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Abstract

Collagen fibrils are a key component of the extracellular matrix of mammalian tissues
where they serve as structural elements and as a ligand for receptor-mediated signaling. As
collagen molecules assemble into fibrils, in vitro or in vivo, they acquire a modulation of
their molecular and electron densities called the D- band, with a 67 nm spacing, that can be
visualized by cryo-electron microscopy. The D-band is composed of a gap region missing
one-fifth of the molecules in the cross-section compared to the overlap region. This leads
to the gap region having a positive potential and the overlap region a negative potential with
respect to an n-doped silicon probe as observed by Kelvin Probe Force Microscopy. In this
study, we use the adhesion force between an n-doped silicon probe and a collagen substrate
to demonstrate the sensitivity of adhesion force towards charge distribution on the surface
of collagen fibrils. We also map the charge distribution at the surface of single in vivo
and in vitro assembled collagen fibrils and characterize the three-dimensional location and
strength of three sub D-band regions that have been observed previously by cryo-electron
microscopy. Our approach provides an adhesion fingerprint unique to each fibril type we
analyzed and points to local charge variations at the sub D-band level even along a single
fibril. We also demonstrate that this technique is capable of detecting changes on the surface
of collagen fibrils as a result of glycation- a process which leads to the accumulation of
sugar-induced crosslinks on the proteins’ surfaces, responsible for complications observed
in aging and diabetes. It opens the road for a detailed analysis of collagen fibrils surface

charge modifications due to ligand binding or mechanical strain on a fibril by fibril basis.
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Chapter 1

Introduction

1.1 Collagen fibrils

1.1.1 What are collagen fibrils and what is their function in the body?

Collagen fibrils are a major component of the Extracellular Matrix (ECM), accounting
for up to 30 % of the total protein mass in the body. While there are close to 30 types of
collagen found yet, type I collagen is the most abundant and the main component of fibrils.!!!
Collagen fibrils are one of the main building blocks of connective tissues, including tendons,
ligaments, skin, and bones and serve several purposes in the body.

They provide tensile strength, flexibility, and structural support to tissues.?! Collagen
fibrils form a strong and flexible network that helps maintain tissue shape and resist me-
chanical stresses.’! They also play a crucial role in the wound healing process. During
tissue repair, fibroblasts synthesize and deposit collagen fibrils at the site of injury, forming
a provisional matrix.'¥! This matrix acts as a scaffold for cell migration, tissue regeneration,
and helps in wound closure. Collagen fibrils are also a fundamental component of the bone
matrix. They facilitate the mineralization process which gives bones their hardness, thus
preventing fractures and ensuring their structural integrity.>H®!

Moreover, type I collagen is implicated in various human pathologies, such as cancer,
fibrosis (excessive tissue scarring), and atherosclerosis (the buildup of plaque in arteries).[”!
Collagen derived from animal sources is extensively utilized as a biomaterial for manu-
facturing scaffolds used in bone regeneration.®! It is also employed in the production of

hemostats (substances that promote blood clotting), bandages, and patches for tendon repair.

1.1.2 Collagen fibrils in vivo assembly

Collagen fibrils are synthesized in the body by specialized cells called fibroblasts, which are
found in many tissues throughout the body."! Collagen is first synthesized as procollagen, a

triple helix composed of three polypeptide chains (1 o2 and 2 a1 chains) and is stabilized

1



by hydrogen bonding.!!

Extracellular

v space

Figure 1.1: Collagen self-assembly in vivo, from the synthesis of procollagen to the forma-
tion of fibrils Figure reprinted from [10]

On either end of a procollagen molecule is a non-helical propeptide region terminating



with a carboxyl (C-terminal) or an amine group (N- terminal).”! (Figure 1.1)

Once synthesized, procollagen molecules are packaged into vesicles and transported to
the extracellular space.!!!! The N- and C-terminal propeptides of procollagen are cleaved by
specific enzymes, called N- and C- proteinase, respectively, yielding collagen monomers of
a little over 300-nm long. These monomers then undergo an entropy-driven self-assembly
process called fibrillogenesis, in which collagen monomers spontaneously self-assemble
into quasi-hexagonal packed higher-order structures known as collagen fibrils.!'?/(Figure
1.1) The precise mechanisms and time scale of fibrillogenesis are not fully understood. The
current accepted model states that five monomers assemble in a quarter-staggered fashion
to form the microfibril, the basic subunit of the collagen fibril. The quarter staggering of
the molecules within the microfibril structure results in a 67 nm periodic fluctuation in its
linear density, which is called the D-band.!"3! Each D-band or D-period is made up of an

overlap and gap region, where the latter lacks 20 % molecules than the former.(Figure 1.1)
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Figure 1.2: (a) Enzymatic and (b) Non-enymatic crosslinking in collagen fibrils Figure
reprinted from [14]

The assembly of fibrils is completed by enzymatic cross-linking of collagen molecules

within the fibril.!'">)(Figure 1.2a) This involves the formation of covalent bonds between



4

specific amino acid residues, such as lysine and hydroxylysine, within adjacent collagen
molecules. Cross-linking is mediated by enzymes called lysyl oxidases responsible for the
formation of mature cross-links, such as pyridinoline and deoxypyridinoline which enhance

the stability, mechanical strength, and resistance to degradation of the collagen fibrils.'#!

As collagen fibrils are assembled and aligned, they become integrated into the ECM,
where they interact with other ECM molecules, cells, and growth factors to influence tissue

structure and function.

1.1.3 Collagen fibril in vitro assembly

Collagen fibrils can also be assembled in vitro. This process involves extracting collagen
from animal tissues, followed by purification methods to isolate collagen molecules. Incu-
bation of these molecules in acidic or neutral buffer in optimal conditions leads to fibrilloge-
nesis. This process is typically monitored by turbimetry or electron microscopy. Whether
or not fibrils form and the properties of the fibrils, such as appearance of D-band, fibril
shape and width, depend on many factors, such as ionic strength, pH, temperature!'® 7]

and concentration of the buffer.l'®!

The fibril assembly pathway has also been shown to depend on the initiation procedure
used.l" When a cold, acidic collagen solution is heated before neutralization (warm start),
the initial stages of reconstitution show the presence of numerous “early fibrils.”(Figure
1.3 C) These fibrils are tapered in shape and exhibit a distinctive band pattern with a
periodicity of 67 nm (the D-band). This has been observed even at turbidity close to zero.
In contrast, if the collagen solution in acid is neutralized first and then warmed (neutral start),
the assembly process initially results in a mesh of long thin non-banded filaments.(Figure
1.3 D) The appearance of D-periodic fibrils is observed later in the assembly process.
When neutralization and warming are carried out simultaneously, similar “early fibril”
intermediates are observed. This suggests that the filamentous intermediate assemblies
are initiated in the transient cold neutral solution. The end result of either pathway is
the formation of D-banded fibrils.(Figure 1.3 E, F) While these fibrils may look similar
to the in vivo assembled fibrils, one difference is that in vitro collagen molecules retain
extrahelical telopeptides at the ends when it is extracted with acetic acid solution,?”! the

potential consequences of which will be discussed later.
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Figure 1.3: Alternative assembly routes observed in the reconstitution of type I collagen
fibrils from purified solution. (A) Diagram to show three initiation routes to transfer the
collagen from a cold acid solution to a warm neutral solution. Routes 1 and 2 involve a
warming step and a neutralization step. Route 3 is a combined single step achieved by adding
a warm buffer solution to the initial collagen solution. (B) Turbidimetric curves to show
a comparison in the kinetics of fibril formation between the three routes.(C) Typical loose
fibrous assemblies of collagen that accumulate after the route 1 (neutral start) initiation
procedure. (D and E) Typical early fibrils found after route 2 (warm start) initiation
procedure. These are compact, clearly D-periodic, and have smoothly tapered tips. (F and
G) TEM images of the final collagen fibrils using the neutral-start and warm-start initiation
procedures, respectively. Figure adapted from [19]

1.2 Charge distribution on the surface of collagen fibrils

Every polypeptide chain contains a high quantity of ionizable residues.?!) Under physiolog-
ical conditions, there are about 230 acidic and 250 basic residues on the collagen molecule
which are mostly charged.!??! This gives rise to a charge distribution within and at the surface
of collagen fibrils.

Understanding the surface charge distribution is important for various reasons. Collagen
is known to be a hub for binding of many proteins, such as integrin and fibronectin.>*! The
binding of these proteins is critical for the maintenance of tissue structure and function. The

surface charge profile of collagen, as well as other ECM proteins, plays an essential role in
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cell adhesion.!** 23 This is because these proteins that interact with the ECM typically have a
specific electrostatic charge distribution on their surface. Therefore, the charge distribution
on the collagen surface can influence the strength and specificity of the interaction with
these proteins.[?%27] Moreover, the fibrils, which undergo varying mechanical loads, are
known to show direct and converse piezoelectric effects.[?8132] Hence, this surface charge
profile is fundamental for the function of the fibrils, not only as nanoscale cables, but also
as scaffolds vital for tissue development, and repair.

Changes in the surface charge of collagen fibrils can have significant consequences for
tissue function and homeostasis. For example, mutations in collagen genes that alter the
charge distribution on the collagen surface can cause diseases such as osteogenesis imper-
fecta, a condition characterized by brittle bones and other connective tissue abnormalities.**!
Similarly, changes in the surface charge of collagen fibrils due to environmental factors,
such as pH and temperature, can affect tissue properties and lead to pathologies.!** 33 There-
fore, understanding the surface charge of collagen fibrils is critical for gaining insight into
the fundamental mechanisms underlying tissue maintenance over the organism’ lifespan
and disease. It also has important implications for tissue engineering, drug delivery, and
other biomedical applications that involve the manipulation of collagen-based materials,
since the creation of new tissue relies on optimal cell response which is governed by the

electro-mechanical properties of the material.

1.3 Glycation in collagen fibrils

Since the surface charge distribution of collagen fibrils is so important, processes which

alter it can cause deleterious effects throughout the body. One such process is glycation.

1.3.1 What is glycation?

As organisms age, they are more prone to complications such as susceptibility to injury,
loss of elasticity in tissues and reduced healing capacity.’*®! These complications get worse
in patients of type II diabetes. These effects have linked to the accumulation of Advanced
Glycation End-products (AGEs) on proteins such as collagen fibrils as a result of glycation.

Glycation is a spontaneous, non-enzymatic reaction that takes place in all living systems.

It involves the chemical reaction between the carbonyl groups found in reducing sugars and
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the amine groups present in proteins, lipids, or nucleic acids.*”- 38! The process of glycation
begins by forming a reversible Schiff base when a carbohydrate, typically glucose, reacts
with an amino group in a protein, such as a lysine side-chain in collagen. This initial
Schiff base is unstable and subsequently transforms into a stable intermediate called a keto
amine, commonly referred to as an Amadori product. Over the course of months or even
years, a complex series of reactions occurs, resulting in various metabolic by-products
of non-enzymatic glycolysis. These by-products include glyoxal, methyl glyoxal (MGO),
and 3-deoxyglucosone. When these by-products interact with extracellular proteins, they
form Advanced Glycation End-products (AGEs).*43(Figure 1.2b) Certain AGEs have the
ability to create connections between the free amino groups of adjacent proteins, resulting
in inter-molecular crosslinks. These crosslinks contribute to structural changes in tissues.
Other AGEs, referred to as ”adducts,” only affect a single protein, leading to modifications
within that protein.'**! Among the various types of AGEs, glucosepane, a specific type of
crosslink that forms between lysine and arginine residues, has been identified as the most

prevalent in collagen tissues.[*"]
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Figure 1.4: The alteration in electron density (p,) resulting from glycation along a single
D-band (noted dy) of a fibril as determined by Fourier difference synthesis of Small Angle
X-ray Scattering (SAXS) patterns of glycated and non-glycated tendons. Figure reprinted
from [46]

The effects of glycation have been studied extensively for decades and the specific
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binding sites for the AGEs on collagen fibrils have been suggested in different studies. 648!
Figure 1.4 shows the change in electron density caused by glycation along a single D-band of
a fibril obtained by Fourier difference synthesis computed from SAXS patterns of glycated
and non-glycated tendons. Note that the accumulation of AGE:s is significantly larger in the

overlap than the gap.[*!(Figure 1.4)

1.3.2 Effects of glycation

The arrangement of collagen molecules within collagen fibrils is influenced by multiple
non-covalent interactions, with charge-charge interactions playing a significant role.**52!
When the lysine sidechains in collagen undergo glycation, the length of the sidechain
and the distribution of charges on it are changed due to the addition of sugar adducts.?!
These modifications are expected to disturb the molecular organization within collagen
fibrils. Changes in both the molecular and fibrillar charge distributions are likely to impact
the interaction between collagen fibrils and the surrounding extracellular matrix (ECM)
components. Consequently, this can have a cascading effect on the ECM network as a
whole, leading to significant alterations in the cellular microenvironment.

As a result, glycation has been linked to multitude of biological changes in collagen
fibrils. The formation of AGEs (adducts or crosslinks) on specific amino acids involved
in intermolecular recognition has been shown to diminish collagen-proteoglycan binding
and weaken cell adhesion.®® This is likely because most of the lysines involved in the
formation of glucosepane are also binding sites for heparin, proteoglycans and integrin.[*®!
Furthermore, it has also been observed that the fibril becomes more negatively-charged
because of glycation.®> Glycation has a significant impact on cell-matrix interactions,
which ultimately results in impaired wound healing and increased inflammation.* ¢! This
is in line with the fact that the non-enzymatic crosslink at arginine involved in the formation
of AGE:s is close to the binding site of Matrix Metalloproteinase-1 (MMP-1)- an enzyme
responsible for collagen maintenance.!*8! This may lead to steric inhibition of MMP-1
binding and activity and decrease the susceptibility of collagen to degradation. It has
also been observed that glycation reduces enzymatic cross-links both on the surface and the
inner part of fibrils,™¥! and expands the molecular packing.”! Many studies have also linked

glycation to bio-mechanical changes in fibrils and tissues,>®%2 out of which, an increase

in tissue stiffness is the most discussed.[®*"®”1 Furthermore, glycated collagen activates the
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receptor for AGE products (RAGE) in cells. The activation of RAGE has been implicated
to a myriad of pathologies and other physical conditions such as diabetic complications,®®!

aging,°! vascular disease,!*®! Alzheimer’s Disease,”! and cancer.[’!!

1.4 Characterization of the charge distribution along collagen fibrils

Due to the importance and abundance of collagen in the body, collagen fibrils have been
studied extensively by different techniques, and some of these provide great insight on the

electron density modulation and charge pattern in these fibrils.

1.4.1 Small Angle X-ray Scattering (SAXS)

SAXS works by shining a beam of X-rays on a sample and measuring the intensity and
scattering angle of the photons scattered by the sample. Scattered X-ray photons provide
information about the electron density distribution within a sample. In the case of collagen
fibrils, the X-rays scatter off the repeating structure of the collagen molecules within the
fibril."”?! This produces a characteristic pattern of peaks in the SAXS data, which can be
analyzed to determine the D-periodicity of the fibril and the degree of order within the
hierarchical network. This technique was used to obtain the only atomic model of the

collagen fibril’s interior.[”!

1.4.2 Transmission Electron Microscopy (TEM)

TEM is another technique that has be used to visualize the internal structure of collagen
fibrils with high resolution. TEM works by passing a beam of electrons through a thin
sample of the material being studied which results in the formation of an image based
on the interaction (scattering, diffraction or absorption) of the electrons with the sample.
While TEM provides high resolution images, it typically requires the sample to be fixed,
dehydrated, and stained with heavy metals. In Cryo-EM, a variant of TEM, rather than
fixing the sample, it is frozen on a grid using liquid ethane or propane. While this preserves
the natural and hydrated state of the sample, it requires the sample to be maintained at
cryogenic temperatures.”’* By using this technique on rat-tail tendon collagen fibrils, three
major electron dense regions were observed within one D-period!” (Figure 1.5), which

were identified to be the previously discovered X1, X2 and X3 bands.[’®! Fibrils stained
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Figure 1.5: Electron density fluctuation along a rat-tail tendon (RTT) collagen fibril ob-
served by cryo-electron microscopy (a) Cryo-TEM micrograph of unstained RTT, with inset
showing Fourier transform reflecting axial periodicity. (b) Single and averaged images
from unstained and Uranyl Acetate (UA )-stained cryo-TEM images. Major bands observed
in the unstained image are labeled X1, X2, and X3, which represent three main electron
dense regions visible within the fibril. The positive staining bands (a—e) of are indicated for
the UA-stained image, which reveal regions rich in negatively charged amino-acids within
the fibril. Profiles from (c) UA-stained and (d) unstained images show the electron density
Sfluctuation corresponding to these bands and their location within the D-band- the X1 in the
gap region and the X2 and X3 in the overlap region coinciding with the N- and C-terminal
domains of the collagen molecule, respectively. Figure adapted from [75]
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with uranyl acetate that binds to negatively charged amino acids, aspartate and glutamate,
also show around 9 bands within a D-period. (Figure 1.5)

As explained earlier, the surface charge profile of collagen fibrils plays an important
role in its functioning. While these techniques are effective, they are limited in the study of
surface charge profile of collagen fibrils. Techniques like SAXS and TEM, while capable
of providing a high resolution of around 6 nm, yield bulk electron density variation in
the fibril. Since molecular remodeling is expected to alter the distribution at the surface
of the fibrill’”!, the bulk and surface properties can be significantly different. Therefore,
techniques like Atomic Force Microscopy (AFM) have been employed to study the surface
of the fibrils.

1.4.3 Atomic Force Microscopy(AFM)

AFM is a technique which uses physical probe to scan a sample surface and obtain high-
resolution images. A sharp tip or probe typically made of Silicon Nitride, attached at the
end of a cantilever, is brought into close proximity or contact with the sample surface and
systematically scanned across the surface in a raster pattern. The interaction between the
probe and the sample surface leads to a high-resolution image with information about the
topography, physical properties, like elasticity, and other surface interactions of the sample
at the nanoscale.!” Kelvin Probe Force Microscopy (KPFM) is a type of AFM which
can image surface charges.” In the Amplitude Modulated-KPFM (AM-KPFM) mode,
the probe first scans the topography of the sample with a simple scan under amplitude
feedback while in contact with the surface. Then, the probe is lifted to a given height above
the surface to perform a second scan at the natural resonant frequency of the cantilever,
following the trajectory acquired during the topography scan, without feedback. During this
second scan, a DC voltage is adjusted throughout to zero the oscillations induced because
of the electrostatic force between the tip and the sample caused by the surface potential
and applied alternating voltage. This leads to the measurement of the Contact Potential
Difference (CPD)!* 811 and in turn, the charge distribution at the surface. KPFM images of
rat-tail tendon fibrils have revealed a surface potential modulation corresponding to the D-
band where the overlap region is more negatively charged, i.e. lower potential, than the gap
region.’¥(Figure 1.6)

KPFM is effective in characterizing surface charges. However, as seen in Figure 1.6, the
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12 nm

[5 mv

Figure 1.6: Charge contrast between overlap and gap regions as observed by KPFM (a)AFM
tapping-mode topography map (color scale range 150 nm). (b) KPFM surface potential map
of the same area as in (a) (color scale range 150 mV). (c) Topography (red) and potential
(green) profile through crest of the fibril in (a) and (b), respectively. Figure reprinted from
[34]

images lack sub D-band features seen by cryo-EM (Figure 1.5), which is likely because the
measurement is not taken in contact with the sample and thus, the electrostatic force is not
isolated to only the tip apex, as it also interacts with the tip pyramidal shape and the cantilever
shaft. Since the CPD measurement is an average of all of these electrostatic contributions,
this results in a low resolution of about 30 nm in current AM-KPFM measurements.3!!
Other traditional techniques!®* 3%, like zeta-potential measurements, which are commonly
used to determine the electrical charge on suspended particles, are not suitable for collagen
fibrils because these structures are not easily suspended in a liquid medium. Additionally,
collagen fibrils are highly organized and tightly packed, which makes it difficult to access
their surfaces for electrical measurements.

Therefore, a method that can offer a high resolution mapping of the spatial arrangement

of charges on collagen fibrils is necessary. We believe that this can be achieved using

adhesion force microscopy.

1.4.4 What is adhesion force microscopy?

During each scan performed by the AFM in Peak Force mode, the tip moves toward the
sample (approach), physically interacts with the surface (contact) and then moves away from
the sample (retract). (Figure 1.7) While the tip is retracting from the surface, just before

the pull-off, the tip experiences the maximum attractive force. This force corresponds to
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the adhesion force between the tip and the surface. (Figure 1.7) As the tip approaches the
sample, the deflection of the cantilever increases up to a maximum interaction force (peak
force). By controlling the peak force, different images showing the modulation of surface
properties such as height or adhesion force can be obtained.®

The measurement of adhesion force by an AFM has been mostly restricted to spectro-
scopic applications such as measuring single-molecule or cell-cell adhesion forces. 38
However, in principle, for localized charges implanted at the surface of a dielectric material,
it should be possible to map the charge distribution by simply measuring the adhesion force
between the tip and the sample. One of the components that this adhesion force is dependent
upon is the electrostatic force between the tip and the sample. This electrostatic interaction
varies according to the charge distribution on the surface. In the case of a conductive tip and
a conductive or naturally charged surface like mica, a voltage bias can be used to increase the
adhesion force by several orders of magnitude through the attractive electrostatic interaction
of opposite charges.[®! This effect has previously been observed on a hydrophilic surface at
a low relative humidity of below 40% RH even in the presence of water absorption and the
associated screening of the electric potential. In the absence of a voltage bias and at low
relative humidity, it is still expected that the adhesion force between a charged silicon tip

and a charged surface should depend on the spatial distribution of charges. Considering a
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Figure 1.7: A typical force-distance curve captured by AFM shows the measurement of
adhesion force at the point of pull-off from the surface. The AFM can be operated using
the maximum repulsive force as feedback parameter (Peak Force mode).
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negatively charged tip, a flat surface with bound charges, and ignoring the effect of surface
roughness,! localized negative charges should yield a decrease in the total adhesion force

whereas localized positive charges should yield an increase in the total adhesion force.

Leveraging this fact, we hypothesize that the measurement of the modulation of adhesion
force as a function of surface charge can prove to be a powerful technique. It can overcome
the limitations of previously discussed techniques as this method can map the surface

charges at a high resolution without the application of an applied voltage.

1.5 Aim of the thesis

This thesis is divided in two main studies. The first study aims to validate the application
of adhesion force microscopy to image the surface charges present on single collagen fibrils
from different sources. The second study investigates if this technique can be applied to

understand the impact of glycation on collagen fibrils from physiologically distinct tendons.

1.5.1 Is adhesion force microscopy sensitive to surface charge distribution along a

single collagen fibril?

This study represents an in-depth rendition of our previously published article.”! We acquire
adhesion force maps of collagen fibrils in an ambient condition at a pixel resolution of 4
nm for four different types of collagen I fibrils, assembled in vitro from collagen molecules
with and without their charged telopeptides (telo- and atelo-collagen, respectively), and
extracted from two bovine leg tendons with functionally distinct nanostructures. We show
that adhesion force fingerprints extracted from the images reveal three electron density
sub-bands similar to the ones observed by cryo-electron microscopy (Figure 1.5) with
significant variations in strength and position independent of height variations. Considering
the main forces involved and upon observing consistency between our results and others’, we
hypothesize that the n-type silicon tip used in our experiment acts like a negative charge. Our
results support the idea that the charge distribution at the surface of the fibril is significantly
different from the interior of the fibril and depends on the presence of the telopeptides as

well as the anatomical location of the fibril.



15

1.5.2 Can adhesion force microscopy detect glycation induced changes at the

collagen fibril surface?

Bovine leg tendons were cryo-sectioned into 20 pm sheets and the collagen fibrils within
were imaged. Multiple segments of these tendons were also incubated in separate solutions
of 0.2 M ribose in PBS or PBS only, for a period of upto 3 weeks, during which one segment
was retrieved each week, cryosectioned and imaged. This was done to observe the gradual
effect of ribose-induced glycation on the fibrils. We show that extracted fibrils differ from
fibrils in tendon sections, significantly in the case of extensor and minimally in the case
of flexor. The accumulation of AGEs is also shown to be more pronounced and faster
in extensor fibrils than flexor fibrils, which we attribute to the differences in their surface
properties. We also observe that the effect of long-term incubation of PBS on the surface

of fibrils at 35°C may be non-negligible, and needs to be studied further.



Chapter 2

Materials and Methods

2.1 Sample Preparation

2.1.1 Sources of tendons and collagen solutions

For the study of extracted collagen fibrils, a matched pair of Common Digital Extensor
(CDE) and Superficial Digital Flexor (SDF) tendons were procured from the leg of a steer,
around 1 to 2 years old, at a local abattoir. Similarly, for the study of fibrils within tendon
sections, a matched pair of CDE and SDF from a another steer was used. These tendon
pairs were stored dry at -80 °C, and were cut and used as needed.

For the study of collagen fibrils assembled in vitro, Type-I atelo- and telocollagen
solutions in 0.01 N HCI, extracted from bovine hides (Advanced Biomatrix, USA), were

used.

2.1.2 Ex-vivo Collagen fibrils extraction

For in vivo collagen fibril extraction, a pair of CDE and SDF tendons were used as follows.
(Figure 2.1a) A frozen tendon piece was quickly transferred in a petri dish in 500 uL of
Phosphate Buffered Saline (PBS), and then scrapped with the help of blade and tweezers to
isolate collagen fibrils from the tendon into the solution. The tendon was discarded and the
solution was transferred to a glass-bottom petri dish where it was incubated for 30 minutes
at room temperature to let the fibrils adhere to the bottom of the dish. The solution was
discarded and the dish was rinsed four times with 5 mL of ultrapure water and finally dried

with nitrogen gas.

2.1.3 Collagen fibrils self-assembly

In vitro collagen fibril assembly was carried out using 3 mg/ml Type-I atelo- or telocollagen
solutions in 0.01 N HCI, respectively. (Figure 2.1b). First, the collagen solution in acid

and PBS were warmed separately in a water bath at 37°C for 5 minutes. The two solutions

16
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were mixed together to final concentrations of 200 pg/ml for telocollagen and 300 pig/ml for
atelocollagen, transferred to a glass-bottom petri dish, and incubated at 37°C for 18 hours.
The solution was then gently pipetted out and the dishes were gently rinsed with 5 mL of

ultrapure water four times, followed by drying with nitrogen gas.

Q/Q\

S

\\\\(:/'Fibril Fiber Fascicle Tendon v \‘N
;\ ] [ T ? ? ? ‘([:L
I I /—7 7 ";: _ < i E

Incubation for
0.5 hat 24°C

=

Solution discarded

v
Rinsed and dried

,,,,, L7
AFM imaging

Rinsed and dried

Solution discarded

+ ., Triple-helix domain, . & .
Telopeptide ¢ P > Telopeptide y Incubation for
(b) N ’ N 18 h at 37°C
\SARRRARARA = = =
\ \ = [ ‘
Telocollagen ‘
S e
Triple-helix domain \Lj \ /\‘ ‘\
« N

HMMMM Heated separately

Atelocollagen for 5 min at 37°C

Figure 2.1: Preparation of in vivo and in vitro collagen fibrils (a) Collagen fibrils are
extracted by scraping either Superficial Digital Flexor (SDF) or Common Digital Extensor
(CDE) tendons in PBS. The solution containing fibrils is transferred to a petri dish for
incubation at 24°C for 30 min, which thereafter is discarded and the dish is rinsed with
ultra pure water and dried with N, gas. (b) Atelo- or telocollagen molecules stored in 0.01
N HCl and PBS solution are heated separately at 37°C for 5 min, then mixed and incubated
in a petri dish at 37°C for 18 h. Similar to (a), the solution is thereafter discarded and the
dish is rinsed and dried. (c) Collagen fibrils adhered at the bottom of the dish are imaged
by atomic force microscopy in peak-force mode. Several pixel wide profiles (white dotted
lines) are extracted from these images for analysis.(Scale bar= 200nm)

2.1.4 Invitro glycation

To observe the effect of glycation, tendon segments of both CDE and SDF types were

incubated separately in a solution of 0.2 M Ribose in PBS and in a control solution of just
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Figure 2.2: Glycation and Cryosection (a) Mutiple CDE or SDF tendons are incubated
in PBS (control) and a ribose solution for increasing incubation periods, followed by
cryosectioning and imaging. (b) A tendon segment is frozen in liquid nitrogen, then
mounted on a steel block and cryosectioned using a microtome to produce 20-um thick
collagen sheets. These sheets are imaged using AFM and wide and narrow profiles are
extracted from height and adhesion images (Scale bar= 200nm)

PBS, along with 1% Antibiotic-antimycotic solution (Sigma Aldrich) for 3 weeks at 35°C.
(Figure 2.2a) During this 3-week experiment, one tendon segment, 2-3 cm in length from
all four solutions was taken out every week, cut half longitudinally and cryosectioned. The

sections thus formed where then imaged using AFM.

2.1.5 Cryosectioning

A 2-3 cm segment of CDE or SDF tendons was cut in half longitudinally and mounted on a
steel block using optimal cutting temperature compound (Fisher Healthcare, Ottawa, ON)
and frozen in liquid nitrogen. Then they were cryosectioned using a Leica SM2000R sliding

microtome to produce 20 pm thick sheets of collagen. These sections were transferred to
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a petri dish containing ultrapure water, immediately followed by a dry petri dish and air

dried. The sections were then imaged using the AFM. (Figure 2.2b)

2.2 Atomic Force Microscopy

Collagen fibril samples were imaged on a Bioscope catalyst (Bruker, USA) atomic force
microscope mounted on an IX71 inverted optical microscope (Olympus, USA) and oper-
ating in Peak Force Quantitative Nanomechanical Mapping mode (Peak Force QNM). The
cantilevers used were made of silicon nitride and had an n-doped Silicon pyramidal tip with
a nominal radius of 2 nm and a half angle of 18° (SCANASYST fluid +, Bruker USA).
Note that in this architecture, the pyramidal tip behaves as an insulated conductor that is
not necessarily grounded. The spring constant was calibrated for each cantilever before
imaging using the thermal noise method®?! and ranged from 1 to 1.5 N/m. 1 pm images
were acquired with 512 pixels per line at a scan rate of 0.5 Hz, peak force setpoint of 5
nN, cantilever oscillating frequency of 1 kHz and corresponding vertical tip velocity of 0.6
mm/s. Two channels were recorded for analysis, the height and the adhesion force between
the tip and the substrate (Figure 2.2¢). For all the images, the humidity in the room was

between 15 and 20 %RH.

2.3 Data analysis

2.3.1 Extracting profiles from images

For the height images, a 1st order plane fit followed by a 1st order line by line polynomial
fit, with the fibril masked, was applied using NanoScope Analysis (Bruker, USA) in order
to flatten the image. A several pixels wide profile, ranging from 28 pixels to 107 pixels
depending upon the fibril diameter, along the length of the fibril was extracted using SPIP
(Image Metrology, Denmark) (Figure 2.3a, solid line). For the analyzing the fibrils in
sections, a narrow profile of about 10 pixels, as shown in Figure 2.2a, was also extracted

along the fibril.

2.3.2 Converting raw profiles into fingerprints

The following analysis was done using a Python Script!®. An adjacent average of the

height profile with a window size of 103 pixels, which is equivalent to 3 D-band repeats,
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Figure 2.3: D-band averaging. (a) A profile extracted along the length of the fibril (solid line)
is used to calculate an adjacent average with a window of size equivalent to 3 D-band repeats
of 67 nm each (dotted line). (b) The filtered profile (solid line), obtained by subtracting the
adjacent average from the extracted profile, is Fourier transformed to calculate the value
of D-band repeat and then divided into individual D-band periods (dashed lines). (c) All
individual periods are averaged together to obtain a height fingerprint of the D-band. (d) A
profile synchronized with the one taken from the height image is extracted from the adhesion
image (solid line), which measures the total adhesion force, F ,gp.sion €xperienced by the tip.
Following the same process, an adjacent average is calculated (dotted line) and subtracted
from the extracted profile. (e) The resultant filtered profile (solid line) corresponding to the
adhesion force due to the D-band only, Fp_pang, is divided into individual D-periods (dotted
lines) using the value of the D-band repeat obtained from the paired height profile. (f) The
D-periods are averaged together to create the adhesion fingerprint of the D-band.The grey
shading in (c) and (f) represents the standard deviation of the D-band periods with respect
to the fingerprint.

67 nm each, was computed (Figure 2.3a, dashed line) and then subtracted from the profile
to remove previously reported long-range fluctuations in height not associated with the
D-band repeat.” The obtained filtered profile (Figure 2.3b) was Fourier transformed to
obtain the value of the D-band repeat and sliced into individual D-band periods (Figure
2.3b, dashed lines). Finally, all the individual height profiles were averaged together to
obtain the height fingerprint of the D-band (Figure 2.3c). A similar process was followed
for analyzing adhesion images except that the value of the D-band repeat obtained from the
paired height profile was used for slicing the D-band periods of the adhesion profile (Figure
2.3e-g). This was possible because the profile extraction from the height and adhesion
images was synchronized using SPIP. The final adhesion fingerprint obtained by removing
the adjacent average from the adhesion profile displays the change in adhesion force, Fp_pang

attributed to the D-band only.
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Figure 2.4: Calculation of different parameters from fingerprints Mean adhesion of the
overlap (blue region above 0 in height) and gap (red region below zero in height) is
calculated for each fibril, along with the vertical position, strengths and distances between
X1, X2 and X3 bands as shown.

2.3.3 Calculation of various adhesion values from from fingerprints

The overlap and gap regions were defined using the height fingerprint as the regions above
and below 0 nm, respectively and the average adhesion in these regions was defined as
overlap and gap adhesion, respectively (Figure 2.4). The difference between these mean
adhesion values for the overlap and gap region of a fibril yields the overlap-gap adhesion
contrast. Electron density bands, X1, X2, and X3 (dotted lines) were marked by locating
appropriate dips in the adhesion force and the spacing between them was calculated. Height
location of these bands was measured by matching their location in the adhesion fingerprint.
Absolute values of adhesion force for the X2 and X3 bands were regarded as their strengths.
For the X1 band, its strength is estimated as the reduction in adhesion with respect to the

maximum adhesion force recorded in the gap region.
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2.3.4 Statistical tests

Significant difference between measured quantities was assessed by Welch’s anova using
the Pingouin package in python. If a p-value of less than or equal to 0.05 was obtained,
independent two-sample t-test was performed. The samples with the p-value of equal or

less than 0.05 were considered significantly different.



Chapter 3

Results and Discussion

3.1 Adhesion force microscopy is sensitive to the charge distribution at the surface

of single collagen fibrils

In this study, collagen fibrils extracted from two tendon types, SDF and CDE, and fibrils
self-assembled in vitro from atelo- and telocollagen molecules (Figure 2.2), were imaged
by adhesion force microscopy at a relative humidity between 15 and 20%. The fibrils had
a wide range of height, between 11 nm and 149 nm, and exhibited the expected D-band
repeat with a period of 67 nm (SD=3 nm) (n=30).

3.1.1 The adhesion force along a collagen fibril is insensitive to nanoscale

topography

Height fingerprints (Figure 3.1) were obtained by a process of filtering and averaging of
profiles extracted from height images (Figure 2.3). The D-band amplitude, measured using
these height fingerprints, showed a positive correlation with the height of the fibril- flatter,
in vitro fibrils have smaller D-band amplitude as compared to the taller, ex-vivo fibrils
(Figure 3.2a). An almost identical trend of D-band amplitude with fibril height has already
been reported for collagen fibrils extracted from bovine corneal and scleral tissues.*®! As the
height of the fibril and the amplitude of the D-band decrease, the overlap region of the height
profile displays clearer ridges, as seen by comparing the CDE and atelocollagen examples
(Figure 3.1). This increase in visibility of sub D-band features with a decrease in height
is in agreement with a previous imaging study on 3 nm tall self-assembled collagen tapes,
which revealed up to twelve sub D-band features within a single repeat.””’! The adhesion
measurements, however, did not reflect a similar trend with height. (Figure 3.2b) There
was no significant difference between the mean adhesion of each fibril type, except for
telocollagen, whose mean adhesion was significantly lower than the others. This difference

is not a height effect considering that atelo- and telocollagen have almost identical height

23
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Figure 3.1: Height and Adhesion fingerprints for four different collagen fibrils obtained
from atelocollagen, telocollagen, SDF and CDE samples. Each fingerprint is repeated over
three D-band periods for clarity and includes the average of all the D-periods along the fibril
(solid line) as well as the standard deviation between individual D-periods (grey shade).In
addition, the average height of the fibril is indicated as well as the proposed positions of the

three main electron density bands, X1, X2 and X3 (dotted lines) observed by cryo-electron

microscopy.l””!

ranges (Figure 3.1a).

Using the adhesion fingerprints, the adhesion force experienced by the tip in the overlap
and gap regions of the D-band (Figure 3.2c) and the overlap-gap adhesion contrast (Figure

3.2d) was calculated as shown in Figure 2.4.

The average resultant adhesion force, Fp g Was positive for the gap and negative for

the overlap region (Figure 3.2c). There was no significant difference between the fibril
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types in terms of either overlap and gap adhesion or the overlap-gap adhesion contrast.
In principle, this adhesion force measured by the AFM between the tip and the fibril is
governed by three forces- the Van Der Waal’s force (F,qw), the Capillary force (F.), and the

Electrostatic force (F.) as represented by the equation below:
FD-band:deW+Fc+Fe (31)

Any of these forces, separately or together, can result in the adhesion contrast observed
between the overlap and gap. The Vander Waal’s force, F,qw, is expected to be modulated
by the molecular density, for which the electron density in Figure 1.5 is a proxy. So, the
higher the electron density, the greater F,qw should be. If Fpaq is purely governed by
Fyaw, the adhesion force should be greater in the overlap compared to the gap region, as the
overlap is denser than the gap.(Figure 1.5) However, this is the opposite of our experimental
data (Figure 3.2c). So, F,qw does not appear to be the prime factor responsible for this
contrast. Next, the capillary force, F., is a function of humidity in the air®®! and should
play a role in modulating Fp_,.,q as follows. Because of the tip geometry and the trough

created in the gap region, water absorption is higher in the gap compared to the overlap,®®!
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resulting in a greater capillary force in the former than the latter. Hence, F. contributes to a
higher adhesion in the gap than the overlap region, which is qualitatively consistent with our
results (Figure 3.2c). However, as the height difference between the gap and overlap regions
increases, the capillary force in the gap region should increase. Yet, the mean adhesion
values of the overlap and gap regions are not significantly different among the fibril types
even though they cover a wide range of D-band amplitudes (Figure 3.2). Therefore it is

unlikely that F, alone drives the observed spatial modulation of the adhesion force.

Since neither F,qw nor F, can fully explain the results, the hypothesis we put forward
is that the n-doped Silicon tip used in our experiment is acting like a negative charge.
Since it has been previously shown using KPFM that the overlap (gap) region is negatively
(positively) charged,# following the hypothesis, the tip would be repelled (attracted) by
the overlap (gap) region, hence yielding a negative (positive) adhesion. This is consistent
with the results (Figure 3.2c). So, the Electrostatic force between the tip and the sample, F,
can be one of the forces to be accounted for the adhesion pattern observed and is likely the

main contributor to the observed sub-D-band force dips.

3.1.2 Molecular assignment of fibril type specific adhesion fingerprints

Three adhesion force dips are consistently visible in the fingerprints of all four fibril types.
We attribute these dips to the X1, X2, and X3 bands-the three main electron-dense regions
observed by Quan and Sone using Cryo- EM (Figure 1.5). Other, less conspicuous bands
were also visible, albeit less frequently in the fingerprints as compared to the unprocessed
profiles as they are often lost due to averaging (Figure 3.3).

The respective spacing between the three main bands for all fibril types approximately
matches the ones observed by Cryo-EM (Figure 1.5, 3.4a). However, we also observe that
each individual fibril has a unique set of spacing and that on average, each fibril type differs
in spacing by a few nanometers. Taking advantage of the registration between the adhesion
and height fingerprints, it was possible to locate the height position of each adhesion force
dip along the D-band topography (Figure 3.4b and 2.4).

It has been well-documented that during fibril formation, a 3.8 nm lattice plane of collagen
molecules orients radially, which causes the C-terminal telopeptide to be jutted outwards,

causing it to be at the apex of the fibril’s corrugated surface, and the N-terminal telopeptide
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Figure 3.3: Appearance of minor sub-bands and instances of asynchronization of height
and adhesion in the filtered profiles from an (a) SDF fibril and (b) Telocollagen fibril The 3
major bands in this profile along with multiple smaller dips corresponding to sub-D-bands
are visible (orange arrows) that are often not visible in an averaged fingerprint. Red dotted
lines in (a) show an asynchronization in the visibility of X1 band in height and adhesion-
while the one with a visible peak in height exhibits a less intense dip in adhesion, the other
with no peak in height displays a stronger dip in adhesion. Also, while the X3 band shows
a taller peak in height than X2 does in both (a) and (b), the dip in adhesion caused by the
X3 band is stronger than that of X2 in (a) and vice-versa in (b).

to be buried underneath the fibril surface.”® % Hence, the X3 band, which corresponds to
the C-terminus of the collagen molecule, is located at the apex of the D-band repeat with the
X2 band, corresponding to the N-terminus, located a few nanometers underneath (Figure

3.4b), validating our band assignment.

From the results so far, these dips in the adhesion force, Fp_,,4 can be attributed to two
forces-the capillary force, F., which is dependent on the topography, or the Electrostatic

force, F., which is dependent on the surface charge. One possibility is that the visibility of
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these sub D-band features is a result of the modulation of F, alone. While the most intense
dips in adhesion match the electron-dense peaks, since F. is dependent on topography,
each dip in adhesion should be accompanied by a proportional variation in height.[®®! This,
however, is not the case since there are many instances where the dips in the adhesion
profile associated with the characteristic bands, X1, X2, and X3, are not accompanied by
any peaks in the height profile (Figure 3.1, 3.3). Moreover, F, is also expected to be weaker
in shallower dips of shorter, atelocollagen fibrils as compared to deeper dips of taller, CDE
fibrils. But, since this was not observed in the results, variations in capillary force are
unlikely to be the explanation for the detection of these sub-bands. Accounting for the other
possibility, the X1, X2, and X3 bands marked in Figure 3.1 also correlate to d, ¢, and a
peaks, respectively, observed in the Uranyl Acetate stain profile (Figure 1.5). These peaks
represent regions with a high number of negative charges within the fibril. If they were net
negatively charged, these regions would repel a negatively charged tip and thus decrease
the electrostatic force, F., resulting in a dip in adhesion force, Fpp.ng. Hence, in addition
to explaining the adhesion contrast observed between the overlap and gap, F. could also be

responsible for the visibility of these sub-bands.

3.1.3 Fibril types have intrinsic differences in the surface charge pattern

To compare the differences in adhesion measured among the fibril types at a higher reso-
lution, adhesion strength for the three bands was measured, as described in Figure 2.4. It
was revealed that in addition to a unique set of spacing between the X1, X2, and X3 bands,
each fibril type has a unique set of adhesion strengths for the three bands (Figure 3.4c).
Assuming that adhesion is purely governed by electrostatic force and interpreting adhe-
sion band strength as a proxy for the net negative surface charge, we observe that the X2
band (N-terminus) is on average less negatively charged than the X3 band (C-terminus) for
all fibril types (Figure 3.4c) and that there is significant intra-fibril variation (Figure 3.1 gray
shading and 3.3). Comparing across fibril types, the strengths of the X2 and X3 bands are
basically identical for SDF and CDE fibrils (Figure 3.4c). This is expected considering that
in both cases the N- and C-telopeptides are engaged in crosslinks with adjacent collagen
molecules.”3 The telocollagen fibrils have an X2 band identical to the SDF and CDE fibril
but a lower X3 band (Figure 3.4c). This is consistent with the idea that the N-terminal
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telopeptide is buried under the fibril surface even for in vitro assembled fibrils whereas the
C-terminal telopeptide is exposed at the surface and interacting with adjacent molecules in
a non-native way.!'”!! In the atelocollagen case, where both telopeptides are missing, the X2
and X3 bands are stronger than for the three other types indicating a unique conformation
of the collagen molecules at the fibril surface in two regions that host interacting sequences
with several key collagen partners such as keratan sulfate, metalloproteinases, fibronectin

and integrins.!1%"

The strength of the X1 band is also worth analyzing because it is the in vivo interaction
site for another proteoglycan, decorin.!'%?! For all fibril types, the X1 is a negative dip in
adhesion force superimposed on one side of the positive adhesion force peak characteristic
of the gap region (Figure 3.1). Because we use the maximum adhesion force in the gap
region as our reference (Figure 2.4), we likely overestimate the strength of the X1 for all
fibril types, including CDE. Nonetheless, all fibrils are analyzed in the same way, so the
decrease in strength of the X1 band for the SDF and CDE fibrils compared to the in vitro
assembled ones may be due to the presence of decorin molecules at the surface of the SDF
and CDE fibrils. Decorin is composed of a positively charged core protein domain that
covers the X1 band and one negatively charged chondroitin sulfate chain.!'%! The mechan-
ical extraction of the fibrils from the SDF and CDE tendons is expected to remove some if
not all chondroitin sulfate chains, leaving only the decorin core covering the X1 band. We
propose that the CDE fibrils have had their chondroitin sulfate chains consistently removed,
thus producing an X1 band of low but very well-defined strength (Figure 3.4c). SDF fibrils
in comparison have a much broader range of X1 band strength that is likely a result of
the higher cohesiveness between fibrils in this tissue,!'*#! thus requiring a more forceful
extraction than in the CDE case. Finally, the increase in strength of the X1 band for the
in vitro assembled fibrils compared to the SDF and CDE (Figure 3.4c¢) is likely due to the

absence of the decorin core protein.

There are different reasons which can be responsible for a discrepancy between our
results and the ones obtained by Quan and Sone using Cryo-EM.!”! The electron density
used as reference (Figure 1.5) was measured on a single fibril extracted from a rat tail tendon
which is similar to a bovine CDE tendon. As explained above, there are many intrinsic

differences between fibrils of different types and hence, results obtained from each of them
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Figure 3.5: Height and adhesion images of two atellocollagen fibrils with opposite polarity.
The arrows on each image indicate the orientation from the N-terminus to the C-terminus
of the collagen molecules within the fibrils. Height and adhesion fingerprints extracted
from left to right in the broken line boxes are presented with the assignment of the X1, X2
(N-terminus) and X3 (C-terminus) bands. The angle of out-of-plane molecular tilt between
the N- and C-termini, (), is defined as shown.(Scale bar= 200nm)

cannot be expected to be entirely similar. Moreover, cryo-EM reveals details in the bulk of
a material unlike the AFM, which displays surface properties. So, a discrepancy between
the results obtained by the two methods can be an indication of how the charge distribution

on the surface of the fibril is different from its interior.

3.1.4 Fibril orientation and out-of-plane molecular tilt

Within a collagen fibril, all the molecules are oriented in the same direction, making
the structure polar.!'%! Assessing this polarity on a fibril-by-fibril basis is experimentally
challenging. Negative staining electron microscopy, %! Piezoelectric Force Microscopy!?”!
and second harmonic generation microscopy!!- 19! are the three main techniques capable
of identifying polarity, absolutely in the first case and comparatively in the other two
cases. Leveraging our assignment of the X1, X2 and X3 bands in the height and adhesion
fingerprints, it is possible to define the polarity of a collagen fibril in absolute term (Figure
3.5) without staining.

In principle, this approach could be combined with imaging of tissue cryo-sections to
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Figure 3.6: Angle of out-of-plane molecular tilt between the N- and C-termini (Figure 3.5)
for the four different fibril types.

characterize the polarity of collagen fibril bundles in skin or tendons.!'%! Furthermore, with
the polarity identified, it is possible to measure the out-of-plane molecular tilt, predicted by
Orgel and coworkers,!”?! using the positions of the X2 and X3 bands in the height fingerprint
as shown in Figure 3.5. Telocollagen fibrils have the lowest average out-of-plane molecular
tilt, approximately 2°, followed by atelocollagen fibrils with similar height but an average
tilt of 4° (Figure 3.6). This factor of two in molecular tilt further demonstrates the subtle
differences in fibril structure induced by the deletion of the telopeptide as already observed
with the adhesion strength of the three bands (Figure 3.4c). The two types of ex-vivo fibrils
have the largest average out-of-plane molecular tilt, 6 ° (Figure 3.6) which is likely set by
the presence of enzymatic cross-links at the C-terminus.!'%! In all four cases, the measured

angle is affected by changes in the shape of the fibrils as they dry on the glass substrate.!!!?!

3.2 Ex-vivo fibrils in sections

CDE and SDF tendons were cryosectioned and then imaged using AFM. (Figure 2.2a) The
tendon sections were studied as they are expected to be a more natural representation of
fibrils in the body as compared to the extracted and self-assembled fibrils. As fibrils in
sections appear closely packed, while there were only 1 or 2 fibrils present in a 1 xm image
of the extracted fibrils’ sample, (Figure 2.1c) an image of a section contained at least 4-5
fibrils. (Figure 3.7, 3.8) The D-band pattern was exhibited by all fibrils, with a period of 64
nm (SD=4nm) (n=25). As explained in section 2.3.1, both narrow and wide profiles were

extracted from these fibrils to analyze the effect of averaging. (Figure 2.2a) As expected,
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H

30 nm
12.5nN
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Figure 3.7: Height (H) and Adhesion (A) images of CDE samples at different stages of the
experiment. Scale bar=200m

wide profiles lacked some definition that narrow profiles possessed. However, the data

acquired from a profile too narrow is often accompanied with noise. Therefore, for a fair
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comparison between extracted fibrils and fibrils in sections, only the wide profiles similar

in width to those used in extracted fibrils were used for this study.

Week(s) No treatment

3 unable to image

-40 nm

Figure 3.8: Height (H) and Adhesion (A) images of SDF samples at different stages of the
experiment. Features were not clearly visible in the images of the control sample at week
3. Scale bar=200m
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3.2.1 Mean adhesion values of fibril types from sections are significantly different

The fibrils from CDE and SDF tendon sections had significantly different mean adhesion
values, (Figure 3.9a) with CDE being more adhesive than SDF. This is in contrast with
the extracted fibrils where CDE and SDF had comparable adhesion values. (Figure 3.2d)
Moreover, the mean adhesion of fibrils in sections was greater than extracted fibrils for both
fibril types. However, the variation in the mean adhesion amongst the fibrils in both section
samples was lower than that for extracted fibrils. (Figure 3.9a)

Following the same approach as in the study of extracted fibrils, (Figure 2.4) the mean
adhesion of the overlap and gap regions, along with their contrast, was calculated for fibrils
in sections.(Figure 3.9b) The overlap-gap adhesion contrast was significantly higher in both
CDE and SDF sections as compared to the respective samples of extracted fibrils. This was
also accompanied by a greater variation in the overlap-gap adhesion contrast amongst the

fibrils in both individual samples.

3.2.2 Fibrils in sections have less prominent sub-D-band features

Following the idea of attributing dips in adhesion as electron dense bands, X1, X2 and X3

as in extracted fibrils, the visibility and strength of these bands were also studied in fibrils
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from sections. In extracted fibrils, whereas the X1 band was rarely visible, the X2 and

X3 bands were distinctly visible in the adhesion profile.(Figure 3.1) Often, the X2 and X3

Week(s) Extracted fibrils Untreated section
H | Tall peak and a shoulder/short peak in Different height shapes in overlap
overlap, corresponding to X3 and X2 observed: Tall peak with shoulder,
bands, respectively, and a rare, triangular or rectangular shape; No
negligibly short peak in gap, peak corresponding to X1 band.
corresponding to X1 band.

0 A | Two dips in overlap corresponding to Strong dip for X3 band, but shallow
X2 and X3 bands, respectively; Tall (less strong) dip for X2 band; No dip
peak between X2 and X3 band; A rare, visible for X1 band.
shallow dip in gap corresponding to X1
band.

PBS treated section (control) PBS + ribose treated section
Features like extracted fibrils. Features like untreated section.
A Features like extracted fibrils. X2 and X3 bands less prominent since
the tall peak between X2 and X3
1 band decreased in intensity or was
completely absent in 19% cases,
leading to a flat adhesion pattern in
overlap; X1 band rarely visible in gap
Features like extracted fibrils. Features like untreated section.
A Features like extracted fibrils. Flat adhesion pattern (like 1 week
ribose) seen in 40% cases. In some

2 cases, tall peak between X2 and X3

band replaced by multiple small
peaks, indicating accumulation; X1
band rarely visible.

Features like extracted fibrils. Features like untreated section.

3 A | Features like extracted fibrils. Flat adhesion pattern (like week 2

ribose) seen in 32% cases; X1 more
frequently visible.

Table 3.1: Summary of qualitative changes observed in Height (H) and Adhesion (A)
profiles in all CDE samples.
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bands did not show the same strength, as one of the bands was more adhesive than the
other. While the bands appear as dips in adhesion, they are often accompanied by a peak in
height. Although this peak is rarely commensurate to the depth of the dip in adhesion, this
synchronization of height and adhesion profiles is important for correct band assignment.
These bands are located using the dips in the adhesion profile, however, their identification
is only successful using the corresponding features in the height profile.

The profiles obtained from images of fibrils in sections were analyzed using this tech-

nique (summarized in Table 3.1, 3.2). The visibility of all three bands diminished in fibrils
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Figure 3.10: Height and corresponding adhesion fingerprint profiles of a fibril from (a)
CDE and (b) SDF tendon section

from sections as compared to that of extracted fibrils. In fibrils from CDE sections, the X1
band was not visible in any fibrils. While the X3 band was visible in all the fibrils, fewer

instances of visibility of the X2 band were observed. Even in most of the cases where the
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Figure 3.11: Different height profiles and their corresponding adhesion profiles observed
in the overlap region of fibrils in the untreated CDE section (a) A peak with a shoulder
previously observed in extracted fibrils (b) Triangular profile (c) Rectangular profile

X2 band was visible, the dip in adhesion caused by it was very shallow as compared to that
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of the X3 band. (Figure 3.10a)

The shape of the height profile also varied as compared to the extracted fibrils. The pre-
viously observed height profiles in the extracted fibrils displayed a tall peak, corresponding
to the X3 band, along with a shoulder or a shorter peak, corresponding to the X2 band. In
the fibrils in sections, while a similar shape was observed in many height profiles (Figure
3.1,3.11a), there were cases where the height was triangular with only a single peak present
corresponding to the X3 band in the overlap region.(Figure 3.11b) In addition, the height
profile also rarely displayed two peaks of equal height for the X2 and the X3 bands, giving
rise to a rectangular shape (Figure 3.11c). While the triangular shape of the height profile
was often accompanied by a partial or complete loss of the X2 band in the adhesion profile,
there were cases where it was observed even when the X2 band was present. (Figure 3.11b)
Therefore, as observed earlier, while there is a degree of correlation between the modulation

in height and adhesion, one is not completely governed by the other.

There are a number of differences in the preparation of the samples of extracted fibrils and
sections that can potentially explain the fact that a loss of strength of the X2 band was only
observed in the fibrils in sections. Samples of extracted fibrils is prepared via mechanical
extraction whereas the fibrils in sections do not undergo such a process. Mechanical
extraction can potentially remove non-collagenous proteins, like the proteoglycans, from
the surface of the fibrils, as mentioned earlier. It is possible that during the mechanical
extraction of the fibrils, keratan sulphate, one of the proteoglycans which binds at the
location of the X2 band!'!'! is removed, revealing the X2 band’s negative charges and
therefore yielding a stronger dip in adhesion in the case of extracted fibrils. This should
result in the mean adhesion of the extracted fibrils to be lower than the fibrils in sections,
which aligns with the results. (Figure 3.9a) Moreover, at the end of the extraction process,
samples are dried with Nitrogen gas, whereas, tendon sections are left to dry naturally. This
can potentially lead to extracted fibrils exhibiting surface properties altered due to drying,
similar to the changes observed as a result of vacuum drying. [''?! Furthermore, it is possible
that in cryosectioning, some sections are cut through the fibrils, revealing the inner part of
the fibrils. As the interior of the fibril is expected to be different than its surface, images
of such fibrils can be different from those of extracted fibrils. Finally, it is important to
acknowledge the aspect that despite comparing the extracted fibrils and fibrils in sections

from similar tendon types, they were obtained from distinct animals.
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In the case of SDF, however, the visibility of these sub-D-band features did not change

as much between extracted fibrils and fibrils in sections.(Table 3.2) Like for extracted SDF

Week(s) Extracted fibrils Untreated section
H | Tall peak and a shoulder/short peak in Features like extracted fibrils.
overlap, corresponding to X3 and X2
bands, respectively, and a rare, short
peak in gap, corresponding to X1 band.
0 A | Two dips in overlap corresponding to Features like extracted fibrils.
X2 and X3 bands, respectively; Tall
peak between X2 and X3 band; A
shallow dip in gap corresponding to X1
band.
PBS treated section (control) PBS + ribose treated section
Features like extracted fibrils. Features like control.
1
A | Features like extracted fibrils. Features like control.
A partial or total loss of peak Features like extracted fibrils.
corresponding to X2 band in many
cases
2
A | Strong dip for X3 band, but shallow Features like extracted fibrils.
(less strong) dip for X2 band; No dip
visible for X1 band in almost all cases.
Features like extracted fibrils.
3 A Unabl . | Flat adhesion pattern in overlap (like
nable to image sample. CDE ribose samples) seen in 15%
cases; X1 rarely visible in gap.

Table 3.2: Summary of qualitative changes observed in height (H) and adhesion (A) profiles
in all SDF samples.

fibrils, the visibility of X1 band was rare for SDF fibrils in sections. And although the
X2 and X3 bands were not as prominent as in the extracted fibrils, they were still visible
in almost all fibrils. (Figure 3.10b) Moreover, the difference between the mean adhesion
of fibrils in sections and extracted fibrils was not as large as in the case of CDE. (Figure

3.9a) Therefore, contrary to CDE, for SDF, fibrils in sections and extracted fibrils appear
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Figure 3.12: Height and adhesion images of two fibrils from CDE tendon section with
opposite polarity. The arrows on each image indicate the orientation from the N-terminus to
the C-terminus of the collagen molecules within the fibrils. Height and adhesion fingerprints
extracted from left to right in the broken line boxes are presented with the assignment of the
X2 (N-terminus) and X3 (C-terminus) bands. (Scale bar= 200nm)

the same. This can again be attributed to the higher cohesiveness between fibrils in SDF
compared to CDE,!'"%! which would result in an almost pristine surface after mechanical
extraction.

Similar to extracted fibrils, using the dips in adhesion and the corresponding peaks in
height for the identification of bands, the orientation of fibrils was determined. (Figure 3.12)
In the extracted fibrils, since the features in both profiles were clearer, the determination
of the orientation was simple. However, as described earlier, for the sections, since there
were many cases where these dips (peaks) in adhesion (height) profiles were missing, in
about half of the cases in CDE, the orientation of the fibril could not be ascertained. In
SDF, this ratio was smaller, i.e. approximately one-third, due to a higher visibility of these

sub-D-band features in both profiles.

3.3 Glycation of fibrils within tendons

The effect of glycation on fibrils was studied using ribose over a period of 3 weeks. CDE and
SDF tendon segments were incubated at 35°C in a solution of either 0.2 M ribose in PBS,

or PBS only, which acted as a control. The concentration of ribose was 0.2 M following
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the study conducted by Tanaka et. al, where they observed the effect of glycation linearly
increasing with time for the first 2-3 weeks at this concentration, followed by a gradual
plateauing.®”! A tendon segment of each type was taken out each week, cryo-sectioned and
imaged using AFM. (Figure 2.2) This enabled us to observe the gradual effect of PBS and
ribose on collagen fibrils.

Instead of wide profiles, narrow profiles were extracted from the images for this exper-
iment, as described in section 2.3.1. This was done to observe the minute changes in the
fibrils’ surface and not lose them to averaging done in the wide profiles. The D-band period
observed in the fibrils was 65 nm (SD=5nm). While most fibrils in all the samples had
acceptable D-band periods, some of them exhibited periods as low as 50 nm, and as high
as 80 nm. These anomalous values were not exclusive to fibrils of any specific samples or
stage of the experiment. During the dry imaging of a tendon section, if layers of fibrils are
loosely bound to each other, this can cause drift and lead to distorted images. The peculiar
D-band values were likely due to this distortion in the AFM images and were observed
throughout the experiment. As a way to eliminate the outliers from the data set, the fibrils
outside the range of one standard deviation from the mean, i.e. 60 nm to 70 nm, were

removed. This yielded an average of 18 fibrils per sample. (Figure 3.7, 3.8)

3.3.1 Incubation in PBS changes surface properties of fibrils in sections

After the incubation of tendon segments in the control solution of PBS, the properties of
fibrils in sections changed. The observed effects were different for CDE and SDF, and

differed from week to week (qualitative changes summarized in Table 3.1, 3.2).

3.3.11 CDE

After 1 week of incubation in PBS, the mean adhesion of fibrils in the PBS-treated section
significantly lowered as compared to that of fibrils in the untreated section. (Figure 3.13a)
The variation in mean adhesion amongst the fibrils remained the same. There was no
significant difference in the overlap-gap adhesion contrast between the treated and untreated
samples. (Figure 3.13b) As mentioned earlier, fibrils in untreated sections did not display
a prominent X2 band in the adhesion profile in most cases, and no X1 band in any case.
In contrast, in almost all fibrils in the treated section, the X2 and X3 band was present in

the adhesion profile and the X1 band was also visible in a few cases. (Figure 3.14a) The
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shape of the height profile also had a lesser degree of variability, with most of the fibrils
displaying the characteristic peak with a shoulder in the overlap region. (Figure 3.14a)
These characteristics are similar to those observed in the extracted CDE fibrils. Moreover,
while not equal, the mean adhesion value of fibrils in the treated section was closer to that

of extracted fibrils, than to the fibrils in the untreated section. (Figure 3.9a, 3.13a)
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Figure 3.13: (a) Mean adhesion and (b) Overlap-gap adhesion contrast of CDE fibrils at
different weeks of the experiment. Untreated sample (), control sample (=), ribose sample
(e). Fibrils were divided into groups A and B where bimodal distribution was observed.
Instances of significant difference between control and ribose sample is marked by star (x).

After 2 weeks of incubation in PBS, these characteristics did not show much alteration.
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The mean adhesion was higher than the week 1 sample, but lower than the untreated section
sample.(Figure 3.13a) The variation in mean adhesion amongst the fibrils was also lower.
While the mean overlap-gap adhesion contrast lowered compared to the week 1 sample, the
variation amongst the fibrils was larger, thus leading to no significant difference between the
samples.(Figure 3.13b) In terms of clarity of sub-D-band features, whereas the fibrils in the
sections treated for 1 week showed significant improvement from the untreated section, the
fibrils in the sections treated for 2 weeks did not show any change as compared to the week
1 sample. (Figure 3.14b) The X2 and X3 bands were still visible in the adhesion profile
of most fibrils, with rare visibility of the X1 band. The height features also remained the
same, with most fibrils displaying the tall peak corresponding to the X3 peak, along with a
shoulder, corresponding to the X2 peak.

After 3 weeks, while the visibility of sub-D-band features remained the same for the
most part, the adhesion values of the fibrils changed significantly. (Figure 3.13a) The mean
adhesion of fibrils was significantly higher than all the previous weeks’ samples. This was
accompanied by a doubling of the variation in the mean adhesion amongst the fibrils. The
overlap-gap adhesion contrast was also the highest compared to the previous weeks. (Figure
3.13b) Like the week 2 sample, the X2 and X3 bands were distinctly visible in the adhesion
profile of most fibrils. (Figure 3.14c) There were also no significant changes in the height

features observed.

To summarize the changes observed in the fibrils due to incubation of the tendon
segments in PBS over 3 weeks, the most significant change was observed after 1 week.
Unlike the fibrils in the untreated section, the fibrils in the 1 week treated section displayed
characteristics in both height and adhesion profiles that were similar to the ones of extracted
fibrils. (Figure 3.1, 3.11, 3.14a) Unless the addition of antimycotic solution led to any
changes, it appears that long-term incubation in PBS affected the surface of the fibril in
some manner. This result is intriguing because an incubation in a neutral buffer is not
expected to change the fibril surface significantly.’**! However, considering that the surface
properties of the fibrils incubated in PBS are similar to the ones of extracted fibrils than
to the fibrils in untreated sections, it is speculated that PBS incubation led to the removal
of some of the non-collagenous material which is known to be bound on the surface of the
fibril. H13-116] Dye to this effect of chemical extraction, the bands became clearer in both

height and adhesion profiles, and the mean adhesion of the fibril also decreased, which is
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Figure 3.14: Height and corresponding adhesion profiles from fibrils in CDE section after
(a) 1 week, (b) 2 weeks, and (c) 3 weeks of incubation in PBS. Both X2 and X3 bands are
distinctly visible in the fibrils like previously observed in extracted CDE fibrils (Figure 3.1)
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expected with the appearance of negatively-charged regions at the fibril surface. Since the
fibrils in sections incubated for more than 1 week did not change much in terms of visibility
of these sub-D-band features, it appears that this effect of PBS plateaus in less than a week.
However, this is contrary to the quantitative analysis because the adhesion values continue
to change after weeks 2 and 3 of incubation. (Figure 3.13) One source of concern is that the
solutions in the later weeks showed an increasing fungal growth, with the week 3 samples
showing the highest growth. Although 1% Antibiotic-antimycotic solution was used in all
the samples, it appears that the concentration was not enough to prevent the fungal growth,
and repeated opening of the sealed samples in a non-isolated environment aggravated this
problem. Therefore, the change in the adhesion values at weeks 2 and 3 can be due to

changes in the fibril surface caused by bacterial and/or fungal action.

3.3.1.2 SDF

After 1 week of incubation in PBS, in mean adhesion, there was no significant difference
compared to that of fibrils in the untreated section, even so the average value increased.
(Figure 3.15a) The variation in the mean adhesion amongst the fibrils decreased. However,
the average value of and the variation in the overlap-gap adhesion contrast did not change.
(Figure 3.15b) In addition, there also was no significant change in the visibility of the
sub-D-band features. (Figure 3.16a)

After 2 weeks of incubation, the distribution of mean adhesion values across the sample
appears to be bimodal. (Figure 3.15a) However, this bimodality is not real, since it was
only observed after the removal of fibrils with extreme D-band values, as explained earlier.
Therefore, the fibrils were considered a single group. The average value of and the variation
in the mean adhesion of the fibrils increased significantly as compared to the week 1 sample.
However, due to the large variation, there was no significant difference between the mean
adhesion of fibrils in sections treated for 1 week and 2 weeks. A similar rise was observed
in the overlap-gap adhesion contrast. (Figure 3.15b) The adhesion and height profiles also
showed some changes. Unlike in the fibrils observed after 1 week incubation, the height
profile often showed a partial or total loss of a shorter peak corresponding to the X2 band.
Moreover, the strength of the X2 band reflected in the adhesion profile was lower than the
strength of the X3 band. (Figure 3.16b) The X1 band was also absent in almost all the

fibrils. Due to these reasons, the band assignment in this sample was difficult.
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Figure 3.15: (a) Mean adhesion and (b) Overlap-gap adhesion contrast of SDF fibrils at
different weeks of the experiment. Untreated sample (), control sample (=), ribose sample
(). Fibrils were divided into groups A and B where bimodal distribution was observed.
Instances of significant difference between control and ribose sample is marked by star (x).

After 3 weeks, imaging of the fibrils was unsuccessful. When attempted, while the fibrils
and the D-band was still vaguely visible, the fibrils often showed material accumulated on

top, which blemished almost all surface features in both height and adhesion images.

From these results, the changes in SDF fibrils due to the incubation in PBS seems to be
entirely different than the CDE case. Unlike the CDE case, the fibrils were mostly similar

in the untreated section and the section incubated for 1 week. Significant changes were
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Figure 3.16: Height and corresponding adhesion profiles from fibrils in SDF section after
(a) 1 week, and (b) 2 weeks of incubation in PBS. While a prominent X2 band in adhesion
is visible in the week 1 sample, similar to the untreated sample (Figure 3.9), it appears
diminished in the week 2 sample

observed in the fibrils after 2 weeks of incubation in PBS, where the visibility of the X2
band decreased in both height and adhesion profiles. And the changes in the sample after
3 weeks were more drastic, to the extent of being impossible to measure in both height and

adhesion profiles.

There is a potential explanation for this discrepancy between SDF and CDE. Considering
that PBS may be responsible for the removal of non-collagenous material from the surface
of the fibril within a week of incubation, it appears that this effect is not so prominent on
SDF fibrils. To recall, a similar disparity was observed when comparing the extracted fibrils

and fibrils in untreated sections. While the fibrils in the untreated CDE sections varied from
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the extracted fibrils, in the case of SDF, fibrils from both samples were mostly similar.
(Figure 3.1, 3.10) It is speculated that the bound proteoglycan coverage on the surface of
the CDE and SDF is different. To recall, the extracted CDE and SDF fibrils also showed a
difference in the strength of the X1 band, which could be attributed to a possible difference
in the coverage of decorin in the gap region. SDF has previously been shown to have
a higher mRNA expression of these proteoglycans along with greater glycoamoinoglycan
levels as compared to the CDE.[''H!91 If indeed PBS is responsible for the removal of
these proteogylcans, it appears that their higher coverage makes it difficult to remove them

from SDF within a week of incubation.

It is possible that in SDF, it takes longer than a week for a full effect of PBS. However,
after 2 weeks, the band visibility decreased instead of increasing, followed by a total loss of
visibility after 3 weeks. The fungal growth observed in SDF samples was more pronounced
than in CDE samples. Therefore, it is possible that the surface of SDF samples started
showing signs of degradation and/or accumulation of fungal protein as a result of the

microbial activity after 2 weeks, which started blemishing the sub-D-band features.

The change of surface properties of collagen fibrils due to long-term incubation in PBS
has not been well documented in the literature. In the study of the effect of glycation on
fibrils done by Tanaka et. al using X-ray diffraction and gel electrophoresis,'’! the fibrils
undergone prolonged incubation in PBS did not show any alteration in fibril structure. This
is in line with our results since all the fibrils incubated in PBS exhibited a clear D-band
pattern and hence, the structure of the fibrils remained intact. However, if there were changes
due to PBS on the surface of the fibril, X-ray diffraction would be unable to detect them,
but AFM could. There are some other studies as well which have used PBS as a control
solution for incubation of tendons. However, these studies either had different parameters
(lower temperatures or shorter incubation period) or did not include an examination of the
surface of the fibrils. In the current study, the results observed in both CDE and SDF
sections demonstrate that the effect of PBS on adhesion measured by the AFM may not
be negligible. While the samples did show signs of fungal growth, it was only visible in
the weeks 2 and 3. However, significant changes in CDE and minor changes in SDF were
observed after 1 week of incubation in PBS, even in the absence of visible fungal growth.
Therefore, further study is required to confirm the effects of long-term incubation in PBS

on the surface of collagen fibrils at or above 35°C.
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3.3.2 Ribose changes the adhesion pattern along the fibrils in CDE sections, but not

in SDF sections

To understand the effect of glycation on collagen fibrils using AFM, we analyzed the change
in the surface properties of fibrils in tendon sections, especially the change in adhesion
force, as a function of incubation time. (Figure 3.7, 3.8) Since incubation in PBS appears
to affect the fibrils, the ribose treated samples were compared to the PBS treated control
samples from each corresponding week.

It was observed that while the tendon segments in the control solution were white in color,
the tendons, both CDE and SDF, exposed to ribose displayed a golden-yellow color whose
intensity increased as the weeks progressed. This is consistent with previous observations
of tissues in diabetic patients.!'?°! Apart from this, similar to the results obtained from the
incubation in PBS, the changes observed from incubation in ribose were different for CDE

and SDF.

3.3.21 CDE

After 1 week of incubation in ribose, as compared to the control sample, the mean adhe-
sion showed no significant difference. (Figure 3.13a) The overlap-gap adhesion contrast,
however, was significantly higher with a larger variation amongst the fibrils. (Figure 3.13b)
Qualitatively, the features in the height profile remained the same as the control sam-
ple.(Table 3.1) While the X1 band was rarely visible, the X2 and X3 bands were visible in
many cases. The prominence of the dips in adhesion due to the X2 and X3 bands, however,
decreased or was completely lost in some cases. In fibrils not treated with ribose, whether
assembled, extracted or in a section, between these two dips, a tall peak in adhesion has
been observed (Figure 3.1, 3.10, 3.14a). This peak helps in the identification of the X2
and X3 bands, and also minor bands- a, bl and b2, (Figure 1.5) since these minor bands
appear superimposed on this peak as small dips. (Figure 3.1, 3.3) However, in this sample
incubated for a week in ribose, in about 24% of the cases, (Table 3.3) this tall peak was
absent, and therefore instead of the typical pattern of two dips in adhesion in the overlap
region, it was just a single wide and flat dip in adhesion with no identifiable bands (Figure
3.17a).

After 2 weeks, a bimodal distribution was observed in the mean adhesion of the fibrils

and therefore, the fibrils were divided into separate groups, A and B. (Figure 3.13a).
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Interestingly, all the fibrils in group A belonged to the same image. While the mean
adhesion of both groups was significantly higher than that of the control sample and had
equal variability across the group, group A was almost twice as adhesive as group B. A
similar bimodality was not observed in the overlap-gap adhesion contrast (Figure 3.13b).
It did, however, show a similar rise, with both the average value and the variability across
the sample being significantly higher than the control sample, but not significantly different
from the week 1 sample. The features observed in height and adhesion profiles were similar
to those observed in the week 1 sample. While the bands were visible in many cases,
there were also instances (about 60%, Table 3.3) where a flattened adhesion pattern in the
overlap region was observed in some fibrils in group B. (Figure 3.17b) Moreover, instead
of a complete loss of the tall peak in adhesion between the X2 and X3 band and a flat
adhesion pattern, some other fibrils in group B displayed multiple small peaks, thus giving
an impression of something accumulating on top of the fibril at the position of the tall peak

and thus diminishing its effect on adhesion. (Figure 3.18)

After 3 weeks, the mean adhesion of the sample and its variability amongst the fibrils
significantly lowered from the week 2 sample.(Figure 3.15a) This was the same when
compared to the control sample at week 3 except that the variability in mean adhesion was
larger in the ribose sample than the control sample. The overlap-gap adhesion contrast of
the ribose sample was not significantly different from either the control sample or the week

2 ribose sample due to the large variation across the sample.(Figure 3.15b) The visibility of

Week(s) 0 1 2 3
Tendon (untreated) | pgs | pps+ribose | PBS PBS+ribose PBS PBS+ribose
44 % (n=18)
0, 0, [V [v)
I R B e e e s
n= n= n= 0% | e0% | '"°
(n=6) | (n=12)
11 % (n=18)
0, 0,
soF | 0%(n=3a) | 0% | awm=22) | % | o0%(n=12) ! A B
(n=14) (n=17) 33% | 0%
(n=6) | (n=12)

Table 3.3: Percentage of fibrils in CDE and SDF samples at different stages of the experiment
displaying a flattened adhesion pattern in the overlap region.
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Figure 3.17: Flattened adhesion features in the overlap region observed in fibrils in ribose
treated CDE sections at different stages (a) After 1 week (b) After 2 weeks (c) After 3 weeks
The tall peak in adhesion generally visible in the overlap region is consistently diminished
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Figure 3.18: Sub-D-band features visible in Height (left) and Adhesion (right) images, and
corresponding filtered profiles from a fibril (marked by star) from a CDE section treated
with ribose for 2 weeks (group B, Figure 3.13) Thin lines of low adhesion (marked by red
arrows) are seen in the adhesion image, that are also apparent in the filtered profiles, which
may be due to the accumulation of AGEs on the fibril. Scale=200 nm

sub-D-band features was similar to the week 2 sample, with a few differences. Unlike the
control and the week 2 ribose sample, the visibility and the strength of the X1 band were
higher. In some fibrils, all three bands were distinctly visible. Like the other two ribose
samples, this one also showed instances of flattened adhesion pattern in the overlap region,
observed in about 32% of the fibrils (Table 3.3, Figure 3.17¢)

3.3.2.2 SDF

After a week of incubation in ribose, fibrils in the SDF section showed no significant
change in the mean adhesion as compared to the fibrils in the untreated section, with a

greater variability amongst the fibrils.(Figure 3.15a) However, as compared to that of the
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control sample, the mean adhesion was significantly lower, with an equal variability across
the sample. The overlap-gap adhesion contrast for the ribose sample was similar to that of the
untreated sample but was significantly greater as compared to the control sample.(Figure
3.15b) In terms of qualitative differences in the height and adhesion profiles, however,
between the ribose sample and the untreated or control sample, there were none apparent.
(Table 3.2; Figure 3.10b, 3.16, 3.19a)

After 2 weeks, the mean adhesion of the ribose sample was significantly higher than the
week 1 sample, with greater variation across the sample.(Figure 3.15a) As compared to the
control sample, the mean adhesion of the ribose sample did not have a significant difference
due to the large variation observed in the control sample. The overlap-gap adhesion contrast
displayed a large variation across the ribose sample, and therefore, there was no significant
difference in the overlap-adhesion contrast of the ribose sample from either the week 1
sample, or the control sample. (Figure 3.15b) Moreover, the ribose sample did not show
any prominent differences in the height and adhesion profiles from the week 1 sample.
(Figure 3.19b)

After week 3 of the experiment, the mean adhesion values across the sample exhibited
a bimodal distribution and were divided into two separate groups, A and B. (Figure 3.15a)
Similar to the bimodality observed in CDE after 2 weeks, the group with higher adhesion,
group A, consisted of fibrils only from one image. Like the trend observed in the previous
week, the mean adhesion of both groups was significantly higher than that of the ribose
sample after 2 weeks of incubation.(Figure 3.15a) For the overlap-gap adhesion contrast,
a higher average value and a greater variability in the week 3 ribose sample than that of
the week 2 ribose sample were observed.(Figure 3.15b) The visibility of the sub-D-band
features in the height and adhesion profiles again did not show a significant change from the
previous observations. (Figure 3.19¢) There were, however, some cases in fibrils of group
A (33%), where the adhesion pattern in the overlap region was flattened, just as observed
in the CDE ribose samples (Table 3.3, Figure 3.17). In the absence of data for the 3 weeks

control sample, a detailed analysis of the ribose effect after 3 weeks could not be completed.

3.3.2.3 Mean adhesion values do not align with expected results

There have been multiple studies using different techniques to observe the effect of glycation

on collagen fibrils. Bansode et. al observed a decrease in the surface potential of the
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Figure 3.19: Height and corresponding adhesion profiles from fibrils in SDF section after
(a) 1 week, (b) 2 weeks, and (c) 3 weeks of incubation in ribose. The X2 and X3 bands are
clearly visible in all fibrils, with features typically observed in SDF fibrils.
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fibrils after ribose-5-phosphate (R5P) glycation using KPFM, therefore stating that the
fibril becomes more negatively-charged as a result of glycation.®> They did not observe
the change in surface potential being larger in the overlap than the gap or vice-versa, thus
displaying equal lowering of surface potential in both regions. Following the idea of a
negatively-charged tip, if the fibril becomes more negative overall, the mean adhesion

should decrease.

In our results, however, we did not observe the mean adhesion of the fibrils lowering
as a function of incubation time in ribose. In the CDE case, while the mean adhesion of
the fibrils did decrease after 1 week of incubation in ribose, the same was observed for the
control sample as well. The SDF samples seem to be showing a trend of increase in both the
average mean adhesion value of the sample and the variation in that value observed across
the sample as the incubation time with ribose increased. However, since the mean adhesion
of the ribose samples and PBS-treated control samples do not always have a significant
difference, and the data from the control sample after 3 weeks is absent, it is unclear what

is governing this rise in mean adhesion.

There are multiple factors which can be responsible for this discrepancy between the

expected and observed results.

First, the changes in mean adhesion measured in the ribose samples is not due to ribose

alone but also influenced by the unknown effect of PBS.

Second, there is also a possibility of surface degradation caused by the microbial activity.
As explained in section 3.1, the adhesion force measured by AFM is influenced by multiple
forces. While it is likely that the electrostatic force between the tip and the surface is
the primary factor modulating the adhesion force in our system, the adhesion force is still
extremely sensitive to nanoscale changes on the surface and tip. Degradation of the surface
and a resultant accumulation of material on the tip can introduce frictional interactions
or change the effective contact area between the tip and the surface which can impact the

adhesion force measurements.

Third, we also suspect that the effect of ribose is not uniform throughout the tendon
section or along the length of the fibril. This is because there is a variation in heterogeneous
crosslink density along the length of collagen fibrils.®> 12! A tendon section used in the
experiment can have surface area over 7 orders of magnitude larger than that of the four

to five 1 pum images acquired from it. This fact along with a possible uneven effect of
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ribose means it may be that the data acquired is insufficient for an unbiased analysis. This
may be the reason behind the large variation in mean adhesion values in many samples.
These factors can also explain why in the bimodal distribution in the mean adhesion values
observed in the CDE and SDF ribose samples at week 2 and week 3, respectively, the more

adhesive group, A, only consisted of fibrils only from a single image.

3.3.2.4 Qualitative features indicate accumulation of AGEs on the fibrils at

previously observed sites

Using SAXS, Caro et. al created electron density maps that show the sites for glycation
in one D-band along the fibril.!*¢! While the sites are present in both the overlap and gap
regions, the likelihood for glycation is larger in the overlap than in the gap region. Since
the results from the KPFM study show an overall decrease in the surface potential of the
fibril as a result of glycation,! the binding of Advanced Glycation End-products (AGEs)
is expected to result in localised dips in adhesion at the sites described by Caro et. al. A
similar effect is observed in our data.

In the CDE case, the ribose samples from all three weeks display a flattening of the
adhesion pattern in the overlap region, where it appears that a dip has been superimposed
on the tall peak in adhesion usually seen between the dips of the X2 and X3 bands, thus
resulting in either in multiple small peaks at its position or a totally flat adhesion with
no peaks.(Table 3.3, Figure 3.17, 3.18) An accumulation of AGE:s is also expected in the
gap region, albeit lower than seen in the overlap. However, it was only at week 3 of the
experiment that the ribose sample displayed some changes in the gap region, where the
visibility of the X1 band in adhesion was more frequent than the corresponding control
sample and the previous ribose samples. A possible explanation for this observation is that
the AGEs accumulate at or near the position of the X1 band in the gap, thus increasing its
strength. Moreover, the fact that the overlap-gap adhesion was higher in the ribose samples
as compared to the respective control samples also shows that one of the regions is getting
more affected due to glycation than the other, which, from the qualitative results, appears to
be the overlap region. And since the gap region also showed prominent changes in week 3,
unlike the previous samples, the overlap-gap adhesion contrast for this ribose sample was
not significantly different from the control sample.

Contrary to CDE, SDF did not display a significant alteration in the qualitative features
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observed in the height and adhesion profiles upon incubation with ribose until week 3. The
ribose-treated SDF sample at week 3 displayed instances of flattened adhesion pattern in
the overlap that were previously observed in CDE at week 2. Although these instances
were rare (Table 3.3), it appears that it was after 3 weeks that the effect of ribose started to
become apparent in SDF. There may be three reasons for this delay.

First, SDF has a higher intermolecular crosslink density compared to CDE.['%! Since
glycation causes the molecular packing to expand in collagen fibrils by generating inter-
molecular crosslinks,'*”! the higher number of pre-existing crosslinks in SDF might impede
this process, resulting in the impression of a delayed effect.

Second, the surface of SDF fibrils has a higher amount of proteoglycans compared to
CDE fibrils. If proteoglycans cause the binding sites for glycation to become inaccessible,
then it is likely that SDF fibrils will be less affected by ribose compared to CDE fibrils.

Third, the effect of PBS was negligible on SDF fibrils.(Table 3.2) Consequently, if PBS
is accountable for the removal of the proteoglycans and thus augmenting the effect of ribose,
it is plausible that lack of influence from PBS could impact the efficacy of ribose. Finally,
considering the signs of fungal or bacterial degradation in the samples, the effect of ribose

may have been modified due to such microbial activity.



Chapter 4

Conclusion

4.1 Summary of main results

In this study, we investigated the modulation of adhesion force measured between an AFM
tip and collagen fibrils and discussed how various interactions may affect this force to
demonstrate that adhesion force microscopy is likely sensitive to the presence of charges
implanted at the surface of a material even in the absence of an applied voltage. Taking
advantage of the periodic nature of the fibril surface, we also reveal subtle differences in
fibril architecture and possibly surface charge distribution for in vitro and in vivo assembled
fibrils.

We also examined the impact of glycation on fibrils in tendon sections and explored
the potential use of adhesion force microscopy to detect these changes. Our observa-
tions revealed significant differences between the extensor fibrils in tendon sections and the
extracted fibrils, which we attribute to the removal of surface-bound material during the me-
chanical extraction process. This distinction was not observed in flexor fibrils. Additionally,
we demonstrated that long-term incubation in PBS can potentially lead to surface changes
in the fibrils. Furthermore, our findings indicated that ribose-induced glycation affects
extensor and flexor fibrils in tendon sections differently. The accumulation of advanced
glycation end products (AGEs) at documented binding sites was evident in the extensor
fibrils from the first week of the experiment, while in flexor fibrils, this accumulation was

observed only in the third week and on fewer fibrils.

4.2 Addressing the initial hypotheses

The study was performed to verify the two hypotheses mentioned at the start. The out-
comes provide a deeper understanding of the factors involved in adhesion force microscopy,
potential uses of the technique, and also its limitations. While there are certain conflicting

observations that need further exploration to fully understand, these results do validate the

59
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hypotheses, as discussed below.

4.2.1 Is adhesion force microscopy sensitive to surface charge distribution along a

single collagen fibril?

This hypothesis holds true due to three main reasons. First, the fact that KPFM has showed
that overlap (gap) is negatively (positively) charged, and this is in line with our results.
Second, the three major electron dense bands (X1, X2 and X3) and some of the other
negatively-charged minor bands (a, b, c, d, and e) mapped by TEM are visible as dips in the
adhesion profiles. Third, forces other than the electrostatic force governing the adhesion
force (Van der Waal’s and Capillary force) cannot explain these results.

There are different ways to corroborate this technique further which could not be per-
formed due to time limitations. These include measurement of adhesion force in the
presence of an applied voltage on the sample or as a function of pH, since the surface charge

distribution is known to change with pH.[**!

4.2.2 Can adhesion force microscopy detect glycation induced changes at the

collagen fibril surface?

As a result of glycation, it was expected that the surface of the fibril would get more
negatively-charged and this should therefore make the fibrils less adhesive. Such an effect
was not observed in our results. As explained earlier, this can be due to multiple factors
related to the unexpected effect of PBS, degradation of samples or a potential uneven impact
of ribose throughout the tendon. We believe that one or more of these factors contributed
to the changes observed in mean adhesion of samples and therefore, the effect of ribose
alone could not be ascertained quantitatively. A study to understand or eliminate the effects
of other agents first could lead to an unbiased quantitative analysis. Nevertheless, another
expected result was that the accumulation of AGEs would lead to dips in adhesion near the
proposed glycation sites. This observation holds true, especially for the extensor samples.
This qualitative result is important to consider since it was exclusive to the ribose-treated
samples. Therefore, even under the influence of the aforementioned factors, the adhesion
force was able to reflect the changes induced at the surface due to glycation and hence, we

believe that the hypothesis is correct.
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4.3 Applications and future directions

The applications of this technique and/or some of the possible next steps are as follows:

1.

Following this study, different experiments, like mentioned earlier, can be performed
to further understand the contribution of electrostatic interactions on adhesion force
measured by the AFM. For example, the capillary force, while not the primary con-
tributor in modulating the adhesion force, still does affect it. Hence, an independent
experiment to study the adhesion force as a function of humidity can also be per-
formed to determine the effect of capillary force on adhesion. Understanding the true
effect of electrostatic forces alone on adhesion would yield a novel way to accurately

map the charge distribution on a surface, with a resolution of less than 10 nm.

In principle, our approach can also be applied towards characterizing changes in
surface charge distribution induced due to other phenomena, like the binding of
proteins such as decorin. Another example is mechanical exploitation, such as strain,
which has been shown to alter the charge profile of collagen fibrils.l*?! Using this

technique, these changes in surface charges can be visualized at a higher resolution.

. This technique also breaks new ground in the measurement of charges distribution on

other solid surfaces of materials such as polymers or polyelectrolytes.

. Since our results suggest that the long-term incubation of tendons in PBS may change

the fibrils surface, an independent study can be performed to understand this effect.
However, it is recommended that as a way to limit microbial activity, measures be
taken, such as increasing the concentration of antimycotic solution or incubating

individual tendon samples in separate containers.

Moreover, following this study, the effect of glycation can be investigated on ex-
tracted fibrils, in vitro assembled fibrils or even single collagen molecules. This
can help understand the impact of glycation on fibrils in the absence of the bound

non-collagenous material.

As the results show that the effect of glycation can differ between extensor and flexor
fibrils, this discrepancy can be explored further with other techniques, such as the

study performed by Tanaka and co-workers using X-ray diffraction.!”!
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