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Abstract

Collagenous tissues are essential and have great importance to the biomechanical integrity
of'the body. Collagen type I, among other collagen types of the collagen super family, is the
major protein found in vertebrates and in higher invertebrates. Most of collagen-rich tissues
exhibit a hierarchical structure with different mechanical behavior at each individual level.
At the nano level, collagen fibrils are the functional and basic building blocks in these tissues.
Collagen cross-linking affects the mechanical properties of the fibrils. Advanced Glycation
End products (AGEs) are products resulting from non-enzymatic cross-linking, a process
known as glycation and leads to stiffening of the fibrils, which may cause whole tissue

deterioration.

In this thesis a study is performed on collagen fibrils extracted from a wild type (WT) mouse
tail tendon to examine the effect of glycation on their viscoelastic behavior. Two types of
mechanical measurements were accomplished: Atomic Force Microscopy (AFM) dynamic
nanoindentation and dynamic tensile tests using a novel instrument with quick sample
loading and unloading. Both measurements were executed on the same fibrils from the same
tendon fascicle, in phosphate buffered saline (PBS) to simulate the physiological
environment. A test group was prepared by glycating collagen fibrils with Methylglyoxal
(MGO) to mimic the physiological effects of the AGEs in aging and pathology. Another
group was prepared from the same tendon fascicle as a control group to reduce any
systematic errors or any differences that are not related to glycation. AFM dynamic
nanoindentation measurements in PBS were performed on both groups (N= 10 in each group)
before and after incubation. Afterwards dynamic tensile tests were conducted on both groups
also in PBS to investigate the viscoelastic behavior of both groups in their normal loading

direction (the long axis).

Through the combination of the two methods, different parameters such as loss and storage
modulus, loss tangent, dynamic modulus and ultimate strength could be measured and

investigated to assess the effect of AGEs on nanomechanics at the collagen fibril-level.

Comparing both methods, the AFM dynamic nanoindentation is a powerful method, in which

different experiments can be conducted using different protocols (e.g., stress relaxation

v
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experiments, creep experiments, etc.) with a large range of forces and frequencies. The
measurements on the fibrils are reproducible and can be conducted several times with
different configurations on the very same spot on the fibril. Despite these benefits one of the
shortcomings of this method is the low acquisition speed resulting in long measurement times
that can last for hours. Also, an important range of frequencies less than 0.5 Hz, which
simulates quasi-static tests and reveals more the viscous behavior of the sample is hard to be
investigated using the AFM nanoindentation as the measurements at this range are very

noisy.

On the other hand, the dynamic tensile testing measurement using NanoTens device is easy
to conduct with fast sample loading and unloading. It can be performed in a very short time
(5 minutes per fibril) compared to AFM. The measurements are also reproducible unless the
fibril ruptures, which needs some expertise to be avoided. The shortcoming of this method
is the extra sample preparation, which must be conducted with certain conditions to make
the loading of the fibril on the microgripper easy and possible. While the lower frequencies
(< 0.5 Hz) are more feasible than with AFM, higher frequencies (> 2 Hz) cannot be examined

using this method.

The results of the analyzed data of both experiments correlated but could not give clear
evidence on the influences of glycation on the viscoelastic behavior at the nanoscale of
collagen fibrils. Although the glycated fibrils seemed to be less viscous than the control
group and the ultimate strength of the glycated fibrils showed higher values at lower strain

compared to the untreated ones, this may not be directly related to glycation.
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1 Introduction

The mechanical properties and function of the human skeletal system depend on the collagen
fibrils, which are the functional and basic building block in collagens tissues. They support
mechanical strength giving and maintaining form, while also providing flexibility to different
organs of the body. Various structural characteristics of collagen-based tissues give them
mechanical properties relevant to their widely different functions. Several factors play a role
in determining the mechanical strength of the tissue. On one side is the content of collagen,
where on the other side the orientation of the fibrils, which varies markedly between tissues.
For example, in skin, collagen fibrils are differently oriented compared to fibrils in tendons,
which permits large extension of the tissue until the fibrils themselves are loaded. While in
tendons they are aligned in parallel and hence loaded immediately, allowing maximum

transfer of the energy produced by muscle contraction to the skeletal system. [1]

The deleterious changes in collagen due to aging and diabetes mellitus, which manifest in
different collagenous tissues are a result of the intermolecular cross-linking of collagen and
generation of adducts, known as glycation, within the tissues. Stiffening and dysfunction of
the joints, the vascular system, the renal and retinal capillaries, tendons, and bones follow
similar patterns. The process is accelerated in diabetic patients due to hyperglycemia and is
considered the main cause of the premature morbidity and mortality.[2] Stiffening of these
tissues leads to an increased rate of injury and degeneration. In musculoskeletal tissues for
example, 75% of people over the age of 65 will suffer an injury due to tissue degeneration.
While many mechanisms contribute to this link between age and degeneration, progressive
accumulation of AGEs is one of the most prominent mechanisms believed to be responsible.
Due to the high content of collagen in connective tissues, age-related changes in collagen-
mechanics, that may lead to increased risk of injury and degeneration have been linked to

the presence of AGEs.[3]

A heterogeneous group of compounds that include more than 20 different products, called
advanced glycation end products (AGEs), is a result of the classical Maillared reaction

discovered at the beginning of 20th century. It is a complex series of sequential reactions
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between glucose and long-lived proteins like collagen. The accumulation of AGEs and their
functionally compromised adducts are linked to the changes seen during aging and for the
development of many age-related diseases, such as diabetes, atherosclerosis, as well as
oxidative stress and inflammation associated with neurodegenerative diseases of aging.
Chronic hyperglycemia results in several metabolic and biochemical disturbances including
increase of a series of highly reactive a-dicarbonyl compounds like Methylglyoxal (MGO),
which is 2 to 3 orders of magnitude more reactive than glucose. Other crucial AGEs
compounds are glucosepane and Ne-carboxymethyl-lysine (CML). AGEs formation leads to
irreversible changes to the biological tissues as they alter their structural and functional
integrity.[3]

The functional consequences of AGEs in connective tissues and their role in the onset and
progression of connective tissue diseases are complex and still an open question. These
consequences can be divided into two functional classes, biological and mechanical.
Biologically, formation of AGEs leads to dramatic modification of the interactions between
collagen and other molecules like proteoglycans, enzymes, and cell integrins. Collagen
surface is modified by AGEs and cell-matrix interactions are affected leading to wound heal
inhibition and inflammation. Biomechanically, the non-enzymatic intermolecular cross links
modify the physical properties of collagen, leading to higher: stiffness, failure loads, and
denaturation temperatures. On the level of the whole tissue, an increase in tissue fragility is

observed.[4]

1.1  Aim of thesis

The objective of this thesis is to further study the effects of glycation on collagen fibrils. As
a complementary study to a previous work done on collagen fibrils extracted from a WT
mouse tail tendon, which investigated the effects of glycation on surface charge as well as
indentation stiffness. This study aims to have a better understanding of the implications of
glycation on the viscoelastic behavior in individual collagen fibrils, which has not yet been
examined. Methylglyoxal (MGO), a high reactive a-dicarbonyl late by product of the
Maillard reaction is used for in vitro glycation of individual collagen fibrils from WT mouse

tail tendon.
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Two different methods were used in this thesis on the same collagen fibrils of both a control
and an MGO cross-linked group, to explore for the first time the implication of glycation on

the viscoelastic behavior of the fibrils.

Despite the wide use of AFM for mechanical characterization of biological tissues, most of
the earlier studies performed on the nanoscale, measured solely the apparent elastic modulus
of the samples, disregarding viscoelastic behavior.[5S] AFM was used in the current work as
it is a versatile device capable of applying and measuring nano- and pico- Newton forces on
soft, biological materials in their native state. Dynamic nanoindentation analysis provides a

more robust way of investigating the viscoelastic nature of the fibrils.

Additionally, dynamic tensile tests were performed on the same fibrils in their loading

direction (long axis), using a novel instrument with quick sample loading, and unloading.

1.2  Structure of thesis

Chapter 2 gives a general introduction about collagen-rich tissues, collagen fibrils and the
role of collagen cross-linking. The mechanical aspects of biological tissues are then briefly
discussed at the end this chapter focusing on connective tissues and their viscoelasticity. In
chapter 3 an overview of the atomic force microscopy AFM is presented, including the
working principle of the measurement method used in this study. Chapter 4 explains the
study design of this thesis, starting with sample preparation, AFM dynamic nanoindentation
method and ending with the dynamic tensile testing. The results and the analysis of both
experiments are presented in chapter 5, followed by chapter 6 with a brief discussion and
interpretation. A conclusion of this thesis as well as future suggestions are given in chapter

7.
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2 Collagen

2.1 Collagen-rich tissues

Among different proteins in mammals, collagen type I is the major constituent and the most
abundant protein found in various tissues such as tendons, ligaments, bone, skin, and dentin.
It plays an essential role in arteries, the cornea and in most of the extracellular matrix in
general.[6] Collagen type I belongs to a super-family containing 28 different types of
collagen that have been discovered to date in vertebrates and higher invertebrates. The
combination of collagen type I with other collagenous and non-collagenous molecules such
as proteoglycans leads to the formation of a variety of tissue scaffolds giving them their load-
bearing mechanical properties.[7] Collagen type I provides mechanical stability, strength and
toughness to the different collagenous tissues for their distinct mechanical requirements and
the different functions they must fulfill. Tendons and ligaments for example are needed to
transfer forces from muscles to the bones and to store elastic energy for high-performance
locomotion, while skin and artery walls need to be flexible and resistant to pressure. This
requires that collagen combines with other molecules in various different arrangements. In
order to function properly, even muscles need a scaffold rich of collagen wherein muscle

cells can be embedded.[6]

Collagen-rich tissues are essential and have great significance to the biomechanical integrity
of'the body. A hierarchical structure can be observed in most of these tissues with differences

in the mechanical properties in the discrete levels.[8]

Tendons for example, exhibit a particular and well-organized hierarchical structure as seen
in Figure 1. Starting from the macro-scale represented in a whole tendon , which is further
subdivided into large fascicles with diameters of 80-320 um, down to collagen fibers with 1-
10 pm diameter, to collagen fibrils with diameters of 50-500 nm, reaching the basic collagen

monomers with 1.6 nm diameter and 300 nm length.[9, 10]
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Tendon

Fascicle

Sub-fibril Fibril

Collagen molecule
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D-period Crimp
waveform

Figure 1: Tendon’s hierarchical structure, showing the individual levels from the whole
tendon to collagen molecule.[11]

The differences in the mechanical properties between the individual levels originate in the

force transfer between the subunits from the lower hierarchical levels to the higher ones. In

order to reveal how this force is transferred it is important to understand the mechanical

behavior of each separate level.[8] Among the different levels Collagen fibrils are of great

interest to study as they form the basic building block in the different collagen-based tissues.

2.1.1 Collagen molecules and fibrils

The collagen molecule, also called tropocollagen is a 300 nm long triple helix with a diameter
of 1.6 nm as illustrated in Figure 2a. It has a spatial arrangement of three polypeptide chains,
wound around each other in a helical structure as in Figure 2b and is stabilized by hydrogen
bonding. Each polypeptide chain is a repeating amino acid pattern of (Gly-X-Y),, where Gly
i1s glycine and X and Y are other amino acids like proline, hydroxyproline, alanine or
glutamic acid. [12] The ends of the tropocollagen are made by telopeptides, which are a non-

helical N- and C- terminals.[13]
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a Collagen Triple Helix

~1.6 nm

b Schematic of Triple Helix

Figure 2: a schematic of tropocollagen showing the spatial arrangement of the three
polypeptide chains [14]

~1.6 nm

These triple helices (tropocollagen) assemble into collagen fibrils in an arrangement such
that for example the N-termini of two laterally adjacent triple helices are separated by 67 nm
as seen in Figure 3. This staggered arrangement leads to the formation of alternating regions
of low and high protein density (gaps and overlaps) along the fibril axis. [7] This repeating
banding pattern is called D-banding and characterizes the collagen fibrils. [6] It appears as
an alternating dark and light regions in transmission electron microscopy (TEM), while in
atomic force microscopy (AFM) it can be seen as peaks and valleys along the fibril with
minimum to maximum difference between 1-~6 nm, depending on the hydration state as

shown in Figure 4.[7]

D ~67 nm
Fibril

Unit cells

N I C

—— L ~ 300 nm——

Triple-helix

Figure 3: Structural hierarchy of type I collagen fibril, showing the gap and overlap
regions. [7]
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Collagen fibrils are the functional and basic building blocks within any collagenous
connective tissue, they provide tensile strength and elasticity to these tissues.[4] Due to the
structure and shape of collagen molecules, fibrils have a single preferred loading direction,
which is along their longitudinal axis.[15] They have thicknesses ranging from 50 nm to a
few hundred nanometers with lengths up to millimeters. The inter-molecular bonds like Van
der Waals, hydrogen bonds, intra and inter-molecular cross-links as well as hydration
strongly affect the structure and mechanical behavior of the collagen fibrils. [12, 15]
Although many studies and experiments were performed for decades at the higher
hierarchical levels e.g. the macro-scale, direct measurements on the lower levels such as the
level of individual collagen fibrils have only recently become possible with the advent of
nanotechnology, especially atomic force microscopy (AFM) and the development of

dedicated measurement protocols and devices.[10]

Figure 4: animage of a collagen fibril from a bovine tendon using atomic force microscopy
[16]

2.1.2 Collagen cross-linking

Mechanical properties of collagen-rich tissues are highly dependent on the intermolecular
cross-links between collagen molecules, they preserve the mechanical integrity and structural
stability of these tissues. Although cross-linking development depends on the tissue and on
the type of loading the tissue goes through, certain types of collagen cross-links are essential

to proper function, while others can cause tissue deterioration. Hence, cross-linking involves

7
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two different mechanisms of cross-link formation, the enzymatic cross-link and the

nonenzymatic cross-link. [15, 17]

Enzymatic intermolecular cross-linking

This type of crosslinking represents an important step in development and repair of collagen
connective tissues. It is essential to proper function of the tissue as it promotes strength,
stiffness and the resistance of the tissue to failure.[4] It is a precisely controlled enzymatic
process driven by a family of enzymes like lysyl oxidase and lysyl hydroxylase. Both
enzymes act on lysine or hydroxylysine in the telopeptide part of the collagen molecule and
regulates the robust formation of stable inter molecular collagen cross-links during fibril
development and maturation. One of the characteristics of type I collagen is excessive post-
translational modification. While lysine residues can be converted to the respective aldehyde
by lysyl oxidase, hydroxylation is the key to cross-linking of collagen, which is catalyzed by
lysyl hydroxylase (LH) [4, 15, 17, 18]

Non enzymatic cross-linking

Although enzymatic cross-linking reaches plateaus at maturation, a further rise of connective
tissue stiffness has been recognized in elders and patients suffering from diabetes. This
increase in tissue stiffening is associated with progressive collagen non-enzymatic cross-
linking.[4] A process referred to as glycation, following maturation of the tissue involves a
reaction with glucose and subsequent oxidation products, which leads to dysfunction of the
collagenous tissues in old age. This can be explained as a result to reduced side-by-side
sliding of collagen molecules in favor to lateral molecular interconnectivity by AGEs. The
process is accelerated in diabetes due to higher amounts of glucose being present in

tissues.[17, 19]

This reaction begins with the formation of a reversible Schiff-base between a carbohydrate,
normally glucose, and a protein amino group like a lysine sidechain. Over a period of months
to years a complex series of reactions result in metabolic by-products of glycolysis such as
methyl glyoxal (MGO) (the cross-linking agent used in the current work), which can interact

with the extracellular proteins and form advanced glycation end- products (AGEs) as shown
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in Figure 5. Glucosepane is one of the most abundant AGEs found in collagen tissues, while
MODIC and MOLD, which are an MGO-derived cross-links, are also found in collagen

tissues but with less concentrations than glucosepane.[4, 12]

“NH2 ﬁle TH |
C
|

HO. (CHOH), &=0
on O | |
, CH,0H (CHOH), OH
HO OH |
OH CH,OH protein cross reaction
protein + —  Schiff -  Amadori s i
glucose S base ¥ product jMi ARk pentosidine
-

AGEs

Figure 5: the sequence of chemical reactions and the formation the AGEs end products of
glycation [4]

AGEs play an important role in tissue deterioration, they affect collagenous tissues
mechanically and biologically regarding cell interaction. Mechanically, at the tissue level,
the viscoelastic properties are highly affected and deviate from the less non-enzymatically
cross-linked tissues. A significant increase in stiffness, toughness, ultimate strength and in
the mechanical fragility has been observed in tendons through several studies.[4, 12] At the
nano-level, collagen fibrils showed a significant increase in the stiffness due to glycation in

a previous study. The results of this previous study are shown in Figure 6.[12]
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Figure 6: Boxplots show the change in the indentation modulus after glycation process
[12]

Biologically, glycation not only affects the protein-protein but, importantly, also protein
(collagen)-cell interactions. AGEs modify the collagen surface and affect the cell-matrix
interaction leading to an inhibition of wound repair and exacerbated inflammation. Integrins
are a major link between cells and the ECM (extra cellular matrix), by sensing their
microenvironment and signaling outside-in. Through integrins cells can apply forces to the
ECM and vice versa. In case of glycation the polar properties of tropocollagen molecules are
changed, which may affect the non-covalent binding to cells through the transmembrane
integrin receptors leading to reduction in cell adhesion, migration and collagen turnover.[12,

20]

2.2 Mechanical characteristics of collagen-rich tissues

As mentioned before, collagen molecules exist in every connective tissue, but most of these
tissues have different compositions. Previous studies based on tensile testing showed that the
variation in the composition results in different mechanical behavior. When for example,
comparing bones (contain minerals) and tendons, where both are composed mainly of
collagen type I, huge differences in the mechanical behavior can be observed on the macro

scale level. Although both tissues have the same parallel orientation of fibrils that leads to

10
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transverse isotropic behavior, both materials have different mechanical response to loading.
This can be explained due to the presence of minerals in bone while elastin is present in
tendons. [15] Figure 7 shows the significant difference in the elastic modulus between bones
and tendons. While bones have an elastic modulus of about 20 GPa, tendons have an elastic

modulus one order of magnitude lower, with values of about 1 GPa.

140 -
120 _/ BONE

100

TENDON

3

stress (MPa)

|
o

0 2 4 6 8 10 12 14
strain (%)

Figure 7: stress-strain curves of both bone and tendon showing the significant difference
in mechanical behavior [21]

Despite the differences in the mechanical behavior in collagenous tissues, they still have
many properties in common. They can be considered viscoelastic materials when bones and

dentin are excluded because of their mineralization. [12]

Regarding the lower hierarchical levels, a proposed mechanism to describe their behavior is
that it depends on initial straightening of kinks in tropocollagen molecules at small strains,
in what is called the toe region showed in Figure 8 (green arrows). This is followed by the
axial stretching and molecular uncoiling, where the molecular sliding between molecules is
dominant and presented by the linear region. This behavior is affected due to glycation as
can be seen in Figure 8, as the glycated fibril shows to have increased mechanical parameters
(failure strain, failure energy and peak modulus ) compared to the untreated fibril.[22]
Previous studies performed on collagen fibrils using AFM nanoindentation (see section

3.4.1) showed that the radial indentation moduli are in the range of 1-12 GPa in air, while
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values of 0.5-200 MPa are reported in the wet state, which resemble the physiological

environment. [12]
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Figure 8: The stress-strain curves of nano tensile test on collagen fibril of a mouse-tail
tendon, black curve represents the untreated fibril, while the grey one is a
glycated fibril with MGO [22]

Viscoelasticity

The mechanical behavior of materials can be examined by measuring the relation between

stress and strain while applying external loading. It can be generally classified as elastic,

plastic, or viscoelastic behavior as shown in Figure 9. Elastic materials have no hysteresis in

the force-distance curves as the loading and the unloading curves coincide. Plastic behavior

occurs during loading and leads to permanent deformation of the material.[15]
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Figure 9: the different mechanical behavior of materials after loading and unloading of a
tensile load (top), the stress-strain curves of the elastic, plastic and viscoelastic
materials are shown (bottom), where o is the stress and ¢ is the strain [6]

Viscoelastic materials have a distinctive property, that is, the relationship between stress and
strain is not constant but changing depending on the rate of change.[15, 23] This can be
observed through the dependence of the effective stiffness on the rate of the application of
the force. Hysteresis in approach and retract curve due to energy dissipation, creep, stress
relaxation and phase lag are phenomena that occur in experiments during cyclic loading on

viscoelastic materials.[5]

The earliest mechanical characterization experiments showed that biological materials have
remarkable properties that cannot be fully described as purely elastic materials. The behavior
of these materials compiles both solid and liquid aspects, which can be described as
viscoelastic.[5] Although collagenous tissues are known to be viscoelastic, the sources of
this viscoelasticity and the way the forces are transferred from the lower hierarchical levels

to the higher ones are not completely understood.[24]

The important role of viscoelasticity was demonstrated at all levels of hierarchical structure.
While the cause of this viscoelastic behavior could be a result to the complex structure of

these biological materials as they are composed of solid and fluid components. The existence
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of the hierarchical structure, the active dynamics and force generation is thought to explain
this behavior too. Experiments in the time and frequency domains with special methods are

required to reveal the viscoelastic properties of these materials.[5]

As biological materials are generally soft, exhibiting values of apparent modulus ranging
from 10s of Pa to several MPa, the investigation of the small scales in the hierarchical
structure demands forces and displacements at the micro- and nanoscale. Development of
the biomechanical instruments such as micropipette aspiration, optical/magnetic tweezers,
stretchers, cell traction force microscopy, atomic force microscopy (AFM) and
nanoindentation are necessary to overcome this challenge and enable investigating the

samples in an aqueous environment.

AFM dynamic oscillatory nanoindentation testing (see section 3.4.2) at a range of
physiologically relevant frequencies (i.e., walking, breathing, heart cycle is approximately at
1 Hz) reveals the microrheological properties of biological tissues, which is of great
importance in particular cells like epithelial cells in lung, which is subjected to large cyclic

forces due to breathing. [9]

14



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

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

M Sibliothek,
Your knowledge hub

3 Atomic Force Microscopy (AFM)

Since the invention and the commercial appearance of the AFM it has become an important
instrument for probing different materials and biological tissues in particular. It is a method
for imaging the topography of a surface in three-dimensional detail down to the nanometer
scale. Images of different materials, hard or soft, synthetic or natural such as cells and
biomolecules can be acquired in air, liquid or in some cases under vacuum. Unlike light or
electron microscopes, AFM images the sample surface using a sharp tip known as a probe.
The tip is attached to a flexible microcantilever, which bends under the influence of force,

as it acts as a simple spring with spring constant K.[25]

AFM methods offer a variety of tools for assessing the micromechanical properties of
materials by measuring the interactions between the microcantilever probe and the sample

surface.[5]

3.1 AFM Principle

As mentioned before, AFM uses a cantilever with a very sharp tip to scan over a sample
surface. While the tip approaches the surface and atomic distances are reached, an interaction
between the particles of the tip and the sample known as the Lennard-Jones (L-J) potential
is present. It includes the long-range attractive Van der Waals forces and the short-range

repulsion forces and can be described as:

a A
D= —5+

T

B
r12

w(r) =4 [ — ( G.1)

where ¢ is the depth of the local minimum of the potential energy, ¢ [m] is the distance at
which the Lennard-Jones potential is zero and r [m] is the distance between particles. A and
B are the attractive and repulsive components respectively. Figure 10 shows the Lennard-
Jones potential as a function of the distance between the particles of the tip and the sample.
At the very right-hand side of the figure, the tip is far away from the sample surface and there
1s no interaction between the tip and the surface of the sample. At closer range, the Van der
Waals attractive forces between the tip and the surface emerge and cause a deflection of the
cantilever towards the surface. When the cantilever gets even closer to the surface, the short-

range electron shell repulsive forces take over and cause the cantilever to deflect away from
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the surface.[13, 15, 26] Imaging in liquid environment in case of biological samples reduces

the Van der Waals forces and is less destructive to the delicate samples, thus minimizes

damage compared to imaging in air. As the tip is fully submerged in liquid and the tip-sample

distance approaches molecular dimensions, other forces come into play and become

significant. Solvation forces appear due to the interaction between the solvent molecules and

the surfaces of both tip and sample and lead to oscillations in the force detected. This

oscillatory force profile arises from the repeated ordering and disordering of the liquid

molecules as adequate pressure between the two surfaces is reached. These unique forces

influence the friction, wear, lubrication, and adhesion properties of the samples. Steric forces

are also short-range forces appear in liquids due to the high affinity for interacting with liquid

rather than the solid surface.[27, 28]

Lennard- Jones potential w(r)

Contact-

mode \

Intermittend-
contact-mode

Distance r

Attractive
Repulsive
w(r)

Repulsion

Attraction

Figure 10: the yellow curve shows the Lennard-Jones potential, with the attractive Van der
Waals forces (the blue dotted line) and the short-range electron shell repulsion
forces (the red dot dashed line). € is the depth of the local minimum of the
potential energy [29]

The electrostatic force is an important long-range force, which is present at the solid-liquid

interface due to the electrical charge developed on the solid surface. In electrolyte solutions
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most surfaces and adsorbed biomolecules develop a surface charge and are surrounded by
ions of opposite sign. Due to the arrangement of the electric charge around the surface and
the balancing charge in the solution an electrical double layer (EDL) is formed. In AFM,
when the surface of the tip and the sample surface approach each other, an interaction appears
due to the overlapping of the EDL of both surfaces and consequently an electrostatic force
builds up. EDL interactions play a crucial role in case of biological systems due to their long-
range character, to the physiological medium containing concentration of ions, and to the

substantial charge of molecules such as amino and nucleic acids.[27]

The deflection of the cantilever is measured using different detection methods like
interferometry, capacitive sensors, piezoresistive/piezoelectric sensors and the optical lever
method. In most current AFMs, the optical lever method is the commonly used method,
where a laser beam is reflected from the microcantilever and detected by a quadrant
photodiode as seen in Figure 11. The collected voltage signal is then amplified and processed
by a digital signal processor (DSP). The measured deflection is related through the
cantilever’s spring constant K to the force between the sample and the cantilever.[12]

Figurel2 shows the force distance curve including the approach and retract curves.

Quad
photodiode

Sense cantilever
bending and
twisting via laser

Microfabricated,
cantilever v Teibls

Figure 11: the cantilever with the tip propping the sample surface and reflected laser beam
on the photodiode can be seen in this figure [25]

17



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

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

M Sibliothek,
Your knowledge hub

& =
= L)
O >
(0] a
from 7]
m |
Qa Probe approach
~ A
(1) (] :
o2 : .
c B : Adhesion
“. p - data
] '
o :
Distance

Figure 12: force-distance curve due to cantilever tip approach and retract to the sample
surface [30]

A piezoelectric actuator permits the probe movement in a three-dimensional manner relative

to the sample and hence scanning and indentation experiments can be performed.[5]

In the recent years many AFM techniques have been developed to explore biological
samples. The flexibility of AFM comes from the ability to control and measure force (stress)
and indentation (strain) precisely leading to implementing a large selection of experimental
protocols. Moreover, AFM provides a high spatial resolution mapping of the viscoelastic

behavior of the biological samples.[5]

3.2 Feedback loop

The feedback loop is a control loop that maintains the predefined set point constant, which
resembles either the deflection or the oscillation amplitude of the cantilever while imaging.
In response to that the movement of the piezoelectric actuator, which drive the cantilever

position relative to the sample surface, can be adjusted.

For AFM devices three control types are commonly used, the proportional, the integral and
the Derivative (PID) controller. The proportional control amplifies the error, which is the
difference between the actual value and the setpoint and then generates a correction signal.
It reacts quickly to changes on the sample surface. However, proportional control leads to an

offset value (actual value is slightly higher or lower than the setpoint). With the help of the
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second control, which is the integral part the introduced offset can be removed as it helps to
reach the accurate value of the setpoint. The derivative controller is then added, which results
in a homogenous signal by reducing the unwanted oscillations. Figure 13 shows a block
diagram of the PID controller principle and Figure 14 illustrates how the PID controller
works.[15]
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Figure 13: block diagram of the PID controller, showing the three control parts : the
proportional, the integral and the Derivative [31]
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Figure 14: the work of the PID controller on the deflection/oscillation signal [32]
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3.3 Imaging modes

The AFM cantilever is scanned over the surface of the sample in all imaging modes.[13] The
classification of the imaging modes is related to the cantilever tip oscillation during imaging
and hence there are two basic modes of imaging: static or contact mode and dynamic
mode.[33] The dynamic mode can be further divided into tapping or intermittent contact
mode and non-contact mode. The different modes have different distances between the AFM
cantilever tip and the sample surface as can be seen in Figure 15. There are two fundamental
dynamic modes, amplitude modulated AFM (AM-AFM) and frequency modulated AFM
(FM-AFM).[25]

3.3.1 Contact mode

Contact mode is the simplest and the oldest used AFM imaging mode, where the tip is

brought into contact with the surface of the sample while scanning across the sample.[33]

Two types to obtain images in this mode, either constant height or constant deflection (force).
In case of constant height, the changes in the deflection of the cantilever derive the surface
topography. This type of imaging mode has several drawbacks as it causes damage of the
sample and the tip due to the continues contact. A better approach is the constant deflection,
where a feedback loop aims to maintain constant cantilever deflection and consequently a

constant interaction force.[13]

3.3.2 Non-contact mode

This dynamic AFM mode gives the opportunity to image the sample without having a direct
contact to its surface, offering lowest possible interaction between the tip and the sample,
and hence preventing both the tip and the sample from being damaged. The AFM cantilever
oscillates near its resonance frequency with a smaller amplitude (1 nm or less) than in AC
tapping mode, where the tip is kept at distance of several nanometers away from the sample
surface. The disadvantage of this mode is that it is challenging to keep the AFM tip in the

attractive regime.[13, 34]
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3.3.3 AC Tapping mode

Also called intermittent mode, similar to the non-contact mode the cantilever oscillates by a
piezoelectric actuator close to its resonance frequency, usually several tens to several
hundred kilohertz with a certain amplitude near the surface. This mode overcomes the

problem of lateral forces, which appears in contact mode.[13, 34]

Force | ;
A éForce modulation

Repulsive
Cantact

~
—

Attractive /’ Distance

Figure 15: the different imaging modes, with the force between the tip and the sample
surface [15]

3.3.4 QI mode

The quantitative imaging mode (QI mode) is a very robust and stable imaging mode. It
collects force-distance curves at every pixel in a high-resolution image hence this mode is a
fast-imaging mode with high resolution imaging in every environment especially fluids. It
has a great performance for soft, sticky and loosely attached samples, so it is a perfect mode
for cells and tissues. This mode has several advantages over the conventional imaging
modes: it is a non-destructive measurement compared to contact mode due to zero lateral
forces, which preserve the sample and the tip. In case of conventional AC mode, the sample
can be compressed due to non-directly controllable vertical forces, while in QI mode low
forces down to 10 pN can be reached, which ensures the lowest tip-sample interaction and
prevents both sample and tip from damage. With QI mode there is no need to adjust the set

point or optimize the gain. Qi mode does not need a complicated feedback loop as in the
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previous above-mentioned modes, it needs just a threshold deflection to trigger the

retract.[13, 35]

3.4 Additional AFM techniques

These AFM techniques are based on one of the aforementioned basic imaging modes,

allowing investigating a variety of other sample properties.[34]

3.4.1 Force volume mapping

Studying the viscoelastic properties of nano-systems has made nanoindentation methods
extremely important in the last few decades as they focus on the micro and nano scale, which
is crucial to understand biomechanics of living cells and their response to external forces.
Nanoindentation with AFM is one of the most important and popular methods. The
conventional AFM force-distance curves are used to extract the important properties of the
materials, such as elastic modulus, stiffness, and adhesion using mainly two fitting models,
which are Hertz and Oliver-Pharr models.[36] This mode is a quasistatic mode where it is a
series of nanoindentation in a grid-like pattern. The tip is pressed into the sample vertically
just on the grid points, and while moving from point to point there is no contact between the
tip and the sample. It is similar to the QI imaging mode, with the difference that
nanoindentation is slower and the loading rate is lower while the main focus is on the

mechanical properties and not on the topology of the sample.[12]

3.4.2 Dynamic nanoindentation

Dynamic nanoindentation also referred to as microrheology, has become a multifunctional
and powerful method for many applications for the purpose of the detection of micro-
nanoscale force, viscoelastic properties, and other physical properties. It is a useful technique
that reveals information about the mechanical properties of materials with nonuniform
mechanical properties. Dynamic nanoindentation is a natural extension of the previous
technique, where the viscoelastic properties can be measured at each point by adding an
oscillation into each force curve. Despite the large benefits of this technique, such as the high

spatial resolution it has a shortcoming that is the low acquisition speed, which can be up to
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several hours. This is due to the application of multiple periods of oscillations recorded at
the selected frequencies, which leads to high acquisition time for the low frequencies. The
low excitation frequencies take long periods of time, which leads to the high acquisition time.
In this dynamic method the cantilever vibrates far from its fundamental flexural resonance.
While moving in a grid like pattern in contact mode, a periodic signal with a small amplitude
compared to the indentation amplitude, mechanically drives the AFM cantilever in the
vertical direction to probe the frequency dependent response of the surface. The oscillations
are applied to the Z-direction to push directly on the sample surface, while the vertical
cantilever deflection signal is monitored as shown in Figure 16. In case of hard surfaces like
glass for example, the whole oscillation is transferred to cantilever deflection and there is no
damping in the amplitude of the applied signal. On soft surfaces such as biological materials
the tip sinks into the soft surface and hence the measured amplitude of the cantilever

deflection is smaller than the applied oscillation (see Figure 17).

There is also a phase shift between the applied signal and the monitored signal, both the
amplitude and the phase of these two signals give the storage and loss modulus.[5, 25, 37,

38]
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Figure 16: on the top left, the cantilever oscillating while in contact with the sample, where
the height and the measured deflection signals are shown on the right [37]

The indentation can in general be described as a sine function of time,
6(t) = 80 + 8.4 sin wt 3.2

which is occurring around an operating indentation depth §,, 64 < 6o, where the force F(t)

has both sine and cosine components,
F(t) = Fy + F'sin wt + F'" cos wt 3.3)
The complex modulus of the material is then
E* (w) = E' (w) + iE" (w) (3.4)
where i = m, E’ (w) is the elastic (storage) modulus of the material and is proportional

to the in-phase component of the frequency-dependent indentation. E”' (w) is the viscous

(loss) modulus and is proportional to the out-of-phase component.
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In case of an elastic material (solid), the force is exactly in phase with the input deformation
and E" (w) = 0, while in case of a viscous material (liquid), the induced stress is out of

phase with the input deformation and E’ (w) = 0.

The loss tangent E' (w)/E' (w) is an important index of the solid-like or liquid-like

behavior as it gives the ratio of the viscous and elastic stiffness.

The complex modulus in case of biological materials like tissues and cells, shows a marked
dependency on the frequency of the strain. Multi-frequency signals that are composed of
several sine waves or a sweep signal in which frequency increases with time can be applied.
These frequencies are much lower than the resonance frequency of the microcantilever and

hence the analysis is simplified. [5]
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Figure 17: the difference between indentation on hard and soft surfaces, to the left the stiff
surface where there is no damping in the force signal, while on the right the force
signal is damped due to the soft tissue. [37]

Tensile testing

Other than AFM, Tensile testing is an important widely used tests. Data resulting from tensile

tests (relates displacement and sustained force of the material) are further processed to be

independent of the sample geometry, which gives then the stress-strain diagrams. Through

stress-strain diagrams different materials can be compared as these diagrams are independent
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of the geometrical parameters of the samples. Tensile testing gives important information
about the mechanical properties of the collagen fibrils. This is achieved through testing them
in their natural loading case, which is tension. Several research groups have performed
tensile tests on collagen fibrils in different ways with various instruments. Among the
different experiments, three methods developed to perform tensile tests on collagen fibrils
are worth mentioning. Microelectromechanical Systems (MEMS) [39], Micro-manipulators
[10] and Atomic force microscope [40]. Nonetheless, these methods have shown some
downsides, for example AFM needs a lot of adjustment and is time consuming, while the
Microelectromechanical Systems (MEMS) provides inferior resolution and bandwidth

compared to other instruments.[15]

In the present work a novel instrument introduced by Nalbach et al. (see section 4.2.2) is
used to examine fibrils with quick sample coupling and uncoupling. This instrument provides
tensile testing at minimum bandwidth of 1 KHz with force resolution (p-p) of 10 nN and

strain resolution of 0.1%.[41]

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis is a powerful and commonly used technique that measures the
viscoelastic behavior of materials. It measures the response of the sample to an oscillating
load. The phase lag between the applied stress and the measured strain indicates the
material’s tendency to flow (viscosity), while the sample recovery indicates the material’s
stiffness (modulus). Different from traditional tensile testing, DMA provides a modulus
value for each sinusoidal stress cycle. Through DMA a complex modulus is obtained, which
is different than the modulus obtained from the linear region of the classical stress-strain
curve. Complex modulus reveals the elastic modulus, which indicates the ability to store

energy, and the loss modulus, which exposes the tendency for viscous energy loss.[42]
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4 Materials and Methods

4.1 Sample Preparation for indentation

A skinned tail of a 14 week-old wild type (WT) mouse stored at -80 °C (to prevent tissues
from degradation) was used for the preparation of the samples used in this thesis. Collagen
fibrils were extracted from the tail tendon by cutting a small piece of tissue (a few
millimeters) in the longitudinal direction from a tendon fascicle. It was then transferred to a
microscope slide (VWR® Microscope Slides) and kept hydrated using a few drops of
deionized water for easier further manipulation. A small piece of this fascial tissue (< 1 mm)
containing the collagen fibrils was then pulled out and spread on another slide under a low
magnification stereomicroscope (SZX10, Olympus, Japan) using a pair of fine tweezers. The
slide was then rinsed with deionized water to get rid of minerals and unwanted tissue debris.
Then, it was dried in air and kept in a closed box letting the fibrils adhere to the slide. The
dry samples were investigated with optical microscopy to locate single separate collagen

fibrils.

For this thesis, a control and a test group were prepared containing ten fibrils each. Both

groups were harvested from the same mouse tail and the same fascicle.

4.1.1 Additional sample preparation for tensile testing

Isolated and intact fibrils aligned orthogonally to the long axis of the microscope slide were
chosen (ten fibrils on each slide). For the dynamic tensile test, an additional preparation on
these fibrils was performed. A magnetic bead of 30- 50 pm in diameter, made of neodymium
alloy (product number: MQP-S-11-9-20001, Magnequench International LLC, China) was
attached to the collagen fibril using epoxy resin (two component epoxy resin, UHU plus end
fest 2-K Epoxidharzkleber, UHU, Germany) under an inverted light microscope (model:
139 IX73, Olympus, Japan) using a custom-made magnetic tweezer and by applying a
magnetic field. The resin was prepared by mixing continuously, for 5 minutes the same
amount of the two components of the epoxy with the spatula. On the other end of the fibril a

small droplet of the epoxy resin was placed on a distance of approximately 100 um to the
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glued bead (to be able to conduct the tensile test without hindering the microgripper) using
an ultra- fine tungsten probe [41]. The fibrils were then left for at least 24 hours to let the

resin cure. Figure 18 shows the prepared collagen fibrils with the beads and the resin droplet.

T
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Figure 18: fibrils with the attached bead and the epoxy droplet, aligned orthogonally to the
side of the microscopic slide

A rectangular fluid cell with an area of 3.0 mm x 2.5 mm and a height of 0.5 mm was mounted

on the slide using a two-component silicon adhesive, on the area enclosing the smeared fibrils

as in shown Figure 19. It is important to be able to examine the fibrils in a physiological

environment using a physiological salt solution such as phosphate buffered saline (PBS).

Figure 19: a fluid cell with the dimensions of 3 mm x 2.5 mm x 0.5mm is mounted on the
microscope slide to be filled with PBS to examine the fibrils in a physiological
environment

4.1.2 MGO and control buffer solutions

For the preparation of the MGO group, which is the test group mimicking the cross-links in
collagen fibrils in case of aged and diabetic patients, one of the two slides prepared was used
as the test group. The fibrils on this slide were incubated in an MGO solution in the

temperature-controlled incubation chamber at a temperature of 34°C for four hours. Then the
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samples were rinsed with distilled water, left to dry in air at room temperature and then kept

in a clean box until the measurement day.

A buffer of MGO solution containing 20 mM/L of MGO (Methylglyoxal), 5 mM/L of EDTA
(Ethylenediaminetetraacetic Acid) and 10 mM/L of PBS (Phosphate Buffered Saline) was
prepared. A few drops of NaOH (Sodium hydroxide) were added at the end to the solution

to increase its pH value to 8 to avoid denaturation of the fibrils during incubation.

For the control group a buffer solution containing 10 mM/L of PBS (Phosphate Buffered
Saline) and 5 mM/L of EDTA (Ethylenediaminetetraacetic Acid) was prepared.

4.2 Experimental workflow and study design

Two experiments were performed on both slides on the same fibrils to explore their
viscoelastic properties and to examine the effect of glycation on their behavior. These were
dynamic nanoindentation using AFM and dynamic tensile tests using a new testing device
introduced by Nalbach et al., termed NanoTens.[41] Figure 20 shows the study design of this

thesis.

As most of the fibrils on the control slide ruptured before measurement with the NanoTens
device in the second part of the experiment. An additional control sample slide was needed

and supplemented with fibrils from the same fascicle for data completeness.
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Figure 20: the study design of this master thesis, where two methods were used, one with
AFM dynamic nanoindentation and the other dynamic tensile test

4.2.1 AFM force modulation method:

For this method, an AFM workstation with a JPK Nanowizard Ultra Speed A (Bruker Crop.,
Billerica, MA, USA) [12] was used, which is mounted on a Zeiss Axiovert (Carl Zeiss AG,

Oberkochen, Germany) [12] inverted microscope.

The cantilever used for all the measurements is a Nano World PNP-DB cantilever
(NanoWorld AG, Neuchatel, Switzerland) [12]. The tip of the cantilever has a pyramid
shape, and is one of four cantilevers mounted on a chip, where on each side of the chip two

different cantilever sizes can be found.

The probe used in this experiment is cantilever A, with dimensions of 100 pum x 40 um x 0.5
um, nominal stiffness of 0.48 N/m and resonance frequency of 67 kHz. A measurement of a
TGT1 sample with the used AFM cantilever was performed before measuring. This is done
by scanning the TGT-1 grating in contact mode, which is a known surface, to get information
about the real shape of the used cantilever tip. Through this information the contact area (4.)

can be defined, which is needed for the indentation measurements. Calibration of the
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cantilever in air was done using the AFM software directly before each measurement and
after the laser alignment, where the stiffness of the cantilever was determined using the Sader
method, provided in the JPK software. In this method the spring constant of the cantilever is

calculated knowing the quality factor Q¢ of the surrounding medium (» 1 in case of air), the
length [, the width w and the resonance frequency wy of the cantilever through the following

relation:
k=0.1906 p; w? 1Q; I'; (W) wy? @1

where k [N/m] is the spring constant, w [Hz] is the oscillation frequency, [ [m] is the
cantilever length, pr [kg/m”3] is the density of the fluid (air, liquid), I; is the imaginary
component of the hydrodynamic function, which depends on the Reynolds number and wy is
the resonance frequency.[13] Through the fitted model of the thermal noise spectrum
implemented in the JPK software, the resonance frequency wy and the spring constant k can

be determined.

AFM force modulation
working-flow

1. Pre-incubation J —) L 2. Incubation ‘ —) { 3. Post-incubation

\ ' 4

{ Measuring fibrils in dry with contact mode

!

Ql images in PBS and sensitivity calibration

!

Basic indentation

!

Force modulation

.

Figure 21: the workflow of the first method, in which both groups are measured pre- and
post- incubation with the protocol showed in the scheme.
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The workflow of this method on each fibril on both slides (control and test) is shown in
Figure 21, where the following steps were performed on fibrils pre- and post-incubation. The
incubation step was done on each slide in the relevant buffer for four hours in the incubation

chamber at 34° C.

First, the chosen fibril was imaged in dry state to make sure it is intact, showing D-banding,
and it is just a single fibril with a height in the normal range (50 to 300 nm). This was done
with imaging in contact mode, by choosing a 2 um x 2 um area including the fibril with a
resolution of 512 x 512 pixels. I Gain was set to 120 Hz, P Gain to 0.001 and the set point to
1.0 nN.

To indent the fibrils in a physiological environment a fluid cell was mounted on the sample

slide, and the cell was filled with a 0.25 ml PBS (Phosphate-buffered saline) solution.

After a waiting period of 30 min, to ensure thermal equilibrium, a QI image of the same fibril
was taken, with a set point of 2 V, Z-length of 500 nm, pixel time of 50 ms and pixel size of

128 x 128.

On a clean spot on the glass near the imaged fibril, a small area of 100 nm x 100 nm was
then chosen to perform the sensitivity calibration of the cantilever, using force mapping in
contact mode. This was done by looking at the 25 deflection curves of the glass spot near the
fibril and by taking the slope of the head height-vs-deflection curve as the inverse optical
lever sensitivity. This was done with the assumption that the stiffness of the cantilever is
orders of magnitude lower than the stiffness of the glass, which means that the indentation
depth on glass is negligible. After the sensitivity calibration, fibril nanoindentation was then
performed using basic force mapping in contact mode with a grid of 1.0 um x 1.5 pm size,
64 x 16 pixels and with a pixel ratio of 4:1 where the fibril is centered in the middle of the

grid and perpendicular to the imaging fast axis.

Following the basic indentation an advanced dynamic oscillatory indentation was carried out
at the same fibril at a range of physiologically relevant frequencies, using the force ramp
designer in the advanced force mapping in contact mode (see Figure 22). A 1.5 um x 1.5 um
window including the fibril is chosen with 16 x 1 pixels, to have enough pixels on the fibril
to be able to catch the apex of the fibril. Eleven segments of the ramp designer were chosen,

starting with approach segment, and ending with retract segment.
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5 sec pause //’/‘ retract
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Figure 22: the 11 segments chosen in the force ramp designer, starting with the approach
segment followed by a long pause of 10 s then the modulation segments and
pauses, and ending with the retract segment

A frequency sweep with frequencies of 0.5, 1.0, 5.0 and 10 Hz was applied in a decreasing
order of frequency to avoid excessive creep accumulation, as can be seen in Figure 23. Four
height-controlled pauses (each with 5 seconds) in between the four segments and before the
retract segment were chosen, while a longer height-controlled pause (10 seconds) after the

approach segment was applied to reduce the creep (see Figure 23).
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Figure 23: the frequency sweep applied on the fibril, where red is the height signal, and blue
is the deflection signal, the frequencies were applied in a decreasing order to
reduce excessive creep accumulation

A set point of 1.0 nN and an indentation amplitude of 2.0 nm was used. One cycle of
indentation takes about 1 min and the whole measurement of 16 pixels of one fibril takes
about 18 minutes. Figure 24 shows the 16 x 1 pixels image with five pixels showing the fibril

including the fibril apex.

The aforementioned protocol was conducted on each of the ten fibrils on both control and

MGO group (slide) before and after incubation in the relevant buffers.
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Figure 24: the 16x1 pixel image, where 5 segments located on the fibril and the rest are on
the glass

4.2.2 Dynamic Tensile Testing:

Following the force modulation measurements on the AFM, dynamic tensile tests were
performed on each individual collagen fibril using a novel tensile testing instrument
developed by Nalbach et al., termed NanoTens.[41] Figure 25 shows the different parts of
the instrument. A fiberoptic cantilever probe (Optics 11, Netherlands), which is partially
submerged into aqueous solution (PBS) is mounted on a piezo lever actuator. The cantilever
deflection due to fibril loading, results in an interference signal, which is measured by the
OP 1550 interferometer. The piezo lever actuator is mounted on a stepper motor translation
stage. The deflection of the cantilever and the position of the piezo lever actuator are acquired

with a CompactRIO controller (National Instruments, USA).
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Figure 25: Shows a schematic of the NanoTens instrument. The different parts of the
instrument can be seen, the interferometric force probe mounted on a piezo lever
actuator is partially submerged into PBS, the cantilever with the microgripper
where the fibril with the magnetic bead is placed and the acquisition unit, which
is a CompactRio controller.

The tensile test was performed under a light microscope with fibrils contained whithin a fluid

cell filled with PBS. The chosen fibril was cut behind the magnetic bead and gently the bead

with the fibril was detached from the microscope slide using ultra-fine tungsten probe. After
the calibration of the interferometric force probe, the magnetic bead along with the fibril was
lifted by applying a current to the magnetic tweezer and approaching the bead. The collagen
fibril with the bead was then picked up by a 3D-printed microgripper attached to the

cantilever tip of the interferometric force probe.

To conduct a dynamic tensile test, the piezo lever actuator was used to load the fibril in the
desired loading pattern. In this work a frequency sweep of 0.05, 0.1, 0.5 and 1.0 Hz, with
force setpoint of 1 u N and 2 uN, and an amplitude of 200 nN were applied on each measured
fibril. After loading the bead with the fibril into the microgripper, the force set point was
adjusted to 1 uN and the controller I gain was tuned to be able to reach the set point quickly.
The DMA protocol started with an initial holding time of 30 s at a force set point of 1 uN,
followed by the four signals at the selected frequencies separated by 10 s pauses between

each frequency signal. The same protocol was repeated at a force set point of 2 uN, then a
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tensile test in open loop mode with 5% /s strain rate was conducted on the fibril until it

ruptured.

In case of testing without fibril rupture, the magnetic tweezer is activated again with
maximum current and approached to the magnetic bead with the fibril, where the bead was
then picked up from the microgripper. Figure 26 shows the pick-up of the fibril through the

bead with the microgripper and the detachment process.

Figure 26: a drawing of the pick-up and the detachment process, (a) Shows the magnetic
tweezer, the microgripper and the collagen fibril with the magnetic bead. (b) The
magnetic tweezer approaches the bead after activation, causing lifting of the
fibril. (c) Picking up the magnetic bead. (d) Placing the bead into the
microgripper, the collagen fibril is aligned with the z-axis and the tensile test can
be performed. (e) After testing the fibril to failure, the magnetic tweezer is
activated again and approaches the bead on the fibril. (f) Unloading the bead with
the rest of the fibril from the microgripper.
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S Results

5.1 AFM Dynamic nanoindentation results

It was aimed to collect data from 10 fibrils on each slide of the two experiment groups. 13
fibrils were prepared on each microscope slide, but not all of them could be measured as
some fibrils were not oriented properly, leading to difficulties through measurements. For
AFM dynamic nanoindentation, 10 fibrils on each slide could be measured. The individual
collagen fibrils of both groups: control and MGO, were measured before and after incubation
in the relevant solutions with the specified protocol described in the method section (see
section 4.2.1). The chosen four frequencies were physiologically relevant. However, the very
low frequencies (0.1 and 0.2 Hz), which were designed firstly to be investigated, were
avoided in AFM measurements due to high noise in indentation and force signals causing
problems with signal fitting and data analysis. Figure 27 shows the fitted indentation and the
fitted resulting force signals on glass, where it is clear, that there is no damping in the
indentation signal as expected for hard surfaces. While Figure 28 shows the indentation
signal on the fibril with the damped force signal with a slight phase shift as expected for soft

tissues.
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Figure 28: the fitted force and indentation signals of one of the fibrils of the control group,
showing the damped force signal due to the soft material.
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All the analyzed data were collected from nine fibrils on each slide, as one fibril (on each
slide) was avoided due to noisy indentation and force signals, which resulted in bad quality
data, especially of the DZ-slope. This is mainly due to the high drift during the measurement
of these two fibrils. The data points on each fibril were chosen looking at different parameters
like the DZ-slope values, which is less than one in case of soft tissue (around one for glass),
the phase shift, as it is a few degrees for the soft tissues, the resulted damped force signal on
the fibril. The apex point is the highest point on the fibril having the same height value as
the fibril diameter. Figure 29 (a) shows a mask of one of the fibrils with the apex point
indicated on the fibril, where in figure 29 (b) the DZ- slope values of the 16 pixels are shown
with 5 pixels on the fibril (8-12). In figure 29 (c) the diameter of the fibril can be seen, as
well as the index of the apex point and the apex height. The phase shift values in degrees
between the indentation and force signals can be seen in Figure 30, where it is just a few

degrees for the pixels on the fibril.

(a) (b)

eight Map of ramp,7 . 1}.DZslope
with chosen indentation points

1 2
150 1.5213
100 1.3616
50 1.5528
0 1.4873

1.4692
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Fibril mask with excluded areas 0.5894 1 FIRDIAmMmSTD 0
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16 1.2626 | RectApexindex 9

{

Figure 29: showing a random fibril from the control group pre incubation, (a) shows the
fibril mask and the selected indentation point on the apex of the fibril (the green
cross), (b) show the DZ-slope values on the 16 pixels with the yellow line
showing the 5 pixels on the fibril, (c) shows the fibril diameter and the apex
height.
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Figure 30: the phase shift in degrees between the indentation signal and the force signal for
all the 16 pixels, with the pixels on the fibril (8-12) with just a few degrees.

For the data from the 9 fibrils of each group before and after incubation, the mean values +

the standard deviation of the loss tangent, the storage modulus, the loss modulus and the

dynamic modulus were calculated. The change in these parameters before and after

incubation in the control as well as in the MGO group were tested statistically using a paired

T-test.

Table 1. shows the mean values of the loss tangent of 9 fibrils from each group over the four
defined frequencies. To examine the viscoelastic behavior of the fibrils, the changes in the
loss tangent values were evaluated at the selected frequencies. A significant increase (P <
0.003) in the loss tangent from 1.0 Hz to 5 Hz was observed in the control group before
incubation, as well as after incubation from 1.0 Hz to 5 Hz (P < 0.05) and from 5 Hz to 10
Hz (P <0.01). For the MGO group, the mean value of the loss tangent increased significantly
(P < 0.002) with frequency from 5 Hz to 10 Hz before glycation. The loss tangent of all

groups except the MGO group after treatment, showed a dependency on frequency.

Comparing the loss tangent of the control group before and after incubation to detect the

effect of incubation on fibrils, no difference was detected after incubation whereas in the
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MGO group a significant increase (P < 0.04) after glycation could be detected at 1.0 Hz. The

boxplots of the mean values of the loss tangent calculated at the four frequencies for both

groups before and after incubation can be seen in Figure 31.

Table 1:  the mean values of the loss tangent + the standard deviation of 9 fibrils in each
group at four frequencies, for both control and test group before and after
incubation in the relevant solutions. A significant increase is observed at 1.0 Hz

for the MGO group after glycation (P < 0.04)

Loss Tangent (Mean value)

N=9

Frequency 0.5 1.0 5.0 10
[Hz]

C?;::ZL%’;‘:; 0.104 0.071 0.098 0.098
E % +0.088 +0.025 +0.014 +0.022
cggttr.ﬁlcﬂ?:;n 0.086 0.074 0.086 0.109
z e +0.056 +0.039 +0.029 +0.040
N:S_ci)ni:l’o";':ion 0.055 0.048 0.056 0.073
FI\’I . +0.036 +0.015 +0.014 +0.014
I\/(I')(.:Siﬁcr:zlljaztion 0.086 0.071 0.072 0.075
P + 0.065 +0.032 +0.043 +0.037
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Figure 31: Boxplots of the mean values of the loss tangent of the control and MGO groups
before and after incubation. The central line of each box shows the median, while
the bottom and top edges of the box show the 25" and the 75" percentile
respectively. The two whiskers show the max (top) and min (bottom) values. The
crosses in the boxplots show the mean values, and the small circles show outliers.

Table 2. shows the mean values =+ the standard deviation of the storage modulus of 9 fibrils

from each group at the selected four frequencies. Comparing the mean values of the storage
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modulus over frequency, they showed a significant increase going from 1 Hz to 5 Hz in
control group after incubation (P <0.03). Whereas in the MGO group before incubation there
was significant decrease (P < 0.03) from 1 Hz to 5 Hz. Again, the fibrils of the MGO group

did not show any change with changing frequency.

Looking at the fibrils of the same group before and after incubation, only a significant
increase (P < 0.05) in the storage modulus in the control group was detected at 10 Hz. The
boxplots in Figure 32 show the mean values of the storage modulus for both groups over the

selected four frequencies

Table 2:  shows the mean =+ the standard deviation values of the storage modulus in MPa
of 9 fibrils for both control and test group before and after incubation in the
relevant solutions, with a significant increase (P< 0.05) at 10 Hz for the control
group after incubation.

Storage modulus (Mean value) [MPa]

Frequency 0.5 1.0 5.0 10
[He] ' ' '

Con1.:r0| irotl_lp 1.437 1.345 1.409 1.384
gri_;ncu ation +0.79 +0.63 + 0.67 +0.59
Conttr.ol gLOl;p 1.509 1.519 1.656 1.623
EO_S 9—|ncu ation +0.61 +0.61 + 0.69 +0.63
MGQ grzu;; 2.189 2.015 1.879 1.894
Elrf-;ncu ation +0.73 +0.58 +0.51 + 0.58
MG:)- grot;pt_ 2.282 2.014 2.10 2.073
zo_s ;ncu ation +0.96 +0.76 + 0.66 +0.83
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Figure 32: Boxplots of the mean values of the storage modulus in MPa, of 9 fibrils for both
control and test group before and after incubation.

The mean values of the loss modulus of the 9 fibrils from each group are shown in table 3.

Looking at the behavior of the loss modulus over frequency, a significant increase (P <0.003)

from 1.0 Hz to 5 Hz in the control group before incubation was detected. Whereas for the

control group after incubation, a significant increase from 1 Hz to 5 Hz (P <0.002) and from

5Hzto 10 Hz (P <0.002) was observed. A change from 5 Hz to 10 Hz, saw the loss modulus

46



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

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

M Sibliothek,
Your knowledge hub

increasing significantly (P < 0.004) in the MGO group before incubation. No change was

detected in the MGO group after treatment over the selected frequencies. Comparing the

same groups after treatment, the glycated group showed a significant increase (P < 0.05) in

the loss modulus at 1.0 Hz. Figure 33 shows the boxplots of the mean values of the loss

modulus of both control and MGO groups, before and after incubation over the four selected

frequencies. The loss modulus showed a similar behavior to the loss tangent with frequency

for both groups before and after incubation.

Table 3: the mean values + the standard deviation of the loss modulus in MPa, for both
control and test group before and after incubation. A significant increase (P<
0.05) in the loss modulus in the MGO groups can be observed after incubation

at 1.0 Hz.

Loss modulus (Mean value) [MPa]

N=9

Ko 0.5 1.0 5.0 10
[Hz]
Cf:f:::'ugbr:t‘ifn 0.144 0.107 0.143 0.141
z - +0.14 +0.073 +0.078 +0.068
Control group

e bt 0.143 0.121 0.153 0.190
g +0.16 +0.11 +0.11 +0.12
N:S_‘i)ni‘::;i’ion 0.096 0.091 0.095 0.123
o + 0.090 +0.043 +0.024 +0.043
N{'}fﬂﬁ;ﬂ‘;‘; e 0.144 0.133 0.155 0.164
P +0.14 +0.067 +0.12 +0.12
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Figure 33: Boxplots of the mean values of the loss modulus for both groups before and after

incubation.
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The dynamic modulus showed only a change at 10 Hz in the control group comparing the

before and after incubation groups (P < 0.05). Table 4 shows the mean values + the standard

deviation of the dynamic modulus of the 9 fibrils for both groups over the selected four

frequencies.

Figure 34 shows the boxplots of the mean values of the dynamic modulus of the 9 fibrils for

both groups over the selected four frequencies. The values of the dynamic modulus are

almost constant over frequency for both groups before and after incubation.

Table 4: the mean values + the standard deviation of the dynamic modulus of the 9 fibrils

for both groups over the selected four frequencies.

Dynamic modulus (Mean value) [MPa]

Frequency 0.5 1.0 5.0 10
[Hz] ' ' '

Control group 1.45 1.35 1.42 1.39
ﬁri-;ncubatlon +0.80 +0.63 + 0.67 + 0.59
Control group 1.50 1.52 1.65 1.67
EI°_5‘;'“°“ aien +0.67 +0.66 +0.74 +0.68
MGQ grc;)u;:. 2.19 2.02 1.88 1.90
Erf'g‘c” s +0.73 +0.58 +0.51 + 0.58
MG?. gm‘;pt. 2.29 2.02 2.11 2.08
50: é‘"cu AEC + 0.96 +0.76 +0.66 +0.84
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Figure 34: Boxplots of the mean values of the dynamic modulus in MPa, of 9 fibrils for both

control and test group before and after incubation. The mean values are almost

constant over frequency.
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In addition to the results from the dynamic nanoindentation, the indentation modulus E of
the 9 fibrils in each group before and after incubation were calculated from the simple
indentation measurements. The results showed that the mean value of indentation modulus
of the control group went from (1.5 = 1.1) MPa to (1.47 + 0.55) MPa after incubation (P <
0.5). Whereas for the MGO group from (1.91 £+ 0.85) MPa to (2.11 £ 0.66) MPa after
incubation (P < 0.2). There was no significant change in the indentation modulus for both
groups after incubation. Figure 35 shows the boxplots of the mean values of the indentation

modulus of both control and MGO group, before and after incubation.

Control group MGO group
4,5 4,5
4 o 4
3,5 3,5
3 == T
T 25 © 25
2 2 n
o 2 T T w2 5% +
1,5 % X 1,5
1 1 l =
0,5 1 l 0,5
0 0
control-pre control-post MGO-pre MGO-post

Figure 35: Boxplots of the mean values of the indentation modulus of both groups before
and after incubation from 9 fibrils in each group.

The swelling behavior was also investigated for the individual collagen fibrils in each group

before and after incubation (N = 9 for each group) as it is an important phenomenon in

biological tissues. Images of the dry fibrils were taken in air using the contact mode to get

the dry diameters of each fibril. Whereas from the simple indentation measurements in PBS,

the wet diameter of each fibril could be obtained. The results showed that the mean values +

the standard deviation of the dry diameters of the control group went from (117 + 21) nm to
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(113 + 24) nm after incubation, while for the MGO group the dry diameters went from (116
+ 29) to (118 + 28) after incubation. For the wet diameters the mean values =+ the standard
deviation of the control group went from (174 +37) to (181 £31), while for the MGO group
the wet diameters went from (170 +£64) to (166 +32) (see Figures 36 and 37)

The mean value of the swelling ratio (Dy,¢;/Dgyr- ) 0f the control group went after incubation
from (1.51 £ 0.34) to (1.64 + 0.36), while for the MGO group the mean value went from
(1.45+0.27) to (1.44 £0.22) (see Figure 38).

control-group dry control-group wet
250 250

200 200

150 —|— ‘|'

100 J_

T 1

100

Dry Diameter [nm]
K
Wet Diameter [nm)]

50 50

before after before after

Figure 36: the values of the dry diameters of the control group before and after glycation
are shown to the left, while the values of the wet dimeters of the control group
before and after incubation are shown to the right.
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Figure 37: The values of the dry diameters of the MGO group before and after glycation are
shown to the left, while the values of the wet dimeters of the MGO group before
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Figure 38: The swelling ratio of the fibrils before and after incubation can be seen with

control group to the left and the MGO group the right.

53



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

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

M Sibliothek,
Your knowledge hub

5.2 Dynamic tensile testing results

After measuring the 10 fibrils on each group with the AFM before and after incubation, the
two slides were measured using the NanoTens device. The fibrils of the MGO group showed
that they may be tougher than the fibrils of the control group. As 7 treated fibrils from 13
could be measured while the rest of the fibrils either ruptured before measuring or it was hard
to measure them (as some were too short, or the glue points were too big, which hindered
the micro gripper). For the control group most of the fibrils ruptured before measuring and a
supplementary control slide was needed and prepared from the same mouse tail tendon
fascicle for the sake of data completeness. The initial lengths of the fibrils were measured
using the light microscope, while their hydrated diameters were obtained from the AFM
nanoindentation measurements. A dynamic mechanical analysis (DMA) was performed on
each individual fibril from each group at 0.05, 0.1, 0.5 and 1.0 Hz at force set point of 1 uN
and 2 pN. Then tensile test in open loop mode with strain rate 5%/s followed until fibril
rupture. Through DMA measurements, the following parameters could be calculated: the
loss tangent, storage and loss modulus, and dynamic modulus. From the results of the tensile

tests, forces, stresses, strains, ultimate strengths and tensile moduli could be calculated.

The mean values + the standard deviation of the loss tangent of the control and MGO groups
at both 1 uN and 2 uN force set points can be seen in table 5. Looking at the behavior of the
loss tangent of each group over frequency, one can see the following: a significant increase
in the loss tangent for the control group at set point 1 uN from 0.05 Hz to 0.1 Hz (P < 0.05)
was observed, while from 0.1 Hz to 0.5 Hz a significant decrease (P <0.0001) was detected.
The loss tangent of the control group at set point 2 uN showed a significant decrease (P <
0.0003) going with frequency from 0.1 Hz to 0.5 Hz. For the MGO group both measurement
at 1 uN (P <0.01) and 2 uN (P < 0.003) showed a significant decrease in the loss tangent
with increasing the frequency from 0.1 Hz to 0.5 Hz. The loss tangent values of the MGO
groups at 1 puN set point showed to have less values than the control group, at 0.1 Hz (P <
0.04), 0.5 Hz (P < 0.03) and 1 Hz (P < 0.02), while at the 2 uN this was also clear at 1.0 Hz
(P <0.05).

54



Table 5: the mean values + the standard deviation of the loss tangent at the selected
frequencies of both control and MGO groups at a force setpoint of 1 uN and 2

uUN.
Loss Tangent (Mean value)
F
requency 0.05 0.1 0.5 1.0
[Hz]
Eotntrc:I %iolupN 0.20 0.23 0.085 0.081
NE_ r;ﬂm =1lp +0.07 +0.06 +0.038 +0.036
Eotntrc:I %mzupN 0.16 0.20 0.076 0.078
et point=
- g i +0.09 +0.04 £0.043 +0.035
et point=
- 2 M +0.08 £0.07 +0.015 +0.006
et point=
-t g 2 +0.06 +0.04 +0.02 +0.04

Figure 39 shows the boxplots of the mean values of the loss tangent of both control and MGO
groups at force set point of 1 uN with significant decrease of the loss tangent in both groups
with increasing the frequency from 0.1 Hz to 0.5 Hz. While Figure 40 displays the boxplots
of the mean values of the loss tangent of both groups at force set point of 2 pN with

significant decrease in the loss tangent with increasing the frequency from 0.1 Hz to 0.5 Hz.
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Figure 39: The values of the loss tangent at the selected frequencies at 1 uN force set point,
the control group to the left and the MGO group to the right.
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Figure 40: The values of the loss tangent at the selected frequencies at 2 uN force set point,
the control group to the left and the MGO group to the right.

Table 6 shows the mean values + the standard deviation of the dynamic modulus of the
control and MGO groups at both 1 uN and 2 uN force set points. No significant change can
be detected over frequency in the dynamic modulus in each group as well as when comparing

the control group with the MGO group. Pooling all the data of the control group, and all the
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data of the MGO group over the four frequencies and comparing both groups statistically at

I uN (P <0.1) and 2 uN (P < 0.2) set points, showed nonsignificant differences between

both groups. The boxplots of the mean values of the dynamic modulus of both control and

MGO groups at force set point of 1 uN can be seen in Figure 41 and for the control and MGO

groups at force set point of 2 uN in Figure 42.

Table 6: the mean values + the standard deviation of the loss tangent at the selected
frequencies of both control and MGO groups at a force setpoint of 1 uN and 2

uN.
Dynamic modulus (Mean value) [MPa]
F
requency 0.05 0.1 05 1.0
[Hz]
§°t”tr?' . 2.95 2.92 3.0 3.12
et point= 2} +13 £12 +12 +13
N=7
gz:trc‘)’i'nffc’;ﬁN 3.85 3.72 3.80 3.90
point= <} £1.9 +18 £1.7 £1.7
N=6
gﬂe(taoogn:?iji N 3.62 3.41 3.46 3.49
point= 2 +17 +16 +16 +16
N=5
gﬂefof.;?fi N 4.29 4.16 4.12 4.23
o ' +18 £15 +17 +17
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Figure 41: The values of the dynamic modulus at the selected frequencies at 1 uN force set
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Figure 42: The values of the dynamic modulus at the selected frequencies at 2 uN force set

point, the control group to the left and the MGO group to the right.
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After applying DMA on each fibril from both groups, a tensile test in open loop mode with
strain rate of 5%/s was performed on each individual fibril until rupture. The stress-strain
curves of fibrils from both control and MGO group (N= 4 in each group) are shown in Figure
43. The measured values of ultimate force (F), ultimate stress (¢) and ultimate strain (¢) are
shown with the measured values of the hydrated fibrils diameters and their initial measured
lengths in tables 7 and 8 for the control (N=4) and MGO (N=4) groups respectively. The
collagen fibrils of the control group reached a peak force of 14 £ 5 uN, while the fibrils of
the MGO group reached a peak force of 20 + 14 uN. The ultimate tensile strengths of the
same fibrils were calculated by normalizing the forces with the areas of the hydrated collagen
fibrils (assuming a circular cross section, with the hydrated diameters measured via AFM
nanoindentation). Both groups showed the same value of ultimate tensile strength at different
values of strain: (0.89 +0.46) GPa at (32 + 11) % strain for the control group, and (0.89 +
0.71) GPa at (25 £+ 9) % strain for the MGO group.

stress vs strain - red=MGO
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=
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Figure 43: Stress-strain curves of fibrils from control (N = 4, blue) and MGO (N = 4, red)
groups
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Table 7: The measured values of the ultimate: force (F), stress (o) and strain (&), the
hydrated fibrils diameter with their initial length of the control group (N=4).
Control Fu: [nN] ouie |[GPa] | €,1:[%] Diameter Length
group [nm] [mm]
S1 F2 8.18 0.45 15.50 152.14 173.10
S1 F7 17.60 0.64 34.28 187.19 124.0
S3 F2 17.96 1.51 38.28 123.10 114.74
S4 F4 10.31 0.97 39.31 116.36 70.35
Mean 14 0.89 32 145 121
+ SD +5.0 +0.46 +11 +32 +42
Table 8: The measured values of the ultimate: force (F), stress (o) and strain (&), the
hydrated fibrils diameter with their initial length of the MGO group (N=4).
MGO F1: [pN] 0. [GPa] | €,1[%] Diameter Length
group [nm] [pm]
S2 F4 12.69 0.57 27.16 168.39 72.08
S2 F5 32.35 0.98 27.25 205.05 75.06
S2 F8 29.92 1.84 32.43 143.93 116.88
S2 F10 3.89 0.17 11.84 170.65 80.89
Mean 20 0.89 25 172 86
+ SD + 14 +0.71 +9.0 + 25 +21
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5.3 AFM nanoindentation vs. NanoTens dynamic tensile tests

Looking at the same fibrils examined with both instruments of both control and MGO groups

was important to compare the paired data. In table 9 the loss tangent of the control group

from AFM and NanoTens measurements at the frequencies in common (0.5 Hz and 1.0 Hz),

are highlighted and showed comparable values in both experiments. Table 10 gives an

overview of the loss tangent of the MGO group from both AFM and NanoTens

Table 9:

measurements. The values at the frequencies in common (0.5 Hz and 1.0 Hz) are highlighted.

the mean values =+ the standard deviation of the loss tangent of the control group

from AFM (before and after incubation) at the selected frequencies, and from the
DMA (at 1 puN and 2 puN) at the selected frequencies with the common
frequencies between both groups

Loss Tangent (Mean value)

N=7

Frequency 0.05 0.1 0.5 1.0 5.0 10
[Hz]
Con_trol Eri}m 0.104 | 0.071 | 0.098 | 0.098
Pfe-"r:ﬁ‘ 93 lon +£0.088 | £0.025 | £ 0.014 | £0.022
AFM Control
ontro gbrm_Jp 0.086 | 0.074 | 0.086 | 0.109
POSP":C_”;“O“ +0.056 | £0.039 | £0.029 | +0.040
Control group
set mainte 1 un | 020 0.23 0.085 | 0.081
e p?\;“_—g BN +007 | 006 | £0.038 | £0.036
NanoTens
SCE’“”F"E‘;”*;\I 0.16 0.20 | 0.076 | 0.078
SLPoINt=<HN | +0.09 | +0.04 | +0.043 | +0.035
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Table 10: the mean values + the standard deviation of the loss tangent of the MGO group
from AFM (before and after incubation) at the selected frequencies, and from the
NanoTens DMA (at 1 uN and 2 uN) at the selected frequencies with the commen
frequencies between both groups

Loss Tangent (Mean value)
Frequency 0.05 0.1 0.5 1.0 5.0 10
[Hz]
MGO g;“‘t‘_p 0.055 | 0.048 | 0.056 | 0.073
S +0.036 | £0.015 | +0.014 | +0.014
AFM v GO_
_ gr;”‘_’ 0.086 | 0.071 | 0.072 | 0.075
Pos g een + 0.065 | +0.032 | +0.043 | +0.037
. ’:'G':_) fiﬂlupN 0.15 0.16 | 0.054 | 0.047
© p?u'”_; MY 4008 | £0.07 | £0.015 | £0.01
NanoTens
. ’:'GC_) T’z”pN 0.16 017 | 0.051 | 0.052
TP | 2006 | £004 | £0.02 | £004

Comparing the moduli (tensile, indentation) of the paired data of individual fibrils from both
control and MGO groups as shown in table 11, and using the Pearson correlation coefficient,
a non significat large positive relation between both moduli (r (3) = 0.795, (P < 0.1)) was

detected as shown in Figure 44.

Table 11: tensile modulus (first local maximum) from NanoTens and indentation modulus
from AFM of the same fibrils from the quasi-static tensile test

Tensile modulus [GPa] Indentation modulus [MPa]

Control group

51 F2 3.83 1.84

S1 F7 2.75 1.37

MGO group

S2 F4 3.03 2.11

S2 F5 3.81 2.28

52 F10 2.41 1.08
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Figure 44: tensile modulus from NanoTens vs. indentation modulus from AFM of the same

fibrils from the quasi-static tensile tests showing a non significat large positive
relation between both moduli (r(3) = 0.795, (P <0.1))
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6 Discussion

This study was designed to examine the effects of glycation on the viscoelastic behavior in
individual collagen fibrils. This was achieved using two different methods: AFM and tensile
testing. Two groups of fibrils were prepared from the same fascicle, which was extracted
from a WT mouse tail tendon so that the very same fibrils can be investigated. A test group
was prepared using MGO as a cross-linking agent to mimic the effects of AGEs in elders
and diabetic patients. Whereas the control group was used as a reference and to reduce any

changes unrelated to glycation through the whole experiment.

6.1 AFM dynamic nanoindentation

AFM active microrheology method showed that it is a powerful method with a large available
range of forces and frequencies that can be applied through different experiments. However,
this method has a drawback, which is the low acquisition speed, which can last for several
hours. In this experiment a dynamic oscillatory indentation testing at a range of
physiologically relevant frequencies were applied on the single fibrils. The lower frequencies
(< 0.5 Hz) could not be measured due to the noise in both indentation and force signals,
which hindered the data acquisition. The results of this method showed that, both the loss
modulus and the loss tangent of the control group before and after incubation as well as the
MGO group before incubation are frequency dependent. The control group after incubation
showed an increase with frequency from 1.0 Hz to 10 Hz, while before incubation they only
increased in the range from 1.0 Hz to 5 Hz. For the MGO group the increase was with
increasing the frequency from 5 Hz to 10 Hz just before incubation. This dependency of the
loss tangent and loss modulus on frequency is in agreement with the findings of previous
studies [5, 9]. In the study of Yuri M. Efremov, a dynamic oscillatory indentation with
frequencies in the range from 0.001-100 kHz were conducted on biological cells and the
results showed the dependency on frequency. Both the loss and storage modulus, and the
loss tangent increased with increasing frequency. Whereas in the study of Colin A. Grant a
low frequency range (0.1 Hz - 2 Hz) dynamic mechanical analysis on individual collagen

fibrils has been carried out using atomic force microscopy on both gap and overlap regions
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on single fibrils. The calculated phase shift showed dependency on frequency, that is the

phase shift increased with frequency.

While this frequency dependency in the current study could be measured in the control group
before and after incubation, and in the MGO group before incubation, the latter showed no
changes with changing the frequency after incubation. This may indicate an effect due to
glycation. Comparing the same group before and after incubation, the MGO group showed

a change in the loss tangent and loss modulus values at 1.0 Hz after glycation.

Looking at a microrheology simulation model with a varying viscosity as shown in Figure
45, the different phase shift curves with increasing the frequency can be seen in figure 46.

The simulation was done in MATLABs SIMULINK using SIMSCAPE functionalities.

In this model a standard linear solid (SLS) model (a spring in parallel with a Maxwell
element) was used, and a modulation signal at multiple specific frequencies was applied

through an AFM tip, which was modelled as an idealized spring.

Comparing the resulted phase shift curves of the experiment simulation of this model with
the loss tangent values of the different fibril groups of the current study revealed the

following:

The loss tangent values of all the groups except for the MGO after incubation showed to be
in the rising phase of the curve with increasing frequency (for example the yellow curve in
Figure 46). While the values of the loss tangent of the MGO group after incubation showed
to be constant with frequency, which means that this may be the peak of the curve at the
same frequency range (for example the red curve in Figure 46). This shows that there may
be a shift back of the phase shift curve in the frequency domain in case of MGO group after
incubation, which may indicate an increase in the viscosity of the treated fibrils due to
glycation. Although this model was using arbitrary values for the mechanical components
(springs, dashpot, etc.) and the comparison is only qualitative, the result of this simulation is

in agreement with the trends the loss tangent showed in the real data of this work.
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Figure 45: microrheology simulation experiment, showing an SLS model with an applied
modulation signal through AFM tip (courtesy of Manuel Rufin and Simon Jaritz)
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Figure 46: curves of the phase shift over frequency for different viscosities (courtesy of
Manuel Rufin and Simon Jaritz)

For the storage modulus, the control group after incubation showed an increase with
increasing the frequency from 1.0 Hz to 5 Hz while for the MGO group before incubation it
decreased. There was an increase in the storage as well as the dynamic modulus in the control

group after incubation at 10 Hz.
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Also, the AFM static nanoindentation results showed that there was no change in the
indentation modulus after incubation for both groups. The result of the MGO group is
inconsistent with the study of Rufin, M., which was done on collagen fibrils that were
extracted from WT mouse tail tendon and showed a significant increase in case of MGO
glycated fibrils compared the control group using a similar protocol to the one used in the
current study.[12] However, it agrees with the study of Gion Fessel, where collagen fibrils
from rat- tail tendon with introduced AGEs showed that there is no change in fibril modulus,
surprisingly and contradictory to the widespread assumption that tissue stiffening in aging

and diabetic patient is directly related to AGE increased fibril stiffness.[19]

The swelling behavior in the present study for both control and MGO did not show any
change after incubation in the relevant solutions. Also, there was no significant change in the
dry and wet diameters of both groups after incubation. This may indicate that the incubation

in the MGO solution was ineffective.

6.2 Dynamic tensile tests
Dynamic mechanical analysis (DMA) using the NanoTens instrument showed that there

seem to be effects of MGO induced glycation in individual collagen fibrils. The results
suggest that the MGO group has lower dissipation and is less viscous at the examined
frequencies (0.1-1.0 Hz). The ultimate strength of the MGO group showed the same value
as of the control group but at lower strain compared to the control group. An ultimate strength
of (0.89 +0.46) GPa at (32 + 11) % strain for the control group, while (0.89 + 0.71) GPa at
(25 £9) % strain for the MGO group. This can indicate an effect of glycation on the fibrils
and agrees with the study of Rene B. Svensson, which examined the effects of maturation
and glycation on tensile mechanics of collagen fibrils from mouse tail and Achilles tendons.
The study showed that MGO treatment increased strength and stiffness of the glycated fibrils
leading to stronger and tougher fibrils.[22]

6.3 AFM dynamic nanoindentation vs. Dynamic tensile test

Through both measurements different mechanical parameters could be calculated and further
analyzed. Comparing both experiments, the results showed some differences. This can be

explained by the different measurement protocols of each experiment: While the DMA
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tensile testing using the NanoTens devise examined the fibrils in their loading direction (long
axis), the AFM measurements were performed radially. Moreover, the range of frequencies
of both techniques only overlapped partially. An important range of frequencies (< 0.5 Hz)
was hard to be investigated using the AFM nanoindentation as the measurements at this range
are very noisy. On the contrary, while the lower frequencies (< 0.5 Hz) are more feasible
with the NanoTens than with AFM, higher frequencies can currently not be examined using
this method. Furthermore, the application modes of the modulation signals differ. In AFM
they were applied starting from the highest frequency, while using the NanoTens the
application started with the lower ones. However, each measurement has its advantages and
disadvantages. For AFM the measurements on the fibrils are reproducible and can be
conducted several times with different configurations on the very same spot on the fibril.
One of the shortcomings of this method is the low acquisition speed resulting in long
measurement times that can last for hours. On the other hand, the dynamic tensile testing
measurement using NanoTens device is easy to conduct with fast sample loading and
unloading. It can be performed in a very short time (5 minutes per fibril) compared to AFM.
The measurements are also reproducible unless the fibril ruptures, which needs some
expertise to be avoided. The shortcoming of this method is the extra sample preparation,
which must be conducted with certain conditions to make the loading of the fibril on the

microgripper easy and possible.

A challenge in this study was to decide the workflow. While measurements using the AFM
are sophisticated and time consuming, the NanoTens device often ruptures the fibrils. Here
the question arose which measurement to complete first, since starting with the AFM risks
damage to the fibril in the NanoTens device afterwards thus making the AFM measurements
useless in our comparison. On the other hand, performing the tensile test first makes the
AFM measurement much harder since it requires a long search for the intact part in the fibril
to perform AFM measurement due to the fibrils being damaged in the preceding step. In the
current study, measurements with AFM were conducted first, then the Tensile test using the
NanoTens instrument followed. After measuring with AFM, most of the fibrils of the control
group ruptured while measuring with the NanoTens, which demanded a supplementary

control slide.
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7 Conclusion

In this work, atomic force microscopy dynamic nanoindentation as well as tensile dynamic
testing using the NanoTens instrument have been used to examine the implications of
glycation on the nanomechanical, viscoelastic properties in individual collagen fibrils from

a WT mouse tail tendon under physiological conditions (fully hydrated in PBS).

Two groups of fibrils were prepared, a control group and a test group simulating the presence
of AGEs in the individual collagen fibrils. For the AFM dynamic nanoindentation
measurements, a force ramp protocol was designed to examine the viscoelastic behavior of
individual fibrils using physiologically relevant frequencies. The lower range of frequencies
(below 0.5 Hz) was of great importance to investigate, but this was not possible to perform
due to high noise in both indentation and force signals that appeared when applying the lower
frequencies, hindering data acquisition. The results of the AFM measurements showed that
the control group before and after incubation as well as the MGO group before incubation
have a dependency on frequency. However, the MGO treated fibrils did not show any
significant change with changing the frequency. The AFM static nanoindentation showed
that no change in the indentation modulus could be detected in the current experiment due to
glycation. This is inconsistent to the widespread assumption and existing data that there is a
direct link between AGEs and the increased fibril stiffness. However, this result is in
agreement with another study, which concluded that change in stiffness due to AGEs

presence is not detected at this level and can occur at higher levels of tissue architecture.

Subsequently, dynamic tensile tests were performed on the same fibrils using the NanoTens
instrument with an oscillating force at a range of frequencies lower than 1 Hz. The results
suggested that the MGO treated fibrils seem to be less viscous and stiffer. Although the
results showed that the MGO group has lower dissipation and larger strength than the control
group, the influence of glycation could not manifest clearly on both elastic and viscoelastic
properties in the current study. However, these changes between both control and test groups
may be due to random sampling differences as the test group already showed differences
compared to the control group before incubation in MGO solution. Another explanation can

be the small sample size of both groups in both methods, which was less than 10 samples in
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each group. Furthermore, due to the absence of chemical validation of cross-link formation,
the glycation protocol may not have been working as intended leading to no or too few newly

formed cross-links.

In conclusion, both measurement techniques proved to be very useful and provide a new
perspective on the DMA (dynamic mechanical analysis) on a nanoscale. The results of both
measurements correlated, and a workflow was established for both methods, which can be
further improved. Clear impact of glycation could not be detected and MGO levels should
be quantified in the future. Whereas the results show certain tendencies, these results need
to be verified and the topic further examined. This may include the enhancement of
measurement protocols and the investigation of a larger sample using a broader range of

frequencies.
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