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Abstract

The collagen fibrils are the main building block of connective tissues in mammals where they
fulfill both structural and mechanical roles. The structure of a fibril is based on collagen molecules
that self-assemble into micro-fibrils and sub-fibrils stabilized by hydrogen bonds and covalent
crosslinks. The non-integer staggering of collagen molecules results in a characteristic D-band
pattern along the fibril with a periodicity of 67nm. Fibrils were extracted from bovine extensor
tendons, around 40 microns long segments were isolated (n=14) and glued, imaged with AFM
before manipulation and then stretched between 5% and 20% strain, held at that strain for 150
seconds (n=8), 1 second (n=3), or 1500 seconds (n=3) then released. The manipulated fibrils were
then imaged using AFM to characterize morphological changes. To assess whether stress
relaxation led to denaturation (uncoiling) of collagen molecules, fluorescent collagen hybridizing
peptide (CHP, a probe specific to denatured collagen) was applied to the samples and binding
was measured using a Zeiss LSM 710 upright confocal microscope. We observed that stretching
followed by stress relaxation did not break the fibrils and did not change significantly the value
of the D-band. However, our fluorescence microscopy results indicate that some collagen
molecules unfold within the fibril due to the stretching and relaxation protocol. AFM mapping of
the fibrils cross section indicates a correlation between molecular denaturation as measured
through fluorescence and loss of cross-sectional area. In addition, the mechanical energy density
for denaturing a full single fibril was estimated. To our knowledge, this is the first demonstration

of molecular denaturation within a single collagen fibril during a non-disruptive tensile test.
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Chapter 1

Introduction

1.1 Collagen Fibrils and Structural Hierarchy in tendons

Collagen is the most abundant protein in tendons, bones, cornea, skin and other connective
tissues. At least 25-28 different collagen types have been identified genetically and among them
collagen | is the most abundant in the human body 3. Collagen | forms fibrils that are recognized
as the main load-bearing component in connective tissues, especially in tendon and ligament*>,
and that are often compared to mechanical ropes® The structural hierarchy of collagen based
tissues all the way to the molecular level is well established, and is thought to be responsible for
many of their unique mechanical properties’. In tendon, this hierarchy can be well visualized with

the aid of Fig.1.1.

Collagen Molecule Collagen Fibril Collagen Fiber Fascicle Tendon Unit

Crimp &4

Epitendnium N

Fig.1.1: The hierarchical structure of tendon, tendon level is seven order greater than the smallest

unit, collagen molecule. Figure adapted from’



The smallest structural unit of tendons is the collagen molecule which is a triple helix®°, where
three left handed polypeptide chains (referred to as alpha chains) coil around each other in such
a fashion that the molecule is ultimately right handed, type | collagen molecules contain two a1
chains and one a2 chain. The generalized amino acid sequence of collagen molecule is (Gly -X-Y)n
where X and Y can be any amino acid*%!! (mostly Proline and hydroxy-Proline) and n can be 337-
343 which varies by collagen type. Glycine remains at the core of the triple helix as it is small
enough®, provides tight packing 12 while other two amino acids are exposed®. The short non-
helical ends are known as telopeptides, situated at N- and C-termini, and are essential for fibril
formation. The collagen molecule (also referred to as tropocollagen) is around 300 nm in length,

has a diameter around 1.5 nm and a molecular weight of 285 kDa?3.

The next level of hierarchy is the fibril level, Type | collagen fibril length within tendon is
estimated to be in the order of few millimeters!4. The fundamental structural unit of a fibril is the
microfibril, a bundle of five collagen molecules in cross-section that are longitudinally arranged
in a quarter-staggered way to create a ‘gap’ and ‘overlap’ region of different molecular density.
This quarter-stagger motif persists through the fibril’s entire cross-section and gives rise to the
characteristic 64-67 nm D-Band pattern'>1®, clearly visible in transmission electron microscopy
(TEM)Y? or atomic force microscopy (AFM)*1°, Furthermore, in vivo, collagen molecules are cross
linked together within fibrils by covalent bonds in order to achieve stability and the biologically
required fibril’s tensile strength 2°-23, The fibrils are then further organized into fibril bundles and

fascicles through a multi-step process'4 .



Macroscopically, the basic constituents of tendons are collagen and water, collagen contributes

70-85% of tendon dry mass, while water contributes 50-65% of wet mass?®*2’. Among the

collagenous material, the most abundant is collagen type | with collagen type Il and V present in
small amounts 28732, Among non-collagenous materials, proteoglycans (PGs, 0.5-3% of dry mass)
and elastin fibers (<2%) are thought to be significant 333>, PGs are glycoproteins, attached to
carbohydrate moieties, glycosaminoglycans (GAGs) by covalent bonds, that bind water and can
be found at the surface of the fibril, however, we still do not have a definitive technique that can
confirm whether they are actually located inside or outside of the fibril 3638 . PGs also create a
gel-like structure with other glycoproteins that helps collagen fibrils to remain attached3® and are

considered to be tissue organizers*°,

1.2 Tendon mechanics

There have been a number of investigations on tendon mechanics using single tendon models,
for example rat tail tendon3>41=%3, bovine tail tendon?** etc. Fig. 1.2 illustrates the stress strain
behavior of a typical rat tail tendon®. The curve can be divided in three distinct regions, different
features are observed in each region. The low strain or toe region corresponds to less than 3%
strain that have been identified in polarized light microscopy where the macroscopic crimp of
collagen fibres, in the order of 100 microns, is removed?®. In next level (the heel region), the fibrils
start to be recruited in tension and the lateral arrangement of collagen molecules inside the fibril
gets more organized as a result of the straightening of molecular kinks happening within the gap

regions and therefore entropy decreases®. In the linear region, the collagen molecules get



stretched and/or start sliding as the cross-links get engaged in tension*’. The last two regions are
not visible in light microscopy, therefore (synchrotron) X-ray scattering has been used as the
investigation tool. Overall, due to the complex structural hierarchy, the fibril level strain as
assessed by measurement of D-band spacing always lags behind the tendon-applied strain.
Therefore, separate investigation of the fibril level under tension is important to understand

tendon mechanics.

Fig.1.2: Stress-strain response from rat tail tendon, macroscopic crimp in the toe region is
removed?®(a). The structural changes in heel and linear region happen at the fibrillar level (b)

which can not be observed in light microscopy. (Figure adapted from*°)

From the functional point of view, two different classes of tendon are often distinguished, energy

storing and positional tendons*®#°, It has been revealed using the equine and bovine models that
4



these energy storing and positional tendons have distinct structure and mechanics. The
superficial digital flexor tendon (SDFT) and common digital extensor tendon (CDET) pair of the
equine and bovine forelimb have been studied extensively as energy storing tendon and
positional tendon models, respectively?*#°%->2, As the name indicates, the energy storing tendons
are proposed to store and release energy to drive locomotion, they can sustain large stresses
(69-75 MPa)>3. On the other side of the forelimb, the positional tendons maintain the hoof in

position with respect to the forelimb and are exposed to smaller stress (8-36 MPa)>3.

How structural differences between SDFT and CDET leads to different mechanical properties, has
been explored extensively by investigating SDFT and CDET extracted from equine and bovine
forelimbs®1°4, Screen et al. investigated the extension and recovery of fascicles extracted from
equine SDFT and CDET, SDFT fascicles seem to have an helical macrostructure which enables
efficient recoil and less hysteresis loss>!. Herod et al. also studied undamaged, ruptured and
cyclically loaded SDFT and CDET extracted from bovine forelimbs>4. Differences in molecular
structure was assessed using differential scanning calorimetry (DSC), hydrothermal isometric
tension (HIT) and scanning electron microscopy (SEM). The DSC results indicated that collagen
molecular packing is tighter in the SDFT compared to the CDET (Fig.1.3). The DSC analysis also
showed that the denaturation energy is 58+13.7 J/g for CDET and 40.7+10.1 J/g for SDFT, based
on dry sample weight. The HIT analysis indicated two results, the cross-links in SDFT are more
heat stable and cross- link density was also comparatively higher in SDFT. Interestingly, the CDETs

were found to be stronger and tougher than the SDFTs. SEM images of ruptured tendons showed



that CDETs experience discrete plastic damage, featured by repeated kinks, while SDFTs did not

show such plastic deformation at the strain rate of 10%/s.

Representative DSC Responses for Paired
Flexor & Extensor Tendons
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Fig 1.3: The power-temperature curve in DSC response for extensor (CDET) and flexor (SDFT)
tendons, the flexor showed higher peak temperature and smaller full-width-half-maximum than

the extensor. This indicates that flexor tendons are thermally more stable (Figure adapted

from>4%), which implies that they probably have tighter molecular packing.

1.3 Mechanical Properties of Single Collagen Fibrils

It is evident that the longitudinal collagen fibrils work as load bearing component of tendon which
transmits force from bone to muscle*>3>. How the hierarchical structure of tendon, with PGs and

other collagen-associated proteins contribute to overall mechanical properties, is an important



guestion in tissue biomechanics. From a structure-function point of view, it is expected that fibrils
from different tissues should have structurally different characteristics, which enable tissues to
perform different functions, and leads to different mechanical response. Quigley et al.>> showed
that single fibrils extracted from SDFT and CDET of bovine forelimbs have different mechanical
response due to their difference in intermolecular crosslinking, the SDFT fibrils showed high
strain stiffening and resistance to disruption compared to CDET fibrils. The mechanical response
of single fibrils extracted from SDF and CDE is shown in Fig.1.4(A&B). The tensile tests were
carried out using bowstring geometry®®, as a technical feature of this pulling technique, the
stress-strain curve can only be measured for strains above typically 5%. This, however, does not
affect the experimental findings and perspectives. It is clear from Fig.1.4(A&B) that fibrils
extracted from positional and energy storing tendon respond differently to tension, the
positional fibrils show a two phase behavior (Fig.1.4 A) while the energy storing fibrils show a
three-phase behavior (Fig.1.4B). Below 10% strain, in both cases, the linear region corresponds
to straightening of collagen triple helices. Around 10% strain, the fibrils from positional tendon
start yielding, the molecules slide with respect to each other longitudinally until rupture. For the
energy storing fibrils, despite showing a similar behavior at around 10% strain, these fibrils get
stiffer around 15% strain and stiffening is sustained until failure. Svensson et al.>” also reported
similar behavior of fibrils extracted from human patellar tendon and rat tail tendon, the response
of human patellar tendon fibrils were similar to bovine energy storing tendon fibrils while rat tail
tendon fibrils behaved like bovine positional tendon fibrils. The post rupture structural features
of positional collagen fibrils and energy storing fibrils are shown in Fig. 1.4(C&D) and clearly

demonstrate two different failure mechanisms. The positional fibrils undergo plastic

7



deformation, serial kinks and shell delamination are common features, the fibril structure was
disrupted significantly. The energy storing fibrils did not show such post-rupture features, the
native D-band pattern even remained conserved up to the rupture site indicating that the
supramolecular structure remained intact, shell delamination was not observed and kinks were

rare and sparsely distributed along the fibril length.

Single Collagen Fibril: Single Collagen Fibril:
Positional Tendon Energy Storing Tendon
A 400 B 400
F F E
8 % 300 - % 300 /f,r"\
.E o E _— 2 ""J rupture
2 s ot g E,
.E R 2005 ',j:-/ :Epture 2, 200 X
o § E, / 5 E,
= % 100 4’ E* 100 V
/ /

ruptured ruptured
positional energy storing
fibril fibril

-
-

Post-Rupture AFM

Fig.1.4: (A&B) Typical stress-Strain response of positional and energy storing tendon single fibril

and corresponding post rupture morphology (C&D). (Figure adapted from>>)



1.4 Molecular Denaturation Detection with CHP

Collagen molecules can get denatured by heating or mechanical manipulation, there are several
pathways of collagen molecular unfolding>®=%3. Miles et al.®* proposed that the denaturation
process is an irreversible rate process that starts at thermally labile regions lacking
hydroxyproline, near the C-terminal of the molecule and subsequently unzips the triple helix.
Miles et al. also showed in an another article that the thermally labile regions correspond to the
gap region of the collagen ultrastructure??. As a consequence of denaturation, conformational
changes happenin collagen molecules. The intermolecular cross-links break down, the triple helix
unzipped and water molecules that stabilize the molecule are released, as a result, the molecule
loses its native state®4%°, In case of mechanical loading, it was demonstrated that intermolecular
sliding between the molecules and cross-linking between them are crucial factors for

denaturation>29®,

Molecular level damage was detected along collagen fibrils from cyclically overloaded, or
ruptured tendons®”°. In these studies, trypsin digestion susceptibility in ruptured or overloaded
tendon was used as an indicator of molecular denaturation. Collagen hybridizing peptide (CHP)
or collagen mimetic peptide is one of useful tools in molecular level damage detection’®. CHP is
a synthetic peptide, it has glycine(G)—proline(P)-hydroxyproline(O) amino acid sequence that
mimics the structural motif of natural collagen molecule and can successfully hybridize with
denatured collagen denatured by heat or by matrix metalloproteinase (MMP) digestion both in
vitro and in vivo’%7%, It has been clearly demonstrated that CHP, due to its neutral and hydrophilic

sequence, has negligible binding affinity to intact collagen molecule or tissue’®’2, Zitnay et al.
9



recently used carboxyfluorescein (CF) labeled CHP (CF-CHP) to detect and quantitatively compare
the molecular level damage where rat tail tendon fascicles that were mechanically stretched
using a custom micro-mechanical test system up to a certain strain to cause subfailure level
damage’3. Comparison between Fig.1.5 (a & c) showed that significant fluorescence intensity is
observed when the stress-strain curve starts to move towards the plateau region (between 7.5-
9% strain), an indication of permanent tissue damage. At 12-15% strain, the fluorescence
intensity reaches at plateau (Fig.1.5¢) which is correlated to the end of the stress plateau in
stress-strain curves of Fig.1.5(a) where failure is observed. The fluorescence scans of 5, 10.5 and
15% strain samples clearly showed that CF-CHP staining increases with strain. The strained
fascicles were also subjected for trypsin digestion for verification, the trypsin digestion increased
in similar fashion as observed in case of fluorescence intensity and significant trypsin digestion
was observed after 9% strain. All these results indicate that unfolding of collagen molecules

occurs as soon as the tendon starts yielding.

C
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Fig.1.5:(a) Average of stress—strain curves for different strain groups (n=3) (b) fluorescence
images of the samples that experienced 5, 10.5 and 15% strain, and the brightfield image for the

15% strained fascicle, increase in fluorescence intensity was observed with increased strain. And
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(c) Fluorescence intensity and trypsin digestion vs. strain plot, threshold strain is indicated by the

orange dotted line. (Fig. adapted from’3)

1.5 Overview of experimental techniques used in investigating viscoelastic

properties and rupture mechanics at the single fibril level.

AFM vertical force spectroscopy has been used by several groups for observing stress-strain
behavior, stress relaxation and viscoelastic behavior and rupture mechanics in single fibril
level®”7477  Yang et al. performed vertical force spectroscopy for tensile testing of native and
cross-linked collagen’’. The experimental set up of this work has been presented in (Fig.1.6). A
two-component epoxy was used to glue the two end of a selected fibril crossing the glass-teflon
interface using a triangular AFM cantilever, later with the aid of a rectangular cantilever, the fibril
was stretched from one end. The non-sticking property of Teflon allows the rectangular
cantilever to stretch the fibril while the glass surface keeps the other end of the fibril attached to
the substrate. The study was designed to observe the influence of cross-linking on native collagen
fibril by means of stress relaxation testing which also demonstrated the viscoelastic nature of
collagen fibrils. They found two relaxation times — a fast component of 1.8 s and a slow
component of 63 s for native collagen fibrils by fitting the stress-time curve with a Maxwell
model. Addition of Glutaraldehyde and EDC/NHS zero-length cross-linker increased longer
relaxation times (to 216 s and 252 s, respectively) which implies that sliding between the
molecules is hindered because of cross-linkers. However, Glutaraldehyde was also able to
increase the shorter relaxation times (from 1.8 s to 3.7 s) which supported the existence of

microfibrils since it generates cross-links not only between the molecules but also between
11



microfibrils. Graham et al. used very similar technique to study vitro-assembled human type |
collagen fibrils’8.However, unlike the method used by Yang et al. they did not use epoxy or glue
droplet for AFM tip-fibril attachment or fibril-substrate attachment, relied on surface adhesion
property of collagen fibrils. The force-elongation curve obtained in stretching was consistent with

the worm-like chain (WLC) model’®.
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Fig. 1.6:(A-G) Stepwise detailed schematic drawing showing the gluing procedure and tensile

testing of single fibril with vertical force microscopy. Figure adapted from?’
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Svensson et al. also studied viscoelasticity and fracture mechanics of single collagen fibrils
extracted from Human Patellar Tendon(HPT) and Rat Tail Tendon(RTT) using AFM vertical force
spectroscopy in several studies.>””’47% In these studies, similar method have been used for tensile
testing where the experimental procedure was partly developed by van der Rijt et al’. Fig. 1.7
summarizes the experimental procedure where two single collagen fibrils extracted from human
fascicles were used for tensile testing using AFM approach. A single fibril was attached between
AFM cantilever and substrate using epoxy glue, cyclic tensile test was performed at six different
strain rates in the pre-yield region. In addition, stepwise relaxation testing was done to
understand viscoelastic response. This was the first time demonstration of viscoelastic response

at the single fibril level.

Detectar
Position 1

Paosition 2

Detector moved
down

Cantilever ;f;ffxf#

Glue r

| Piezo

Fig. 1.7: Schematic of tensile testing experiment on a single fibril performed by AFM vertical force

il

spectroscopy. Depending on the position of the piezo, the fibril gets relaxed or stretched. As a

result, laser hits at different position of detector. Figure adapted from”’*
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MEMS (microelectromechanical systems) device has been used in several studies by shen et al.
to perform large-strain uniaxial tensile testing as well as combined creep and stress relaxation
studies of single collagen fibrils8%-82, Fig.1.8 shows MEMS devices where the collagen fibril was
suspended between the Fixed and Movable pads, mounted on a piezo stage of single axis-of-
motion®2. Uniaxial strain was applied by changing the relative distance between the fixed and
movable pads controlled by the piezo stage. In this study Shen et al. conducted stress relaxation
test of eight collagen fibrils extracted from sea cucumber. The stress relaxation behavior was
fitted with the Maxwell Weichert models, indicating that fibrils show viscoelastic behavior
(Fig.1.9). The variability observed in viscoelastic behavior was proposed to be a result of
variability in cross-link density, fibril geometry and small sample number. They proposed that
during stress relaxation the collagen molecules unwind and straighten first, then slide with
respect to one another. Also, during relaxation the water molecules around the collagen
molecules rearrange anywhere between 0.5 nm to 100 nm length-scale (radial collagen molecule

spacing to fibril diameter)
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Fig. 1.8: (a) Diagram showing different parts of a MEMS device for tensile testing experiment
which consists of a fixed pad (FP), a force-gauge pad (FGP), a movable pad (MP), four tether
beams (T), four anchor pads (A), a force gauge (FG) and a pushing hole (PH) (b) SEM image of a

single fibril. Figure adapted from?®?
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Fig.1.9: Stress vs. time plot that showed viscoelastic response of collagen fibrils for three tests,
the Elastic moduli and the relaxation times from the experimental data was obtained by fitting

the curves with Maxwell-Weichert model. Figure adapted from®?

1.6 Research Questions

Based on my review of the literature | have identified 3 questions in the field of mechanically

induced denaturation of collagen fibrils and tissues.

Q1: Zitnay et al. detected molecular level damage for subfailure loading at the tendon level’3, Is
the observed molecular damage at low tendon strain due to strain localization at the fibril level

or does molecular damage occur even at low strain at the fibril level ?

Q2: What is the mechanical energy necessary to unfold collagen molecules within a stretched

fibril?

Q3: Yang et al. and Shen et al. studied the stress relaxation mechanism in single collagen

fibrils’”82, What is the impact of stress relaxation on molecular unfolding in a single collagen?
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Chapter 2

Materials and Methods

2.1 CDET collection, collagen fibril extraction and sample preparation

The fresh forelimb of an adult steer (18-24 months old) was harvested from a slaughterhouse
(East Meats, NS, Canada) and brought to laboratory for dissection. Using a scalpel and tweezers,
the forelimb was opened up at room temperature and the CDET was identified between the
MDET (medial digital extensor tendon) and LDET (lateral digital extensor tendon). The non-
tendinous materials were removed carefully and the CDET was extracted from the forelimb. The
tendon was then cut into few pieces (each 3-4 cm, convenient size for fibril extraction) on the
day of collection, wrapped in gauze soaked with Phosphate Buffer Saline (PBS) and stored at -
80°C for approximately one month.

In order to extract collagen fibrils, one of the tendon pieces was placed in a plastic dish of radius
around 5 cm with 20 mL 1X PBS solution at room temperature. The PBS solution was prepared
just before the fibril extraction procedure. To avoid the epitenon and other non-collagenous
materials, the central portion of the tendon was selected for fibril extraction. With the aid of
razor blade and tweezers, the tendon was sliced longitudinally and the central portion of the
tendon was exposed gradually. Once the central portion was exposed, the razor blade was used
to scrape. The scraping procedure was continued for 15 minutes to extract enough single collagen
fibrils into the surrounding PBS solution. The PBS and collagen fibril suspension was then pipetted
and distributed in five sample glass dishes of 3 cm radius (2 mL each). The deposited suspension

was then placed on a linear shaker table at 1 Hz for 45 min to make sure that the fibrils were
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aligned. After shaker table alignment, the dishes were rinsed at least three times with ultrapure
water to avoid salt crystallization and dried under compressed nitrogen. Sample dishes were

desiccated for 24-48 hours prior to gluing in a desiccating chamber.

2.2 Pulling fine tipped glass rods for gluing purpose

In order to create isolated collagen fibril segments, fine tipped glass rods were produced using a
Sutter P-2000 Laser-Based Micropipette Puller (Sutter instrument, USA). The Borosilicate glass
capillaries with outer and inner diameter of 1 mm and 0.58 mm respectively (World Precision
Instruments, USA) were inserted in the micropipette puller. The CO; laser heat source was
modulated and directed precisely to obtain a tip diameter from 0.6 mm to less than one micron.

| found that the finest pipettes worked best for gluing purposes.
2.3 Isolation of collagen fibril segments and gluing procedure

The detection, isolation and gluing of desiccated fibrils was done using dark field microscopy on
an Olympus BH2 optical microscope equipped with a 10X, 0.3 NA objective (Olympus, USA) and
WHK 10X/20L microscope eyepieces (Olympus, USA). A fine tipped glass rod was placed on a
hydraulic 3D micromanipulator (Siskiyou Corp, USA) and positioned just above the glass surface.
A large drop of 5 minutes epoxy mix (Lepage, USA) was placed on one side of the dish and was

easily accessible to the glass rod using the micromanipulator.

A moderately dense region of parallel collagen fibrils was selected first and then a single fibril
with comparatively clean surrounding was targeted for gluing. The glass rod was moved and
dipped into the glue for a few seconds and then it was removed. Excess glue was removed just

by pressing the glass rod onto the substrate. Again using the micromanipulator the glass rod was
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moved towards the targeted fibrils and two thin glue strips were deposited. We targeted a fibril
segment length of around 40-50 um for gluing (length before gluing) which is compatible with
our stretching protocol (Fig. 2.1). However, this was difficult to achieve and we obtained a broad
distribution of segment length. In some cases, multiple glue strips were deposited in order to
generate multiple segments along the same fibril. After gluing several fibrils this way, in different
region of the sample dish, the sample dishes were stored in a desiccator for at least 24 hours

before the next experimental step.

fibril
selected

epoxy strips :
isolating test . unloaded

segment of fibril. " control
' segment

,%\ test segment

Fig. 2.1: Fibril isolation (A) and gluing (B), brightfield illumination was used in combination with

darkfield illumination for better viewing. Figure adapted from>>
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2.4 AFM cantilever characterization and spring constant calibration

Bruker Tap 525A silicon probes (Mean Nominal Spring Constant of 186.5 N/m, standard deviation
5.97, n=5) were used for fibril manipulation. The Bruker Tap 525A probe was placed in a probe
holder in two different ways so that it was possible to obtain all the dimensions of the probe
using a Phenom G2 Pro scanning electron microscope (Phenom-World, Netherlands). The
cantilever length, thickness and tip height were then measured in ImagelJ to calibrate the lateral
force constant of the probes (Fig.2.2). All the dimensions were found within the nominal range
(115 <L<135 um, 6.0 <T <7.5 um, and 15 <H <20 um.). In order to measure the normal cantilever
sensitivity, the cantilever was engaged on a sapphire sample (Bruker PeakForce QNM Sample Kit)
to measure its vertical deflection sensitivity, S;, by fitting the laser spot deflection on the

photodiode with respect to the probe height sensor change. The vertical spring constant K; was

then calculated by combining this with the thermal noise method of Sader et al®.

Fig. 2.2: Bruker Tap525A AFM probe viewed under SEM. Images were taken to measure tip length

(A), height and thickness (B).
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2.5 Pre-manipulated fibril imaging

In order to compare the morphology of the pre- and post-manipulated fibrils, AFM imaging of
the dehydrated fibrils was done before pulling using a Bioscope Catalyst AFM (Bruker, USA) in
dehydrated condition operating in Peak Force Quantitative Nanomechanical Mapping (QNM)
mode. The AFM probe used for fibril imaging was a Bruker ScanAsyst fluid+ AFM probe (nominal
spring constant 0.7 N/m). The glued fibrils were detected optically and the AFM tip was engaged
at the location. The entire length of the fibril was imaged with a pixel size around 20 nm so that
the D-band was visible and with a 0.1 Hz raster scan frequency. The aspect ratio and the angle of

scanning were adjusted depending on fibril geometry and imaging time.

2.6 AFM basic operation, experimental set-up and relaxation method

Atomic Force Microscopy is a surface technique in which a probe is scanned across a region of
interest while maintaining a constant force. The position of the sample stage and the tip are
accurately controlled by the piezoelectric elements, generating a map which can be considered
as surface topography. The AFM probe is a pyramidal tip attached to a flexible cantilever. The

deflection of the cantilever is measured using a laser focused on its back and a photodiode.

In this study, the sample manipulation was done in contact mode and imaging was done in
tapping mode. As the name indicates, in contact mode, the AFM tip remains in contact with the
sample and enables lateral manipulation of the sample keeping the normal deflection of the
cantilever constant. On the other hand, in the tapping mode, the AFM tip oscillates in and out of

contact maintaining constant oscillation amplitude.
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The relaxation experiment and fibril imaging were accomplished using Bioscope Catalyst AFM
(Bruker,USA) mounted on an inverted microscope( IX71,0lympus,USA). First the sample dish was
rehydrated with 3ml of PBS for 30 min. The sample dish was kept on the AFM stage for
manipulation in such an orientation that the longitudinal fibril axis was parallel to the axis of the
AFM cantilever (Fig. 2.3A). The laser reflected from the back of the cantilever was collected on a
four quadrants photodiode, the output of the photodiode controlled the tip-sample distance
through a feedback loop (Fig. 2.3A). The fibrils were pulled in bowstring geometry®®. (Fig. 2.3B).
The pulling velocity was 1um/sec with a straight path going through the middle of the fibril.
During pulling, the normal applied force was maintained around 40 uN. The feedback loop gains
were set to an integral gain of 1.4 and a proportional gain of 5.0 as this combination limited the
occurrence of the cantilever hopping over the fibril. The lateral deflection of the cantilever versus
time was acquired during the entire fibril manipulation at a frequency of 500Hz. After pulling the
fibril up to a given strain, the probe was stopped and held in place for a specific time (1-1500 sec
times), and then the probe was lifted off the surface to allow the fibril to relax back to its initial
position. Optical images of the fibrils were also captured during the whole process at the rate of
5 fps with a CCD camera (Grasshopper Point Grey, Canada) and a magnification of 100X in

differential interference contrast (DIC) mode.
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Fig.2.3: (A) A simple illustration of the bowstring geometry and (B) basic AFM operation

2.7 Overview of relations between mechanical parameters

During the manipulation process the AFM tip contacts the fibril which causes a lateral deflection

of the laser beam on the photodiode. The lateral force was computed by the relation342>,

T
Fiaterar = SZKZLVlatreal/(l + U) (H + E) (1)

Where, Siaterat [Nm/V] is the lateral sensitivity, Kiaterar [N/m] is the lateral spring constant, and Viateral
[V] is the lateral voltage deflection. L, H and T are defined in Fig. 2.2, S;is the vertical sensitivity,

K; is the vertical spring constant and v is the Poisson's ratio (0.27) for silicon®®.
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Depending on the Fibril-probe contact point and fibril alignment with respect to the cantilever
long axis, we have three cases for bowstring geometry (Fig. 2.4A-2.4C). The maximum strain

achieved was measured optically for each fibril.

L/2 L
/ Los '

L
L/2 02 L,

(A) (B)

Fig. 2.4: (A) Bowstring geometry where AFM tip pulled through middle point, two sides of the
fibril achieved similar strain. (B) Fibril was pulled asymmetrically, uneven strain produced. (C)

Fibril axis was not perfectly parallel to AFM tip, therefore pulling angle was taken into account.

For each fibril manipulation the lateral defection voltage-time curve was converted to a force-
time curve using equation (1) and was correlated with the captured video. The raw force data
was smoothed using a window size of 20 points. Fig. 2.5 A is an example of an entire force-time
curve from first contact between the tip and the fibril (the fibril feels tension from point a),
pulling to maximum strain (point b) followed by force relaxation for 150s. Fig. 2.5 B is a close-up
of the pulling region showing that a sharp increase is observed after the fibril fully detached

from the substrate at around 5um. The force relaxation happened in two phases, a fast
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decrease (until point c in Fig. 2.5 A) and a slower average decrease with large oscillations until
the end (point d in Fig. 2.5 A). During the force relaxation part of the experiment it was
common for the force to become negative compared to the force at first contact indicating that
the fibril force relaxation is not the main driver of the lateral deflection of the cantilever beyond
point c (Fig. 2.5 A). After holding the fibril for 150s, the AFM tip was released and the fibril came

back close to its initial position without any evidence of rupture (Fig. 2.6 C).

In order to calculate the total mechanical energy to stretch the fibril, Force-displacement curve
like Fig. 2.5 (B) was generated. The whole force-time curve was then integrated to calculate the

total mechanical energy given in the system.

(A) (B)
1500 1500
b b
1000
1000
500 ¢
z z
frag [
0
500
-500 ¢
a
TR ’ 0 5 10 15 20
0 50 100 150 200
time (Sec) AFM Stage Displacement(micron)

Fig. 2.5 (A & B): Transformation of voltage-distance curve to Force-time and Force-distance curve.

25



Fibril ™ Fibril after release

Fig. 2.6 (A-C): Pulling sequence, the fibril was pulled by the AFM tip (17% strain) and was held

for a particular time period.

2.8 Post-manipulated Fibril imaging

After the relaxation test of all the fibrils in the dish, the PBS solution was removed from the glass
dish, and the dish was rinsed at least three times with ultrapure water. The sample dish was then
dried under compressed nitrogen and stored again in the desiccating chamber. After 12 hours,
the post-manipulated AFM imaging was performed with Bruker ScanAsyst fluid+ AFM probe
Catalyst AFM (Bruker, USA). The imaging technique and parameters used were kept exactly the

same as for pre-manipulation imaging for direct comparison.

2.9 Sample preparation for post-manipulated fluorescence imaging and

fluorescence imaging protocol

The sample dishes containing the fibrils were rehydrated with 3 ml ultrapure water for an hour.
10 uM Fluorescein conjugated collagen hybridizing peptide (CHP) (Echelon Biosciences Inc., Salt
Lake City, UT) solution was prepared at room temperature under normal lab environment. The
peptide solution was heated at 80°C for 5 min in a dry bath incubator and cooled by immersion

in an ice bath for 15 seconds. The ultrapure water was dumped from each dish, replaced by 2

26



ml of the cooled peptide solution and the dishes were incubated at 4°C for 12 hours. The
peptide solution was removed and each dish was rinsed 3 times with ultrapure water, five
minutes per rinse. The dishes were dried under compressed nitrogen for few minutes, covered
in aluminum foil and kept in the dark until fluorescence imaging was performed.

Fluorescence imaging was performed on a Zeiss LSM 710 upright confocal microscope equipped
with a 488 nm Argon laser. Samples were imaged with a 40X oil immersion lens with digital zooms
of 2.0X and 5.5X. A region of interest (ROIl) function was employed for isolating manipulated
fibrils from the rest of the sample for scanning and imaging. Micrographs were obtained with
ZEN 2009 Microscope and Imaging Software. Laser scanning and bright field images were

acquired as a stack for each ROI.

2.10 Data Analysis

2.10.1 Fibril height profiling

Height was taken across the length of the fibril from the AFM image of pre- and post-manipulated
fibril to probe change occurring due to stress relaxation. The height image was launched in SPIP
image analysis software, was flattened, zoomed and then a segmented line was drawn manually
from one end of the fibril to another through its middle (Fig. 2.7A). The glue droplets at the two
ends were avoided during the height profiling. The height was always taken from the same end
of each fibril so the generated profiles from pre- and post- manipulated fibril were directly

comparable.
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2.10.2 Fibril cross section profiling

In order to see changes in width as well as height, the cross section mapping of the fibril was
required. Cross-sections were taken approximately at each micron interval along the length of
the fibril (Fig. 2.7 B) and therefore a cross-section profile for pre- and post- manipulated fibril was
made for comparison. The fibril height image was launched in SPIP, flattened and zoomed first.
Then a line was drawn at the one end of the fibril (avoiding glue droplets) perpendicular to fibril
length. The generated profile was opened in Kaleidagraph and the selected area was integrated
(Fig. 2.8). The cross section obtained from each point was then plotted against the distance along

the fibril, which generated cross section profile of pre- and post- manipulated fibril.

Fig. 2.7: (A) Height profiling and (B) Area profiling of fibril before and after manipulation. The
height profile was taken along the length of the fibril where cross-sectional area was measured

at certain location perpendicular to fibril length, approximately every micron interval.
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Fig. 2.8: Example of height-distance profile at each location where cross section of the fibril was

measured. The shaded region was integrated for estimating area.

2.10.3 Fluorescence Intensity Profiling

Fluorescence intensity mapping was done on all manipulated fibrils in order to quantify the
extent of molecular damage accrued during fibril manipulation. The brightfield image was
opened in Imagel, a line with a width of typically 5 pixels (through the middle of the fibril,
comparable to fibril width) was drawn across the length of the fibril. Then keeping the line at the
same location, | switched to the fluorescence image, which gave fluorescence intensity profile.
The background fluorescence was measured by moving the line 5-10 microns away from the
fibril. The obtained profile of fluorescence intensity profile was then subtracted from the

background and smoothed over 20 data points.
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2.10.4 D-Band Measurement

The height profile acquired was separated for all the cases where the strain was not similar on

both sides, the data was interpolated with 2048 pixels and FFT was performed. The peak was

visible around 0.015 nm™ corresponds to D-band signal, this peak was fitted with Gaussian to get

D-band measurement.
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Fig. 2.9: (A) Example of height profile of the fibril along the length before and after manipulation,

portion of the profile height has been zoomed in inset (B) FFT of the profile, the peak has been

fitted with Gaussian to measure D-band.
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2.10.5 Statistical Analysis

Average * standard deviation has been presented in each bar graph. One-way ANOVA was
performed in SPSS and Kaleidagraph in order to check whether there is an overall statistically
significant difference between multiple groups exists or not. Based on the result of ANOVA test,
Fisher’s LSD post hoc was performed to calculate significant difference between each group.
Students unpaired t-test was performed in case of comparing only two groups. In bar graphs, we
have used following notation to mention the significant difference: * p <0.05, ** p<0.01, *** p
<0.001. For linear trends, the significance of the linear fit has been reported based on the ANOVA

result of linear regression test in SPSS.
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Chapter 3

Results

A bowstring stretching and relaxation protocol was applied to 14 collagen fibrils extracted from
the CDET of one bovine steer forelimb. 6 fibrils were pulled symmetrically (Fig. 2.4A) and 8 fibrils
were pulled asymmetrically (Fig. 2.4B and 2.4C) yielding 22 fibril segments considering symmetric
cases as one segment since these fibrils experienced similar strain (less than 2% strain difference)
on both sides. In addition, one fibril went through the same preparation as the other ones but
was not manipulated and served as a control. After the fibrils were stretched and relaxed for
different times, the AFM tip was lifted up to release the fibrils. In all 14 cases, the fibril came back
close to its initial position without breaking (Fig. 3.1) and within the time of one video frame, 200
ms. This proves that all the fibrils were under tension at the end of the relaxation period even so
the force measured at the tip became negative during relaxation (Fig. 2.5A). Due to this limitation
the force relaxation curves were not analyzed and | focused on morphological and molecular

changes due to the manipulation protocol.
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Fig. 3.1: Optical microscopy frames taken before manipulation, at the maximum strain and after
release for the three relaxation times, 1s (1a-1c,1% row), 150s (2a-2c, 2" row) and 1500s (3a-3c,

3" row). The change in brightness of the fibrils after release may be due to water uptake.

3.1 Collagen fibrils morphology and supramolecular structure before and after
manipulation

The fibrils were stretched between 4% and 22% and were held at the target strain for three

different relaxation times, 1 second (n=5, where n is the number of fibril segments), 150 seconds

(n=13) and 1500 seconds (n=4). The fibrils had a broad distribution of test segment length (23-69
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um), mean dry height (75-169 nm) and mean dry cross-sectional area (17,000-50,000 nm?) before
manipulation. The values for these parameters varied as well between the fibrils exposed to the

three different relaxation times (Table 3.1).

Relaxation time (s) | Number | Mean length | Mean height | Mean cross-sectional area
of fibrils | (um) (nm) (nm?)

1 3 3148 143413 44,000+5,000

150 8 50+17 122426 31,000+12,000

1500 3 31+10 149+12 44,600+1000

Table 3.1: Collagen fibrils morphology before manipulation (measured value+SD) for each

relaxation time.

Height and cross-sectional area profiles of all the fibrils studied (before and after manipulation)
including the control fibril showed noticeable variations along the length. As an example, the
control fibril height and area profile are presented in Fig.3.2 A&B. The fibril was not manipulated
but appeared to swell after the second drying step indicating that the humidity in the room was
not constant throughout the experiment. The mean dry height of the fibril is 133+11 nm, with a
coefficient of variation of 8% while the mean dehydrated height of the fibril after the second
dehydration step is 143+12 nm, with almost the same coefficient of variation. The cross-sectional
area profiles showed a bit more variation (coefficient of variation of 10% and 13% for first and
second profiles respectively) with mean dry cross-sectional area 40,000+4,000 nm? (first

dehydration step) and 46,00046,000 nm? (second dehydration step).
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Fig. 3.2: (A) Height and (B) Cross-Sectional area profile of the control profile, the shape of both

height and area curve remained similar.

The change in mean height and mean cross-sectional area of all the manipulated fibrils, pooled
by relaxation time, is presented in Table-3.2. Half of the fibrils showed an increase in height
after relaxation while only two fibrils swelled in cross section after manipulation. The average
height change for all fibrils into consideration is always small, around 9+5%, while in case of
area the change is about 11+6%. No significant change has been observed in total length of the

fibril due to manipulation.
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Relaxation time (s) | Number | Absolute change | Absolute change in

of fibrils | in mean height | mean cross-sectional

(nm) area (nm?)
1 3 11+6 50002800
150 8 107 3000+1700
1500 3 14+7 2200£1300

Table 3.2: The morphological change in fibril after relaxation (measured value + SD), for each

relaxation time.

The supramolecular structure of the fibrils, as assessed by the D-band spacing characteristic of
the staggering pattern of the collagen molecules, was insensitive to the manipulation protocol.
The mean difference of D-band spacing before and after manipulation for all fibrils is effectively
zero, 0.02+0.94 nm (Fig. 3.3A). The D-band spacing decreased by no more than 2 nm for half of
the manipulated fibril segments while the other half showed no more than a 2 nm increase
(Fig.3.3B). Pooling the fibrils per relaxation time did not change this picture (Table 3.3)
indicating that the supramolecular structure of the fibrils seems unaffected by the bowstring

stretching and relaxation protocol for all strains between 4 and 22%.
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Fig. 3.3: (A) The mean D-band spacing before and after manipulation (B) Distribution of D-band

difference (nm).

Relaxation time (s)

D-band (before, nm)

D-band (after, nm)

D-band difference

(after-before, nm)

1 65.63+0.64 65.08+1.44 0.55+0.9
150 65.621+0.75 65.85+0.69 0.23+£0.86
1500 65.67+0.28 65.74+1.25 0.07+1.17

Table 3.3: Summary of D-band measurements for each relaxation time.
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3.2 Tensile loading and release lead to molecular denaturation

The bowstring stretching protocol followed by relaxation for up to 1500 s yielded no significant
change in supramolecular structure of the collagen fibrils as assessed by the D-band spacing.
However, this result does not rule out the possibility that portions of the collagen molecules
unfolded due to tensile loading, stress relaxation and/or instantaneous release. In order to
check this possibility, we used CHP that binds specifically to denatured collagen triple helices

and is widely used for the detection of molecular unfolding or damage in collagen’%72,

The fluorescence image analysis of the CHP treated manipulated fibrils revealed molecular
denaturation. The background corrected fluorescence intensity profile along each CHP treated
fibril was extracted from the fluorescence image, and the mean intensity was measured. The
regions within 1 micron of the glue attachments and the tip contact point were excluded from
this analysis. Fig. 3.4 summarizes the distribution of mean fluorescence intensity for the three
different relaxation times, averaging over all strain levels. The control segment showed minimum
intensity compared to the three manipulated groups. There is an apparent increase of mean
fluorescence intensity with increasing relaxation times (3.56+ 1.01, 3.82+ 1.41 and 4.58+ 1.88);
However, one-way ANOVA tests and Student-Newman-Keuls post hoc tests showed no

significant difference between these three groups.
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Fig. 3.4: Mean fluorescence intensity along the fibrils for the control case and the three
relaxation times. The range of strain within each group is indicated in parenthesis. There was a

significant difference between the control case and the three manipulated groups.

3.3 Fluorescence intensity profile for different strain levels

The fluorescence intensity varied notably within the same fibril when it experienced two different
strain levels (asymmetric cases, fig. 2.4B & 2.4C). As an example, Fig. 3.5 shows the fluorescence
profile and fluorescence image of a fibril strained asymmetrically to 5 and 20% strain. There is a
visible increase in fluorescence intensity going from the low strain to the high strain region along
the profile. All fibrils that experienced asymmetric stretching showed the same behavior
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independent of relaxation time, Fig. 3.6 provides all eight cases asymmetric cases. Unpaired t-
test was performed on the mean fluorescence intensity between the high strain and low strain
region of each fibril that experienced asymmetric stretching and six cases were statistically

significant.

Background

5% strain 20% strain

Fluorescence Intensity

0 10 20 30 40 50 60

Distance(um)

Fig. 3.5: An example of fluorescence intensity profile and corresponding fluorescence image
with enhanced contrast (corresponds to Fig.3.6A) where the fibril experienced two different
strains, 5 and 20% on each side and showed different fluorescence intensity level. This fibril was

exposed to a 150 s relaxation before release.
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fibrils that experienced asymmetric stretching. (A-E) 150 s relaxation time, (F) 1500 s relaxation
time and (G,H) 1 s relaxation time, six strain pairs showed statistically significant difference in
unpaired t-test.

In addition, we observed that the difference in observed fluorescence intensity between the

two sides of the same fibril was independent of the strain difference (Fig. 3.7).
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Fig 3.7: Plot of strain difference and fluorescence difference for asymmetric cases, blue dot

represents average and standard deviation of all data points.

3.4 Fluorescence Intensity and Strain dependence

Even so we did not find any evidence of linear dependence of fluorescence intensity difference
with strain difference for the asymmetric cases, we wanted to explore whether there is
correlation between the mean fluorescence intensity of each segment and the strain it
experienced. In order to relate these two variables, we plotted mean fluorescence intensity
against the strain applied (Fig. 3.8A) for all three relaxation time categories. The fluorescence
intensity of the control fibril is presented as well for comparison but not included in the following
analysis. All the manipulated fibrils showed a higher level of fluorescence intensity compared to

the control, as expected (Fig. 3.4). All the data points were analyzed together, ignoring relaxation
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times (Fig. 3.8A), and the two quantities were found to be linearly correlated (P=0.023, see dotted
line). Linear fits for each relaxation time are also presented in Fig. 3.8A, however the only
statistically significant case corresponded to a relaxation time of 150 s (P=0.03). Taking into
account the reported stress-strain curves of CDET fibrils that show a stress plateau starting
around 10-15% strain>>°7, we have categorized the mean fluorescence intensity into four groups
(Fig. 3.8B), Significant difference was found between the low strain group (<10% strain) and both
intermediate (10-15% strain) and high (>15%) strain groups. However, the intermediate and high
strain groups showed no significant difference. The control and low strain groups were not
statistically different as well. These results indicate that the physical relationship between
fluorescence intensity and strain is not linear (Fig. 3.8B), instead there seems to be two
fluorescence intensity levels with a threshold strain around 10%. This idea is supported by the
absence of correlation between the difference in fluorescence intensity and the strain difference
observed for the asymmetric cases (Fig. 3.7). In most of these cases the two segments were
subjected to strains above and below 10%, respectively (Fig. 3.6) and the average fluorescence
intensity difference is around 2 units in agreement with the difference in mean fluorescence
intensity between the Low strain and Intermediate strain groups in Fig. 3.8B. Furthermore, we
have indirect evidence that the fluorescence intensity may be modulated by the applied stress
above and below the strain threshold. This idea is supported by the fact that the coefficient of
variation (CV) of the fluorescence intensity increases with the coefficient of variation of the cross-
sectional area of the fibril before manipulation for all manipulated fibrils (Fig. 3.9). The intrinsic
fluctuation in cross-sectional area along the length of the fibril therefore may have some impact

on the observed spatial fluctuation in fluorescence intensity. Fig. 3.10 shows one example of
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observed fluctuation in cross-sectional area before manipulation and fluorescence intensity at
every micron length of the fibril; the spatial fluctuations are fairly negatively correlated between
the two profiles albeit with different scales (CV= 0.05 and 0.7 for area before manipulation and

fluorescence profile, respectively).
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Fig. 3.8: (A) Relationship between fluorescence intensity and the strain applied on each fibril for
the three different relaxation times (B) Strain categories introduced based on the typical stress-
strain curve of CDET fibrils>>>’. One-way ANOVA tests indicated significant pairwise differences

in mean fluorescence intensity between the control and the intermediate and high strain

groups, the same was true for the low strain group.
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Fig.3.9: Relation between coefficient of variation of fluorescence and coefficient of variation of
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Fig. 3.10: Pre-manipulated fibril cross-section and corresponding fluorescence intensity at every

micron length. The fluctuation is clearly visible in both profiles.
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3.5 Relation between observed fluorescence intensity and fibril cross-sectional

area loss due to manipulation

The fluorescence intensity measurement of manipulated fibrils showed evidence of CHP binding
which in turn indicates denaturation of collagen molecules, keeping the D-band almost intact as
shown in table 3.3. During denaturation, the collagen triple helix dissociates into its three strands
as pictured in Fig. 3.11%”. Considering the model in Fig. 3.11 where the triple helix is denatured in
its middle, one expects that in the dry state, the central denatured part will collapse onto itself
in the absence of water giving rise to a local decrease in cross-sectional area with respect to the
triple helical parts of the molecule. This idea is supported by Bozec et al. who proposed that
denaturation will cause several phases of conformational changes in collagen fibril, primarily
breaking of different intermolecular cross-links and H-bond that stabilizes the molecule leading
the collapse of collagen triple helix®2. Therefore, according to this simple model, the
denaturation of collagen molecules within the fibril is then expected to decrease the overall cross
sectional area of the collagen fibril. The direct comparison of cross sectional area of fibrils before
and after manipulation therefore provides a way to potentially estimate_the extent of molecular
denaturation due to manipulation. The cross sectional area loss of fibril due to manipulation can
be assumed as proportional to cross sectional area loss of all denatured molecules within the
fibril, which leads us to hypothesize, that the mean cross-sectional area loss of each fibril will be
proportional to the amount of CHP binding and its corresponding fluorescence intensity. Hence,
the cross sectional area measurement at every micron along the length of the fibril and its

associated fluorescence intensity should be linearly correlated.
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In practice, we have observed three kinds of cross-sectional area behavior for fibrils after
manipulation, shrinking (90% above, 4 out of 14), swelling (90% and above, 2 out of 14) and
combination of swelling and shrinking (8 out of 14) in cross section with evidence of CHP binding
for all cases. Fig. 3.12 shows example of two cases, an almost completely shrunk fibril after
manipulation and an almost swollen fibril after manipulation. When shrinkage is observed, it is
associated with a linear trend between cross-sectional area loss and fluorescence intensity (Fig.
3.12 A, p=0.001). When swelling occurs, possibly be due to a difference in humidity conditions
before and after manipulation, as already reported by Spitzner et al*°., there is no correlation
between the increase in cross-sectional area and the fluorescence intensity (Fig. 3.12 D).
Therefore, in order to get a quantitative idea of molecular denaturation due to manipulation, we
focused on the region of a fibril where shrinking was observed and only used cases where a
statistically significant linear relationship between cross-sectional area difference and

fluorescence intensity was found.

Fig 3.11: Computer simulated “ball and stick” model of collagen triple-helix (top-blue) and

denatured state (bottom-red) induced by heat. Figure adopted from?’
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Fig.3.12: Fibril lost area after manipulation, relationship has been shown between mean area loss
and fluorescence intensity (A), corresponding area and fluorescence profile before and after
manipulation (B, C). Despite of high fluorescence background intensity (C), a clear linear trend
has been observed between fluorescence intensity and area loss. An almost complete swollen
case, fluorescence intensity has been plotted against mean area difference, area increases
despite of manipulation (D, E). The related fluorescence profile before and after manipulation
has shown as well (E, F), high fluorescence intensity observed in left side of fluorescence profile

with respect to background but no linear or meaningful trend has been found with mean area

difference (D, F).
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3.6 Quantitative measurement of molecular denaturation due to manipulation
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Fig.3.13: (A-F) Cases where statistically significant relationship has been found between mean
area difference and fluorescence intensity. The blue colored lines show linear fitting for fluoresce
intensity vs. mean area difference, interchanging the axis changes the fitting (green lines). Best
line fit has been shown with crossed gray line passing through the intersection of two slopes. In
all cases, mean area after manipulation has been subtracted from mean area before

manipulation. The strains applied in these cases are 11%, 17%, 11.3%, 10%, 10% and 9%

respectively.
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Fig.3.13 shows all the statistically significant cases where fluorescence intensity has a statistically
significant linear relationship with the cross-sectional area difference. The slope indicates the
change in cross-sectional area per unit fluorescence intensity from which we can estimate the
number of unfolded molecules per unit fluorescence intensity. Interchanging the axis gave us
different slopes (but same P and R-value as indicated in table 3.4), as expected when both
variables have large standard deviation, in order to take this effect into account, we have
calculated the best fit line slope and corresponding standard deviation with bisector method as
proposed by Isobe et al’. The diameter of a collagen triple helix is 1.1 nm in dry tendon?®?, so the
cross section of each collagen triple helix is roughly 0.95 nm?~ 1nm? (ignoring the packing fraction
calculation). Hence, in order to get an overall and rough quantitative idea of molecular
denaturation that took place after stress relaxation, we have considered that the cross-sectional
area difference in nm? is directly an estimate of the number of denatured molecules per cross-
section. Table. 3.4 summarizes all the significant cases, the number of denatured molecules
based on that simple assumption, vary widely (the weighted average number of denatured
molecules is 17801625 per Fluorescence intensity unit) which suggests that CHP binding was not

uniform across the 7 sample dishes.
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Mean Slope Slope | Calibrated | P- R-Value | Strain Swelling
Fluorescence | (arbitrary | Error | Area value applied | Percentage
Intensity unit/nm?) Difference (%) (%)
(nm?)

5.43 1241 614 6738 0.04 0.36 11 44

6.46 1432 436 9250 0.003 | 0.44 17 15

3.96 1668 544 6605 0.004 | 0.34 11.3 01

1.60 2135 523 3416 0.001 | 0.57 10 10

6.04 923 434 5574 0.05 0.45 10 25

1.49 3285 1194 | 4894 0.04 0.72 9 85

Table 3.4: Detailed presentation of fitting parameters of the cases shown in Fig. 3.12 (A-F,
respectively), the number of unfolded molecules represent weighted average value of all these

slopes and corresponding standard deviation is weighted mean of the error.

Based on the estimated number of denatured molecules per unit fluorescence intensity, we have
reconstructed the bar plot shown in Fig 3.8(B) in terms of number of denatured molecules.
Fig.3.14 shows the mean number of denatured molecules over the fibril cross-section for the
three strain levels introduced previously, there is no statistical difference between the three

strain groups due to large standard deviations.
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Fig. 3.14: Three strain groups in terms of number of molecules lost due to manipulation based
on the calibrated number from the slope presented in table 3.4. The mean number of
denatured molecules at high strain group is approximately double than that of low strain group

but due to large standard deviations, no statistically significant difference was found.

The mean number of denatured molecules over the cross-section of the fibril is then used to
estimate the decrease in fibril dry volume due to manipulation with respect to the initial dry
volume. The fraction of volume change, assuming the average change in cross-sectional area
estimated holds for the entire fibril including swollen sections, was plotted against the weighted

average strain applied in Fig.3.15 (this is to account for the presence of one asymmetric pulling
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case). We observed an apparent sigmoidal trend with an onset around 8% strain and we report

in average 17+9% dry volume loss for a strain applied of 11+3% (blue point in Fig.3.15).
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Fig. 3.15: Plot of change in volume vs. weighted average of strain, the blue point represents

mean values of change in volume and weighted strain average with standard deviations.

3.7 Energetics involved in molecular denaturation process

For each fibril we were also able to extract the amount of mechanical energy per unit dry volume
used to stretch it to its maximum achieved strain by integrating the force versus distance curve.

For this analysis we limit ourselves to the six cases identified in section 3.6.

The energy density vs. strain graph (Fig.3.16A) shows no clear trends, with four fibrils reaching

strains between 9 and 17% for an energy density around 7 MJ/m?3 while two other fibrils required

53



approximately two-fold the energy density, respectively, to reach similar strains. This variation is
likely due to the already reported variability in tensile properties of single fibrils extracted from
the same tendon type®. The percentage change in dry volume after the manipulation was
plotted as the function of mechanical energy density used to stretch the fibril to its maximum
achieved strain (Fig.3.15B). Again, we have found no clear trends, measurable denaturation
occurs for energy densities above 5 MJ/m3. Four fibrils show volume change between 10 and 30
percent in response to a mechanical energy density input between 5 and 10 MJ/m?3. 17% volume
loss happened for energy density of 11+£7 MJ/m3, therefore in average, we might expect that one

requires 67+41 MJ/m3 to denature a fibril completely.
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Fig.3.16: (A) Fraction of volume loss after manipulation as function of mechanical energy given
to stretch the fibril. (B) The mechanical energy has been plotted against weighted strain

average, average values has been shown by blue point with standard deviations.
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Chapter 4

Discussion

4.1 Fibril Damage

This stress relaxation experiment on single fibrils showed different level of molecular damage
keeping the supramolecular structure intact. The bowstring pulling geometry allowed us to
stretch afibril in such a way that two sides of the same fibril experienced different level of strain.
It is evident from Fig 3.6 that fibrils experiencing two different level of strain shows different level
of damage, the more strained side of the fibril always experienced more damage in all eight cases.
In few cases (Fig 3.6 A,C,E), the fluorescence intensity level roughly doubled or more on the high
strain side, however, only six cases showed statistically significant difference. This is the first time
demonstration of different strain induced molecular denaturation levels occurring along the

same fibril.

The damage contrast between high strain region and low strain region along the same fibril
inspired us to investigate the correlation between fluorescence intensity and strain applied in all
segments (taking all symmetric and asymmetric cases into consideration). The plot in Fig 3.8 A
showed the overall behavior, the more strain leads to more unfolding (all the denaturation we
observe after releasing the fibril is due to plastic deformation). The linear fit showed statistically
significant trend but did not capture the Physics of the process, which is indicated by Fig. 3.7,
rather it seems that there exists two levels of fluorescence intensity. Therefore, | propose to use
a sigmoidal fit in order to qualitatively capture this behavior (Fig. 4.1 A). The mean fluorescence

intensity increase around 10% strain highlighted by the sigmoidal fit can be understood in term
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of the typical stress-strain curve obtained on the same fibrils by Quigley et al.>>. They observed
that after 10% strain positional fibrils extend easily as their stiffness decreases>. They proposed
that molecular sliding occurs beyond 10% strain thus leading to the observed stiffness
reduction®®. A gradual switch from molecular stretching to molecular sliding would explain the

plateau we observe above 10% strain in our mean fluorescence intensity versus strain curve (Fig.

4.1A).
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Fig. 4.1: Sigmoidal fitting of mean fluorescence intensity and strain plot for (A) all fibrils and (B)

different relaxation time categories

Another interesting feature comes up when we consider each group of relaxation time (Fig. 4.1
B) separately. All three curves follow sigmoidal trend indicating some threshold strain roughly
around 10%. Based on the fitting, one can argue that for a given strain above the threshold the

longer the stress relaxation the more collagen denaturation occurs.
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This claim, however, has two limitations. Firstly, the 1 s and 1500 s cases have few data points
compared to 150 s test group. Secondly, the error bars associated with most data points are
overlapping one another group. Though we can not make a solid claim, we can hypothesize that
during relaxation the molecules stay under tension for a long time which leads to more
denaturation. It seems that during the stress relaxation the molecules within the fibril reorganize
so that the extent of denaturation that we have observed corresponds to the molecules which

have undergone plastic deformation.

4.2 Calibration of Molecular unfolding

For the first time, we have calibrated the number of molecules unfolded in a single collagen fibril
from the mean fluorescence intensity observed and the cross-sectional area loss due to
manipulation. In an ideal case, if we consider a structurally perfectly homogenous fibril, one could
expect that CHP binding would be uniform everywhere along the length of the fibril. Because we
had structural variation along the length of the fibril, that enabled us to observe cases where
correlation between area loss and fluorescence intensity was found to be linear (Fig.3.13). In our
calibration, we have considered that unfolding of a molecule leads to total shrinkage of cross-
sectional area, that means cross-sectional area loss was equal to the number of molecules
unfolded due to manipulation. This simplified way of calibration is an underestimation of total
molecular unfolding since it is possible that some molecules might not get reduced to
approximately zero cross-sectional area, they might not shrink much even after unfolding. In our
calibration, we have considered shrinkage in cross-sectional area numerically equal to the

number of molecular unfolding. Therefore, loss of 1nm? of cross-sectional area may correspond
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to more than one molecule unfolded or molecular unfolding event. Experimental steps like
dehydrating the fibrils or changes in supramolecular structure of fibril might have some impact
on the changes we have observed in cross sectional area. We did not have humidity control in
experimental set up, therefore, the impact of humidity on fibril morphology was ignored. It might
be also possible that even swollen area contained denatured molecules. Therefore, our

estimation of molecular unfolding is the lowest limit of molecular unfolding event that took place.

The fluorescence intensity we have observed has been considered as an estimation of CHP
binding, but we did not have estimation of how much CHP molecules attached on the fibril

surface or how long CHP molecules penetrated inside the fibril.

4.3 The energetics of mechanical denaturation

There have been a number of studies that demonstrated tensile overload leads to molecular level
denaturation. Zitnay et al. performed steered molecular dynamics simulation to understand the
molecular unfolding process’?. One alpha-carbon atom at the N-terminus of one chain of the
molecule was fixed and tensile force was applied at the carbon at atom of C-terminal of another
chain for stretching with loading speed of 0.002 A ps! using steered molecular dynamics. The
structure was allowed to relax for 40 ns, Visual Molecular Dynamics (VMD) was employed to
observe the unfolding mechanisms. Two possible mechanism for molecular loading mechanism
was proposed. First, a tension dominant mechanism where it was assumed that the stress is
transferred directly from the fibril to molecule, breaking the peptide backbone of one or more
a-chains. Second, a shear dominant mechanism where the stress transfer is mediated through

cross links that results in intermolecular sliding. As a result of intermolecular sliding, single a-
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chain is pulled out from the triple helix (Fig. 4.2 A). Analysis of stress-strain curves obtained from
the molecular dynamics simulation showed that the shear-dominant mechanism leads to
irreversible failure around 13% strain with a maximum applied force around 600 pN peak force
while the tension dominant case does not show any sign of irreversible failure even at 20% strain
and 3,000 pN force. Therefore, the likely mechanism of molecular level failure was proposed as
shear dominant, compatible with experimental observations. Simulation snapshots and a
measurement of triple helix unfolding known as Solvent accessible surface area (SASA) also
indicated that shear dominant loading mechanism leads to molecular unfolding (Fig. 4.2 C & D)
around 13% strain. For comparing our experimental result with the result explained above, we
have computed the energy required for unfolding a single triple helix from Fig. 4.2 C. The strain
was converted into length, hence integrating the Force-length curve up to around 13% strain, we
calculated the mechanical energy density necessary to unfold the molecule to be around 30
MJ/m3. This energy is in agreement with the lower bound of our estimated range 26-108 MJ/m3
(Fig. 3.16 B). In addition, Herod et al. demonstrated using DSC that the energy required to
thermally denatured fibrils in CDE tendons is 130+31 MJ/m?3 and is compatible with our upper

bound for mechanical denaturation.
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Fig. 4.2: (a) Two loading mechanisms that were proposed through simulations: the tension-
dominant (i) and the shear-dominant case (ii). (b) Force-strain curves for tension and shear
dominant loading case (c) Simulation snapshots for the shear-dominant case, unfolding was
detected around 13% strain (d) SASA measurement of triple helix, structural changes started at

13.6% strain. Figure adapted from”3

There have been few works related to evidence of mechanical unfolding in tendon and molecular
level that indicated effect of strain rate®”°3. With the aid of steered molecular dynamics a

collagen peptide sequence [(Gly-Pro-Hyp)10]s was stretched with pulling rate in the range from
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0.01 to 100 m/s, it has been observed that slower strain made more unfolding because it gives
time to system to respond®>. A similar phenomena, strain rate dependence in mechanical
unloading has been investigated by Willet at el. where lower strain rate leads more
denaturation®’. In our study, we did not have a constant strain rate, and the maximum strain rate

for each fibril varied widely from 3 to 11%/s with an average around 6%/s

4.4 Comparison with Rupture Mechanics

Quigley et al. developed the bowstring geometry which has been used in this study to stretch the
fibrils>. They have stretched single collagen fibrils extracted from bovine CDET and SDFT up to
rupture strain in order to study the rupture mechanics and morphological features of the
damaged fibrils. The study showed that the collagen fibrils extracted from functionally different
tissue respond mechanically in different ways. Though | investigated only the CDET fibrils, the
same pulling technique and partially similar experimental protocol warrant a comparison
between the two studies. In my study, | stretched CDET single fibrils at different strain, held them

for different relaxation time — the motive of the study was not to rupture single fibrils.

The first structural feature Quigley et al. observed in ruptured CDET fibrils is the formation of
repeating kinks along their length which were due to the disruption of their inner core, the kinks
appeared at discrete locations along the length of the fibril, separated by intact D-banding region.
Shell delamination was the second major structural feature in post-rupture CDET fibril
morphology. The significant disruption of the fibril surface created a loose layer or shell, lacking
D-banding. Therefore, significant molecular level disorder happened at the fibril surface. In our

case, no such serial kinking or shell delamination was observed, post manipulated AFM image
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analysis showed around 17% volume loss with almost no change in D-band, that is, the molecular
packing in the fibril was not disturbed that much while 17% of all the triple helices permanently
denatured yielding to the overall volume shrinkage. Quigley et al. reported approximately 44%
loss of materials from the fibril periphery as shell delamination occurred. Quigley et al. also
reported toughness of CDET fibrils, 45+15 MJ/m3 which represents the mechanical energy
density the fibril can absorb before rupturing, the mean energy our fibrils absorbed during

stretching is around 11 MJ/m3, four times smaller energy than the toughness of CDET fibrils.

Fig. 4.3 is the reconstruction of Volume-Strain plot of Fig. 3.15. In this plot we have added an
additional blue data point, which represents the change in volume measured after rupture>. The
observed behavior is in agreement with the sigmoidal fit used in Fig. 4.1, even so we do not have
any data point below 9% strain. Most of the molecular denaturation occurs around 10% strain
and increases moderately after that. However, it is likely that our calibration method
overestimates the molecular damage accrued by the fibrils in our experiment. Otherwise it would
be difficult to reconcile the fact that at 17% strain we observe around 30% denaturation in
volume without the appearance of a denatured shell whereas ruptured fibrils reached 40%

denaturation in volume and had a noticeable shell layer>>.
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Fig. 4.3: Non linear response of the collagen molecular denaturation as a function strain. The

blue data point represents rupture strain and corresponding volume change obtained by Quigley

et al.>
4.5 Physiological Significance

The most important physiological aspect of this research is detection of permanent molecular
level damage in single fibril without rupture. While previous studies focused on damage at the
fibril level®®®%%, molecular level damage was acknowledged only in case of highly damaged
tissues?>®7, Our data implies that irreversible molecular level damage is detectable even at low
strain or subfailure loading at single fibril level. Zitnay et al. also experimentally observed such
irreversible molecular damage in tendon level investigation which indicated that molecular level

damage plays crucial role in tendon damage during subfailure loading”3.

63



Under different physiological conditions, tendons can receive enough strain due to strenuous
exercise which is related to tendinopathies®. It has been suggested earlier that the fibril level
receives 30% of the total strain applied at the tendon level®’. The rupture strain of the CDET has
been previously reported above 50% strain, this corresponds to above 15% strain achieved at the
fibril level®* but earlier studies suggested that even subfailure loading can lead to damage in
connective tissues®’~%°, Therefore, subfailure level damage in tendon might induce low but
enough strain in fibril level which can lead to molecular unfolding. Mechanical damage or
subfailure tissue damage is observed in clinically debilitating condition like tendinosis which
results from overuse or repeated subfailure loading?®1°, Therefore, understanding the nature

and evolution of damage from molecular level is important for clinical applications.
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Chapter 5

Conclusion

This study has several important outcomes. Firstly, this study demonstrated for the first time that
the mechanical denaturation of CDET collagen fibrils might happen at low strain, in a non-
disruptive test, keeping the supramolecular structure intact. The fluorescence intensity level
varied in even same fibril that experienced two different strain levels in asymmetric bowstring
geometry. Secondly, the CHP binding increased significantly with strain — medium and high strain
level led to more unfolding than the low strain. The fluorescence intensity seems to follow a
sigmoidal trend when it is plotted against the strain applied, a trend that was also observed at
the tendon level. The effect of different relaxation times in molecular unfolding was investigated
as well. Thirdly, quantitative analysis was done on post-manipulated fibril morphology. The area
loss due to molecular denaturation has been quantified and has been plotted against the
fluorescence intensity observed which showed significant linear trend in six cases. Then the
fraction of volume loss in non-ruptured fibrils has been quantified and was explained as a
function of strain applied. Lastly, mechanical energy for molecular unfolding a single fibril was
computed for the first time, plotted against the strain and fraction of volume loss to understand
the energetics and associated morphological changes that took place after stress relaxation.
While the other stress relaxation studies did not make any conclusive remarks about fibril
morphology after stress relaxation, this study can be helpful for further investigation. Also the
structural changes we have observed through a non-disruptive test can be inspiring for

understanding the damage mechanism in more details in the future.
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Next Steps:

(i) This study has only used one tendon type, therefore, the effect of variation in cross-link in two
different tendon types has not been investigated. It has been seen that collagen fibrils from
functionally different tendon have different mechanical response, hence, two different types of

tendon can be used as sample.

(ii) The fibrils have been pulled up to a certain strain, held and then released. The effect of fast
release after relaxation was not investigated in this study, therefore, it would be interesting to

see the effect of controlled release.

(iii) What is the effect of different pulling speed without rupturing the fibrils? The same relaxation

experiment can be performed with different strain rates.

(iv) In this study, the highest targeted strain was 20%. It would be interesting to pull some fibrils
with near rupture strain to see whether longer relaxation time can induce shell delamination or

kink appearance.

(v) In order to understand the role of cross-links, cross-linkers can be introduced in some fibrils.
This would allow to compare post manipulated morphological features of native and cross-linked

fibrils.
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