size is part of the secondary nucleation
process (2.1.1.2) in a long period [34]. The evolving crystals within the fibrils also extend into
the pores of the overlap zone so that the available space within the fibrils is filled [33], [35].

Figure 11: Schematic illustration of a mineralized fibril, crystallized between staggered TC struts [36]

Basically, the higher the protein content in the tissue, the less degree of calcification can be
established. For instance, cancellous bone has the highest density of collagen fibrils, and the
lowest degree of mineralization resulted by that [37]. Based on the theoretical modelling study
of DEPALLE et al., fibril stiffness and toughness increase with mineralization, and reach a
maximum at 30% of intrafibrillar mineral concentration. Additionally, while the fibril keeps its

initial length during crystallization, an increased mineral content induces internal stresses [38].
14
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2.2.3.1. Controlling collagen mineralization

The terminal ends of the collagen molecules in the gap region contain clusters of both positively
and negatively charged amino acids, which act as attractive nucleation sites for HA. That is,
collagen in fact controls the infiltration and the nucleation process of HA. The influence of the
collagen itself is larger than that of the space availability, that is why crystals also nucleate in
the overlap regions [34]. Apart from the side-chains of collagen molecules, the conditions for

the mineralization process are defined by NCPs of the ECM through inhibition and promotion.

The serum protein fetuin is the most important agent which controls mineral formation. Its
primary effect lies in the inhibition of pathological precipitation of calcium phosphate in the
serum, thus enabling the mineral substance to stay in its small-sized amorphous phase, until
reaching the target collagen fibrils [37]. In general, larger molecules, also including fetuin itself,
cannot penetrate the fibril. Thus, fetuin carries out its effect everywhere exterior to the fibril,

while in the gap zones the formation of mineral is not inhibited [34].

2.2.4. Mechanical properties of collagen fibrils

ECM on the whole can be observed as a continuum, if deformations and stresses are examined
on the tissue level. This approach is enabled by the large difference between the length scale of
the tissue level and the smallest comprising element (fibril). However, to better understand the
tissue behavior and in order to analyze events rooting at a lower scale constituent, the structure-

mechanical assessment is favorable, examining underlying components of the tissue [28].

2.2.4.1. Native collagen fibril mechanics

Collagen fibrils and the comprising TC are considered as transversely isotropic structures [39],
primarily bearing axial load, so their stress-strain relationship is commonly assessed by tensile
testing. Experimental studies defined the axial tensile modulus of the TC molecule in the range
of 3 —10 GPa [28], [40], while molecular dynamics simulations yielded results within the
range of 3-16 GPa [41]. TC gives in to axial loads first by unfolding of the triple helix, then
by stretching and finally unfolding of the a-helices, which results in a high stiffness. TC
molecules are connected with covalent cross links to comprise fibrils. These crosslinks account
for the initial shear mode in case of fibril stretching during tensile tests, followed by the

uncoiling of TC molecules resulting in a stiffness of 2 — 7 GPa [22], [39], [40].

15


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

Furthermore, on the tendon level, an initial non-linear behavior is observed: at first, the fibril-
fibril bonds bear load, causing a lower modulus in a stress-strain relationship [42]. Meanwhile,

the bone tissue comprised by MCF is more stiff and behaves more linearly (Figure 12).
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Figure 12: lllustration of the tensile stress-strain relationship of tendon and bone. Areas under the

curves correspond to the energy stored (lighter grey) or dissipated (darker grey) at deformation [8].

Recent tensile tests along with theoretical models suggest, that the hydrated native fibril tensile
modulus lies around 1 GPa [25], [26], [43], [44]. Meanwhile, indentation moduli lie at the
1 MPa order of magnitude [21], [24], [45]. Generally, it has been observed, that the material

properties at each scale are directly linked to the ones of its lower scale constituents [43].

2.2.4.2. Determinants of collagen fibril mechanics

The difference between the dry ambient and wet hydrated state of the fibril does not only affect
its morphology (swelling), but also its mechanical properties. The hydrated, wet state mimics
the physiological condition better, and is thus of special interest. The stiffness is by 40% lower
in wet state compared to the ambient dry state [45], and even by several orders of magnitude
compared to a chemically dehydrated state [22], [23]. It was also found that osmotic pressure
reversibly affects mechanical properties. While the effective contribution of the embedding
matrix is negligible concerning stiffness enhancement, it plays an important role in establishing

viscoelastic tendon mechanics [43].
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In viscoelastic experimental studies on collagen fibrils, a pattern of increasing relaxation times
is observed upon increasing tendon hierarchical levels, implying an enhanced viscous behavior
resulting from the involvement of various additional compounds in the fibrous structure [41].
Additionally, long-term temperature exposure and the height of temperature affects the stiffness

of fibrils negatively [24], [46].

2.2.4.3. Mineralized collagen fibril mechanics

Studies have proven that the mineralized state of a collagen fibril corresponds to an increased
hardness and stiffness in contrast to the unmineralized state [1], [16]. The microhardness of a
pure collagen matrix is significantly lower than that of the calcified matrix [2], and the elastic

stiffness also correlates with BMD [1], [16].

Hydration has a similar impact on the mineralized fibril mechanics as on non-mineralized
collagen fibrils, and variations in the mineral content also affect the water distribution inside
the fibril, thus directly impacting mechanical properties [47]. In a physiological-like hydrated

state, an indentation modulus of 1.5 GPa on dentin MCF was obtained by BALOOCH et al. [48].

2.3. Previous studies on collagen mechanics

One of the approaches to study the behavior of collagenous tissues is to create molecular and
micromechanical computational models with specific modifications, evading the complexity of
experimental methods. Computational models of the MCF revealed a solid relationship of
mineral content and modulus [49], [38]. WANG and URAL additionally established the close
relation between the global modulus of bone tissue and the modulus of the building MCFs [5].
While it is useful to have an impression based on theoretical models, the experimental values

revealed in this study may provide more realistic data.

Along with computational models, experimental tests on animal and human collagenous tissues
already predicted their general mechanical characteristics on the tendon and fiber level [40],
and the relation of their tensile stiffness to their mineral content [16], [35], [50]. These high-

level studies provide good understanding for tissue behavior, but still lack fibril-level data.
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Lately, micromechanical methods such as micro-electro-mechanical systems (MEMS) and
atomic force microscopy (AFM) have been employed, to directly measure native collagen
fibrils. An extensive review of GOH et al. from year 2014, summarizing the results on native

collagen fibrils, serves as a comparable basis regarding their morphology and mechanics [28].

AFM was first used in relation to collagen fibrils for imaging purposes, which continued to be
a primary aspect of fibril observations, revealing subfibrillar structural features [48], [S1]-[54].
Since OLIVER and PHARR [55] set the basics for the data analysis of the indentation of soft
materials, various types of biological tissue samples have been tested for their mechanical
properties by AFM nanoindentation [56], [S7]. Only few of these studies measured vertebrate
collagen fibrils in the wet state, and none of them assessed the single mineralized fibril.
However, BALOOCH et al. registered a decrease of the indentation modulus of dentin fibrils
through stepwise demineralization [48], serving as a comparable example, but lacking data

about the direct effect of mineralization on an unmineralized native fibril.

Other studies mainly focused on measuring the outcomes of certain environmental influences
on the fibril, including the effect of various thermal treatments [46], or different hydration states
[21], [58]. It has been shown, that the Ca®* concentration in the fibril environment increases its

mechanical properties [59], which justifies current study on the effect of in vifro mineralization.
Specific studies have further improved AFM nanoindentation methods [26], [39], [60]-{62].

Especially, the study of ANDRIOTIS et al. [39] serves as a framework for this thesis, who

developed an experimental methodology and elaborated a data evaluation process.
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3. Methods

The research work was conducted on three different fields: sample preparation & in vitro
mineralization, nanomechanics and data analysis. The workflow is introduced in Figure 13.
Essentially, collagen fibril samples of different origins were sourced and subsequently modified
by mineralization in multiple steps. The samples were examined in each step of mineralization

by AFM nanoindentation, and the measurement data was analyzed by statistical methods.

* Fibril reconstitution ] * Imaging in air |
in vitro (contact mode)

* Native fibril extraction * Imaging in liquid (Ql mode)
(by dissection) * Nanoindentation in liquid

* Mineralization (force map mode)

2. Nanomechanical
measurements

1. Sample preparation &
in vitro mineralization

b
p<

¢ Comparison of morphological changes
¢ Comparison of changes in mechanical

properties
. Mineralized vs. non-mineralized
. Native vs. reconstituted

3. Data analysis

Figure 13: Definition and contents of the different fields of working methods

3.1. Sample preparation

3.1.1. Native fibril extraction

A tendon segment from the tail of a six-month-old male mouse was harvested with scalpel. The
cadaveric tail had been stored at —80 °C before it was exposed to ambient air. Poly-I-lysine
(PLL) coated glass slides (Thermo Scientific USA, Gerhard Menzel B.V.&Co.KG
Braunschweig, Germany) of size 75 X 25 mm were used as substrates providing sufficient

adhesion.
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Figure 14: A fascicle smeared over a sample slide by a tweezer, exposing fibrils (5X magnification)

A bundle of collagen fibers was dissected from the mouse tail tendon, and a single fiber was
deposited onto the PLL slide. It was essential to keep the sample under the right level of
hydration to carry out smearing. This was achieved by the appropriate size of a distilled water
droplet on the fiber bundle. The fiber was smeared over the substrate using a tweezer to reveal
fascicles and to expose the collagen fibrils (Figure 14). The sample was then left drying in

ambient air.

10 sample slides originating from the same mouse tail tendon, containing multiple exposed
collagen fibrils, were prepared for experiments by this process. The most promising samples,

having a large amount of distinct individual fibrils, were then used for subsequent experiments.

3.1.2. Mineralization

Mineralization steps were established to modify the sampled fibrils by producing intrafibrillar
crystals. A buffer solution, containing fetuin, was prepared by a protocol (Annex A) developed
by BURNS [63], based on the experiments of NUDELMAN et al. [37] and PRICE et al. [64], who
both reported successful in vitro mineralization of individual collagen fibrils.
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In subsequent mineralization steps (denoted as “Minl”, “Min2“ & “Min3” steps), a sample
slide was immersed entirely in the mineralizing solution in a polypropylene slide tube mailer
(Deltalab S.L., Rubi Barcelona, Spain), and placed in an incubator for 20 hours at 37 °C. Before
immersing the glass slide, the tube with the mineralizing solution was already heated to 37 °C

to reduce immersion time by the time needed for warming up.

3.1.3. Control mineralization

Preceding the actual mineralization steps, the fibril samples were subjected to a control
mineralization step (see Figure 37). This step was carried out with the same workflow and

(13

parameters as ‘“‘conventional” mineralization, however, fetuin was not included in the
mineralization buffer solution. Thus, in this step, denoted as “Min0”, the measured sample slide
was immersed in the control mineralization solution in a polypropylene slide tube mailer

(Deltalab S.L., Rubi Barcelona, Spain), and placed in an incubator for 20 hours at 37 °C.

In this step, intrafibrillar mineralization was not meant to take place, and thereby solely the

effects of the tempered ionic fluidic environment could be assessed for a comparison (6.2.1).

3.1.4. Phosphate-buffered-saline solution

200 mL of PBS solution of pH 7.4 was prepared, by dissolving a phosphate-buffered-saline
tablet (Sigma Aldrich Corp., St. Louis, Missouri, USA) in 200 mL of distilled water. This

buffer served as a fluidic environment in all indentation steps of the following experiments.

3.2. The concept of AFM experiments on collagen fibrils

Soft tissues have been tested before on the macroscopic level (e.g. [65]-[67]), traditionally with
uniaxial or biaxial tensile tests. Flat, network-like structures are preferably assessed by a biaxial
strain or stress state, while structures with a unidirectional fibrous architecture are better tested
with a uniaxial tensile test. Additionally, different constituents of bone tissue have been mostly

tested for their (micro)hardness, and for their tensile stiffness (e.g. [68], [69]).

Atomic force microscopy (AFM) has been primarily utilized for imaging purposes, and lately
the mechanical testing of biological materials has become popular, applying AFM.
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One particular protocol of the AFM allows for axial tensile testing, by gluing one end of the
fibril to the cantilever and the other to a substrate, thus being able to control and monitor axial

tension and displacement (Figure 15) [23], [26].

AFM cantilever

Epoxy: )
Epoxy

Glass slide

Force

Collagen
fibril

‘s

f o 2

Figure 15: Experimental setup of an AF M-tensile test on a collagen fibril [23]

The most employed experimental method for nanomechanical experiments on collagen fibrils
employing AFM is nanoindentation [39], [46], [48], [58]. It generally takes place in a fluidic
environment, mostly in PBS or distilled water (DW), and yields force-displacement data by

indenting the surface of the fibril [48].

3.2.1. The principles of AFM nanoindentation

Applied load

d2

d4

<
<«

>

Figure 16: Brinell’s indentation test scheme
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BRINELL established the first indentation tests for measuring hardness and plasticity of different,
mostly hard materials. In case of his traditional indentation setup, a probe of known geometry
is driven to approach and puncture the surface of the material applying a given force or
displacement, then retracted. The residual trace of the indenter head in the material is assessed
visually in its geometrical shape (Figure 16), which is then associated with a hardness number.
Today’s instrumented indentation (with digital control equipment and precision measurement

instruments) enables monitoring and controlling load and displacement on the nanoscale [70].

Nanoindentation is based on the same principle. It employs a measurement probe with
dimensions on the nano-scale, so that it usually a good alternative to conventional tensile

experiments, capable of providing high load resolution and fine depth-sensing capabilities.

A frequently used instrument for the nanoindentation of collagen fibrils and cells is the atomic
force microscope. The principle of the AFM is based on a soft, thin cantilever, with a tip on its
end. Its conventional use includes the examination of topography and surface interactions. The
vertical displacement of the cantilever holder can be precisely controlled by piezo crystals. This
makes the AFM suitable for creating high-resolution force-displacement data, by exerting an
approach and retract motion of its cantilever tip and assessing deformations. The X-Y position
of the sample plate bedding can be controlled precisely by stepper motors, or can be manually

adjusted as in a classic microscopic setting.

3.2.1.1. Optical lever

Detector Prism Laser
Adjustment -
\
A ¥
Mirror
Detector Cantilever

Figure 17: Schematic illustration of the laser beam path in the utilized AFM equipment [71]
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The basis of the AFM principle is the optical lever mechanism. The light beam from a super-

luminescent diode source is directed onto the cantilever. The cantilever has a reflective coating

which reflects the light through a lens system onto a segmented photodetector (Figure 17).

Thus, the slightest movement of the cantilever tip can be sensed by the bending and

displacement of the cantilever, and consequently by the displacement of the reflected beam on

the detector. After appropriate calibration of the sensitivity and the spring constant of the

cantilever, various quantities such as the load on the cantilever or the depth § = dh can be

determined (Figure 18). Fundamental inputs are the change of the Z-displacement, z, the change

of the deflection, d (determined as in 3.2.2.2), as illustrated on Figure 18, and the cantilever

spring constant k (determined as in 3.3.5.2).

Thus, the depth is determined as follows:

And the load is given by:

6 =(z—2)—(d—dy) (1)
dh =dZ —dD )
F=k-d 3)

a d

&

-’ t 1 \?T
= N 1 L et |
20
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Figure 18: Illustration of AFM indentation, with piezo position z, depth o, and deflection d [72]

a-b approach, b-c load, c-d unload, d-e retract phase
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3.2.1.2. Indentation process

With AFM nanoindentation, Z-movements in nm and loads in pN resolution are possible,
making it applicable to measure thin films and tissue samples. An AFM nanoindenter can be
utilized to create a force-displacement plot at a fixed X-Y position (Figure 19). The controlled
Z-displacement of the cantilever head makes the tip approach the surface and indent the sample
up to a pre-set force. During this procedure, the contact force F is measured, which emerges by

the resistance of the sample material to indentation (Equation 3).

The resulting force-displacement plot from an indentation is pictured in Figure 19. After being
undeformed in the approach phase, the cantilever bends and takes on load as it is pushed onto
the surface of the sample. After a defined terminal force is reached, the process turns into the

retract phase where the load on the cantilever decreases and the cantilever gradually unbends.

Load, P

Initial geometry

Displacement, h

h

T

hy

Figure 19: Qualitative force-displacement plot, with the slope (contact stiffness) S of the unloading
curve [70]

Once a force-displacement plot is constructed, the primary quantity to be measured on the plot

is the contact stiffness S, extracted as the linear slope fitted to the unloading curve.

oF
- @
) o (4)
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There is a consensus since the study of PHARR and BOLSHAKOV, that the first 10-15% of the
unloading curve has to be assessed for elastic measurements for the best accuracy [73]. With

help of the contact stiffness S, the indentation modulus can be expressed [55]:

S [
B=0-v)3zl7 O

Where the experimental correction factor § varies with indenter shape, and the contact surface
A is defined as the projected area of the indenter surface currently in contact with the sample
surface. This surface area can be simply measured in case of indenter shapes of known
geometry, such as a cylindrical or spherical indenter. However, in case of pyramidal probes
with tip diameters on the nanoscale, the area is often experimentally measured, e.g. by using a

TGT1 grated surface (see chapter 3.3.7).

3.2.2. AFM nanoindentation in practice

3.2.2.1. Essential instrument settings

The first fundamental adjustment on the AFM is the choice of the feedback mode, on the basis
of which the Z-position is controlled. For the purpose of this study, the contact mode is
practicable to use, where the Z-position is controlled in a closed feedback loop by the detected
bending of the cantilever tip. Thus, when the cantilever approaches a surface vertically and
touches it, the initial bending of the cantilever and the resulting movement of the deflected laser
on the segmented photodetector diode provides a voltage signal which triggers the Z-actuator
to stop (Figure 18, b). A setpoint value for the voltage signal change of the deflection is set

which acts as a threshold for signalizing that the cantilever tip lies on a surface.

For the choice of the cantilever for soft biological samples, the general approach prescribes that
the spring constant of the cantilever shall be at the same magnitude as the expected contact
stiffness of the sample. BALDWIN et al. [24] and GRANT et al. [21], [45] measured moduli of

native collagen fibrils in the range of 1 — 10 M Pa by nanoindentation.
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Rewriting Equation 5 yields the expression for the preliminary choice of the appropriate

cantilever, as reported by Kain et al. [60].

Apart from the cantilever stiffness, the indentation velocity and the terminal force essentially
influence the indentation procedure as well. The terminal force defines the level of the sensed
force on the cantilever, which is induced in a response to indenting and deforming the material.
The terminal force acts as a trigger for the end of the load phase of the indentation, and is thus
an important determinant for the resulting indentation depth (Figure 18, ¢). The force-trigger is
often preferred in contrast to the direct control of the depth, as the measurement of the contact

point and the resulting depth is often very inaccurate due to adhesion and capillary effects.

3.2.2.2. Calibration of the optical lever sensitivity (OLS)

The correct measurement sensitivity is a crucial factor to the final accuracy of the experiments.
During a measurement, the raw voltage (V) signal of the detector pane has to be converted to
cantilever deflection d = D [nm] values, to be able to determine the force on the cantilever
using the cantilever stiffness (Equation 3). Hence, the deflection per voltage ratio (D/V) is

required as the sensitivity value of the cantilever.

The ratio of the detected voltage and deflection, (V/D = OLS) can be determined
experimentally by multiple indentations on a hard surface (see 3.3.5). Thereby it is assumed
that in case of such a Z-displacement of the cantilever, where no indentation of any sample
material takes place (depth dh = 0), the Z-displacement solely represents the deflection of the

cantilever (see Equation 2).

Therefore, it is a well employed method to define the invOLS = D/V, the translation of the
registered voltage signal (dV') to the observed deflection (dD) of the cantilever, by multiple
indentation measurements on a hard surface [61], [74]. The raw V — D slopes of these

indentations can be fitted linearly to capture an empirical mean OLS (see Figure 24). Then, the

inverse of the OLS, commonly referred to as invOLS [%], can be yielded.
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3.2.2.3. Tip stiffness and the reference slope

If the measured stiffness M corresponds to a series of 2 stiffnesses, the contact stiffness S and

the tip, or reference stiffness, R (as a series of springs), the following relation holds [39]:

1

n=st @)

|~
| =

The reference- and contact stiffnesses are measured by their corresponding dD/dZ slopes
(based on Equations 2-4), so that the expression for correcting the measured slope by the

reference slope is defined:

1 1 1
MeasuredSlope  ContactSlope + ReferenceSlope ®)
1 1 1
€))

ContactSlope - MeasuredSlope B ReferenceSlope

Usually, reference slopes values of 0.95 — 1.0 are feasible.

The quotient of the reference slope, as it is clearly the ratio of deflection vs. Z-movement on a
hard surface, can be also used to double-check the calibration of the instrument. In an ideal
setting, the change in D equals exactly the change in Z, when measured on a hard surface with
a hard cantilever tip. Outlying values (< 0.8) suggest that the conversion of the deflection to a

signal is improper, hence the calibration of the instrument is not optimal.

3.2.3. Application of AFM imaging and indentation of collagen fibrils

Collagen fibrils are preferably imaged in contact mode in air, to select segments to be observed.
Mechanical properties are usually analyzed in PBS environment, which is close to physiological
conditions of the fibril in the human body. The commonly employed probes for collagen fibrils

is cantilever tips with a radius of 5 — 10 nm, and a cantilever spring constant depending on the

expected fibril stiffness, at the 0.1 — 1 % order of magnitude.
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The indentation modulus is then evaluated from the force-displacement data with the Oliver-
Pharr method [23], [46], [57], [75]. To meet the assumptions of the Oliver-Pharr and Hertzian
theories (indentation of a flat surface of a semi-infinite half space) only the indentation curves
located at the top of the fibril cross section shall be considered [48], [75]. Due to the transverse
isotropy of the collagen fibrils, not only the transverse, but also the axial modulus contributes
to the modulus measured by indentation, because of the partly lateral reaction forces on the
cantilever tip. Therefore it is preferable to denote the value yielded by indentation as indentation

modulus [39].

Resulting from the viscoelastic properties of collagenous tissues, the rate of loading during
mechanical testing has an effect on the outcome of the stiffness. That is, a higher rate

corresponds to a higher resulting stiffness during an indentation experiment [23]. Still, an

indentation velocity up to 10 % should not induce stiffening effects on the collagen fibril [24].

The surface of a fibril demonstrates a certain roughness in the length scale of a few nanometers.
Although the alternation of gap- and overlap regions would imply differences in fibril
mechanics along the axis during an AFM indentation experiment, the D-band pattern induces
differences in E-modules only in the outer shell of 2 nm but not in the fibril’s bulk [58]. Thus,
a minimum indentation depth is desired, along with a maximum depth of 10% fibril diameter

to comply with the theories of HERTZ, OLIVER & PHARR [55], [76].

3.3. AFM measurements applied in this thesis

Mechanical properties of identified fibril segments were examined by AFM nanoindentation in
PBS, initially in their unmineralized state, and after all stages of chemical modification

according to a specific workflow (Figure 37).

3.3.1. The used AFM equipment

The atomic force microscopy system consisted of multiple individual units (Figure 20): an
inverted light microscope (Zeiss AxioObserver.D1, Carl Zeiss Microscopy GmbH, Jena,
Germany) with a remote-controlled stage (MotStage SM-01-0047, JPK Instruments AG, Berlin,

Germany) was enclosed in a sealable chamber, and insulated by an anti-vibration table.
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Microscope head -

(light source) —

AFM head unit
(cantilever holder &
laser beam source)

Sample stage

Microscope ocular

Microscope apparatus
and objective disk

Camera output

Figure 20: lllustration of the assembly of the employed AFM equipment

The microscope had 16X and 32X objectives installed, and provided up to 10X additional
magnification. Image output was available through the ocular or through a camera. The AFM
microscope was equipped with the head unit Nanowizard Ultra S JPK00796 (JPK Instruments
AG, Berlin, Germany). The precision head unit hosted adjustment knobs for laser positioning
and image panning. The activation of the laser beam, such as the vertical Z-position of the head
unit was computationally controlled with the help of the JPK Nanowizard Control Software,
version 5.0.82 (JPK Instruments AG, Berlin, Germany). The head unit was equipped with a
removable prism which conducted the laser beam (Figure 21) and accommodated the AFM
chip, a pyrex-nitride probe type PNP-DB (NanoWorld AG, Neuchatel, Switzerland). The chip

could be manipulated with a tweezer, and carried rectangular cantilevers A & B on both ends.
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The pointed cantilever ends hosted the pyramidal probe tips. The applied chips were numbered,

and their top and bottom ends were noted, so that an exact identification system was established.

Cantilever chip
holder clamp

A

Cantilever chip

AFM prism

Prism socket on the

AFM head unit .
Cantilever

Figure 21: Cantilever holder of the AFM head (A), & magnified illustration of cantilever chip (B)

3.3.2. Instrument settings

All AFM measurements during the experiment sessions were carried out with indentation

speeds in the range of 150 — 200 % , to avoid potential artifacts related to speed (3.2.3).

In our measurements, the indentation depth (max. 10%, as described in 3.2.3) was controlled
on the basis of the terminal force, while the control could also be driven by the voltage signal
or the deflection of the cantilever. Terminal forces between 0.1 — 1 nN were utilized, and

specifically calibrated for each type of fibril sample (see 3.3.6.1).

The surface contact point (setpoint), indicating the end of the approach and the beginning of
the indentation load phase (Figure 18, b) was hard to detect accurately. Therefore, a threshold
level of the deflection signal voltage was used as a trigger for signalizing the surface contact.
That is, the slightest deformation of the cantilever end, reaching a surface, would result in a
change of the deflection voltage. Threshold values of the setpoint deflection were chosen to be
0.4V (cantilever A) and 0.8 V (cantilever B). This was enough to detect the end of approach

without impacting the surface of the fibrils.
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3.3.3. Employed working modes of the AFM

All measurements were taken in contact mode, where the direct bending of the cantilever, hence

the deflection signal dD, was used as a feedback signal for the Z-position (3.2.1.1).

3.3.3.1. Imaging

In imaging mode, the topography of samples was extracted by scanning over the surface with
the tip constantly being in contact with the surface. After applying the appropriate setpoint
voltage, an approach was established, so that the cantilever tip gradually advanced towards the

surface while constantly monitoring the occurrence of contact by the feedback loop.
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Figure 22: lllustration of the retrace height signal in one cross-section of a fibril image. The change

of the deflection was the signal source, hence the height was in reference to the offset of 2.36 um.

Once the approach was finished and the tip was in contact, an image could be scanned, whereby
the surface was scanned stepwise in lines by the cantilever tip. Topographical features resulted
in vertical deflection of the tip, inducing adjustments of the cantilever height (Z) by the control
loop. Thus, height-images of fibrils could be created (Figure 22). The line rate i.e. the scan
speed was set to 0.3 Hz. Sample areas were imaged with a 6.4 px/um resolution, while 2 um

long fibril segments were imaged with a 64 px/um resolution (see final protocol in 3.5).

3.3.3.2. Quantitative Imaging (QI)

The QI mode of the JPK is a tool to provide topography data from the samples which cannot
be scanned in line-traces. During QI measurements, height data was obtained through separate
shallow indentations on every pixel. After each pixel, the cantilever retracted vertically, moved

to the next pixel, approached and indented again (Figure 23).
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The setpoint force of 0.4 nN was used for all QI experiments. Additionally, the Z-length had
to be set, which implied the height amplitude of the approach and retract phases between pixels.
It was always set higher than the highest expected geometrical feature of the scanned sample.
Extend (approach) and retract times were both set to 10 ms. Sample areas were imaged with a

6.4 px/um resolution, while 2 um long fibril segments with 32 px/um resolution.
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Figure 23: Illlustration of the movement of the cantilever tip while capturing a pixel in a QI run [71]

3.3.3.3. Force mapping

The force-displacement relations introduced in Chapter 3.2.1.2 served as a basis for the force-
mapping mode, which applied multiple indentation measurements on a predefined sample area.
In case of force-mapping, the sample is indented until a defined depth and the resulting force-
displacement data is registered, in contrast to the QI mode. As a result, a map of a predefined
area, containing a fibril segment, was created, which consisted not only of height data, but also

measured dD-dZ plots corresponding to indentation moduli (Figure 18).
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3.3.4. DZ-relation and the reference slope

The force & displacement were not directly obtained from the indentations. Raw D — Z data
were used as a basis for the calculation of the contact stiffness (Equations 2-5). As elaborated

in Chapter 3.2.2.3, the raw D /Z ratio was corrected with a reference slope, using Equation 9.

The reference slope itself was obtained before and during the measurements of each sample, as
the mean of 320 measured dD /dZ slopes on a hard surface (mica). Indentation on a hard surface
resulted in a slope value which corresponded to the mechanical compliance of the cantilever
tip. This (reference) slope was then cancelled from the measured contact stiffness of each

sample indentation to yield the actual contact stiffness (3.2.2.3 & 4.1.1).

3.3.5. Calibration for sensitivity and determination of spring constant

Each cantilever used in the experiments were calibrated for their invOLS sensitivity prior to
sample measurements, using the calculations introduced in 3.2.2.2. As the sensitivity varies in

different environments, invOLS was measured both in air and in the used PBS solution.
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Figure 24: Example of a sensitivity calibration in air, on mica surface (unloading slope in dark blue)
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3.3.5.1. Sensitivity in air

To calibrate the arbitrary invOLS value of the cantilever, 16 indentation measurements were
conducted on clean mica surface in force map mode, over a 10 ym X 10 um square area, with
4 X 4 indentation resolution. Indentation speed was set to 2.0 um/s, Z-length to 1 um and the
relative setpoint to 0.4 V. The average value of the resulting OLS slope (Figure 24) were taken
after observing the distribution of the force map. The inverse of this value (invOLS) was then

taken as the sensitivity of the cantilever.

3.3.5.2. Measurement of cantilever spring constant

The JPK software provided a built-in interface for determining the spring constant by assessing
the power spectral density (PSD) of its resonance to thermal fluctuations in ambient air. The
thermal noise method uses the equipartition theorem on the Hamiltonian of the resonating

cantilever, and sets up a relation between the temperature, the PSD and the spring constant [77].

Applying this method, first the apparent voltage signal resulting from the thermal noise was
captured, and converted to cantilever deflection values by the invOLS measured in air. The
deflection signal was Fourier-transformed by the software and the amplitude (power) over the
frequency was plotted, resulting in the PSD graph (Figure 25). The first harmonic, the lowest
frequency with the highest power, was identified and fitted with an approximation function.
The area under this curve, corresponding to the mean square of the cantilever fluctuations, was

used by the software to calculate the spring constant of the cantilever.

3.3.5.3. Sensitivity in PBS

The invOLS in PBS was calibrated to a definite relative setpoint force (terminal force), by an
iterative method, employing multiple calibration steps. The iterative algorithm began with one

initial calibration using the arbitrary relative setpoint voltage 0.4 V as terminal trigger.

Thereafter, the determined invOLS sensitivity value was applied in the software along with the

already determined spring constant of the cantilever, to convert voltage values to force values.

dF = dV * invOLS  k (10)

35


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

(@H/A\ e-0TX) 3BEINY

N
T
>
(S}
=
(3]
=
O
()
put
[N

m

(ZH/2A\ &0 TX) SbRINY

“}auioljqig usipn NL e ud ul s|ge[rene si sisayl SIUl JO UOISIaA feulBblio pasoidde ay
“JeqBnyan 3auloljqig usipn N1 Jap ue isi iagrewoldiq Jasalp uoisiaAfeulBuO apjonipalb ausiqoidde aiqg

first harmonic)

B:

]

Frequency (kHz)

Figure 25: PSD of the thermal noise on cantilever 394 (A: full spectrum

qny a8pajmoud| INoA

Saylolqie

36


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

The thereby obtained force value was set as the new terminal setpoint value. This was again
converted back to a corresponding voltage value as the new relative setpoint voltage. With this
relative setpoint, a new calibration was conducted, and the whole process was repeated
iteratively, until a converging behavior of the invOLS value was observed. This value was then

taken as the invOLS in PBS. An exemplary OLS slope in PBS is shown on (Figure 26)

600 -

s
£, a00f
c
iel
=
(&) 300
Q2
[
3]
©
o 200 -
.0 Approach
i~
3] <«
> 100
0 ey Praivivempay =Y et e Lo GRS
_loo 1 L 1 1 1
-10 5 10 15 20

Height (dZ [nm])

Figure 26: Exemplary plot of sensitivity calibration on mica, in PBS. Red line represents the slope fit

3.3.6. Choice of cantilever

The support chip of the multi-cantilever probe (3.3.1) of size 3.4 mm x 1.6 mm x 0.5 mm was
made of pyrex glass. The support chip held diving board cantilevers of pyrex-nitride, coated
with gold, with lengths of 100 um (A) and 200 um (B), and a width of 40 pm. The cantilevers
had a pyramidal tip with the radius of max. 10 nm. The nominal spring constant of the

cantilevers was given as 0.48 N/m (A) and 0.06 N/m (B).

The calculation for the cantilever selection was based on Equation 6, using f = 1.02,v = 0.5
and an estimated contact area A = 6-10~* um of the tip, corresponding to an estimated

indentation depth of 15 nm [39]. For the expected indentation modulus in the 1 — 10 MPa

range (2.2.4), the contact stiffness was expected in the range of 0.035—0.35 %
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Hence, the PNP chip with cantilevers A and B was an appropriate choice, with their spring
constants lying in the same order of magnitude. The choice between A or B depended on the

actual softness of the fibrils and the actual measured cantilever spring constant (3.3.6.1).

3.3.6.1. Measurement algorithm for the choice of cantilever

In order to conduct measurements with the right preferences, a protocol was established for
choosing the appropriate cantilever and indentation force for a given sample: the loop process
consisted of several test indentations, the outcomes of which were briefly analyzed to extract

specific measures corresponding to the applicability of certain preferences (Figure 27).

Sensitivity Calibration for Measu;ﬁ)r:}:asnt GoE

a lower terminal force _ |

Depth max. 10% ? ;

yes
Proceed with experiment session
Assessment of D/Z on >

hard surface \
. >0.8

<0.8

need for softer
cantilever

Figure 27: Calibration loop process to determine the appropriate terminal force and cantilever

At the start of the process, initial measurements on 3 random fibril segments of a sample (after
preliminary imaging and identification) were taken with 0.7 nN calibrated terminal force, and
first the average depth of the indentations was observed. If the depth overcame 10% of the fibril
height, the indentations were conducted again with a lower terminal force until the depths fell
under 10%. Thus, a fibril-specific appropriate terminal force could be determined. Then, the
D/Z-slopes of the last measurement were analyzed (see 3.3.4), to assess whether the applied
terminal force was appropriate for the actual cantilever spring constant to maintain sufficient
deflection sensitivity. Low D/Z values on the hard substrate surface signalized that the terminal
force was reached before proper bending of the cantilever, meaning that the indentation

prematurely came into the retract phase, before a linear relation between D and Z existed.
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In this case the accuracy of the force maps fell. D/Z values of 0.8 on hard mica surface and

0.4 — 0.55 on the fibril were used as benchmark (Figure 28).
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Figure 28: Reference slope histograms with corresponding force-maps on the right, respectively.
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A — 0.2 nN terminal force with the stiffer cantilever A, resulting in low reference slopes (mean: 0.55).

B — 0.2 nN terminal force with cantilever B, yielding distinct reference area and appropriate reference

slopes (mean: 0.96).

C — An extreme example of using cantilever A with a very low terminal force. This results in a force-

map where sample features are lost and indistinct. The indentation terminates at a very low cantilever

deflection already, so that similar plots are produced on either soft or hard surfaces.
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3.3.7. Cantilever tip shape determination

The exact shape of the cantilever tip was an important factor to determine the contact area,
applied in the calculations (Equation 5). Therefore, a precise assessment of the tip shape was
necessary. In this study a pyramidal tip having an tip-radius on the nanometer-scale was

utilized. Hence, the precise shape of the pyramid had to be scanned and quantified empirically.

A

Figure 29: Imaging scan of a TGT1 surface of 10 um width (A), and a close-up 1.5 x 1.5 um scan of
one spike (B), both images with 128 pixel size.

A reference-grating (TGT1, NT-MDT, Moscow, Russia) with known surface features was
imaged in contact mode (Figure 29). The silicone surface of the grating sample consisted of
pointed cones. First, an overview image with the width of 10 ym was scanned with a resolution
of 128 pixels and 0.2 Hz line rate, until the arrangement of spikes could be detected. The conical
spikes of the TGT1 substrate are arranged in a regular sequence, in 3 um distance from each
other, and have a nominal height of 300 nm. After choosing a single spike which resembled a
proper image without artifacts, a scan of 1.5 um X 1.5 um size was taken again with 128-pixel
resolution which produced better details. The scanning line of this image which swept over the
highest peak of the cone was optimized by adjusting the line rate and IGain factor of the
feedback loop, to narrow the gap between trace and retrace signals (see 3.3.3.1). After setting
these preferences, a highly detailed image of the spike, 1.5 um X 1.5 um in size and

512 x 512 pixels in resolution, was scanned.

The resulting image represented the topography of a standard known geometrical shape,
containing height data with the resolution of 2.9 nm/px, from which the geometrical shape of
the cantilever tip could be deconvoluted mathematically. The mathematical deconvolution

method will be further discussed in 4.1.2.
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3.4. Problems affecting the measurements

Until the final measurement protocol was developed, several trial measurements had been
conducted, during which the methodology had been continuously improved. All conducted
AFM measurements during this study work are listed in Table 1. During method development,

procedural errors were eliminated and solved step by step. The difficulties and errors which

occurred, are introduced in the following subchapters.

Table 1: Summary table listing sample usage. Multiple samples were used in tryouts and during the

development and optimization of the methodology, until the final measurements were made.

Sample Measurement

ID Classification (ID) | Outcome Purpose

N10 Tryout sessions Successful indentations Having AFM experience
R6 Development Ended at Min2 with artifacts | Methodology development
R7 Development Ended at Min3 with artifacts | Methodology development
N7 Development Ended at Min1 with artifacts | Methodology development
N8 Development Ended at Min1 with artifacts | Methodology development
N9 Development Successfully ended loop Cantilever choice

R8 Development Successfully ended loop Cantilever choice

R5 Final reconst. (R5) | Successfully ended at Min3 | Evaluated in data analysis
N5 Final native (N5) Successfully ended at Min3 | Evaluated in data analysis
N1 Additional (A1) Successfully ended at Min0 | Evaluated in data analysis
N2 Additional (A2) Ended at Min1_EDTA Evaluated in data analysis
N6 Additional (A3) Ended at Min1_EDTA Evaluated in data analysis

3.4.1. Fibril identification

It was important that the exact same segments of the same fibrils were measured in all stages
of a measurement session. In most cases it was hard to find and identify the previously chosen
fibril segments in a variable environment, because of changes in the sample area due to the
chemical modifications (precipitations). Therefore, in case of all new sessions, the first step
was to visually assess the sample area on a macroscopic level, and identify smaller areas where

multiple fibrils were available, which were judged to be locatable in all measurements.
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Isolated fibrils were preferred, without any mergers or twirls, distinctly positioned in a clean
environment. After microscopic assessment, the chosen areas were imaged in air by AFM
imaging, and prospective sample fibril sections were defined. The coordinates of the motorized
AFM stage position were registered, so that the same position on the sample slide could be
found again in the forthcoming stages of the measurement session. The position of the sample
glass slide on the microscope stage was also marked to secure the positioning in later steps (the
slide was demounted from the microscope stage between each step of the experiment). Thus, a

fixed basis system was created where the position of the particular fibrils was always known.

The detachment of native samples from the substrate slide was a recurring phenomenon after
multiple treatments. Typically, after 80 hours in an ionic fluidic environment, native fibrils and
fascicles came off the substrate and dislocated. As an improvement, the native samples were
rather deposited on more adhesive poly-I-lysine (PLL) substrate slides instead of regular glass

slides.

3.4.2. Measurement of the reference slope and calibration of sensitivity

It was first practicable to calibrate the sensitivity and determine the reference slope on a clean

area of the sample slide close to the fibrils, in a steady environment as seen on Figure 30.

Figure 30: Example of appropriate sample regions. Native fibril segments, which are chosen for

measurement, are defined in circular areas
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Fibril

Figure 31: Sample area of in vitro reconstituted fibrils (20 x 20 um, 128 x 128 px). Chemical residues
appear as patches on the sample substrate, so that fibrils can be hardly identified.

However, the reference slope measurement in the sample area always resulted in very adverse
reference slope values, under 0.8. This was due to a thin film of chemical residues, which
precipitated on the sample substrate already during the generation process of reconstituted
fibrils (Figure 31), and additionally during mineralization steps (Figure 32). Thus the surface

was not sufficiently plain and hard, and could not be used for the calibrations.

Figure 32: A — originally planned measurement area for reference slopes illustrated on a 0.8x2 m
fibril image (green brackets). Surface impurities and precipitation residues are marked with arrows.
B — 10x25 um sample area of native fibrils before mineralization treatment.

C — The same sample area after mineralization. Sample substrate is contaminated (blue circles).
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Thus, the sensitivity calibration and the capture of reference slopes had to be conducted
elsewhere, but still inside the current fluid cell. Therefore, a @12 mm muscovite mica disk
(NanoAndMore GmbH, Wetzlar, Germany) was fixed inside the fluid cell. The mica was glued
on the sample slide by the two-component adhesive UHU Plus Epoxy Ultra Quick (UHU GmbH
& Co. KG, Biihl/Baden, Germany). All sample slides were prepared alike (Figure 33).

Fluid cell frame
Mica disc —

( > Sample area
Sample ——

slide

Figure 33: Schematic illustration of the prepared sample slide with fluid cell, mica & sample area

The mica disk could be used to provide new clean and plain surface after every treatment step,
by removing some upper layers with an adhesive tape. Thus, the calibration and reference slope
steps could take place inside the fluid cell on the sample slide by driving the head away from

the sample onto the mica. This method was proven to be fruitful to yield feasible data.

3.4.3. Contaminations on the fibril

It was observed following control mineralization treatments, that relatively large crystals
precipitated from the solution and deposited on the substrate as well as on the fibrils (Figure
34). This inhibited proper measurements in most cases, because the crystallization covered the

indentation target points.

1
| I l | E | E
:
Figure 34: Qualitative examples of contaminated fibril segments (force-maps, 2 um length), 32x16 px
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As a resolution, a thorough rinsing process was carried out using distilled water after each
chemical treatment step. It was important to rinse the sample directly after taking the slide out

of the tube, to prevent the deposition of contamination due to drying.

The treatment in “normal” mineralization solution induced similar effects. However, the
contamination effect occurred with much smaller crystal sizes due to the presence of fetuin.
Ethylene-diamine-tetraacetic acid (EDTA) was used when needed, as a complementary rinsing
substance. Ten seconds after deposition on the sample, the 0.5 M acidic solution was rinsed

thoroughly with DW, to hopefully prevent dissolving minerals from inside the fibrils.

3.4.4. Laser interference

In the approach part of the D /Z plot, which is supposed to be a flat signal (Figure 18 a-b), a

regular sinusoidal wave form was observed (Figure 35).
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Figure 35: Example of a force-deflection indentation plot with overlapping sinusoidal waves

The reason was the interference of the light waves of the laser (Figure 36) with their reflections
from the substrate surface. The problem could be resolved by repositioning the laser beam

further towards the stem of the cantilever, with safe distance from its tapered end.
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Figure 36: lllustration of an interfered approach signal on an indentation plot, and its cause [61]

3.4.5. Indentation depth

In many measurements, the indentation depth largely exceeded the limit of 10%: often 20-30%
were observed in case of reconstituted fibrils. First, all samples were measured with the same
type of cantilever (A). Due to high depths, the method for the suitable cantilever selection was
established (3.3.6.1). This also elicited another artifact, namely the excess of crystalline
contaminations on previous indentation points: traces left by a deep indentation on these
segments supposedly provided a favorable spot for large-scale crystallization. Based on the
finally developed calibration loop process (Figure 27), the softer cantilever B was determined

to be appropriate on the reconstituted fibrils, indenting under 10% depth of the fibril height.

3.4.6. Fibril softening

The analysis of the indentation modulus of the first 3 measurement steps (PBS/Min0/Minl)
yielded, that the modulus of the fibrils did not increase throughout the steps, but rather
decreased remarkably. This was supposedly correlated with the long time exposure to a
tempered fluidic environment with high ionic content. Both native and reconstituted fibrils
demonstrated a swelling behavior under aqueous circumstances, which primarily took place

rapidly after changing the environment, and secondarily over the entire measurement session.
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Along with that, a decrease of indentation moduli took place during the first 3 stages of a
measurement session. The two phenomena were supposedly correlated: due to the infiltration
of water molecules in between collagen molecules, filling all voids, the inner fibril structure

softens [23].

This effect was cancelled by pre-conditioning all sample fibrils before the particular
measurement session. This took place in a mailer tube in a duration of 2 days under 37 °C in
PBS environment. Thus, this process always took place beforehand not to affect the eventual
changes in mechanical properties which took place subsequently during the introduced

chemical modifications.

3.5. Final measurement protocol

Finally, the following workflow (Figure 37) was established to yield the aspired experimental
data — it incorporates all the empirical findings and working modes which were described
above: first, a sample of native (3.1.1) or reconstituted fibrils was deposited on a slide. A mica
plate of @12 mm was glued next to the sample area. The mica plate and the sample was then
enclosed in a fluid cell, by gluing a thin polypropylene frame of 3 mm height on the sample
slide (Figure 33). After carrying out the TGT1 and calibration process (Chapters 3.3.5 & 3.3.7),

the collagen samples were imaged in air by AFM contact mode imaging.

Nine appropriate fibril segments were identified for subsequent measurements. The sample was
preconditioned in PBS solution under 37 °C for 48 hours, to controllably produce swelling and
softening effects before the actual chemical modifications start. Afterwards, the sample was
scanned (QI mode) again, and the 9 chosen fibril segments were indented in PBS, by force-
mapping an area of size 1 X 2 um. During the force-map capture, the longitudinal axis of the

fibril segment was aligned to the longitudinal (slow) axis of the image.

The resolution of the force map was always chosen appropriately to the fibril segment width,
so that 16 indents were present along the fibril longitudinally, and at least 10 indentation points
situated on the fibril in the cross-sectional axis (Figure 38). Thereafter, the sample was put into
the control mineralization solution without fetuin for 20h, and the same segments were

measured again after identifying them by QI.
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Figure 37: Workflow of an experimental session including chemical and nanomechanical methods

This step was followed by 3 “normal” mineralization steps (“Minl”, “Min2”, “Min3”) using a
solution containing fetuin, where actual modification of the fibrils was expected. After each

step, the same fibril segments were identified by QI and indented by AFM indentation.

Figure 38: A force-map (0.8 x 2 um) of a native fibril in PBS, before chemical modification (showing

measured height). The size of an indentation-pixel is marked by the yellow rectangle.
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This experiment process for a collagen fibril sample was called a “full measurement session”.
A full measurement session was carried out for a native (N5) and a reconstituted (R5) sample.
R5 underwent no preconditioning. Many samples had been consumed in the course of

experiments which had failed due to above mentioned issues.

All indentation measurements took place in PBS of pH 7.4 (see 3.1.4), to avoid adhesion effects
and artifacts caused by air humidity. The sample area in the fluid cell was washed with DW
between all measurements and mineralizing steps to clean off residues. Thereby, the sample
area was rinsed, by repeatedly diluting the persisting solution first, to prevent micro-drying of
the sample surface which would result in contaminations in form of mineral residues and
precipitations. After diluting with DW, the fluid cell was emptied, and rinsed over with DW
multiples times, whereby direct application on the fibril area was avoided to prevent fibril

dislocation.

Following each chemical treatment, a new mica surface was created by removing a few layers
of the mica platelet after rinsing the fluid cell. New calibration of the AFM was carried out
before every measurement step according to Chapter 3.3.5. Rinsing with EDTA had to be
carried out only in case of the native sample (N5), after the Minl and Min3 steps. Subsequent

force-map measurements were then labelled as “Minl_EDTA”, or “Min3_EDTA”.

3.5.1. Additional experiments

Alongside the full measurement sessions of a native and a reconstituted sample (Figure 37),
complementary experiments were planned and conducted. These were especially focused on
the analysis of the effect of contaminations on the measurements. Apart from that, the second
focus was on the examination of the effect of the pre-conditioning. For this purpose, 3 native
fibril samples of the previously prepared lot (3.1.1) underwent shortened measurement

protocols (Figure 39).
Al. (sample N1): Pre-conditioning for 48h, indentation in PBS, and after a 20h MinO step

A2. (sample N2): Pre-conditioning for 48h, indentation in PBS, and after a 20h Min1 step
A3. (sample N6): Pre-conditioning for 2h, indentation in PBS, and after a 20h Min1 step
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Figure 39: Measurement protocols for the 3 additional samples (A1, A2, A3)
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Thereby, A1 was compared to A2 regarding the contamination behavior after undergoing solely
a Min0 or a Minl step. Along with that, A3 was compared to A2 concerning the effect of the
different pre-conditioning durations on the softening behavior, i.e. the values of the subsequent
indentation moduli. For A2 and A3 undergoing the Min1 step, EDTA had to be applied because
of contaminations (3.4.3). These samples were indented before (Minl) and after (Minl _EDTA)

the rinse.
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4. Data analysis

4.1. Measurement preferences

4.1.1. Reference slopes

The reference slopes, which were captured for every fibril segment separately on the mica (see
3.3.4), were analyzed in the software JPK Data Processor, spm-5.0.82, (JPK Instruments AG,
Berlin, Germany). In the software, a process was applied which extracted and plotted tip
deflection (dD) data over the Z-displacement (head position dZ). Thereby, the raw deflection
signal in volts (dV') was converted with the calibrated invOLS coefficient (see 3.3.5.3) to yield
the dD value for the displacement of the tip, as described in (3.2.2.3 & 3.3.4).

The inclination of the first 15% of the produced slopes was taken as a measure of the ratio, and

an average was built over an entire force map of 20 X 16 pixels, taken on the mica over an
d .
area of 0.67 X 2 um. The average value was taken as the reference slope value (ﬁ). This was

expected to lie very close to 1.0, as it is obvious, that in case of pushing the cantilever tip on an
infinitely hard surface, the further Z-displacement of the head equals the deflection of the

cantilever tip relative to the head in opposite direction (dD = dZ).

4.1.2. Cantilever tip shape

The shape of the cantilever tip was important to be determined to be able to employ the exact
value of the contact surface in the calculations for every nanometer of depth (Chapter 3.3.7).
The image height data was acquired via the TGT1 process introduced in 3.3.7. The data was
analyzed by Matlab R2019b (Mathworks, inc., Natick, USA), on a Linux OS, using a script

developed by DR. ANDRIOTIS.

The input height image basically represented the height coordinates of every contact point of
the cantilever tip on the imaged TGT spike, with a resolution of 2.93 nm/px. From that image
data, the shape of the cantilever could be determined by a deconvolution process, as introduced

by KELLER and FRANKE [78].
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Figure 40: Height image of a TGT1 spike as it appears in the MATLAB process (A), and 3D view of
the data (C). Reconstructed 3D-shape of the cantilever is illustrated qualitatively (B).

First, the image file was input, and height data corresponding to X-Y coordinates was read out.
Then, the position of the spike was manually determined (Figure 40, A), and further evaluated
by the process. From the height data of the spike, the tip shape was determined by
deconvolution, comprising of X-Y coordinates allocated to tip height (Figure 40, B). Thereby,
the surface points of the tip, in every height nanometer running from the tip end, were

determined and included in a vector array in MATLAB.
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4.2. Sample analysis

4.2.1. Morphology

The force-maps of fibril segments were not only analyzed to extract force-displacement plots
from the indentation data, but also height data was extracted. The force-map dataset contained
the coordinates for the contact point (setpoint), indentation depth, and corresponding cantilever
deflection signal values in each indentation point. From this dataset, the height-coordinates for
the contact point, i.e. start of the indentation (Figure 18, point b) could be mapped in a

MATLAB process, thereby creating a height-image for the force-map area.

This height image included the 2D topography image of the analyzed fibril segment, from
which the maximum height of the fibril could be extracted by the script process in each of the
16 cross-sections, in reference distance to the surrounding sample substrate surface. Thereby,
the reference surface line was determined as the medial line of the surrounding contact points
distinct from the fibril shape. The distance of the highest point in the cross-section from the
reference was implied as the fibril height (diameter). Fibril diameters in each cross-section, as

well as their mean value for a fibril segment were used for subsequent analysis.

Finally, medians of the resulting height values were extracted for each measured fibril segment.
Fibril segment medians in different chemical treatment (PBS-Min0-Min1-Min2-Min3) were

noted, as well as sample averages from the medians of all measured samples.
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Figure 41: Height image (A) of a fibril, with a corresponding line shape in one cross-section (B)
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4.2.2. Indentation modulus

Indentation moduli in each indentation point and their mean for a fibril segment were
determined using the MATLAB process developed by DR. ANDRIOTIS. The script extracted the
raw D /Z curves of all indentations on a given force-map. The slow scan axis size of force-maps
was 2 um, to capture a fibril segment of corresponding length, and the fast axis size varied
between 0.6 — 1.0 um, according to the fibril diameter. Accordingly, indentation resolution of

the force-maps was 16 longitudinally (slow), and 32 — 40 in the width (see 3.5).

First, the script analyzed the topography data of the force-map, extracting the Z-displacement
coordinate where the approach phase of the indentation ends (contact point, start of indentation)
in every indentation point, similarly to the morphology analysis. By scanning the topography
data, the fibril was identified based on its cross-sectional shape. In each of the 16 cross-sectional
lines along the slow axis, the highest point on the fibril was determined (Figure 41, right, red
dot). These 16 indentations were then further used as the applicable indentation points on the
given fibril segment, because it was at the largest diameter of the fibril, where the Hertzian and

Oliver-Pharr criteria were best met.

The D /Z plots of the 16 indentations were then visually assessed for their integrity and shape.
Indentation curves had to match certain criteria to be marked as feasible, resembling the shape
of Figure 18: a flat approach and retract phase, sharply distinct from the inclined load-unload
phase of the indentation. A distinct contact point must have been able to be identified as the
beginning of a firm upward momentum arising from the flat approach phase.
Disturbances/oscillations in the curve signalized artifacts resulting from adhesion, surface
tension, interference, and wavering of the tip, and corresponding curves must have been

excluded from further calculations (Figure 42, A).

The remaining curves were further analyzed: data for the exact indentation depth and the
corresponding deflection slopes were processed with the determined reference slope and
calibration constants using Equations 9 and 10. Finally, with the help of Equations 4 and 5 and
by applying the determined tip contact surface, the contact stiffness and the corresponding

indentation modulus was calculated.

56


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Y 3ibliothek,
Your knowledge hu

5 x103 1 5 x103 2 5 %1073 3 3 %103 4
2 2 2
1 1 [ 1 ’/
0 o 0 0 " - J
1 i i of -1
-0.1 0 0.1 0.2 0.1 0 0.2 -0.1 0
: x107° 5 5 %1072 6 : %1072 7 5 %107 8
2
2
1 | |
/ 1 Jv
o i
1 ‘r' 0 ooy Fotad i
0.2 -0.1 0 0.2 0.1 0
8 %103 9 . x1073 10 3 %1073 1 g %103 12
2 5 2 2 ’
1 " f 1 1 i
0 0 0 qwmw
0 / \//
0.2 0.1 ) 0.2 0.1 0 T2 -0.1 0 Yoz 0.1 0
x1073 13 B %107 14 5 %1072 15 3 %103 16
2 I = Load
1 / 2 é 2 Unload
: L/ | / | g
\,/ € //
o L‘, 0 f = 0
2 -1 i
0.1 0 0.1 0.2 0.1 0 0.1 0 0.1
Height (pm)
B 24, ~-2.4
2.5 F | 4-2.5
=z 26 i 4-2.6 g
= =
2 a7t 1 127 ©
o
i | Q
= -2.8 +4-2.8 @
=] L
= S
2 2.9 | 4-2.9 m
[
e 3.0 \ I 3.0 ’3
© -3.0 h 4 -3 4
£ L) 5
@ il =
S 31t "”Ml»"w | h , | il {31 2
VTR AR M
3.2 +4-3.2
3.3 1 1 1 1 1 1 1 1 1 1 3.3

'3.00 3.02 3.04 306 308 310 312 314 316 318 3.20 3.22
Height (measured) (um)

Figure 42: Overview of 16 indentation curves on a fibril segment (4), with excluded curves in red, and

an example of a feasible force-displacement plot, with the start of indentation marked (B)
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Thereby, the following assumptions were maintained to comply with the Oliver-Pharr
indentation models: the deformation during the indentation was elastic-plastic. The indenter
was considered as a rigid punch, since the expected indentation modulus of the sample lies in
the 10° MPa order of magnitude, while in comparison the indenter tip (silicon-nitride) has a
Young’s modulus of 10° MPa order of magnitude. The sample could be considered as an
elastic-plastic half-space in which the indentation takes place, because the indenter tip radius
(< 5 nm) was at least ten times smaller than the fibril radii (> 50 nm). The sample material
was also assumed as homogeneous, isotropic, and linear (no time-dependent behavior). Apart

from that, collagen was considered to be transversely isotropic.

Additionally, the raw value of the corrected D /Z slope was registered in every indentation point
on the fibril. This served as a measure for the accuracy of the indentation measurement.
Indentations with D/Z values out of the 0.2 < D/Z < 0.8 interval were considered as

erroneous [60] and these were excluded from the statistics.

The remaining indentations on each fibril segment were used for statistical analysis. Indentation
data was tested for normal distribution (Shapiro-Wilk test, @ = 0.05) on each fibril segment in
every chemical treatment step. Means and variances were built for each measured fibril. After
the verification of the distribution, the difference of the fibril means between two neighboring

steps was tested by two-sample t-tests (a = 0.05).

Additionally, indentation data of all fibrils in a particular steps were pooled, and statistical
variables were calculated by the pooled variance method. These were used to compare the
average values of a sample in different treatment steps. Comparisons were evaluated by
Hedge’s G value, using means p;, and variances o/, where n; are the number of values in each

population.

Uy — M2
G=——"—"" (11
Ulz_pooled

(= 1oy + (ny; — 1oy
012_pooled = (n, +ny —2)

(12)
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5. Results

5.1. Sample preparation

5.1.1. Reconstituted fibril resources

Reconstituted fibrils were prepared based on the protocol (Annex B) developed by BURNS [63].
From 8 samples (R1-R8), samples R5-R8 (1 h settling-time) were used in the experiments as
reconstituted samples. These samples provided enough deposits of single fibrils, which were

applicable for measurements. R5 was used for the final measurement.

5.1.2. Native fiber dissection

Ten sample slides of native fibrils were prepared (N1-N10), as described in Chapter 3.1.1. Each
sample slide contained a smeared fiber of mouse tail tendon, acting as a rich resource of native
collagen fibrils. The smearing process could not unbundle and spread out most of the fibril
bundles, so that the sample surface primarily consisted of thicker fibril bundles and fiber
remains, along with void areas where stacks of unbundled single fibrils were exposed (Figure
43, B). Segments of these single fibrils served as the objects for subsequent AFM
measurements. On samples N3 and N4, no suitable group of appropriately exposed single fibrils

could be found, therefore these samples were discarded. N5 was used for the final measurement.

Potential single
fibril segments

Figure 43: Microscopical images (320x magnification) of collagen fibrils on reconstituted (A) and

native (B) samples. A thick fiber bundle (arrow is apparent on B spanning longitudinally in the image.
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5.2. Fibril morphology

5.2.1. Comparison of reconstituted and native fibril morphologies

The microscopic observation of reconstituted samples revealed shorter and thinner fibrils than
fibrils of the native samples. While the reconstitution process usually resulted in bundling and
spiraling fibril groups, with thin and tapered fibril ends, native fibrils were more distinguished

and robust (compare Figure 43). For comparability, only single segments were observed.

Height data were obtained from the indentation data of the 16 indentation points per fibril
segment (see 4.2.1), for all measured native and reconstituted samples. In both samples RS and
NS5, the measurement of 8 of the 9 chosen segments could be completed. To compare the height
(diameter) of native and reconstituted samples, the data in the unmodified “PBS” state was
used. Table 2 below contains the height data of the measured native (8 segments on sample N5)
and reconstituted (8 segments on sample RS5) collagen fibrils in PBS. For additional
comparison, the native fibril samples from the additional measurements had mean heights of

86 nm (A1), 131 nm (A2), and 155 nm (A3).

Table 2: Median height values (nm) of fibril segments on reconstituted (R5) & native (N5) samples in

PBS. Statistical values for all segments per sample are given additionally at the end of the table.

Fibril 1 2 3 4 5 6 7 8 Median | Mean(SD)
R5 [nm] 60 58 48 33 65 36 49 53 51 50 (11)
N5 [nm] 184 | 123 | 179 | 221 | 237 | 204 | 234 | 117 | 194 187 (47)

Apart from the mean height difference, native fibrils demonstrated a smoother and more
distinguished peak curve measured across their cross-section, than reconstituted fibrils (Figure
44). The height shapes of native fibrils were also more distinct from the substrate than the
shapes of the reconstituted fibrils, due to large amounts of chemical residues on the

reconstituted sample slides which built a thin film around generated fibrils (Figure 31).

Analyzing the height shapes of reconstituted and native fibrils also confirmed that reconstituted
fibrils appear wider than native fibrils, having the same or lower height, probably because of

residual collagen and chemical residues surrounding the fibril.
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Figure 44: Cross-sectional curves, shaped by the 8th line of indentations of R5 (4) and N5 (B).

The D-banding pattern of native fibrils was found to be more definite as well, in contrast to the
D-banding of reconstituted fibrils. D-banding on reconstituted fibrils often appeared in a
combination of multiple skewed patterns with the same amplitude, suggesting that even thin

(50 nm wet height) reconstituted fibrils might comprise of merged “microfibrils” (Figure 45).

153 nm

0nm

Figure 45: Images (contact mode imaging in air) of a fibril segment on sample R6 (4) and N6 (B). The

scales on the right refer to both images. While the D-banding of the native fibril appears solid and
definite, the reconstituted segment demonstrates a staggered pattern of multiple D-banding series,
especially in the upper half of the imaged segment, due to overlapping multiple microfibrils.
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5.2.2. Fibril swelling behavior

The morphological properties of the measured collagen fibrils were assessed in every step along
with the mechanical examination. That is, the thickness (diameter) of a measured fibril segment

was quantified as the height of the fibril with respect to the substrate surface.

The height values of a force-map were analyzed as described in 4.2.1. Height data was sourced
from topography images made by contact mode imaging in ambient air, and from the
indentation force-maps in PBS environment in steps PBS, Min0, Minl, Min2, and Min3 (see
Figure 37). The primary focus was on the comparison of diameters in air and PBS environment.
Both native (N5) and reconstituted (RS) fibrils demonstrated a similar swelling phenomenon

between the two steps, with a 1.5 X average increase in fibril height.

As elaborated in 3.4.6, the duration, for which the fibrils were immersed in the PBS solution
after the first examination step in air, was crucial with regard to how the swelling phenomenon
came to its climax. Based on multiple tryout sessions, it was apparent that the swelling effect
takes time to saturate, as insufficient conditioning time resulted in subsequent swelling and
eventual softening of the mechanical stiffness (3.4.6). Therefore, a 48 hour conditioning time
was added to the final protocol (Figure 37). This proved to be a sufficient time for the full
diameter change, as the diameter growth was already neglectable throughout the subsequent
steps (Figure 46). This observation was also underlined by the comparison of samples A2 and

A3 between the PBS and the mineralization step (5.3.6).

Height [nm]
250

200
150
100
50 | u | u [ |

0
PBS MinO Minl  Min2  Min3

mR5 m N5

Figure 46: Median height (QI) of the fibril segments of samples R5 & N5 across the experiment steps,

illustrating the effect of a 48h pre-conditioning: the diameter change of the fibrils was neglectable.
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5.2.2.1. D-banding appearance

It was observed, that along with the swelling phenomenon between the ambient “air” and “PBS”
state, the captured surface morphology of the fibrils changed as well. High-resolution images
in air showed distinct and clean gap-overlap patterns of D-periodicity of a fibril segment, with

an approximate measured period of 67 nm and a depth of 2 — 3 nm (Figure 47, A & C).

High-resolution QI images in PBS revealed less pure topographies of fibril surfaces with an
apparent roughness of a higher frequency, while the depth and periodicity of the original D-
banding was still observable (Figure 47, B & D).
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Figure 47: Images and topographic lines of fibril segment 1 of the native sample A3. A - imaging in
contact mode in air. B— QI image (64x170 px) of the same fibril segment in swelled state in PBS. C -
Plot of the surface topography as height data along the marked trajectory on A. D - Plot of the surface
topography height data along the marked trajectory on B. Measured D-banding (red) on C and D.
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5.2.3. Morphology of mineralized fibrils

5.2.3.1. Morphology in control mineralization (Min0)

The QI images and topography surface plots of fibril segments in the Min0 state did not show
visible differences in contrast to the PBS state. Subsequent swelling behavior was neglectable
in both N5 and RS samples (see Figure 46) due to the sufficient pre-conditioning in PBS before
measuring these. Outcomes of the complementary Al experiment, focusing on the two steps

PBS and Min0, very well illustrated the height indifference (Figure 48).

Considering the contamination of the sample area in general, no changes were observed
comparing the PBS and Min0 steps (
Figure 49). The contamination level remained low. Large crystals might have precipitated
during the Min0 step due to the absence of fetuin, but they were not adhered to fibrils and they

were apparently successfully rinsed before measurement.
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Figure 48: Heights of the 9 fibril segments in sample Al in the PBS and Min0 steps. Height values are
yielded as the median (to avoid outlier effects) of the 16 indentation height values on the fibril ridge.
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Figure 50: QI image of 64x170 px size (4) and height plot (B) of the marked surface trajectory
of fibril segment 1 of the native sample Al in the Min0 state. D-banding marked in red.

Table 3: Median height values (nm) of fibril segments on A1-A3 in their PBS and modified states.
Statistical values for all segments per sample are given additionally at the end of the table.

Segments 7-9 on A3 in Minl EDTA could not be measured because of sample dryness.

Segment 1 2 3 4 5 6 7 8 9 Median | Mean(SD)

A1 PBS 105 |73 |67 [129 |96 |72 |55 |97 |76 |76 86 (23)

A1 Min0 103 (69 |66 [132 |96 |71 |5 |95 |72 |72 84 (24)

A2 PBS 88 | 131 | 147 | 122 | 117 | 167 | 162 | 180 | 217 | 147 148 (39)

A2 Min1_EDTA | 94 | 134 | 170 | 158 | 125 | 172 | 155 | 184 | 223 | 158 157 (37)

A3 PBS 139 | 183 | 136 |67 | 136 | 119 | 130 | 86 | 187 | 136 131 (39)

A3 Min1_EDTA | 136 | 188 | 139 [ 70 | 153 | 135 - - -| 138 137 (38)
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The topography of the fibrils, especially the appearance of the D-banding pattern did not show
any remarkable difference to the PBS state (Figure 50, B): D-banding and impurities appear
with similar heights and amplitudes (compare with Figure 47, D).

5.2.3.2. Morphology in mineralization

0 nm 0nm
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8 100 C k
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.gj _20 1 L 1 1 1 I .%j 1 1 I L 1 1
Ko 1 2 3 4 5 6 S 1 2 3 4 5 6 7

Offset (um) Offset (um)
Figure 51: QI images (350x128 px) of the sample area of A3, in the Minl (A), and Minl EDTA (B)

state. Below each image, the height [nm] plot of the same cross section is shown (C,D).

In contrast to the Min0 modification, sample areas as well as fibril surfaces tended to
contaminate strongly during the mineralization steps. As an example, the sample A3,
undergoing a measurement in PBS and a subsequent measurement after one mineralization step
(Minl), was disturbed by large precipitations in Minl. The sample area, as well as the fibrils
themselves, was covered by deposits of up to 120 nm size. These could be removed after an

EDTA rinse (Minl _EDTA), as illustrated in Figure 51.
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The excessive crystallization affected the topography of fibril segments as well. In case of
sample A3, large crystal platelets were observed after mineralization (Minl), inserted in and
probably sticking out of the surface of the fibril. The example of sample N5 in its Minl state
showed similar phenomena, and thus confirmed that crystals embedded into the fibrils in the
mineralization step. Crystalline features on fibril surfaces appeared at 20 nm — 40 nm height
above the fibril surface, as illustrated in Figure 52. Similar to A3, the sample area of N5 was
contaminated as well. After the EDTA rinse (Minl EDTA), fibril surface roughness was still
present to a larger extent than in the original PBS state (Figure 53, G-H), but the median height
was not remarkably different (Table 3, A2 & A3 in PBS and Minl EDTA state).

200 400 600 800
Offset (nm)

Figure 52: QI (64x24 px) of fibril 7 of sample N5 in Minl (left), with the height plot of a surface
trajectory (right).

67


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

100
Height (nm)

202 nm

A B94

90

0 nm

Height (nm) 499

200 400 600 800
Offset (nm)

Height (nm)
D 160
140

120

100

80

60

40 ! '

00 02 04 06 08 1.0 1.2
Offset (um)

100
F 80
60
40
20 1 1 1 1
0 50 100 150 200
Offset (nm)
G Height (nm)
229 nm 125 ‘
H 1 122 68 nm !
110 ‘
105
100
95 1 1 N Nl L
0 200 400 600 800
Offset (nm)

Figure 53: QI (64x170 px) images of fibril segment 5 of sample A3 in 3 stages, with corresponding

height plots of a surface trajectory (double-arrow): A,B — in PBS (D-banding marked red). C,D — after

Minl. EF—2X zoom of a segment after Minl. G,H — After Minl EDTA (D-banding marked red)
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5.3. Mechanical properties

5.3.1. Comparison of unmodified reconstituted and native fibrils

Both samples RS and N5 were indented in their unmineralized state, in stage “PBS” (Figure
37). Nine 2 um long fibril segments were measured on each sample, with 16 indentations each.
In general, 5-10 indentations could be included in the calculations per segment. The mean
moduli E for each fibril segment per sample are collected in Table 4. In case of N5, 5 fibril
segments were excluded (“Excl.”) from the calculations, due to unfeasible or faulty indentations
(DZ slope out of bounds). For RS, 2 fibril segments were excluded (“Excl.”) for above reasons.

The overall pooled averages were in the same range for RS (2.52 MPa) and N5 (2.20 MPa).

Table 4: Mean indentation moduli (MPa) for each fibril segment on samples R5 and N5 in the PBS

step. Statistical values for all segments per sample are given additionally at the end of the table.

Segment | 1 2 3 4 5 6 7 8 9 Median | Mean(SD)
R5 [MPa] | 3.10 | Excl | 2.06 | 2.99 | Excl | 1.68 | 3.2 | 2.32 | 2.28 | 2.32 2.52 (0.58)
N5 [MPa] | 2.15 | 1.00 | 1.30 | Excl | Excl | 4.40 | Excl | Excl | Excl | 1.73 2.20 (1.54)

5.3.2. The effect of mineralization

In the Minl1 step, crystallization inside and on the surface caused artifacts for many indentations
on various fibril segments. It was apparent that after mineralization, faulty indentations
increase, and large variances appeared due to crystal inserts on fibrils, as described in 3.4.3. In
the Minl contaminated state, some extremely high indentation moduli occurred on the samples,

in the 100 M Pa order of magnitude. These were excluded due to D/Z-slope inaccuracy.

Additionally, the sites of each indent on a fibril segment were visually analyzed, to be able to
find the reason for the stiff indents, but no correlation could be observed between height
(crystallization topography on fibril) and the artifacts. That is, it was not necessarily the highest
point on the fibril (an assumed crystal) which had a high stiffness. This phenomenon will be

discussed in 6.2.2.
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5.3.3. Reconstituted fibrils (RS) in different mineralization stages

The average of the pooled data of seven fibril segments of sample R5 were compared from step
PBS to Min3 (Figure 54 A). No EDTA were used in any stage. In an overall view, the
indentation modulus shows a continuous decline, probably due to softening effects. However,
the moduli remain in the 1 — 2 M Pa range. The overall sample behavior is underlined in detail
on Figure 54-B by the behavior of individual fibrils. Two-sample t-tests for the difference
between treatment steps only revealed significance between MinO & Minl for 1, and between

Minl & Min2 for 2 out of 7 fibrils. Thus, the overall behavior is not to be considered significant.
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Figure 54: Mean indentation moduli in each step for sample R5;
A — pooled over 7 fibril segments, with standard deviations

B — focusing at the change of each individual fibril, normalized to the PBS values
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5.3.4. Native fibril (N5) in different mineralization stages

The measurements of three fibril segments on N5 were feasible to be included in the
calculations in every step. The pooled data was analyzed and compared across the measurement

session, from stage PBS to Min3 (Figure 55).

0
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ofibrill e fibril3 e fibril6

Figure 55: Mean indentation moduli in each step for sample N5;
A — pooled over the 3 fibril segments, with standard deviations

B — focusing at the change of each individual fibril, normalized to the respective PBS values
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The developments of the individual fibrils were assessed by two-sample t-tests between
neighboring steps (Figure 55, B). All three fibril moduli demonstrated a significant peak

throughout PBS-Min0-Minl. No significance is revealed for the changes of moduli afterwards.

The peak in Min0 is probably due to large crystal deposits on the fibril segments. EDTA were
used before measurement in the Minl and Min3 stages, due to excess crystallization on the
fibrils. Indentation moduli decline from Min0O to Minl significantly, probably induced by the
EDTA treatment. In contrast, EDTA use in the Min3 step did not cause a similar decrease, but
might have inhibited the growth of E. That is, the average pooled indentation modulus (Figure
55, A) increased by 18% from Minl to Min2, and only 2% from Min2 to Min3. Additionally,

it is apparent, that in the steps where EDTA rinse was applied, the variance of the data shrinks.

5.3.5. The effect of the Min0 step (A1)

The influence of the Min0 step was further examined by the conduction of the additional
experiment Al on a native fibril sample, which underwent the control mineralization step only.

In this case, a more refined rinsing after Min0 was already employed, unlike in the case of N5.

In the case of Al, no crystallization and no contamination was observed after the Min0
treatment (Table 5). Regarding the mean indentation moduli of the fibril segments, the two-

sample t-tests did not reveal any significant difference for any fibril between PBS and Min0.

Table 5: Mean indentation moduli (MPa) for each fibril on sample Al in PBS and Min(

Statistical values for all fibril segments per sample are given at the end of the table.

Segment | 1 2 3 4 5 6 7 8 9 Median|Mean (SD)
A1PBS |10.0(4.93|467|4.63|4.83|6.53|2.79|3.28/3.99|4.67 |]5.14(2.13)
A1Min0 | 820 |4.46|4.60|4.54 427|591 |242|3.57|4.88|4.54 |4.73(1.60)

5.3.6. The effect of the preconditioning (A2-A3)

Due to strong contaminations after the Minl treatment, measurements had to be intervened in
case of both samples. On sample A2, fibril segments 1-6 could be measured, on A3 segments
1-5. The performed indentations in Minl yielded data with frequent outliers, due to a lot of

extremely stiff indents (impacting a crystal).
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After EDTA rinse, the samples were measured again (Minl EDTA), whereas all fibril
segments could be successfully examined already. For the evaluation, the Minl EDTA

measurements of both samples were used.

In case of sample A3, fibril segments 7-9 were excluded from the calculations due to an
accidental drying during the Minl EDTA measurement. Therefore, only fibrils 1-6 were drawn
for comparison. In case of A2, all fibrils could be measured, but subsequently captured accuracy

errors left 4 fibril segments to analyze.

While all other parameters of the experiment session being identical, the pre-conditioning time
of A3 was set to 2 hours only, in contrast to 48 hours for A2. As a result, a larger (—27%)
softening effect was observed for A3 in the subsequent Min1 step, than for A2 (—12%, Figure
56 A&B). T-tests for the mean indentation modulus of individual fibrils between PBS & Minl
resulted in significant (¢ = 0.05) difference for 3 out of 9 fibrils in A2, and 5 out of 6 fibrils in
A3 (Figure 56 C&D).
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Figure 56: A & B: Average indentation modulus and standard deviation of each treatment step of

samples A2 (4) and A3 (B), calculated by the pooled variance method. Hedge’s G test yielded a
decrease by 0.74x standard deviations for A2, and by 1.2x for A3.
C & D — Mean indentation moduli on individual fibrils in each step on samples A2 (C) and A3 (D).

Values are normalized to the value in PBS for each sample, to focus on the variation between 2 steps.
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6. Discussion

The primary aim of this thesis was the testing of collagen fibril samples from different sources,
modified by an established methodology. Many planned experimental steps could not be
properly achieved, though, and needed interim redesign. Hence, the experimental activity
evolved into a work, which to a large part consisted of the development and testing of the
methodology itself. Thus, important observations arose regarding the applicability of AFM
nanoindentation and imaging in different environments, as well as the behavior of differently
sourced collagen fibril samples throughout the specific chemical modifications. The time- and

workframe of the master thesis did not allow for further development of the methods.

6.1. Interpreting the results

In contrast to the planned outcomes, reconstituted and native samples could not be compared
to each other in this study. Similarly, no significant difference was detected regarding the

indentation modulus of the unmineralized (PBS) and mineralized (Min3) state of any sample.

However, the obtained indentation moduli data is still applicable for the comparison of fibril
behavior of individual samples after different chemical treatment steps. Apart from that, the

different methodological acts can be assessed with respect to their individual influence.

6.1.1. Assessment of the morphology

Reconstituted fibrils often demonstrated an irregular cross section and surface topography in
their unmodified state, compared to native fibrils, as illustrated on Figure 10 and described in
5.2.1. This phenomenon was also observed by SILVER et al. [31], and it was underlined by the
fact that the raw height data on a reconstituted fibril segment showed a greater variance
compared to a native fibril segment. Additionally, the mechanical stiffness showed a larger
variation on individual reconstituted fibrils than on native fibrils: the indentation moduli of the
reconstituted fibrils on RS had larger standard deviations relatively to their means, than the
fibrils on the native sample NS5, suggesting that the stiffness and/or the cross section of the
tropocollagen-assembly of reconstituted fibrils is irregular. The presence of microfibril-like
structures (Figure 45 A) in the reconstituted fibril structure may also imply that the in vitro
generation can lead to irregular morphologies. Consequently, an in vitro reconstitution process

might not provide even and homogenous fibril structures.
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On the other hand, it is apparent that the variance among individual fibrils is lower in the
reconstituted sample than in the native sample: the ratio of the standard deviation to the sample
average is 21% for R5, while 25-30% for N5 and A1-3 (compare Tables 2 and 3). This suggests,
that in spite of an irregular structure per fibril, the overall fibril thickness an a reconstituted
sample is more uniform. Native samples often contain fibrils of different thicknesses: ex vivo
tissue samples show a greater variety. Consequently, an in vitro reconstituted sample proves to
be applicable when a sample of rather consistent morphology is required, that is, when the same

kind of measurements are to be conducted on a large amount of fibrils of one sample.

As described in 5.2.2.1, D-banding of both native and reconstituted samples appeared clean and
distinct on images made in air. On average, the gap-overlap profile of D-banding appears with
a 3 —4nm depth, whereas 6 nm was reported in literature [48]. On PBS images (first
measurement stage after pre-conditioning), the clean pattern diminished under the influence of
higher-frequency topography features, but could be still determined on topography plots. The
disturbance might be caused by substances precipitating from the PBS solution and embedding
into or onto the fibril structure. After mineralization, the D-banding pattern was not observable
anymore: either it was covered by the large-scale crystallization on the fibril (Figure 52), or

disturbed by the residual nanoscale precipitations (Figure 53 G-H) after the use of EDTA.

6.1.2. Effect of hydration

After the evaluation of the tryout measurement sessions, the outcomes regarding the mechanical
stiffness were far from the expected. The indentation modulus did not increase throughout the
first 3 (PBS/Min0/Minl) steps; on the contrary, it decreased. This was supposedly correlated
with the long time (total of 2 days) exposure to a tempered fluidic environment with high ionic
content. Both native and reconstituted fibrils demonstrated a swelling behavior under fluidic
conditions, which primarily took place rapidly after changing the environment. An additional
5-10% diameter growth was observed in the long term in the course of 1-2 days. Along with
that, a decrease of indentation moduli took place. The two phenomena were supposed to be
correlated: due to the infiltration of water molecules in between collagen molecules, the inner

fibril structure softens [58].

The observed swelling (1.5 X PBS/air) and softening behavior of both native and reconstituted
fibrils, described in 5.2.2, was an expected phenomenon based on [22], [23], [45], [47].
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However, in contrast to the rapid morphological change, the mechanical softening effect of the
hydration occurred in a longer period. While the swelling phenomenon during measurements
could be cancelled by even 2h of pre-conditioning (Table 3), the subsequent mechanical
softening occurred also after 48h of pre-conditioning (Figure 56 — A). This is well underlined
by the behavior of R5 through the measurement cycle: the morphological change across the
steps is neglectable (Figure 46), in contrast to the continuous decline of the indentation modulus
Figure 54. Still, as proven by the experiments A2 and A3, a sufficient pre-conditioning in fluidic

environment (PBS) does partly suppress the subsequent softening (5.3.6 & Figure 46).

The softening effect could also occur due to a limited thermal stability of the collagen used.
Depending on the hydroxyproline content of the molecules, which is affected by the tissue from
which the collagen monomer is sourced, tropocollagen coils might have limited thermal
stability at 37°C [79], [80]. This phenomenon could also co-affect the softening behavior. This
is underlined by the study of BALDWIN et al., who observed a significant decrease of stiffness
after exposing collagen fibrils to 50 °C for a short period (30 min). The fibrils presented in this

thesis were exposed to a lower temperature, but for essentially longer periods (up to 120 hours).

6.1.3. Assessment of mechanical properties

The average indentation modulus of the unmineralized N5 and RS samples lie in the same range
(5.3.1), whereby the native sample average is about 10% lower compared to R5. The reason for
the difference can be the naturally occurring stiffness variation (~20%), or the pre-conditioning
of N5. Due to the different sample sizes, no tests were conducted for significance. The
similarity between RS and NS5 implies that a reconstituted sample could theoretically well

resemble the properties of a native sample.

Generally, average indentation modulus results for unmineralized fibrils are consistent with

values in previous studies in the range of 2 — 5 MPa [21], [24], [45], [46].

Regarding the softening behavior during subsequent treatments, FIELDER et al. found that the
hydration effect depends on the mineral content [47]. The softening behavior of A3 (Figure 56
—B) and RS (Figure 54 — A), between PBS and Minl1 is similar to the rate of decline for a fibril

with 0 wt% mineral content in the study of FIELDER et al. Thereafter, the rate of stiffness
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decrease in RS throughout Min1-Min3 is smaller, similarly to the stiffness decline for a 20 wt%
mineralized fibril in the molecular model in [47]. This suggests that the applied mineralization
method in the present study had an increasing effect on the stiffness of the fibril. In sample N5
(Figure 55), where the hydration process was more saturated because of 48h preconditioning,
the mineralization already induced a slight increase in the indentation modulus Minl-Min3.
However, this increase remains insignificant, but indicates that clearer results may be obtained

in future studies with larger sample sizes and improved methodology.

The absence of important NCPs, especially in case of the reconstituted sample, might inhibit a
proper stiffening effect upon mineralization. Using samples of formerly demineralized fibrils

might yield better results as suggested by NUDELMAN et al. [34].

The peak at Min0 on sample N5 actually represents the effect that was expected by
mineralization steps, but not by the control mineralization step (5.3.4). The reason for the large
increase could lie in nano-size precipitation on the fibril, which could not be cleaned off
properly by rinsing with distilled water. It is shown by the later additional experiment A1, with

improved rinsing, that no significant stiffness increase takes place at a Min0 treatment (5.3.5).

6.2. Methodology

Until the final measurement protocol was developed, several preliminary trial measurements
had been conducted, during which the methodology was continuously improved. Procedural
errors were eliminated step by step, so that in the end a successful experimental session could

be conducted both for native and reconstituted fibril samples.

6.2.1. Control mineralization

The mineralization steps were supposed to promote mineral growth in the gap regions of
collagen fibrils, thereby inducing actual change in mechanical properties which would be
observed by AFM nanoindentation (see Figure 37 in chapter 3.5). Fetuin was added to the
treatment solution in these steps, which limits the growth of crystals in size, thereby promoting

infiltration of minerals in the 40 nm gap zones.
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The control mineralization step, in contrast, applied a chemical treatment of the same conditions
as mineralization, except for the presence of fetuin. It was intended to prohibit the inclusion of
crystals into the fibril gap zones by allowing crystals to grow large with the exclusion of fetuin
from the solution. Thus, actual mineralization should not have taken place, and thereby solely

the effects of the tempered ionic fluidic environment was planned to be assessed.

Thus, it was planned to capture the tempering effect of the ionic solution on the fibrils. Any
change which would be then caused by actual mineralization could be distinctly assigned to the
mineralization process enabled by fetuin, and the general effects of ionic and thermal treatment
could be excluded. However, the outcomes of the experiments N5 and R5 do not allow for such
a comparison, because the differences between a Min0 and Min1 state was suppressed by the

softening behavior (R5) and surface crystallization (N5 - Min0).

It is apparent from the comparison of the additional measurements A1 and A2, that the Min0
solution did not have any significant effect on the fibrils compared to mineralization when
properly rinsed with DW after treatment. Any possible effect was suppressed by the slightest
softening behavior of the fibrils in this stage of the measurement sessions. As it reads from the
resulting indentation moduli data, A1 and A2 (both having the same pre-conditioning times)

undergo the same extent (E decline of -10%) of softening (Table 5, and Figure 56 - A&C).

6.2.2. Contaminations

As described in 3.4.3, contaminations prohibited proper measurements on certain fibril
segments. The immersion of a cool sample slide in a pre-heated solution could be considered
as the cause for the precipitations on the slide, but precipitations also occurred in early stages

of the methodology development where the solution was not pre-heated yet.

In the MinO step of N5, the observed peak in E is due to the presence of large hard crystals in
multiple indentation points. In contrast, this did not occur in case of RS or Al. The possible
reason is that the improved post-Min0 rinse (with DW) was not yet applied for N5. Regarding
the precipitation of smaller crystals after mineralization treatment steps, which occurring in all
samples, the additional EDTA-rinse proved to be an appropriate solution. During the final
experiments R5, Al, A2, A3, EDTA had to be used rarely, only in cases where contaminations

prevented a proper measurement. In case of N5 it was used twice, after Minl and Min3.
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It is considerable that EDTA rinsing might have also partly cleared off intrafibrillar
mineralization, so that it might have counteracted the stiffening effect of mineralization,
suppressing the enhancement of E-modules. For instance, in case of N3, it is apparent on Figure
55, that in contrast to the average E increase from step Minl to Min2, there is no apparent

average increase from Min2 to Min3. Increases of individual fibrils remain insignificant.

Furthermore, the crystallization in mineralization steps, which appeared problematic and
affected the methodology, is probably the result of the desired regular mineralization of the
fibrils. For instance, the close-up image of a fibril segment in Figure 52 resembles a regular
mineralized fibril as illustrated on Figure 11. The disturbing effect of these ordinary mineral

features can be avoided by using tensile tests in future studies instead of nanoindentation.

6.2.3. Adhesion of native fibril samples

The detachment of native fibril samples from the substrate slide was a recurring phenomenon
after the second mineralization process, before the improvement of the methodology (3.4.1).
By the Min2 stage of a measurement session, the fibrils were tempered in PBS for 20 hours, in
the control mineralization buffer for 20 hours, and in the mineralization solution twice for 20
hours. After 80 hours in an ionic fluidic environment, native fibrils and fascicles came off the
substrate and dislocated. The originally defined sample segments could not be found any more,
either because of being covered by large fiber bands or because they detached and dislocated
themselves. The native samples were deposited on PLL substrate slides, instead of regular glass

slides, in the further course of experiments.

6.2.4. Appropriate substrate for reference slope and sensitivity calibration

As described in Chapter 3.3.4, the measurement of the reference slopes and the sensitivity
calibration required a plain solid surface area, where multiple indentations could take place in

close proximity to each other with the same surface hardness and roughness properties.

Based on conventional indentation protocols, it had been practicable to carry out the sensitivity
calibration on the sample slide close to the fibrils, in the same environment in which the
measurements would have taken place. For this purpose, a clean sample area was generally

used, with an infinite hardness and stiffness assumed.
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Along with that, the reference slope was to be captured, from the same force map data which
contained the fibril indentations. Thereby, the size of the force map area had been chosen
accordingly to capture a width which contained not only measurements on the fibril, but also
plain sample slide area on both sides of the fibril. Thereby the reference slope was to be assessed

on the force-map of the sample.

However, in this study the assessment of the reference slope on the sample area always resulted
in adverse reference slope values, by far under 0.8. The visual assessment of the sample area,
by the naked eye and with the microscope, revealed a thin film of chemical residues covering
the sample slide in all cases. In fact, residues precipitated on the surface already during the
reconstitution process of in vitro generated fibrils (Figure 31), and additional contaminations
adhered on the surface during mineralization steps of both native and reconstituted samples
(Figure 32). Therefore, the measured material on the substrate surface was not homogeneous
and infinitely hard and stiff, so that reference slopes were appeared softer than on a truly hard
surface. Similarly, because the measured surface did not provide sufficient consistency for
sensitivity values, the calibration process (see 3.3.5.3) did not converge to an end-value in PBS,
but drifted in every iteration step to a diverging result. Thus, the sensitivity calibration could
not be carried out successfully, and also had to be done elsewhere. Switching the substrate slide
to a new glass slide on every occasion was no option, because every environmental change
resulted in a change of the apparent sensitivity, which again would have required a new

sensitivity calibration after switching back to the original sample slide.

Hence, the clean calibration surface had to be provided on the sample slide, in the same fluid
cell where the sample fibrils laid. The alternative mica disk setup (Figure 33), as described in

3.3.5.3 was then used for every sample.

The use of the mica disk provided a new clean and atomically plain surface after every treatment
step which included immersing the sample in chemical fluids. After drying the area of the mica
disk, the upper surface and several other underlying layers of the mica were removed by an
adhesive tape, so that a clean new surface was revealed. Thus, the initial sensitivity calibration
could take place inside the fluid cell on the sample slide by driving the head away from the

sample onto the mica.
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Furthermore, reference slopes could be captured henceforth after every fibril measurement by
bringing the cantilever to the mica and back to the sample area, without moving the AFM head
or changing the environment. If reference slope values lay outside of the 0.9 — 1.1 range, an
instant recalibration of the sensitivity could take place on the mica (in that case, the respective
fibril segments had to be measured again with the recalibrated sensitivity). This method proved

to be successful in yielding feasible data.

6.2.5. Interference in the optical lever mechanism

The laser interference phenomenon, described in 3.4.4, occurred frequently after measuring in
PBS for some time. The approach part of the D/Z plot, which supposed to be a flat signal (as
seen on Figure 18 a-b), appeared as a regular sinusoidal wave form (Figure 35). If this
phenomenon occurred, it occurred for an entire measurement day, that is, at all sample fibril
segments of one stage of the experimental session, corresponding to the adjusted preferences

and calibration which were preliminary set for that measurement day.

The reason for a sinusoidal wave signal in the deflection signal was the interference of the light
waves of the laser. That is, if the laser beam was positioned close to the edge of the tapered end
of the cantilever, peripheral waves of the AFM laser passed by the edge. These light waves
were then eventually reflected from the sample slide surface. Thereby, on the detector plane
they interfered with the working laser beam reflected by the cantilever surface, creating a

superimposed wave signal on the baseline of the deflection-displacement plot (Figure 36).

This artifact could be resolved by repositioning the laser beam on the cantilever further towards
the stem of the cantilever, with safe distance from its tapered end. Generally, there was enough
free cantilever surface for this, considered that even a position up to the half of the cantilever

length maintains the accuracy and sensitivity in detecting the right cantilever deflection [61].

6.2.6. Indentation depth

The artifact, which induced the improvement of the final cantilever choice and force calibration
process (see 3.3.6.1), was that the indentation depth on reconstituted fibrils highly exceeded the

correct limit of 10% height: mostly 20-30% were observed using cantilever A.
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This also elicited another artifact, namely it was observed after 1-2 measurement steps (PBS &
Min0), that in the next stage, crystalline contaminations were excessively present at fibril
segments indented before. This can be explained by the crater traces which were left by a too
deep indentation on these segments, and which may have provided a favorable spot for large-
scale crystallization. Based on the finally developed calibration loop process (Figure 27), the
softer cantilever B was determined to be appropriate on the reconstituted fibrils, indenting under

10% depth of the fibril height. Thus, this artifact could be resolved.

6.2.7. Data analysis algorithm

The algorithm by ANDRIOTIS et al. [39] is a reproducible and effective tool to evaluate
indentations. It works most accurately on unmineralized fibril samples with smooth surfaces.
However, in case of mineralized fibrils, artifacts and errors often occurred during the algorithm.
This was due to the identification of the highest point of a cross section in the first place. As
suggested by ANDRIOTIS et al, and the indentation assumptions, force curves shall be captured
at the spine of a fibril [39]. In case of mineralized fibrils, mineral contamination and crystal
inserts often affected the identification of the highest point: at several cross sections, the chosen
force curve is an indentation on the spike of a residing mineral. That either produced an
extremely high modulus (hard surface), or a softer outlier value (if the crystal moved under
load, or the indenter tip slid down on the crystal). This issue in the algorithm could not be
resolved in the course of this thesis, only the resulting erroneous indentations could be manually
captured and eliminated from the final dataset. Thereby, important indentations (on stiffer,

mineralized locations) might have been cancelled from the data analysis (Figure 57).
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Figure 57: Fibril 2 of sample Al in the Minl stage. A - Height map captured by indentation, marking
the 16 indentations at the highest points. C - Force map of the indentation, illustrating the stiffer regions

on the fibril by brighter colors. B - 8 indentation plots of 16. Discarded indentations are marked by red.
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6.3. Assumptions

The following assumptions were maintained, primarily to comply with the Oliver-Pharr and
Hertzian indentation principles: the indenter was considered to be a rigid punch, since the
expected indentation modulus of the sample lies in the 10° MPa order of magnitude, while in
comparison the indenter tip (silicon-nitride) has a Young’s modulus of 10° MPa order of
magnitude. The cantilever spring constant was of the same order of magnitude (107! —
1072 N/m) as the expected contact stiffness. For instance, BALDWIN et al. used a 0.25 N/m
cantilever for hydrated fibrils [24], similar to our cantilever A, with measured spring constants

(3.3.5.2) lying in the range of 0.25 — 0.27 N/m.

The deformation during the indentation was elastic, and the sample could be considered as an
elastic-plastic half-space in which the indentation takes place, because the indenter tip radius
(< 5nm) was at least ten times smaller than the fibril radii (> 50 nm). Additionally, the
indentation depth was controlled to remain under 10% of the actual fibril height. The sample
material was assumed as homogeneous, transversely isotropic, and linear (no time-dependent
behavior). However, this assumption is only partially fulfilled, as collagen in fact demonstrates
non-linear, viscoelastic behavior [58]. Apart from that, homogeneity could be assumed in
dependence of the size of inhomogeneities. At low indentation speeds, the viscoelastic behavior
does not take a remarkable effect. In our case, the maximum speed was 2000 nm/s, well below

the threshold of 10000 nm/s suggested by BALDWIN et al. [24].

It was found that 10 indentations along the fibril width are sufficient to have an indent on the
fibril crest at its peak height, as also suggested by ANDRIOTIS. With 10 indentations per fibril
width, the duration of the experiments was also optimized and the tip lifetime was lengthened.
Regarding the accuracy of data, some errors could be already captured during the calculations,
by the assessment of the D/Z slopes. The raw value of the D/Z ratio was registered in every
indentation point. According to the analysis of KAIN et al. [60], the optimal sensitivity/error
ratio on collagen fibrils occurs at D /Z = 0.414. Sufficient accuracy lies in 0.2 < D/Z < 0.8.
A too soft DZ slope signaled that at the particular indentation point the fibril was softer than
what was calibrated for. Also, when the indentation point was too stiff with regard to the
calibrated cantilever, the terminal force was reached earlier, at a smaller depth, than the other
indentations. Thereby, the subtraction of the small Z-displacement and deflection signal values

resulted in low signal-to-noise ratio, when calculating the indentation depth dh (Equation 2).
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7. Conclusion

In this study, the mechanical properties of collagen fibrils were investigated in vitro in different
stages of mineralization. Reconstituted and native collagen Type I fibrils were measured by
AFM nanoindentation for their indentation modulus, in their unmodified state and after repeated
steps of mineralization in vitro. The expected outcome of this investigation was the change in
mechanical properties of the fibrils across multiple mineralization stages. Yet, the emerged

findings mainly relate to the application of chemical and nanomechanical methods themselves.

For instance, the use of a mica disc as a supplemental clean surface for sensitivity calibration
and reference slope determination proved to be utmost successful, as it can provide a pure fresh

surface next to the sample after a chemical treatment with high precipitation potential.

By employing the same AFM cantilever under the same environmental conditions, the
indentation modulus of a sample could be well compared in different stages of modification.
The results suggest that a sample of reconstituted fibrils could well resemble the mechanical
properties of native fibrils, and even provides less variance among fibrils than a native sample.
However, the morphological (diameter) and mechanical properties on one individual fibril

segment have a much higher variety on a reconstituted fibril, than on a native fibril.

The formation of crystals by the employed protocol could be observed on all examined samples.
However, the effect of mineralization inside the fibrils could not be verified by mechanical
tests. Crystals formed in a large part on the fibrils, covering eventual modified features inside
the fibrils. Thus, the contaminations mostly prohibited a proper indentation of the fibrils, and
the resolving EDTA rinse might have again had influence on the inner crystallization.
Therefore, tensile tests might provide better result for the future examination of mechanical
properties of mineralized fibrils, avoiding the influence of surface contaminations.
Additionally, the change of the test protocol towards shorter incubation and rinsing times might

restrain the effect of excessive crystallization and precipitations.

The observation of the stiffening effect of mineralization might have also been prohibited by
the absence of important non-collagenous proteins in reconstituted and native (mice tendon)
samples, which would catalyze intrafibrillar mineralization. Using samples of formerly

demineralized fibrils might yield better results in the future.
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Annex A - Mineralization protocol
(Ciara Burns, [63])

MATERIALS

CHEMICALS:

Di-Sodium hydrogen phosphate dihydrate (Na2HPO4-2H20; Carl Roth, Article No.:
T877.2)

Distilled water

Calcium chloride (CaCl,; Carl Roth, Article No.: CN93.1)

HEPES (SIGMA Aldrich, Article No. H3375-100g)

Fetuin (SIGMA Aldrich, Article No. F3385-100MG)

EQUIPMENT:

Piston pipett (100-1000 pL; ltem No.:_EP 3123000063)
Compressor (OMA, Article No.: ICO P20)

Bellows

Petri dishes.

BUFFER PREPERATION

Buffer C: Na2HPO4-2H20 (10mM) + HEPES (0,2M)
Adjusted to pH 7,4
Buffer D: CaCI2 (10mM) + HEPES (0,2M)
Adjusted to pH 7,4
Buffer E: Mix 10mL of Buffer C, 10 mL of Buffer D and 20 mg fetuin until the fetuin is

completely dissolved.

PROCEDURE @ Timing: 25h
Q MINERALISATION  REQUIRES SUCCESSFUL IN  VITRO

RECONSTRUCTION OF NATIVE COLLAGEN FIBRILS

1] Place glass slides with previously reconstructed collagen fibrils in a petri dish.

2| Place 200 - 300 uL of mineralisation buffer on the glass slide.

A CRITICAL STEP: Make sure to use enough volume, to prevent solution from
drying on the glass slide.

3| Leave for 24h.
I PAUSE POINT

4| Rinse remaining solution from the glass slide with distilled water.

A CRITICAL STEP: Make sure not to direct the stream right into the centre of the
area where the solution was placed.
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5| Dry remaining solution from the glass slide.

A CRITICAL STEP: Make sure not to direct the air stream right into the centre of
the area where the solution was placed. The fibrils might be blown away.

‘ VARIATION STEP:

5.1| Dry glass slide with compressor.

5.2| Dry glass slide with glass bellows.

Reference:

F Nudelman, K Pieterse, A George, PHH Bomans, H Friedrich, LJ Brylka, PAJ Hilbers, NAJM
Sommerdijk. The role of collagen in bone apatite formation in the presence of hydroxyapatite
nucleation inhibitors. Nature materials, 9(12):1004-1009, 2010.
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Annex B - Reconstitution protocol
(Ciara Burns, [63])

MATERIALS
CHEMICALS:

¢ Di-Sodium hydrogen phosphate dihydrate (Na2HPO4-2H20; Carl Roth, Article No.:
T877.2)

e Distilled water

e Potassium chloride (KCI; Carl Roth, Article No.: 6781.3)

e Collagen Monomer: 3mg/ml in 0.01 N HCI (Advanced Bio Matrix, Article No.: 5005)

EQUIPMENT:

¢ Microfuge tube (1,5 mL; Carl Roth, Article No.: AET8.1)

o Glass slides (VWR, Article No.: 631-1553)

e Heatblock (Labnet International Inc., SKU.: 15110-230V)

e Piston pipett (0,5-10 pL; Item No.:_.EP 3123000020)

o Piston pipett (10-100 pL; Item No.:_EP 3123000020)

o Vortex with microfuge shaking accessory (VWR International, Type VV3)
e Compressor (OMA, Article No.: ICO P20)

o Bellows

BUFFER PREPERATION
Buffer A: Na2HPO4-2H20, 200 mM, adjusted to pH 7

Buffer B: KCI, 400 mM

PROCEDURE @ Timing: 6h
1] Preheat the heatblock to 37°C.
2| Transfer 6 pL of distilled water into microfuge tube.
3| Transfer 20 pL of Buffer A into the same microfuge tube.
4| Transfer 10 yL of Buffer B also into the same microfuge tube.
5| Transfer 4 uL of collagen monomer into the same microfuge tube.
6] Mix the content of the microfuge tube thoroughly.

‘ VARIATION STEP:
6.1 Mix with Piston pipett.

6.2 Mix with Vortex.
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7| Place microfuge tube in the heatblock for 3 — 4 h.
B PAUSE POINT

8| Prepare as many glass slides as required samples.
9| Place glass slides into a petri dish.
10] Remove microfuge tube from heatblock.

11| Place a drop of 5 - 20 uL on each glass slide.

A CRITICAL STEP: Make sure to use enough volume, to prevent solution from
drying on the glass slide. If it dries crystal formation will prevent fibril formation.

12| Let fibrils settle on the glass slide for 5 min — 1h.
. PAUSE POINT

13| Rinse remaining solution from the glass slide with distilled water.

A CRITICAL STEP: Make sure not to direct the stream right into the centre of the
area where the solution was placed.

14| Dry remaining solution from the glass slide.

A CRITICAL STEP: Make sure not to direct the air stream right into the centre of
the area where the solution was placed. The fibrils might be blown away.

t VARIATION STEP:

13.1| Dry glass slide with compressor.

13.2| Dry glass slide with glass bellows.
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