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Abstract

This thesis outlines the development and application of methods for characterization
of nanostructured biomaterials, specifically, collagen. Collagen is the most abundant
protein in the human body and plays an important structural role. Therefore, research
on the structural and mechanical properties of this protein is beneficial for disease
treatment and health improvement, including the development of new materials for
bioengineering. These newly developed techniques and methods demonstrated their
merit in this research. They can potentially find the way to applications in broader
areas, e.g. bio-engineering, medical science, nano technology and industry.

A novel method called minimum indentation, which I developed, extracts the
mechanical properties of superficial layers or nanometer scale objects in a sample
with high precision. This is a true surface measurement with a detection depth of
less than 10 nanometers. During sample testing, an atomic force microscope (AFM)
tip jumps to contact with the sample surface when the tip-sample attractive force
gradient increases and exceeds the cantilever spring constant. The jump-to-contact
distance is determined by the sample mechanical properties and tip-sample surface
adhesion. Hence proper interpretation of the jump-to-contact phenomenon yields
sample surface mechanical properties. I present different models to suit for hydrophilic
and hydrophobic surfaces.

The minimum indentation method requires a different treatment in the presence
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of strong capillary effects. I develop this in the context of a study of segment-long-
spacing collagen crystallites (SLS). A combination of morphological and nanomechan-
ical data yields a more complete picture of SLS nanostructure, including proposed
growth mechanism and internal structure.

Nanoidentation and persistence length are different methods to access comple-
mentary mechanical information. I apply them to investigate the fibrillogenosis of
type I and type II collagens, demonstrating distinct growth stages and structure tran-
sition phenomena. Type I collagen fibrils are much longer than type II collagen fibrils
and present different internal structures, with consequently different mechanical prop-

erties.
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Chapter 1

Introduction™

1.1 Application of Force Spectroscopy Methods to
the Study of Biomaterials

Characterization tools from surface science are increasingly applied to study systems
beyond traditional inorganic thin films. These techniques can shed new light on struc-
ture and properties of proteins, keeping in mind the caveat that the proteins must
be surface bound or otherwise interfacially confined, if only momentarily at the time
of detection. Interfacial interactions can impact the structure of the proteins being
studied,! but there are of course many protein systems that are inherently interfacial
since surfaces and interfaces abound in biology. Protein-based materials are often in

2

thin-film form as in bioactive coatings,” and biofilm formation is an important area

of fundamental as well as applied biology.> Therefore, there are significant opportu-

*Portions of this chapter have been published as “Application of Force Spectroscopy Methods
to the Study of Biomaterials”, Chuan Xu and Erika F. Merschrod S., in Proteins in Solution and at
Interfaces: Methods and Applications in Biotechnology and Materials Science (eds J. M. Ruso and
A. Pineiro), John Wiley and Sons: Hoboken NJ, 2013. Chuan Xu performed the literature review,
developed the concepts, prepared the first draft of the chapter, and revised the chapter with feedback
from the co-author.



nities for the fruitful application of surface characterization techniques to the study
of proteins.

One method finding increasing use in the study of proteins is nanoindentation,
particularly when coupled with atomic force microscopy. In this chapter, I outline sev-
eral approaches to measuring and analyzing nanoindentation data, with an emphasis
on applications to protein-based biomaterials (both artificial and natural). T present
and explain equations where necessary, but my approach is primarily conceptual and
I illustrate all methods with examples related to protein-based systems. I also provide
links to articles and books with more details about the measurement and modeling
of nanoindentation data.

Indentation tests are commonly used in materials engineering to determine sam-
ple mechanical properties, by investigating the deformation of a material under an
indenter. Table 1.1 lists the characteristics of four classes of indentation techniques:
traditional indentation, depth sensing indentation, nanoindentation, and atomic force
microscopy (AFM) nanoindentation. Although their instrumentation varies dramat-
ically, the methods share the same principle: by measuring or calculating the force
applied, the indentation depth, and the indenter shape, the mechanical properties of
the samples can be deduced. The applications to biological structures are many; we
provide a few representative examples in this chapter.

One major difference between traditional indentation and depth sensing inden-
tation is the way to determine indentation depth. Traditional indentation depth
is calculated from the residual indentation pattern after indentation by microscopic
imaging while depth sensing indentation can sense the indentation depth when the
indentation is taking place. Nanoindentation employs almost the same approach as
depth sensing indentation. It can measure mechanical properties at the nanometer

scale by utilizing supersharp indenters (around several nanometers in radius). The



Table 1.1: Characteristics of four types of indentation techniques

Traditional Depth sensing Nanoindentation AFM
indentation indentation nanoindentation
indenter size  micrometre micrometre nanometre nanometre
contact area  microscope calculated from calculated from calculated from
detection image indentation depth indentation depth indentation depth
load micronewton micronewton nanonewton nanonewton
indent microscope microscope SEM, TEM, AFM AFM

visualization

indentation pattern created by such supersharp tips is too tiny to measure at high
accuracy, thus requiring depth sensing measurements during indentation.

This high-resolution nanoindentation has very practical applications, particularly
for biological systems. For example, nanoindentation can measure the mechanical
properties of very tiny objects like cells,* collagen fibrils,? proteins, and even viruses.®
AFM-aided nanoindentation takes the nanoindentation technique to a whole new level,
where the same probe is used to image the sample and to carry out the indentation
measurement. With AFM, a nanometer resolution image of the sample surface is
taken first. Then based on that image, one can decide which location(s) to indent.
After indentation, another image can be taken at the same place to check the impact
of the indentation. This visualization process is very controllable and reliable at
nanometer precision.

Indentation and nanoindentation are based on contact mechanics. Contact me-
chanics is the study of the material mechanical properties like elasticity, plasticity, or
viscoelasticity in contact.” There are many different ways to model the interactions or
contacts between two approaching objects. They can be divided into two categories:

nonadhesive methods and adhesive methods. The former treat the contact as rigid



Figure 1.1: The contact geometry between two spheres. Spheres 1 and 2 have radii
of Ry and Ry respectively. The dashed partial circles represent the point where the
two spheres make contact. After the point of contact, the total displacement is the
sum of sphere 1 displacement and sphere 2 displacement: 0 = §; + d,. The contact
between the two spheres forms a circle with a radius of a, called the contact radius.

without intermolecular forces, while the latter consider intermolecular forces at short

distance.

1.2 Nonadhesive Methods

Nonadhesive methods are applied when the samples are rigid, so the adhesive force
is very small compared with the total force applied. Hard materials like metal, glass,
and hard tissues (e.g., bone, dentin, cartilage) are usually treated by this method.
Soft materials like plastics, rubber, soft tissues (e.g., cell, collagen fibril, membrane)
are sometimes also treated by this method, since ignoring the adhesive contributions

can simplify the analysis.



1.2.1 Hertz Model and Sneddon Expansion

The study of contact mechanics can be traced back to the 19th century, when Hertz
published his paper “On the contact of elastic solids”.® In that paper, Hertz deduced
the pressure distribution on the deformed contact surface between two spheres (see
Figure 1.1, sphere 1 and sphere 2 with Young’s moduli F; and E,, Poisson’s ratios v,
and v and radii Ry and Ry, respectively). Poisson’s ratio is the ratio of the transverse
strain (normal to the load) to the axial strain (along the load). Poisson’s ratios for
biomaterials are always around 0.2 to 0.5.9°

Hertz related the load (F', the amount of force applied to the two spheres) to the

displacement (§) of the two spheres by introducing the reduced modulus (E*):1?

*2 %
F:(Uﬂ§75> (1.1)

R is the effective radius defined as

1_1.,1 12
R R, R, ‘

Young’s moduli (F; and Ey for sphere 1 and sphere 2, respectively) are related to the
reduced modulus (E*) by
1 (1-v) , Q-23)

p—t ]_.
E* by * Ey (13)

Alternatively, the Hertz model can be expressed by relating the contact radius a to

the load:

_ 3RF
 4FE*

(1.4)

a

From Hertz’s deduction (Equations 1.1 and 1.3), the Young’s modulus of a ma-



terial (with known Poisson’s ratio) can be calculated by pressing it against a material
with known Young’s modulus and Poisson’s ratio. This method for elasticity deter-
mination is called the Hertzian model. The Hertzian model is directly used when the
sample and indenter can both be treated as spheres with similar diameters.

Using this Hertzian approach, Jin-Won Park!® found the Young’s modulus of
negatively charged glycosphingolipid sulfatide vesicles to be around 75 x 10% Pa. In
the Hertzian model, the deformation of the half sphere in contact with the indenter
is used for the calculation. In the vesicle calculations, the deformation of the whole
vesicle was used, however, which lead to overestimate of the Young’s modulus due to
substrate effect. Other errors in applying the Hertzian model to this system come
from the fact that the vesicle would not be a perfect sphere when it sticks to the
substrate surface. Van der Waals forces and other forces will deform the vesicle,
especially as it is soft. These deformation phenomena are addressed in Section 1.3
(e.g., with the JKR model in Section 1.3.1). These inaccuracies can also be addressed
by finite element models (Section 1.5).

In the indentation tests, the samples and indenters may not necessarily be spher-
ical. In fact, samples are often flat while indenters may be cylindrical, conical or
pyramidal (e.g., Berkovich or Vickers indenters).® In these cases, Sneddon expanded
the Hertzian model by deriving a more general form for load-displacement (F' — §)
relationship:4

F oo™ (1.5)

In the indentation m is a constant depending on the indenter shape, with m =1
for a cylindrical indenter, m = 1.5 for a spherical indenter, and m = 2 for a conical
indenter.’® If the sample surface is isotropic, flat, homogeneous, and semi-infinitely
large, and the indenter is axisymmetrical, Sneddon showed that there is a simple

relationship between the reduced elasticity (£*) and the stiffness (S) at the beginning



of the unloading force curve:

g_dF A
N

A is the projected area of contact between the sample and indenter and could be

(1.6)

obtained by imaging the residual indent after indentation. However, the contact
area at loading is not exactly the same as the residual area after loading due to
elastic recovery after loading (see Figure 1.2a). A can also be calculated from the
contact indentation depth (h,., as defined in Figure 1.2) if the geometry of the indenter
is known, but the contact depth can be even harder to measure directly. Doerner
and Nix, and Oliver and Pharr extract the contact depth from indentation depth

at maximum load (Amax, as defined in Figure 1.2), and this is described in the next

section.
a) loading unloading b) A
Fmax """""""""""""""""
indenter o :
o ¢
- loading A
i st
unloadingf .
sample hp,,, A

. hf hp hmax
displacement

Figure 1.2: a) Indentation process showing deformation and subsequent elastic recov-
ery. b) Corresponding schematic loading and unloading curves.



1.2.2 Doerner-Nix and Oliver-Pharr Models

From Figure 1.2 we can see that after the indenter is pulled off the sample, a permanent

indent is left as a result of plasticity. Hardness (H) is introduced to account for this

property:

Fmax
Amax

H= (1.7)

Flax is the maximum load and A,,. is the projection of contact area at maximum
load. Ap.x can be measured by imaging the residual indent. Because of plasticity
shown above and the viscous properties (Section 1.4) of the material, the indentation
depth is not the contact depth. Based on Sneddon’s solution for the Vickers indenter,
Doerner and Nix deduced that the contact area can be calculated from the plastic

depth (h,).10

1 T \3
= —_— 1.
S 2h,E, (24.5) (18)
Fmax
hC hmax 1-9
= (1.9

h, is the intercept of the line tangent to the maximum load of the unloading force
curve (Figure 1.2b).
Oliver and Pharr made a slight change to the contact depth at maximum load

(he) to account for different tip shapes:

Fmax

hc = hmax -
S

(1.10)

Therefore, the fundamental difference between the Doerner-Nix and Oliver-Pharr
methods is the way the contact depth is calculated (Equations 1.9 and 1.10). The

factor € is introduced in Oliver and Pharr’s method to account for the effect of inden-



ter geometry: ¢ = 0.72, 0.75, and 1 for conical, spherical, and cylindrical indenter,
respectively.!” In either case, h, is then used to calculate the contact area A and the
Sneddon equation (Equation 1.6) can be solved for the reduced modulus.

The Oliver-Pharr method is widely used for its simplicity and accuracy. For
example, it has been applied to study tooth enamel, a very hard material primarily
composed of hydroxyapatite (HAp). He and Swain used this method to find Young’s
modulus of human tooth enamel to be 105.5 + 3 GPa.!® Darnell found that the
tooth enamel of Alouatta palliata (a type of monkey) has a much lower Young’s
modulus mostly due to the young age.' Other studies have recorded decreases in
Young’s moduli of enamel repaired with amorphous calcium phosphate?® or treated
with hydrogen peroxide (which exists in some tooth bleaching agents).?! Yeau-Ren
Jeng et al. found that NaF (which exists in anticaries agents) has a minor effect on
enamel elasticity?? although it reacts with HAp to form amorphous calcium fluoride.

The Oliver-Pharr method has also been applied to a softer class of materials
based on type I collagen. Type I collagen fiber bundles form the substrate for HAp
mineralization in dentin and bone. Kumar et al. found that dried type I collagen films
have Young’s moduli ranging from 0.2 to 3 GPa,*® while Wenger et al. found that
individual type I collagen fiber Young’s moduli are between 5 and 11.5 GPa.® The
discrepancies may relate to the different higher-order structure in the two systems;
Wenger’s work measures individual fibers whereas Kumar’s measurements reflect the
mechanical response of a fiber network.

Another interesting phenomenon is that Young’s moduli for bones fall just be-
tween those of their two major components: HAp and type I collagen. A number of

studies have applied the Oliver-Pharr method to study effects of hormones,?* disease,?

age,?% and bone type?” on bone mechanical properties. Despite their differences, all

of these studies suggest that bones have very similar Young’s moduli (between 15 and



25 GPa) regardless of their origin. This can be attributed to the facts that all the
bones share the same two major components — collagen and HAp — and they have
similar hierarchical structures.

Soft samples from animals and plants are also interesting subjects for study and
have been approached using the Oliver-Pharr method. Miiller investigated the range
of mechanical properties of structures in insect cuticle (exoskeletal components) and
found that components of the gula (head-neck joint) of Pachnoda marginata (a beetle)
have Young’s moduli between 5 and 10 GPa.?® Scholz studied the toe pad epithelium
of a tree frog and found that the mean value of effective elastic modulus is 14 MPa.??
These two materials are several orders of magnitude different in terms of Young’s
moduli. These differences are essential for their functions: the stiff gula is good

protection for insects while soft toe pad epithelium helps the tree frog stick on trees.

1.3 Adhesive Methods

Hertz’s model and other methods for determining material properties are sufficient
when the contact is between two rigid surfaces and the applied force is high. The
adhesive force is too small to be accounted for compared with the force applied.
When at least one of the two contact surfaces is soft and the applied force is low, then
adhesive forces (e.g., van der Waals force) between the two contact surfaces cannot
be neglected. This can be seen from the force curve in Figure 1.3.

When the indenter approaches the sample, the tip is attracted to the sample
surface, so the measured force increases negatively (point A in Figure 1.3). After
the sample and indenter come into contact, the measured force increases during the
rest of the loading point. At point B, the indenter begins to retract. The hysteresis

between the subsequent unloading segment and the previous loading segment is most
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Y
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Figure 1.3: Schematic force curve showing significant adhesion effects at A and C.
For comparison, the force curves from Figure 1.2b would fall in the right-hand region
of this plot (large displacement of the indenter).

dramatic at C, where adhesion between the sample and the indenter again causes the
measured force to increase negatively.
The surface energy (Us) is related to the work of adhesion (A7) and the inter-

acting area (A) by Equation 1.11.

U, = AyA (1.11)

A~ can be calculated by Equation 1.12.

Ay=m+7 =2 (1.12)

Where ~; is the indenter surface energy, -, is the sample surface energy and 7
is the indenter-sample surface energy. Because of sample deformation during loading,
the contact area upon retraction is larger than upon loading. Therefore, at the same
indentation depth, the adhesive force during unloading is larger than that during
loading.

The significant presence of van der Waals forces in the force curve necessitates

the inclusion of adhesive forces in analyzing the indentation data. Several models are
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ao

R2

Figure 1.4: The contact geometry between two spheres when adhesion is considered.
The adhesion force results in a larger actual contact radius a than the nominal contact
radius ag.

available such as the JKR, Bradley, DMT, MD, and COS models described below.

1.3.1 JKR Model

Johnson, Kendall, and Roberts proposed a model to include short-range adhesive
forces in the Hertzian contact.?® They suggested that the actual contact radius (a;)
under force Fy is larger than that calculated from Hertzian model (ay) because of
deformation due to adhesion. Furthermore, they recognized that this adhesion and
deformation lead to tensile forces near the edge of the contact area in addition to
the compressive forces at the center of the contact between sample and indenter. All
this results in a larger apparent load F) if one assumes a Hertzian contact area and
also explains the negative load (“pull-off force”) during retraction. By quantifying
the adhesive contributions to the load-displacement curve one can more accurately
extract the mechanical data, and one can also access important material properties
such as adhesion energies from said pull-off force.

Considering the adhesion force, the contact between two spheres is illustrated in

Figure 1.4. When two elastic spheres are pressed against each other by a force F, the

12



total energy (U;, Equation 1.13) is the sum of elastic storage energy (U., Equation

1.14), mechanic energy (U,,, Equation 1.15) and surface energy (U, Equation 1.16):

U=U,+U,,+ U, (1.13)
1 1 5 1 _1
= — 5 (=F + -R°F ° 1.14
1 1 2 2 _1
Un =~ aprms GIT + 3R ) (1-15)
3
RiF;
Us = —Ay (43E )12 (116)
2 k)3
3

A~ is the work of adhesion. At equilibrium the following relationship should

apply:

dU,
— =0 1.17
aF, (1.17)

This gives us the actual contact force (F;) at the load force Fy

Fy = Fy + 3A97R + /6AymRFy + (3Ay7R)? (1.18)

3 _ 3R

Compared to the generalized Hertz equation (aj = ;7% Fo), this equation can be

rewritten as:

3R
a® = @(Fo + 3AyTR + \/6A77TRF0 + (3AymR)?) (1.19)

From Equation 1.19, the contact radius is the smallest when the load force Fj

satisfies the following condition:
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6AYTREy + (3AyTR)? =0 (1.20)

Solving this equation, the loading force to maintain the smallest contact radius is
obtained:

Fy = —gwAvR (1.21)

A negative sign means the load should be a pull off force to get the smallest contact
radius. So if a pull off force > %ﬂ'A"}/R is applied, the smallest contact radius can’t be
maintained and the two spheres will be separate. %WA’)/R thus is the smallest force
needed to separate the two spheres.

According to Equation 1.19, the critical contact radius (a.) at separation can also

be calculated:

g YAy

1.22
= (122

Based on the geometry of the indenter shape, for weak adhesion (where the

indentation depth caused by adhesion is small), the critical indention depth is

% _ ()3 (am)i
d.= % = Qi) (123

The contact at zero load is also of interest. Similarly, the contact radius at zero

load (Fy = 0) as can be derived:

OR? AT
S 1.24
= (124)
The indentation depth at zero load a, is calculated as
a2 9. 2 2 W%R%
d.= = =(=)3(Av)3 5 1.25
7 = (5)2(A)3( P ) (1.25)



Park studied the mechanical properties of bilayers made from dipalmitoyl phos-
phatidylethanolamine and dipalmitoyl phosphatidylcholine lipids.3! Nanoindentation
force curves show different surface interactions among different bilayers, and adhesion
energies between the probes and samples were calculated according to JKR theory.
Zhang et al. were able to quantify differences in surface energies between crystalline
and amorphous solid lactose from pull-off energies between indenter and lactose ex-
tracted from indentation curves.®? Liu et al. used JKR theory to identify pH and
drug-loading effects on adhesion between drug delivery particles and the extracellu-
lar matrix.?3 Peisker and Gorb applied JKR theory to interpret the reduced pull-off
force from nanoindentation force curves on cuticular nanostructures in insect eyes,

concluding that these structures do serve an anti-contamination function.3*

1.3.2 The Tabor Coefficient and Models of Intermediate and

Long-Range Adhesive Interactions

Bradley also studied the forces between two rigid spheres, using the Lennard-Jones

35 Derjaguin modeled these longer-

potential to describe the adhesive interactions.
range interactions as well, although with different boundary conditions and hence
a different functional form.?¢ Barthel provides an excellent review of the evolution
of these and related theories.®” Not surprisingly, these models resulted in different
measures of adhesion. For the particular geometry of two rigid spheres of radius R,
with the same surface energy, v, JKR theory finds the minimum pull-off force due
to the short-range adhesive interactions to be %ﬂ"}/R. Bradley’s approach using the
longer-range Lennard-Jones interactions leads to a pull-off force of 27yR.

Tabor, Maguis, and others have provided a mathematical and conceptual link
between these two extremes by introducing a parameter which at small or zero limit

reduces to JKR theory while at large or infinite limit resolves to Bradley’s expression.®®
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In Tabor’s formulation, the factor is called the Tabor number and is defined as:

_ RAv?

_ 1.2
H= e (1.26)

Because it depends on both the elastic modulus E*, and the surface energy, -, the
Tabor number provides a balance between the deformation effects and the adhesion
effects. (e in this equation is the energy minimum in the Lennard-Jones potential.)
JKR theory and Bradley theory are two extreme examples of adhesive contact.
In between, the Derjaguin-Muller-Toporov (DMT), Maugis-Dugdale (MD), Carpick-
Ogletree-Salmeron (COS) models are developed. Each of them emphasizes a specific
range of forces.?® Boukallel et al. studied epithelial HeLa cells with JKR, DMT,
and Hertz models.*® The JKR and DMT models agree well with the force curves of
the cells while the Hertzian model does not, indicating the importance of adhesion
in interpreting force curves for these systems. Synytska et al. applied DMT the-
ory to examine adhesive properties in thermoresponsive polymers, a very important

consideration in biomaterials design.*!

1.4 Creep

Up to now, we have treated elasticity and plasticity as instantaneous properties; that
is, a stress will induce elastic or plastic deformation immediately with negligible time
delay. In reality, time dependent deformation can be significant. For example, if
an indenter is held after loading (before unloading), it can continue to sink into the
sample where the material has some viscoelasticity or viscoplasticity. This subsequent
indentation is called creep (Figure 1.5).

Viscoelastic response in a material can be modeled with a circuit diagram of

mechanical components.*? Elasticity can be represented by springs since force changes
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Load (mN)

Indentation depth (um)

Figure 1.5: Creep test. From A to B, the load is kept constant. Because of material

viscosity, the indenter continue to penetrate the material. The indentation depth
increases accordingly.
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Figure 1.6: Different methods of modeling viscoelasticity: a) Kelvin-Voigt Model, b)
Maxwell Model and ¢) Standard Linear Solid Model. Springs represent the elasticity
components and dashpots represent the viscosity component.

linearly with the displacement of the spring (Hooke’s Law, F' = kx). Viscosity can be
represented by dashpots, whose force changes linearly with the rate of displacement
of the dashpot (F' = nz, where 7 is viscosity). There are many models to deal with
viscoelastic problems, differing in how springs and dashpots are combined (Figure
1.6).9% 43 One solution for the Voigt model (Figure 1.6 a) using Berkovich indenter

is:44

2/ T 1 —tE/
W (t) = 5 Fascota (E (1-e ’7)> (1.27)

h(t) is the creep distance over time, Fj,,, is the maximum load, « is the equivalent
cone semi-angle to the indenter face angle, t is time, E is the elasticity component
and 7 is the viscosity component.

These relatively simple assemblies of springs and dashpots can successfully model

18



42, 44,45 404

the viscoelastic response of even very complex systems such as bone
teeth,’® with the ability to detect differences by tissue type (trabecular vs. cortical
bone; peritubular vs. intertubular dentin), age, and other factors. The viscoelastic
properties of soft tissues” and biofilms*® can also be modeled in this fashion. Measure-

43, 49, 50

ments on single cells can provide information about effects of differentiation,

age, and cell membrane chemical composition on viscoelasticity.

1.5 Finite Element Method

All of the methods mentioned above have analytical solutions, but the finite element
approach is a numerical method. In the finite element method, a grid or lattice is
defined on a material, with properties defined for each node. Stress, displacement,
etc., are calculated at each node, and the whole deformation process can be simulated
and visualized. In this way, a finite element approach can link local properties to larger
scale response. Furthermore, structural contributions to the indentation response can
be assessed: by comparing the predicted force curves for various structures to the
measured force curve, the internal structure of the material can be elucidated.

For example, models for the complex structures of virus capsids (the outer protein
shells of viruses) can be assessed in comparison to nanoindentation data. The results of
finite element analyses of force curve data indicate that there are significant differences
in the way in which different viruses are constructed internally on a smaller scale as
well as their obvious external larger scale shape differences, from the tubular tobacco
mosaic virus (TMV)3! to the spherical Hepatitis B virus (HBV)®* 5% and Cowpea
chlorotic mottle virus (CCMV).5* Other large protein assemblies are also studied by
this method, such as microtubules.?®

Finite element analysis can also simulate materials with viscous (Section 1.4) and
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plastic properties (Section 1.3). These properties would introduce extra parameters
that will make the system much more complicated. Carnelli et al. investigated elastic-
plastic deformation of human tibial cortical tissue.’® The mechanical properties are
directionally dependent: both Young’s modulus and hardness in the axial direction
are larger than that in the transverse direction. Zhang et al. studied viscoelastic
and plastic behavior of various types of bone.?” The finite element modeling provided
insights into the heterogeneities and anisotropies which must be present in the model
to mimic the experimentally observed response to indentation, and the same group
has published other work analyzing the effects of heterogeneity using finite element

models.?8

1.6 Methods and Applications in this Thesis

This thesis presents work on new and established methods for nanostructural and
nanomechanical characterization of biomaterials. The Chapter 2 establishes a new
method for measuring Young’s moduli in soft materials which is particularly well
suited for nanostructures and thin films. Chapter 3 to chapter 5 focus on collagen
self-assemblies. Although the collagen samples are partially dried to facilitate char-
acterization, they are still highly hydrated since only mild drying techniques are used
and the obtained Young’s moduli are close to the literature values of hydrated sam-
ples.’ Chapter 3 extends the method in chapter 2 to samples where capillary forces
are dominant and presents results on type I collagen segment-long-spacing crystallites
(SLS). Chapters 4 and 5 compare the fibrillogenesis, structure and nanomechanics of
type I and type II collagen fibrils, using measurements of traditional force curves and

persistence length.
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Chapter 2

Mininum Nanoindentation Method

We report a method to calculate soft material Young’s moduli at the minimum in-
dentation depth with high precision. An atomic force microscope (AFM) is employed
to conduct nanoindentation experiments on soft materials. In the jump-to-contact
process, the indenter-sample adhesion energy approximately equals the sample elastic
deformation stored energy. Based on this relation, we calculate Young’s moduli at
minimum indentation depths (less than 10 nm depending on the material properties)
that can be validly observed in the nanoindentation process. This makes our method
especially useful in the characterization of nanoscale objects and the surface of ma-
terials, particularly soft materials. Measurements of polycarbonate and low-density
polyethylene (LDPE) verify this method, yielding Young’s moduli of 2.7 GPa and

0.27 GPa for these two materials respectively.

2.1 Introduction

Indentation is widely used to determine mechanical properties of materials. The emer-
gence of the AFM pushed indentation techniques to a new stage with nanometer in-

dentation depth control and nanonewton force measurement.! The indentation depth

26



and force can be monitored continuously, with the resulting force versus indentation
depth plot (force curve) providing information about the material deformation process
during indentation. Nanoindentation has been carried out with different indentation
depths ranging from several nanometers to micrometers.?*

However, no study has been conducted on determining the minimum indentation
depth needed to achieve nanoindentation. This is not only theoretically interesting
but also practically useful, since minimum indentation is always desirable in mea-
suring mechanical properties of nanoscale objects (such as a virus or cell).’ Larger
indentation depth may result in penetrating the whole object or at least can push
past the elastic limit. The minimum indentation depth is also less destructive than
larger indentation depth. Non-destructive indentation is particularly important with
biological samples when the viability and/or integrity of the sample is vital for sub-
sequent studies.® In addition to these issues with plastic deformation, soft materials
often exhibit significant viscoelastic response to indentation, which can confound the
extraction of a purely elastic modulus. Minimum indentation also minimizes the

viscoelastic response of the material.

2.2 Theory

2.2.1 Nanoindentation Process and Force Curves

Figure 2.1 illustrates a schematic view of the nanoindentation process. Figure 2.2 is a
cantilever deflection (d) versus indenter rest position (h) force curve obtained in this
process, with d and h defined in Figure 2.3. When the indenter is far away from the
sample surface (position A in Figure 2.1), the molecular force between the sample and
the indenter is very weak and the deflection is zero (point A in Figure 2.2).

The cantilever deflection increases (cantilever bends downwards) with the de-
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Figure 2.1: Schematic view of the cantilever during the nanoindentation process show-
ing the approach (A-B), jump-to-contact (C), indentation (D), retraction (E), and
jump-off-contact (F) stages.

crease of the indenter-sample distance according to the nonlinear Lennard-Jones po-
tential.” At position Bin Figure 2.1 (point Bin Figure 2.2), the force gradient exceeds
the spring constant of the cantilever. The cantilever will no longer be able to support
itself and the indenter will jump to contact with the sample. The indenter-sample
distance at position B is sq which is of great interest to our research and will be
discussed later.

The indenter will continue to penetrate the sample until it reaches a quasistatic
nanoindentation state (position C'in Figure 2.1 and point C in Figure 2.2), in which
the released adhesion energy between the indenter and the sample is balanced by the
elastic deformation stored energy of the sample. The process from the beginning of
the jump (B) to the point of reaching a quasistatic state (C) only takes around 2 ms
as observed in our force curves. The jump distance is Ad and the penetration depth
at position C'is [ as shown in Figure 2.1. The z-controller of the AFM moves the
cantilever at a speed of 20 nm/s, which means the indenter rest position changes by
20 nm/s. Therefore, the difference between the rest indenter positions at B and C'in

Figure 2.1 is only 0.04 nm which can be neglected, with points B and C'in Figure 2.2
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Figure 2.2: Experimental force curve with the approach (A-B), jump-to-contact (C),
indentation (D), retraction (E), and jump-off-contact (F) stages marked. The red
curve is the approach curve and the blue curve is the retraction curve.

almost vertically lined up. If the z-controller moved much faster, the jump-to-contact
phenomenon would not be as obvious. Hence it is desirable to move the z-controller
at a slow speed.

When the cantilever is further lowered, because of sample elastic deformation
the cantilever deflection decreases to zero and then increases in the other direction
(cantilever bends upwards) until it reaches the maximal indentation depth (position
D in Figure 2.1 and point D in Figure 2.2). Then as the cantilever is slowly (20
nm/s) moved away from the sample, the cantilever deflection will decrease to zero and
increase in the other direction (cantilever bends downwards) again until it reaches the
maximal deflection (position £ in Figure 2.1 and point £ in Figure 2.2). At position F
the adhesion force is smaller than the sum of cantilever and sample elastic deformation
forces, and the cantilever will jump off of contact with the sample (position F'in Figure
2.1 and point Fin Figure 2.2).

Because of the jump-to-contact effect, any indentation depth less than the in-

dentation depth [ cannot be achieved. If the indenter immediately retracts after it
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Figure 2.3: Schematic view of the cantilever during indentation, showing the defi-
nitions of cantilever deflection (d), indenter rest position (h), and indenter-sample
distance (s). The arrows indicate the sign for each quantity: d is negative (deflection
down from zero) while h is positive (distance from sample surface). Therefore, the
indenter-sample distance s is h + d.

jumps to contact with the sample (position C in Figure 2.1 and point C in Figure

2.2), nanoindentation with minimum indentation depth is achieved.

2.2.2 Determination of the Jump-to-Contact Point

Molecular forces are short-range forces. For an indenter with a spherical profile and
the indenter-sample separation much less than the radius of the indenter curvature,
the interaction between the indenter and the flat sample before contact can be ap-
proximated as the interaction between a sphere with the same radius of the indenter
curvature and a plane. Before the indenter contacts the sample, if the cantilever moves
slowly at a constant velocity, air drag force and acceleration force can be neglected.
Then the molecular force between the tip and the sample (right side of Equation
2.1) which depends on the indenter-sample distance (h + d) is equal to the cantilever
deflection force (left side of Equation 2.1):8
AR

b= =g ar (2.1)

We assume the value of the indenter rest position (h in Figure 2.3) is positive and

the value of the cantilever deflection is negative. A is the Hamaker constant between
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the indenter and the sample. It is a parameter representing the microscopic Van der
Waals force between macroscopic objects. Hamaker constants for different materials

were calculated from Equation 2.2.

Az = /A1 Az (2.2)

Aqq, Ags and Ajp are the sample-sample interaction Hamaker constant, gold-gold
interaction Hamaker constant (the indenters were coated with gold) and sample-gold
interaction Hamaker constant respectively.

One of the most challenging steps in nanoindentation is to determine indenter-
sample distance. If the cantilever deflection d at one point is measured, the cantilever
rest position A at that point can be calculated from Equation 2.1. The indenter-
sample distance can then be obtained (h + d). The indenter-sample distance of other
points can be deduced from their relative distance to the determined point. This
point should possess minimum percent error to correctly reflect the indenter-sample
distance. However, the interaction between the indenter and sample is very weak
even when they are tens of nanometers away. This would result in a value of d
comparable to instrumental error. Therefore, an optimized reference point must be
found to reduce the experiment percentage error. When A = 0.1 nN-nm, R = 50 nm,
k =0.1 nN/m and h = 10 nm, d is calculated to be 0.08 nm which is larger than our
instrument error.

To obtain the value for d we can solve Equation 2.1. This yields three solutions

for d (dy, ds and d3):
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where ¢ = —R

6k

(2.5)

We plot the real parts of dy, ds and d3 against h, shown in Figure 2.4 for A = 0.1

nN-nm, R =50 nm and k£ = 0.1 nN/m.

indenter rest position (/)
4 6 8 10

>N S

R

cantilever deflection (d)

_
=S

Figure 2.4: Plots of dy, dy and d3 (solutions to Equation 2.1) against h. Point B is

the jump-to-contact point, also labeled B in Figs. 2.1 and 2.2.
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When the indenter approaches the sample, the cantilever deflection increases
according to d. When curve dy encounters curve ds at coordinate B (hg, dy), the
cantilever is unstable and will jump to contact with the sample. Therefore, the rest
indenter position (hg) and the cantilever deflection (dy) at position B can be deter-

mined by solving ds = ds.

C% AR 1
=—— =— 3 2.
C% AR 1
h — = 3 2.

dy represents the largest d value before the abrupt jump. The instrumental error
is fixed, so dy possesses the minimum percent error. The relationship among sg, Ad

and indentation depth at position C (1) is illustrated in Figure 2.5.

]
W S e
S A A
,S SO
3 * Ad
< Y
8 A
E Y Y
A : : . . .
nm 1.080 pm 1.076 1.072
indenter position (/) pm

Figure 2.5: Experimental force curve expanding the jump-to-contact stage to empha-
size the differences and connections between the cantilever deflection (Ad), penetra-
tion depth (/) and indenter-sample distance at point B (sg).

The indenter-sample distance at position B (Figure 2.1) (so), defined by hy and
dy, is calculated from Egs. 2.7 and 2.6:

AR)
24k

Sozho—i—dg:Q(

Wl
—
N
oo
~—
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2.2.3 The Jump-to-Contact Indentation Depth and Sample

Elastic Deformation Stored Energy

The process of jump-to-contact happens in around 2 ms. Therefore the indenter rest
positions are almost the same before and after the jump (0.04 nm difference). Because
that difference is negligible, the indentation depth at position C' (I in Figure 2.5) is
equal to the difference between the indenter jump distance (Ad) and the indenter-
sample distance sq at position B in Figure 2.1 (Equation 2.8). Ad can be determined

from the force curve: it is the vertical distance from point B to point C.

AR
24k

Wl

| =Ad—so=Ad— 2

) (2.9)

For nanoindentation with an indentation depth of less than 10 nm, the indenter-
sample indentation contact depth is approximately equal to the indentation depth.
Based on our calculations, the mean contact pressure during the jump to contact
process is much less than most soft material yield stresses, which is the criterion for
fully elastic deformation.? If the deformation is assumed to be fully elastic, the final
indentation depth (the residual indent depth after the indenter jumps off contact
with the sample) is equal to zero. This elastic deformation assumption was verified
by taking an AFM image after indentation.

The elastic deformation force F, of the sample at indentation depth i can be

determined by the Hertzian indentation model:*°

E*R2i* (2.10)

E* is the reduced Young’s modulus which can be calculated by the following

equation:
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1 _1—V82+1—1/i2 (2.11)
E*  FE, E; ‘

v, and v; are Poisson’s ratios for sample and indenter respectively and F, and
E; are Young’s moduli for sample and indenter respectively. The Young’s modulus
of the indenter (made of silicon nitride coated with a layer of gold) is much larger
than most soft samples and the Poisson’s ratio of gold is around 0.42.'' Hence %
is insignificant compared with IEAQ and can be neglected. Therefore the Young’s

modulus of the soft sample is related to the reduced Young’s modulus by:

E*
By = ——
1 — g2

(2.12)
In the jump to contact process, the elastic deformation stored energy (G.) is by

definition the integral of the elastic deformation force (F., Equation 2.10) over the

indentation depth:!?

AR)
24k

[SI[<]

[NIES
Wl

(Ad — 2

) (2.13)

l
G, = / Fdi— SE0- 2R
0 15

2.2.4 The Jump-off-Contact Process and Work of Adhesion

The jump-off-contact process is illustrated in Fig 2.6. The work of adhesion per unit
area (7,) can be determined by the adhesion force before the point of jump-off-contact
F,.'* The Derjaguin-Muller-Toporov (DMT) model assumes the same contact area as
the Hertzian model but with additional long-range adhesive forces beyond the contact

area.

F, =2v,mR (2.14)
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Figure 2.6: The jump-off-contact process shown in a force curve (a) and in a schematic
of the cantilever position relative to the surface (b). k is the spring constant of the
cantilever, and £}, is the adhesion force before the point of jump-off-contact.

while the Johnson-Kendall-Roberts (JKR) model calculates the adhesive forces within

a contact area adjusted to account for deformation:

3
F, = §7a7TR (2.15)

The work of adhesion is deduced from the jump-off-contact phenomenon rather
than taking a value from a literature. This significantly reduces errors because the
force curve directly reflects the actual interaction between the indenter and the sample.

We find that the JKR model provides more accurate results and use Equation
2.15. Analogous equations and results using the DMT model for the work of adhesion
(Equation 2.14) are included in the Appendix (Table A.1)

The adhesion energy is by definition

Ga =745 (2.16)

where S is the area of contact between the indenter and the sample.
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Table 2.1: Measured and literature mechanical parameters for polycarbonate and
LDPE; superscript numbers indicate the reference for the source of literature values

Material Poisson’s ratio Hamaker constant Calculated E  E in literature
(nN-nm) (GPa) (GPa)
Polycarbonate 0.37'4 0.14 2.7+ 0.2 2.20-2.65%
LDPE 0.416 0.16 0.27 4+ 0.06 0.2-0.416

2.2.5 The Adhesion Energy during Jumping to Contact

Our indenters have spherical profiles at their tips (see Figure A.1 for a sample scan-
ning electron micrograph showing the spherical geometry at the tip.). At nanometer
indentation depth, the indentation depth is approximately equal to the contact depth.
When the indentation depth at position C' (I in Figure 2.1) is less than the radius of
the indenter curvature (R), the contact surface can be viewed as a spherical cap with

a height of [. The contact area is calculated as:

A
S = 27Rl = 27 R(Ad — 2( R)%) (2.17)
24k
Combining Eqgs. 2.15, 2.16 and 2.17 gives the adhesion energy:
4 AR 1
=-F,(Ad -2 3 2.1

After the indenter jumps to contact with the sample the sample will deform to
absorb the energy released by the work of adhesion, which originates from the adhesive
force between the indenter and the sample. For soft materials, the deformation of
the indenter is negligible and the energy absorbed by the elastic deformation of the
indenter is neglected. At the same time, the cantilever deflection and cantilever
momentum will retain some energy, and friction will also dissipate some energy. These
energies are very small, accounting for less than 2% of the total energies as estimated

in our calculations. Therefore when the indentation reaches the quasistatic state
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(position C'in Figure 2.5), the elastic deformation stored energy (G.) is approximately

equal to the adhesion energy (G,):

G. =G, (2.19)

Combining Eqgs. 2.13, 2.18 and 2.19, the Young’s modulus of the sample FE; is

obtained:

1 2)(Ad—2(AR

1,_3
1— o, oan) ) (2:20)

) 1
E, = SRR

2.3 Experimental Methods

Polycarbonate and low-density polyethylene (LDPE) were tested to verify the theory
presented above. Fifteen force curves were taken in air for each of the materials using
an Asylum Research MFP-3D AFM. We selected hydrophobic materials to avoid
capillary forces between the tip and sample.!” Two CSC17/CR-AU AFM tips from
MikroMasch were used in the indentation tests. They are made of silicon and coated
with a 20 nm Au film over a 20 nm Cr sublayer. Both have a radius of curvature of
about 50 nm as measured with a scanning electron microscope. (See Figure A.1 for
a sample scanning electron micrograph showing the spherical geometry at the tip.)
The spring constants of the tips were determined by the thermal noise method.!
The tip used to indent polycarbonate has a spring constant of 0.152 nN/nm and the
tip used to indent polyethylene has a spring constant of 0.135 nN/nm. The jump-
to-contact distance and the maximal attractive force before jump-off-contact were
extracted from the force curves to calculate Young’s moduli. A;s for polycarbonate-
gold is 0.14 nN-nm and for LDPE-gold is 0.16 nN-nm as calculated from Equation

2.2.19°21 Creep tests (see Figure A.2) indicate that there is no significant viscoelastic
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response for our samples.

2.4 Experimental Results

The calculated Young’s moduli of polycarbonate and LDPE are shown in Table 2.1,
along with other physical parameters. The Young’s moduli calculated by our method
are in good accordance with literature values, supporting our theory and experimental
approach. Although the method requires use of tabulated Hamaker constants, there
are many materials where the Hamaker constant (dependent on the chemistry of the
interaction) is known but the elastic modulus (dependent on structure as well) is not

known, such as for thin films nanostructures, or other complex structures.

2.5 Conclusions

We have developed a method to calculate soft material Young’s moduli based on the
jump-to-contact and jump-off-contact phenomena. With our method, the minimum
indentation depth is used. This method has great advantages over traditional nanoin-
dentation methods for its minimal destruction, minimal viscoelastic effects, and being
able to be applied to smaller objects. The jump-to-contact phenomenon was quantified
to yield the indenter-sample distance value which possesses the minimal percentage
error. The jump-off-contact phenomenon provided direct indenter-sample interaction
information and the most reliable value of the work of adhesion between the indenter
and the sample. This method is highly accurate as verified by our experiments on

two polymers with well-characterized Young’s moduli.
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Chapter 3

Nanostructure and Nanomechanics
of Segment-Long-Spacing Collagen

Crystallites

Type I collagen segment-long-spacing crystallites (SLS) were precipitated by the ad-
dition of adenosine-5’-triphosphate (ATP) and subsequently investigated with atomic
force microscopy (AFM). SLS exhibits a saddle-like shape with two bulged ends and
a thinner middle section. Mechanical properties of SLS were studied by nanoin-
dentation, using the minimum nanoindentation model developed to deduce material

Young’s moduli in the presence of capillary forces.

3.1 Introduction

Collagen monomers are helical structured proteins with short non-helical C- and N-
termini.! Collagen monomers can assemble into different structures. Type I collagen

will form periodically banded native fibres with a periodicity of about 67 nm in
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vivo.> In the presence of adenosine-5-triphosphate (ATP), special aggregates called
segment-long-spacing collagen crystallites (SLS) are formed in vitro.?

SLS has long been the subject of interest since its discovery in the 1950s.® It has
a polarized structure with individual collagen monomers being packed laterally and
in parallel with each other in register. In other words, all the C-termini of collagen
monomers stack together to form the SLS C-terminus and all the N-termini of collagen
monomers stack together to form the SLS N-terminus.* As a result, the length of SLS
is approximately equal to the length of a collagen monomer. The in-register packing
manner facilitates the study of collagen monomers since SLS displays some amplified
properties of an individual collagen monomer such as charge distribution and surface
morphology.? This makes it an ideal material to study higher hierarchical structures.

Transmission electron microscopy (TEM) revealed that stained SLS would show
characteristic parallel banding patterns perpendicular to the length of the SLS. This
banding pattern is different from the banding pattern of native collagen fibers. These
bands correspond to the positions of charged and/or hydrophobic groups depending

56  Great effort was done to correlate the bands to the

on the staining methods.
particular peptide fragments or amino acid residues.”

The structure of SLS was used to deduce the monomer packing pattern of na-
tive collagen fibers by quarterly superposing the same SLS TEM image several times
to generate an optically synthesized image.® The banding pattern of this optically
synthesized image is found similar to the reconstituted fibril banding pattern. This
implies that the native fibrils are formed by quarterly stacking monomers in parallel.
However, latter studies found that in native collagen fibrils, neighboring monomers
are packed in a way to form a super twisted right-handed microfibril which interdigi-

tates with adjacent microfibrils.® The inconsistency may be caused by the difference

between the reconstituted fibrils and the native fibrils: the bands of reconstituted
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fibrils are perpendicular to the monomer length while the bands of native fibril are
slightly incline along the the monomer length.® °

SLS is also of biological importance. Procollagen and collagen SLS are found
in various organelles of living organisms.'® 2 SLS was thought to be an intermedi-
ate form during procollagen processing and trafficking.!® SLS protects procollagen
from protease attack and thermal denaturation.'® '® SLS is also documented in both
normal and pathological tissues.'¢

Atomic force microscopy (AFM) offers nanometer resolution, direct operation on
the sample, minimum sample destruction, and minimal sample preparation, making it
the ideal tool for the study of biomaterial nanostructures.!” AFM revealed that SLS is
a saddle-like structure with several small ridges between two major bumps.? Thanks
to the capability of operating AFM in solution, the SLS assembly mechanism was also
investigated.'® AFM is also capable of carrying out indentation tests on the nanometer
scale which is particularly useful for studying nanostructures like SLS crystallites. In
this chapter, AFM is applied to study the structure and mechanical properties of SLS.

To the best of our knowledge, no report on the mechanical properties of SLS has been

published so far.

3.2 Materials and Methods

3.2.1 SLS Preparation

Nutragen type I collagen (Advanced BioMatrix) is bovine hide, pepsin extracted colla-
gen with a concentration of 6.4 mg/ml and pH of 2. During a typical SLS preparation,
2 mg adenosine-5’-triphosphate (ATP) (Sigma) were dissolved into 922 ul. deionized
water in a 1.5 mL conical tube. 78 ul. Nutragen collagen was then pipetted into

the ATP solution and mixed thoroughly. The pH of the solution was adjusted to
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3.5 with 0.01 M HCI. After collagen was added, the clear colourless solution turned
cloudy within several minutes, a sign of SLS formation. The mixture was incubated
in ambient conditions for one hour.

To prepare SLS samples for AFM study, 10 plb SLS suspension was diluted 100-
fold. 0.1 ml of the diluted suspension was transfered to a fleshly cleaved mica sheet.
Excess solution was absorbed by placing paper tissue near the edge of solution droplet.

The mica sheet surface was dried for half an hour at room temperature before being

analyzed by AFM.

3.3 AFM Image and Minimum Nanoindentation

An MFP-3D stand alone AFM (Asylum Research) was used for sample imaging and
nanoindentation. CSC17/CR-AU AFM probes (MikroMasch) were used as the AFM
tips. They have a tip radius of 50 nm. The cantilever spring constants were calibrated
by the thermal noise method.!® The sample-deposited mica sheet was scanned under

contact mode.

3.3.1 Minimum Nanoindentation Method under Capillary Force

The nanoscale dimensions of the SLS crystallites pose a great challenge on how the
indentation test should be carried out. Depending on samples, instruments and other
factors, indentation depth can vary from several nanometers to tens of millimeters
during a traditional indentation test. For the SLS samples, minimum indentation
depths (less than 10 nanometers) created by a nanometer-sized indenter are required:
larger indentation depth would damage the SLS samples and the effect of substrate
needs to be considered, resulting in inaccuracy and complexity.

When an AFM tip approaches the sample surface, attractive forces (e.g. van der
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Waals force, capillary force, electrostatic force) increase nonlinearly with the decrease
of the sample-tip distance. These forces are balanced by the cantilever elastic deflec-
tion force. While the gradient of the attractive forces increase with the decrease of
the sample-indenter distance, the spring constant of the cantilever remains unchanged.
At one point, the gradient of the attractive forces exceeds the spring constant of the
cantilever, resulting in the tip snapping to contact with the sample surface (Figure
3.2).

After jumping to contact with the sample, the attractive forces drive the tip into
the sample to create indentation. The tip will keep indenting until reaching the point
that the attractive forces are balanced by other repulsive forces in addition to the
elastic deflection force of the cantilever. Most of that repulsive force is the elastic de-
formation force of the sample as a result of the indentation and the indentation depth
at this point is the minimum indentation depth which can ever be achieved. Under
ambient conditions, SLS is covered with a layer of water. This implies that capillary

forces will act as the leading attractive force in the jump-to-contact process.?% 21

3.3.2 Capillary Force

Capillary force arise as the liquid meniscus forms between two hydrophilic solid sur-
faces approaching each other.?? Figure 3.1 shows a schematic view of the indenter-
sample interaction under capillary force. The two small circles with radius of r repre-
sent the liquid meniscus formed around the indenter. The bigger circle with a radius
of R represents the indenter. d is the indentation depth. f is called the filling angle
which defines the three phase (indenter, air and liquid) contact position. h is the
liquid-indenter contact radius:

h = Rsinf (3.1)
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Figure 3.1: Indentation under the influence of capillary forces. The liquid meniscus
and indenter sizes are not drawn to scale: the meniscus is enlarged for better view.
R is the radius of curvature of the indenter, r is the liquid meniscus radius, [ is the
distance between the vertical tangent of the liquid meniscus and the vertical center
line of the indenter, d is the indentation depth, AP is the capillary pressure, ( is
the filling angle, h is the indenter-liquid contact radius, 27yh is the indenter-liquid
surface tension force and 27yhsinf is the vertical component of the indenter-liquid
surface tension force.

[ is azimuthal radius measure the distance between the vertical tangent of the lig-
uid meniscus and the vertical center line of the indenter. When r << R, [ can be

approximately calculated as:

[ ~ h = Rsinf (3.2)

Here it is assumed that both the contact angles of the liquid to the sample
surface and the indenter are zero. This assumption may introduce some error since
these angles are not absolutely zero.?? However, for our experiments in which water
is the liquid, these angles are very close to zero and this approximation should fairly
represent the real situation.?

The meniscus curvature will induce a pressure difference (AP) across the water-

air interface:
1 1 1
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where r is the liquid meniscus radius and ~ is surface tension of water. This pressure

difference exerts an attractive force F, on the indenter:
2 2. 25l

F, = nl*AP = myR*sin“[— (3.4)
r

There is also the surface tension on the indenter. The surface tension force
is proportional to the length of the contact (2rh) and tangent to the liquid-sample
contact point. However, only the vertical component of this force will be effective: the
horizontal component is canceled out due to the shape of this contact profile (circle).

Therefore, the net surface tension on the indenter Fj is
F, = 2nyhsinf = 2ryRsin®j (3.5)

The capillary force is the sum of the two aforementioned forces:

R
F,=F,+F, = nmyRsin’B(2 + ?) (3.6)

[ can be calculated according to the geometry of the sample-indenter contact:

R—d
R (3.7)

x is an introduced parameter shown in Figure 3.1. r can be calculated according to

the Kelvin equation:

i 11 (3.8)

in which H is the relative humidity and Ay is the Kelvin length for water. In exper-

imental conditions, at around 25 °C, Ay = 0.523 nm. Because [ >> r, Equation 3.8

48



can be simplified as

Ak
= —— 3.9
" InH (3.9)

In the minimum indentation experiments, d is normally less than 10 nm, R is 50
nm for our indenter, and x << R + 27, so Equation 3.7 can be modified to

R—d
R—22%

InH

cosf = (3.10)

By combining Equations 3.6, 3.9 and 3.10, the capillary force is obtained:

F.= myR(1 - (5——5—)))(2 - R (3.11)

Here the relationship sin?3 = 1 — cos?f is applied.

3.3.3 Elastic Deformation under Capillary Force and Jump-

to-Contact Phenomenon

From the discussion above it is clear that the capillary force is an attractive force
between the indenter and the sample. This attractive force will create indentation on
the sample. The deformation of the sample is mostly elastic due to the nanometer size
indentation depth and can be calculated according to the Johnson-Kendall-Roberts
(JKR) or Derjaguin-Muller-Toporov (DMT) models.

The DMT model of elastic deformation relates the reduced Young’s modulus E*
to the force by:?*

4
F,= gE*R°'5d1'5 (3.12)

The JKR model of elastic deformation results in a different expression:?

F, = /16myE*a? (3.13)
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d is the indentation depth and a is the contact radius. For minimum indentation
where d << R

a®> = 2Rd (3.14)

Equation 3.13 can be expressed as

F, = \/1677E*(2Rd)} (3.15)

and E* is defined as

2

where F, and F;, are the sample and indenter Young’s moduli respectively and v, and

Vi are their Poisson’s ratios respectively. For our SLS samples and AFM tip, F, <<

E;, and v, and v;, are around 0.3. Therefore, Equation 3.16 can be approximated as

1 1—v2
- E (3.17)

The modified Tabor coefficient (instead of the conventional Tabor coefficient in
Section 1.3.2) is introduced to determine which model is applicable under certain
conditions when the capillary force is dominant over other van der Waals forces:?!

B
2E*2y3

=

= ) (3.18)

When ¢ >> 1, the JKR model should be applied. When p < 1, the DMT model
should be applied. In this study, the DMT model is applicable based on our material
and test conditions.

The cantilever deflection force is much smaller than the sample elastic deforma-

tion force and can be neglected. The sample elastic deformation is created predomi-
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nantly by the capillary force without externally applied mechanical force which is the
main force in a normal indentation test. The use of the capillary force as the main
force for indentation implements the idea of nanoindentation with minimum indenta-
tion depth on hydrophilic surfaces. At the minimum indentation depth, the sample

elastic deformation force equals the capillary force:

F,=F, (3.19)

In the force curves, the minimum indentation depth is hard to discern because
of the jump-to-contact phenomenon and subsequent indentation event (Figure 3.2).
Under humid conditions, a layer of water will be adsorbed to the hydrophilic surface.
During the jump-to-contact event, a liquid bridge forms between the indenter and
the sample due to the water layers on the indenter and the sample surfaces. The
formation of the liquid bridge creates the liquid meniscus, hence the capillary force
simultaneously takes effect. This dramatically increases the force between the indenter
and the sample. The capillary force is much larger than the cantilever deflection force
so that the indenter snaps to contact with the sample (point A in Figure 3.2). It will
keep penetrating the sample until the capillary force is balanced by the sample elastic
deformation force, creating indentation depth d (point B in Figure 3.2).

In a force curve, the jump-to-contact distance Ad includes the indenter-sample
separation before the jump Sy and the indentation depth d. However, there is no
clear boundary to distinguish one from the other. Furthermore, in the lower panel
of Figure 3.2 it can be seen that the free cantilever reference position barely changes
from A to B. Therefore, the indentation depth can not be deduced from this force
curve.

This can be solved by conducting a reference jump-to-contact test on a hard
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Figure 3.2: The jump-to-contact phenomenon under capillary force. The upper sketch
shows the indenter jump-to-contact process. The lower sketch shows the jump-to-
contact phenomenon measure by a force curve. The horizontal axis is the free (without
external influence) cantilever reference position and the vertical axis is the cantilever
deflection which measures the force on the indenter.
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surface (like mica) on which the penetration is negligible under capillary force. Un-
der the same humidity, capillary forces between the indenter and different surfaces
are the same according to Equation 3.11. This implies that the indenter-sample
separations between the indenter and different surfaces at the starting point of the
jump-to-contact are the same. For mica, the jump-to-contact distance is the same as
the indenter-sample separation at the starting point of jump-to-contact Sy since the
indenter will not penetrate the surface. For soft samples, the jump-to-contact distance
is the indenter-sample separation at the starting point of jump-to-contact which is
equal to the jump-to-contact distance on mica surface Sy plus the indentation depth

d. So the indentation depth on soft surface can be calculated:
d=Ad— Sy (3.20)

Combining Equations 3.6, 3.12, 3.17, 3.19 and 3.20, the sample elasticity can be
obtained for DMT model:

B, = SmaR3(1—2) (1~ (

R—Ad+ S InH 1
A 0)2)(2 —R )

: (3.21)

W

Combining Equations 3.6, 3.15, 3.17, 3.19 and 3.20, the sample elasticity can be

obtained for JKR model:

WV(%)% 2
22121 -

E, = (3.22)

53



25 E1o-
@ 0 "

Cross section

profile 1 5
10

Longitude profile B

T T T T T T T
16 1.8 2.0 2.2 24 2.6 2.8
pm

pm

nm
IS

Figure 3.3: (A) AFM image of SLS. Straight lines indicate the location where surface
profile is analyzed in the longitude direction (B) and cross section direction (C).

3.4 Results and Discussion

3.4.1 Morphology and Mechanical Properties of SLS

SLS should be cylindrical to maximize intermolecular interaction and minimize surface
energy in solution. When it is deposited on mica, the structure is flattened to the
mica surface by the attractive force between mica and the SLS: in Figure 3.3, the SLS
cross section profile has a significantly larger width than height. We define here the
longitudinal direction of an SLS along the monomer direction and the cross section
perpendicular to the monomer.

The cross section and longitude profiles reveal that SLS is a saddle like structure
with two big terminal ridges and several minor middle ridges. The length of the SLS
is more than 350 nm which is longer than a collagen monomer which is about 300
nm. This discrepancy is understandable because the AFM images are the convolution

of the tip geometry and the sample topology. The minor ridges are possibly caused
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Figure 3.4: AFM image of SLS showing assocations between crystallites.

by local higher occupancy of amino acids with larger side chains. The two terminal
major ridges are caused by the non-helical region of the N-terminus and C-terminus:
the non-helical chains contains higher proportion of bigger amino acids and pack
loosely which result in greater size compared with the helical regions. The two major
ridges are not equal in size. In the monomer sequence, the C-terminus contains more
non-helical amino acid residues than the N-terminus, and the non-helical amino acid
residues in the C-termini may fold into a tight hairpin structure.?® Therefore, the
larger end may correspond to the C-terminus while the smaller end may correspond
to the N-terminus. As a result, in the AFM images, the SLSs are trapezoidal (Figure
3.4).

Associations between SLS crystallites in AFM images such as Figure 3.4 could
be a result of associations in solution or simply an artifact of colocation during dry-
ing. Even in the latter case, however, preferential orientation could imply a specific
interaction between crystallites. In many cases they appear to align with smaller SLS

crystallites attached to the N-terminus of larger ones.
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Figure 3.5: At a higher incubation temperature (35°C), images show more SLS crys-
tallites which also associate end-to-end in images of dried samples.

Incubation at elevated temperature results in more SLS formation and thus higher
density of SLS in samples, resulting in images such as that seen in Figure 3.5. In an-
alyzing these images, there is a dominance of longitudinal alignment with partial
overlap of a consistent 50 nm. This overlap length is smaller than the displacement
of the collagen monomers in the native fibril which is 67nm but larger than the ter-
minal non-helical region length which is around 20nm. So one overlap contains about
40% helical structure and 60% non-helical structure. This arrangement increases the
packing density and the interaction between adjacent SLSs in the overlap region.

Forty-one minimum nanoindentation force curves are taken at different locations
of individual crystallites to ensure that the variability of the mechanical properties
among different crystallites and different positions within one crystallite are carefully
accounted for. The Young’s modulus calculated from each force curve is plotted in
Figure 3.6. The average SLS Young’s modulus is calculated to be 0.41 + 0.08 GPa.

This value is close to the Young’s modulus of type I collagen fibrils?” and films.?
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Figure 3.6: Distribution of the Young’s modulus calculated from the 41 force curves.

The slight Young’s modulus difference between the SLS prepared in this exper-
iment and the type I collagen fibril reported in the literature can be explained by
several reasons. First, the samples have different packing patterns. SLS are formed
by monomers packing laterally in register while type I collagen fibrils are formed by
monomer quarterly staggering. Second, the SLS samples and type I collagen fib-
rils may have different hydration states since the preparation methods are different.
Third, additives used to prepare these two samples are different in terms of types
and amount. Fourth, the sample substrates may be different for nanoindentation.
Mica is used for SLS sample while other researcher use silicon wafers or glass slides.
This would result in different interaction between the samples and substrates and
potentially vary the mechanical behavior of the samples. Last but not least, the
test methods are different. The SLS samples are tested with the novel minimum
nanoindentation method while the fibrils are tested with traditional method. This
minimum nanoindentation method resulted in a indentation depth less than 30% of
the SLS thickness (Figure 3.3). This indentation depth is achieved under the capillary
force without any additional externally imposed mechanical force which would create
much large indentation depth value in a traditional nanoindentation test. Hence the
substrate effect on the results is minimized.

Further analysis is carried out to check the difference in Young’s moduli between
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end and middle regions by using Student’s t-tests. 22 end region data points and 19
middle region data points in the total of 41 data points are tested. However, the p

value (0.86) implies that there is no significant difference between them.

3.5 Summary

We proposed a method to obtain material Young’s moduli at the minimum indentation
under the influence of capillary force. This method is applied to measure the SLS
Young’s modulus and the result agrees with the literature value. The morphology of
the SLS is studied. We revealed that the SLSs have trapezoidal shape and identified
the C-terminus and N-terminus of the SLS. Under higher incubation temperature,
images reveal chains of SLS crystallites. While this may simply reflect the larger
number of crystallites formed under these conditions, which then dry adjacent to
each other in the dried sample, the associations are consistent, which may imply a

specific, favorable interaction between SLS crystallites.
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Chapter 4

Fibrillogenesis and Nanomechanics

of Type I Collagen Fibrils

Type I collagen fibrils prepared with the “cold start” method form with a sequential
process, as revealed by monitoring fibril morphology with the atomic force microscope
(AFM) at different stages. Three distinctive growth stages can be defined. The fibrils
are polar in nature with transition from unipolar structure to bipolar structure. The
Oliver-Pharr method is applied to extract the indentation Young’s modulus of individ-
ual fibrils. The bending modulus of collagen fibrils is deduced from their persistence
length. A significant difference is found between these two mechanical parameters.
This could be attributed to the fibril packing pattern, hydration states and substrate

effects.

4.1 Introduction

Collagen is an indispensable component of most mammalian connective tissues. There

1

are more than 26 different types of collagen.” Type I and type II collagen are the
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most abundant collagen and can be found in bone, skin and tendon. Defects (e.g.
mutation) in collagen can lead to various health problems like osteogenesis imperfecta
and Caffey’s disease.? 3 Damage or degradation of these collagen containing tissues
can also cause serious medical condition like arthritis.* The treatment of collagen
related disease and tissue repairing need more understanding in collagen.® Research
on collagen is beneficial for health and medical care.5

Type I and type II collagen are macromolecules about 300 nm long and 1.5 nm
in diameter.® They can form larger fibrils with a periodic banded structure (so-called
D-banding, with a repeat every 67 nm).” The periodicity of this banded structure
is about one-fourth of the length of a monomer and is therefore purported to arise
from a quarter-stagger arrangement of monomers. The monomers are right-handed
coils consisting of three left-handed peptide helices. All of their peptide chains are
composed of repeating Gly-X-Y units, with Gly being glycine residue and X and Y
representing other amino acid residues. The other amino acid residuals are mostly
proline or hydroxyproline residues. A type I collagen monomer contains two collagen
a1(I) chains and one collagen a2(I) chain. The spatial relationship among the two
al(I) and one a2(I) peptide chains was solved by comparing the charge distribution
of model monomers and SLS.® The collagen monomer starts with one «2(I) chain
followed by another a2(I) chain and then the a2(I) chain on the N terminus.

For type II collagen, all three peptides are collagen a1(II) chains. This may result
in their ultimate different roles in connective tissue. For example, type I collagen
associates with hydroxyapatite, making bones strong and flexible to support body
weight and stress,” while type II collagen associates with proteoglycans, making bone
joints elastic and resilient to resistive friction.!®

Their different mechanical properties in macroscopic objects promotes us to in-

vestigate their mechanical properties in microscopic forms such as fibrils. A better
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understanding of the micro fibril mechanical properties is crucial for tissue repair,
treatment of diseases caused by genetic defect, and biomimetic material research.
This chapter presents results on type I collagen.

To determine the mechanical properties, several parameters can be considered.
Young’s modulus is one of the most common and important parameters.!’ Collagen
fibrils are anisotropic materials.'?> They are formed by packing individual collagen
monomers laterally and longitudinally which means one can not expect the Young’s
modulus along the fibril F; being the same as the Young’s modulus transverse to the
fibril Fy (Figure 4.1). There are also other moduli like shear moduli.!® They are more
complicated to obtain, and hence will not be addressed here.

The diameters of collagen fibrils range from several nanometers to a few microm-
eters.!*17 Their lengths vary from more than 300 nm (the length of a single collagen
monomer) to several hundreds of micrometers. Their small size poses technique chal-
lenge for experiment setup since locating and manipulating these kind of small objects
is not an easy task. Several methods are developed to extract Young’s moduli of small
objects based on different theories and techniques. In the early days, microcompo-
nent mechanical behavior was deduced from the mechanical properties of macroscale
bulk objects.'® Naoki and Singo performed X-ray diffraction on force-loaded collagen
fibers.!? Because the X-ray diffraction pattern reflects the monomer lattice spacing,
they deduced the strain of the collagen monomers under different stress and obtained
the Young’s modulus of individual collagen monomers along the molecular axis.

The invention of atomic force microscopes (AFMs) enabled researchers to locate
and manipulate nanometer-sized objects. Nanoindentation experiments were carried
out with the AFM to determine the Young’s modulus transverse to the collagen fibril
axis.?? 2! Tensile tests of a collagen fibril were implemented by attaching one end of

the fibril to a substrate and the other end to the AFM cantilever.?> When stretching
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the fibril, a force versus cantilever position plot is obtained. Then Young’s modulus
along the fibril axis can be calculated from this plot. The bending behavior of a
single collagen fibril was also investigated by several researchers.?> 2% This bending
test can generate bending Young’s modulus, a measurement of fibril flexibility. The
bending Young’s modulus can also be calculated from the hydrodynamic behaviour
of fibrils in fluid?® . In other studies, fibril persistence length was derived from fibril
conformations observed under the microscope and was further used to compute the
bending modulus.?”

In this study, nanoindentation tests are performed on individual collagen fibrils
to obtain transverse Young’s moduli. The trajectories of the collagen fibrils in the

AFM images are analyzed to obtain bending Young’s moduli.

E:

ﬁ
!

Figure 4.1: Young’s moduli of a fiber in different directions. The collagen monomers
stagger with each other in the horizontal direction. This anistropic structure results in
different mechanical properties in the horizontal direction and the vertical direction.
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Figure 4.2: A schematic of the atomic force microscope (AFM).

4.2 Theory

4.2.1 Atomic Force Microscope and Nanoindentation

The AFM is a special microscope developed to map the sample surface profile at
nanometer resolution (Figure 4.2).2® During operation, a sharp probe which is fixed
to one end of a cantilever is scanned over a chosen area on the sample. The gap
between the probe and sample is controlled to nanometer scale. In that close range,
several forces may present, including van der Waals forces, electrostatic forces, capil-
lary forces. At some distance, one type of force may be more prominent than others
since the mathematical force-distance relationships differ from one another.? 3! These

forces deflect the cantilever. By recording the deflection of the cantilever, the total

65



force between the probe and the sample can be quantified:

F=kxd (4.1)

where F' is the force between the probe and sample, k is the cantilever spring constant,
and d is the the cantilever deflection.

The measurement of the cantilever deflection is achieved by projecting a beam
of laser light on the end of the cantilever. The laser beam is then reflected to a
photodiode panel which can detect the position of the reflected laser spot on the
photodiode. The probe-sample force induces the cantilever deflection and in turn
changes the laser spot position on the photodiode.

The probe-sample force can be finely adjusted with nanonewton accuracy by
mounting the cantilever on a piezoelectric tube whose length will change proportion-
ally to the applied electric potential.?® The cantilever then moves vertically to the
appropriate probe-sample distance to apply a given force. Additional piezoelectric
elements control the lateral movement of the probe or the sample. To generate a
sample surface profile image, the probe-sample force is set to a certain value. Then
as the lateral piezoelectric elements move, the vertical piezoelectric tube will adjust
the probe-sample distance to maintain a constant interaction force. All coordinates
(x, vy, z) of the probe at each sample point are recorded and stored to produce the
sample surface profile image.

There are different operation modes for AFM.?23* Contact mode and tapping
mode are most common. In tapping mode, the cantilever is oscillated slightly above
its resonant frequency so that the probe is in intermittent contact with the sample.
In contact mode, the probe is not oscillated but kept in constant contact with the

sample. In this study, tapping mode is applied to characterize the sample morphology.
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Figure 4.3: Nanoindentation process schematic (A) and sample force curve (B).

The AFM allows researchers to carry out nanoindentation tests with sub-nanometer
depth and sub-nanonewton force resolution. In nanoindentation testing, the ultra
sharp AFM probe acts as the indenter. During the loading and unloading process,
the indenter-sample force and indenter position are recorded. These values are then
plotted to make a force curve graph (Figure 4.3).

As outlined in Figure 4.3A, when performing a nanoindentation test the indenter
is pressed into the sample surface to create sample deformation. Then the indenter
is moved back, leaving a residual indent if there is plastic deformation. The maximal
indentation depth is h,,q., which is larger than the contact depth h. because of sample
surface deflection near the indenter. The contact radius is a. from which the contact
area can be calculated. The final indentation depth is hy which is caused by inelastic

deformation of the sample. The force curve in Figure 4.3B is generated by plotting
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force vs. indentation depth. The red curve is the approaching curve and the blue
curve is the retracting curve. S is the stiffness which is obtained by measuring the
slope of the tangent at the maximum unloading point. h. is also shown in this plot.
Several theories are proposed to analyze the force curve and calculate the ma-
terial Young’s modulus.?*3® The Oliver-Pharr method is most commonly used.?® A
mentioned above, because of sample surface deflection due to elastic deformation near
the indenter, the contact depth (h,.) is smaller than the maximum indentation depth
(hmaz). For a spherical indenter (the apex of our AFM probe is treated as a half

sphere), they are related as

Fmaz
S

he = Bnge — 0.75 (4.2)

Based on the geometry of the indenter (half sphere with a radius of r), the contact

radius a. can be calculated:
a. =\/12 — (r — h¢)? (4.3)
The projected area of contact A is
A= ra’ (4.4)
The contact area A and measured stiffness S are related to the reduced Young’s

modulus (F,):

V7S
E, = 2 VA (4.5)

E, is determined from the indenter Young’s modulus FE;, and Poisson’s ratio v;,
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Figure 4.4: Geometrical parameters used in calculating persistence length. 6 is the
angle between the tangent at point A and the tangent at point B. [ is the contour
length between A and B.

and the sample Young’s modulus E; and Poisson’s ratio v5. They are related as

— = o s (4.6)

For biological samples, Fy << Fj;,, vy is between 0.2 and 0.5 and v;, is around 0.3.

So Equation 4.6 can be approximated as

— "% (4.7)

Combining Equations 4.2, 4.3, 4.4, 4.5 and 4.7, the sample Young’s modulus is

obtained
(1-v3)S

S

2\/7’2 — (1 — Pppaz + 0.75%)2

E, = (4.8)

4.2.2 Persistence Length

Persistence length measures the flexibility of a filament.*® In solution, a long and soft
filament will respond to the random impacts from the solvent leading to thermal fluc-

tuations along the filament. As a result, the filament will adopt a conformation which
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can be represented by the trajectory of a single particle undergoing Brownian motion.
Therefore, the configuration of a filament in solution can be explained by statistical
thermodynamics. The persistence length (L,) and contour length (1) (Figure 4.4) are
related as:*7

(cos@)3p = exp <1:l> (4.9)

p
3D indicates that the filament is in three-dimensional space. 6 is the angle between
two tangent vectors separated by contour distance [ along the filament. Equation 4.9
indicates that the correlation between these two tangent vectors decays exponentially
with contour distance.
In an AFM image, the filament trace can be viewed as the projection of the 3D
filament conformation onto 2D space. Accordingly, Equation 4.9 must be modified to

account for this difference:*!

(cos@)ap = exp (2—Llp> (4.10)

This equation can be further simplified as!

(0%)2p = Llp (4.11)

The persistence length L,, bending modulus Ej and filament diameter d are

related:?2
™ Eb

= T d' (4.12)

kp is the Boltzmann constant and d is the filament diameter.
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Figure 4.5: AFM image of a mica surface

4.3 Materials and Experimental Methods

Type I collagen (Advanced Biomatrix, with brand name Nutragen) is supplied as 6
mg/ml bovine hide collagen dissolved in 0.01 N HCI. Collagen fibrils are prepared
by the “cold start” process.*? In this method, collagen is mixed with buffer solution
(containing 0.1 M K,HPO, and 0.1 M KH,PO,) to make a solution with 0.05 M
K,HPO,, 0.05 M KH,PO, and 0.1 mg/ml collagen. The solution pH is adjusted to
7.0 by adding 0.01 M HCI or 0.01 M NaOH solutions. The sample is then incubated
in a closed conical tube at 35 °C in a water bath. The solution pH stays around 7
during the experiment process.

Every 10 minutes, 10 pl solution is removed and diluted 100 times with ultrapure
water. Then 10-20 ul of diluted solution is deposited on a freshly cleaved mica surface
with a pipette. The cleaved mica surface provides a flat substrate which minimizes
the effect of substrate roughness and improves image quality. (The subnanometer

flatness of cleaved mica is shown in Figure 4.5.) The sample is dried with a stream of
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dry, filtered compressed air for about 5 minutes and then mounted on the AFM stage
for analysis.

All AFM experiments are performed under ambient conditions using an Asylum
Research MFP-3D. The AFM tips are MikroMasch NSC35/CR-AU tips with a factory
specified radius of approximately 50 nm. The apex of the tip is a half sphere which
is verified by scanning electron microscopy (Figure A.1). The spring constant of the
cantilever is determined by the thermal noise method.** Tapping mode is employed
for fibril imaging and nanoindentation is performed on individual fibrils to generate
force curves. Persistence length is analyzed with the software 2D Single Molecules.
The fibril contour is drawn by tracing along the fibril direction. Then the program
equally subdivides the contour curves into variable length vectors. These vectors are

then analysed by Equation 4.10 to calculate persistence length.

4.4 Results and Discussion

4.4.1 Fibrillogenosis of Type I Collagen

The type I collagen fibrillogenesis mechanism is investigated by preparing AFM sam-
ples from incubated solution every 10 minutes. The results are shown in Figure 4.6.
Three fibrillogenesis stages can be distinguished from the AFM images in Figure 4.6.
The observation is consistent with literature.*> Some fibrils formed after 10 minutes
of incubation (panel A) show that a fibril has a tapered end and a blunt end. After
20 minutes of incubation (panel B), some fibrils have a tapered end and a blunt end
while others, especially longer fibrils, have two tapered ends. After 30 minutes of
incubation, the association between different filaments can be seen in panel C. After
40 minutes of incubation, most fibrils are too long to be completely captured within

the image (panel D). However, the fibril ends which do appear in the image are mostly
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tapered.

4.4.1.1 Stage I, Unipolar Structured Fibrils

After 10 minutes, there are lots of filaments around 330 nm long and 1-2 nm high
(Figure 4.6 A), corresponding to the dimensions of a collagen monomer. (AFM im-
ages are the convolution of the AFM probe geometry and sample surface features.*6
Therefore, the diameters should be measured by the heights rather than the widths.)
The filaments with larger length could be aggregates of several collagen monomers,
formed by staggering two or more monomers laterally. These aggregates serve as
nucleation centers for further fibrillogenesis.

Most filaments possess a tapered end and a blunt end. For the collagen monomer,
the end with an unreacted amino group is called the N-terminus and the end with
an unreacted carboxyl group is call the C-terminus. The C-terminus is always larger
than the N-terminus.*” Two reasons may contribute to this morphology. First, there
are more non-helical amino acid residues in the C-terminus. Second, the two al
chains in the C-terminus may fold into into a tight hairpin structure. Therefore, in
a single collagen monomer the thin end corresponds to the N-terminus and the blunt
end corresponds to the C-terminus. In a fibril, all the monomer C-termini will point
to one end of the fibril and all the monomer N-termini will point to the other end of
the fibril. The fibril end with monomer C-termini is assigned as the fibril C-terminus
and the fibril end with monomer N-termini is assigned as the fibril N-terminus.*®
The fibril growth will only occur on the N-terminus in stage I fibrillogenesis.*> This
growth pattern makes the fibril N-terminus tapered and the C-terminus blunt. So in

the AFM image, the filament tapered ends correspond to the N-termini and the blunt

ends correspond to the C-termini. This alignment is called C-N unipolar arrangement.
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Figure 4.6: Fibrillogenosis process of collagen fibrils after (A) 10 minutes, (B) 20
minutes, (C) 30 minutes, and (D) 40 minutes of incubation. Upward pointing arrows
indicate the tapered ends (N-termini) and downward pointing arrows indicate the
blunt ends (C-termini).
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4.4.1.2 Stage II, Bipolar Structured Fibrils

After 20 minutes, filaments in their different development stages can be seen in the
AFM images (Figure 4.6 B). There are some short stage I aggregates with a tapered
end and a blunt end. These filaments are less than 600 nm long. Other filaments
grow to an intermediate stage. Their length reaches between 800 nm and 1200 nm.
Their diameters increase a little, but not so significant as the increase in length. The
tapered ends become more tapered and the blunt ends become slightly rounded. This
growth pattern indicates that stage I filaments would grow preferably longitudinally
rather than laterally. The more tapered N-terminus suggests that the fibril growth
occurs mostly in the N-terminus. The slightly rounded C-terminus may be due to
staggering in monomer packing along with the N-terminus preferred growth.*> 49
For the longer filaments, both ends become tapered. This implies that both
ends of a filament are N-termini.*> This development stage is called stage II. The
alignment in this stage is N-N bipolar. So there is a transition from the C-N unipolar
alignment to N-N bipolar alignment. For most stage II filaments, one end is more
tapered than the other. The more tapered end may evolve from the the early stage
filament N-terminus which grows faster. The less tapered end could be developed
from the C-terminus which needs time to start grow in the C-terminus direction.
After 30 minutes, filaments grow thicker and longer (Figure 4.6 C). They can
reach more than 3 pym in length and 5 nm in diameter. This is another intermediate
stage between stage IT and stage IIT (mature fibrils)."® Most monomers disappear
in this intermediate stage. With more monomers being consumed, filament growth
would depend on absorbing surrounding aggregates. This can be confirmed by the

association among different filaments in the AFM image.
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4.4.1.3 Stage III, Mature Fibrils

After 40 minutes (Figure 4.6 D) fibril length reaches more than 5 um (extending
beyond the image boundaries). The fibril diameter also increases to more than 10
nm. Samples incubated longer than 40 minutes show minimal change in filament
dimensions, implying that mature (stage III) collagen fibrils form by 40 minutes of
incubation. Only tapered ends can be observed in the AFM images: the mature fibrils

prepared in this study are N-N bipolar fibrils.

4.4.1.4 Driving Forces for Fibrillogenesis

The hydrophobic groups in the collagen monomer tend to interact with each other
in solution. Intramolecular hydrophobic interaction is negligible since the monomer
bending stiffness (see Section 4.4.2) prevents hydrophobic groups within the same
monomer from interacting with each other. There is no such steric restriction for the
intermolecular hydrophobic interactions. The intermolecular hydrophobic interactions
induce the monomers to associate with each other and form fibrils instead of a globular
structure which would be more likely if intramolecular interactions were strong.

>l When fibrils grow, more hy-

The fibrillogenesis process is driven by entropy.
drophobic groups in the collagen monomers are buried inside the fibrils. This leaves
only the hydrophobic groups on the surface of the fibrils exposed to water. Aggrega-
tion leads to a decrease in entropy of the collagen. However, more water molecules
are “freed” from bonding to collagen when fibrils form, resulting in an increase of the
entropy of water. The increase of water entropy is larger than the decrease of the
collagen entropy, such that the total entropy increases in the fibrillogenosis process.
This drives the collagen monomers and small aggregates to associate to form fibrils.

However, the entropy increase is not so significant when mature fibrils associate (fewer

water molecules are freed per collagen monomer in the mature fibrils), limiting the
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Figure 4.7: The effect of maximum load on calculated Young’s moduli.

mature fibril size.

4.4.2 Mechanical Properties
4.4.2.1 Fibril Young’s Moduli

Nanoindentation on individual fibrils requires optimization of measurement conditions
because of the small diamaters of the fibrils. In particular, we investigate the effects
of maximum load and fibril diameter on the calculated Young’s moduli.

Figure 4.7 shows the effect of maximum load on the calculated Young’s mod-

uli. When the maximum loads are small (10-20 nN), the calculated Young’s moduli
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Figure 4.8: The effect of fibril diameter on calculated Young’s moduli.
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are close to each other (p = 0.64). As the maximum load increases, the calculated
Young’s moduli increase accordingly. This suggests that under small maximum load,
the maximum load has negligible effect on calculated Young’s moduli. Under larger
maximum load, the maximum load will distort the calculated Young’s modulus and
make it larger than the real value. Under larger maximum load the indenter can pen-
etrate the fibrils and make contact with the mica substrate. The calculated Young’s
moduli will therefore contain contributions from the mica substrate. The calculated
error also increases for larger maximum load due to a greater contribution from the
substrate. The range of possible Young’s moduli increases since the measured Young’s
modulus increases from the Young’s modulus of collagen to the Young’s modulus of
collagen and substrate combined. To avoid this, a small maximum load should be
applied. Too small a maximum load should also be avoided since the the adhesion
force may become comparable to the maximum load and make the calculated Young’s
modulus smaller than the real value.

Figure 4.8 illustrates the effect of fibril diameter on calculated Young’s moduli.
When fibril diameter increases, the calculated Young’s modulus decreases. Under
the same maximum load (20 nN), the contribution from the substrate is higher for
fibrils with smaller diameter. The error bar is also larger for smaller fibrils. Both of
the aforementioned phenomena can be attributed to the large deformation on small
samples and the following inevitable substrate effect. Hence larger fibrils are more
favorable in the nanoindentation test. Under optimum conditions (small maximum
load and larger fibrils), the calculated Young’s modulus of the fibrils is 0.27 £ 0.07
GPa. This value is in accordance with the literature value for hydrated type I collagen

fibrils?® 49 .
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Figure 4.10: Persistence length L, versus diameter d.

80



100—

w B 0o ~Nwo
I B B S

10—

Calcuated bending modulus (MPa)

» 0o ~Noo
I A

T T T T T
4 6 8 10 12 14

Diameter (nm)
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4.4.2.2 Fibril Bending Moduli

The persistence length is calculated with the aid of the persistence length calcula-
tion application incorporated in the 2D Single Molecules** software. The contours of
individual fibrils are selected (Figure 4.9) and the persistence length is computed.

A plot of persistence length against fibril diameter (Figure 4.10) shows that the
persistence length increases as the diameter increases. This would be expected from
Equation 4.12, which indicates that the persistence length should scale as the 4th
power of the diameter for a given bending modulus. However, the relation is not
that simple. When bending moduli are calculated according to Equation 4.12, using
the experimentally measured values of L, and d, they turn out to be dependent on
fibril diameter as well. Figure 4.11 shows that the bending modulus decreases as the
diameter increases.

The decrease of the bending modulus with the increase of the fibril diameter
may be related to the internal structure of the fibrils. The collagen monomer bending

modulus is the result of the compact association of three coiled peptides held together
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by hydrogen bonding,® which suggests that the individual monomer bending modulus
could be fairly large. As the monomers aggregate to form fibrils, the forces between
monomers are weaker than those within the monomer, primarily hydrophobic inter-
actions. (Note that there is no chemical crosslinking present in our protocol.) As the
fibril grows through additional weak association, the bending modulus decreases.
Above certain diameters (3 nm), the bending modulus become very low. The low
bending modulus value originates from several factors. First, the fibrils are anisotropic
due to the monomer lateral aggregation. Second, defects along the fibrils will con-
centrate the stress locally and significantly decrease the bending modulus.?® Third,
the AFM images of the fibrils reflect the fibril configuration in solution. When fibrils
are deposited on the mica surface, their fully hydrated state 3D shape is “projected”
to 2D space. So the bending modulus calculated from the persistence length applies
to the fibrils in solution. The “projection” would also shorten the persistence length
hence reduce the bending modulus. Fourth, when the fibril-containing solution is de-
posited on the mica surface, the interaction force between the substrate and the fibrils
and the dewetting effect can distort the fibril profile, resulting in shorter persistence

length and hence smaller apparent bending modulus.

4.5 Conclusions

Three different growth stages in the type I collagen fibrillogenesis process are con-
firmed. The fibril growth is mostly limited to the N-termini which serve as a growth
center. The monomers first form C-N unipolar fibrils. A transition step occurs on the
C-termini of the C-N unipolar structures after the fibrils reach a larger size, turning
C-N unipolar fibrils to N-N bipolar fibrils. The mature fibrils assume N-N bipolar

structure based on the AFM images.
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The calculated fibril Young’s moduli decrease when their diameters increase and,
for the same fibril, the Young’s moduli increase when the maximum loads increase.
These two trends are explained by substrate effects: smaller fibrils and larger maxi-
mum loads inevitably add more contribution from the the very stiff substrate, distort-
ing the real Young’s moduli. Under experimental conditions optimized to minimize
both substrate contributions and adhesion interactions, the fibril Young’s modulus is
calculated to be 0.27 4+ 0.07 GPa.

The fibril bending moduli decrease with increasing fibril diameter. The fibril
is formed primarily by hydrophobic interactions between collagen monomers. This
interaction is much weaker than the association among the three entangled peptide
chains in a monomer. When more collagen monomers attach to the fibril to form a
larger fibril, more weaker hydrophobic interactions are added to the fibril. Hence the
bending modulus decreases.

The bending moduli are in general very low. This is attributed to the fibril’s

anisotropic structure, defects, the hydration state and substrate effect.
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Chapter 5

Fibrillogenesis and Nanomechanics

of Type II Collagen Fibrils

Type II collagen fibrils prepared by the “cold start” method follow a sequential process
similar to that observed for type I collagen, with mature fibrils reaching up to 12 nm
in diameter. However, the type II collagen fibrils prepared are significantly shorter
compared with type I collagen. At the early growth stage, the fibrils have unipolar
structure. Then some turn to bipolar while others remain unipolar. As with the
type I collagen fibrils, the bending modulus (deduced from the persistence length)
is significantly smaller than the indentation Young’s modulus (calculated with the
Oliver-Pharr method). A large number of type II collagen monomers are also observed
in the sample without incubation, allowing for a calculation of monomer bending

moduli in addition to the fibril properties.
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5.1 Introduction

Collagen is a protein family of more than 26 members.! Most of them are fibrous
protein, although some, such as type VI collagen, may carry globular domains.? Unlike
most globular proteins, the most important role collagen plays is a structural function.
Type II collagen plays an important role in cartilage and bone joints: it accounts for
50%-90% of all the proteins in these tissues.® Although other types of collagen may
not be so abundant, they also play a very important role in animal bodies. Type III
collagen is the main ingredient of granulation tissue and reticular fiber,* ® and type
IV collagen presents in basement membranes.® Type V collagen associates with type
I collagen to enhance fibril growth in fibrillogenesis.® Type VI collagen is also a major
constituent of cornea along with type I collagen.” All types of collagen have their own
unique functions.

While type II collagen has different functions and presents in different tissues
than with type I collagen (although they sometimes may present in the same tissue),
their compositions are very similar. Type II collagen monomers are rope-like macro-
molecules. They are about 300 nm long and 1.5 nm in diameter. Each monomer
contains three collagen alpha-2(I) peptide chains. The peptide chains have a unique
amino acid sequence which consists of repeating units Gly-X-Y. Gly denotes a glycine
residue and X and Y denote other amino acids. In many cases, X and Y are proline
or hydroxyproline. This special sequence ensures the peptides chains will fold into
left handed « helices.

Three « helices subsequently twist together to form a right handed coil: the
collagen monomer. It takes several steps to generate collagen monomers.® In the en-
doplasmic reticulum, collagen peptides are synthesized, modified and folded to form
triple helical procollagen monomers. Then the procollagen monomers are transferred

to the Golgi complex where they are decorated with oligosaccharides and subsequently
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packed in secretory vesicles. The packed procollagen is secreted to extracellular space.
Collagen peptidases remove some non-helical amino acid residues on both ends of the
procollagen to produce tropocollagen. With the aid of other biomolecules, tropocol-
lagen monomers pack laterally and longitudinally to form collagen fibrils.

As the second most abundant collagen, the type II collagen in cartilage helps to
bear stress and reduce friction. Damage or mutation of type II collagen can cause
serious health problems like joint dysfunction and arthritis,” with which the patient
will suffer severe pain and difficulty in movement. Type II collagen consists of more
than half the dry weight of the articular cartilage.’® The articular cartilage is truly a
biological engineering marvel. With relatively small contact area, the cartilage contact
surfaces in a bone joint need to sustain body weight, absorb sudden shock force and
resist friction.'! To achieve this, type II collagen orients tangentially in the cartilage
surface layer to cope with the high shear stress and friction. It lays randomly in the
middle layer to deal with moderate shear stress and compressive stress. In the deep
layer, it aligns perpendicularly to handle high compressive stress. In this regard, it is
curious to know how the collagen orientation affects its performance under different
types of stress.

Young’s modulus is a measurement of material resistance against applied stress.!?
This mechanical property has long been the focus of many studies on collagen and
collagen containing materials. Wenger et al. performed nanoindentation tests on rat
tail tendon collagen fibrils and found that the Young’s modulus is between 5 GPa
and 11.5 GPa.!® Yadavalli et al. found that collagen fibrils assembled from collagen
monomers have a much smaller Young’s modulus of around 1 GPa. They attribute this
disparity to the assumption that the fiber is not fully formed.!* Yang et al. performed
bending tests on single collagen fibrils and deduced the Young’s modulus to be about

5.4 GPa.! Minary-Jolandan and Yu applied dynamic nanoindentation on the gap
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and overlap regions of collagen fibril and revealed nanomechanical heterogeneity in
these regions.'® Chung et al. studied the thin film formed from collagen fibrils and
concluded that Young’s modulus is dependent on the hydration states.!” So the results
are greatly influenced by the collagen sources, collagen sample forms, test methods,
fibril heterogeneity, hydration states and other factors.

However these studies are primarily devoted to type I collagen. Since type II
collagen is the second most abundant collagen and forms some crucial tissues, it is
worth taking a closer look at it. In this chapter, the comprehensive study on type II

collagen properties, especially the mechanical properties, is unprecedented.

5.2 Materials and Methods

5.2.1 Sample Preparation

Recombinant type II collagen from HT1080 cells*® was kindly supplied by Dr. Nancy
Forde of Simon Fraser University. Samples were prepared as described in Section 4.3,

creating “snapshots” of the fibrillogenesis process for analysis by AFM.

5.2.2 Young’s Modulus and Bending Modulus

The fibrils are formed by individual collagen monomers staggering themselves laterally
and longitudinally to each other. This makes the fibrils mechanically anisotropic: the
mechanical property measured transverse to a fibril would be different from that
measured along the fibril. Nanoindentation tests carried out on the fibrils measures
compression stiffness transverse to the fibrils, with Young’s moduli (Fs) calculated
according to the method in Chapter 4 (Equation 4.8). We again use 0.3 for Poisson’s

ratio and 50 nm for the indenter radius. The bending modulus is extracted from the
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persistence length (extracted with the software 2D Single Molecules'?), according to

chapter 4.

5.3 Results and Discussion

5.3.1 Fibrillogenesis of Type II Collagen

Type II collagen fibrillogenesis is investigated by comparing AFM images of fibril
samples with different amounts of incubation time (Figure 5.1).

Before incubation (Figure 5.1A), most of the filaments in the AFM image are
around 1.5-2.0 nm high, 350 nm long and 50 nm wide. The height is close to a
single collagen monomer diameter and the length is in the range of a single collagen
monomer. However, the filament width does not match any dimension of a single
collagen monomer.

One drawback of the AFM is that an AFM image is the convolution of the tip
geometry and sample morphology, as depicted schematically in Figure 5.2. The three
circles in Figure 5.2 represent the AFM tip (the apex of the AFM tip used in the
experiment is spherical) at different positions in relation to the sample (black half
disk). At position A, the tip comes into contact with the sample and it begins to rise.
At position B, the tip reaches the highest point of the sample. At position C, the tip
comes out of contact with the sample. The trajectory of the tip (dotted line) which
is used to generate AFM image does not directly represent the contour of the sample
(half disk).

Only at the highest point on the sample (position B in Figure 5.2) does the
recorded value match the real dimension. Therefore, the filament height in the AFM
image is a more reliable parameter and it can represent the diameter of the real

fibrils. Both the filament width and length are enlarged by around 50 nm because of

92



um

um

Figure 5.1: Fibrillogenesis process of type II collagen (A) before incubation, and after
(B) 10 minutes, (C) 20 minutes, and (D) 30 minutes of incubation. The upward
pointing arrows show tapered ends and downward pointing arrows show blunt ends.
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Figure 5.2: The AFM image is a convolution of the tip geometry and sample mor-
phology.

the convolution, which is consistent with each other. Considering that the filament
height and the deconvoluted length match the dimension of a single collagen monomer
and there is no other material with similar dimension, we can conclude that these
filaments are single collagen monomers.

After 10 minutes, the filaments grow to 1-3 pm long and around 8 nm high
(Figure 5.1 B). Some shorter filaments (less than 1.5 um long) have one tapered end
and one slightly blunt end. As discussed in Chapter 4, the collagen monomer has two
different ends: the N-terminus with a free amine group and the C-terminus with a free
carboxyl group. When monomers associate to form fibrils, the growth always starts at
the N-terminus.?’ The N-terminus serves as the growth center and fibrils extend their
length in the N-terminal direction. Later-added monomers will point their N-termini
to the same direction of the growth center N-termini. The fibrils formed this way
will have their monomer N-termini pointing in one direction and C-termini pointing
in the other direction. This fibril structure is called the C-N unipolar structure. This
N-terminus exclusive growth pattern causes the C-terminus become blunt and the
N-terminus become tapered.

For some longer fibrils (more than 2 pm), both of their ends become tapered.

This is the result of growth on the fibril C-terminus.?! After the fibril reaches a larger
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diameter, there are more groups that can associate with monomers on the C-terminus.
The association force will become strong enough to support monomers to attach to
the fibril C-terminus. The C-terminus become another growth center. At this growth
center, the later-added monomers will align their molecular direction opposite to the
direction of the fibril which they attach to. This new growth center acts as a transition
point where the fibril C-terminus changes to a new fibril N-terminus. This results in
the C-N unipolar fibril structure turning into N-N bipolar fibril structure.

After 20 minutes, the fibril height increases to around 9 nm (Figure 5.1 C).
However, there is no evident change in their length. Both C-N unipolar fibrils and
N-N bipolar fibrils can be seen.

After 30 minutes, the fibril height increases to around 10 nm and their length
seems unchanged (Figure 5.1 D). No significant change can be observed under further
incubation. Therefore, the fibrils become mature after 30 minutes of incubation. As
before, both C-N unipolar fibrils and N-N bipolar fibrils are observed.

Compared with type I collagen fibrils, type II collagen fibrils are shorter and
smaller. It is reported that type II collagen fibrils are harder to form than type I
collagen fibrils.?? The ultimate cause of this difference must relate to their slightly
different amino acid sequences. According to Equation 4.12, persistence lengths will be
shorter for fibrils with smaller radii, when other parameters are the same. Therefore,
thinner fibrils have better flexibility. This would be preferred in cartilage, where
flexibility is more important than stiffness.

The relatively short length and smaller diameter of the type II collagen fibrils
did not change upon prolonged incubation time. No substantial difference is observed

between the fibrils incubated for 30 minutes and the fibrils incubated for 24 hours.
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Figure 5.3: Histogram of persistence length distribution

5.3.2 Monomer and Fibril Persistence Lengths and Bending

Moduli

The large number of monomers in Figure 5.1A provide the opportunity to investi-
gate collagen monomer persistence length and subsequently derive the bending mod-
ulus. In total, the persistence lengths of 53 identifiable monomers were calculated.
The monomer persistence length frequency was obtained by counting the number
of monomers in a certain range of persistence length and is plotted in Figure 5.3.
The histogram plot approximately resembles a normal distribution. Given enough
monomer counts, the monomer persistence length distribution should follow a normal
distribution because the variation of the persistence length is the result of random col-
lisions between solvent molecules and the monomers. The average persistence length
is 286 &+ 52 nm.

The persistence length extracted from images of filaments with diameters of
around 1.5 nm (monomer), 7 nm, 9 nm and 11 nm are plotted against the filament di-
ameters in Figure 5.4. The bending moduli are calculated according to Equation 4.12

and plotted against diameter in Figure 5.5. Similar to the type I collagen filaments,
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Figure 5.4: Persistence length vs. fibril diameter.

the type II collagen filament persistence increases against diameter while bending
modulus decreases against diameter.

Type-II collagen monomers have a bending modulus of 4.7 GPa. As the monomers
form fibrils, the bending modulus decreases significantly: the fibrils with diameter of
11 nm have a bending modulus of around 8 MPa (p < 0.0001 when compared to
the monomers). This difference is related to the structure of the monomers and
fibrils. A monomer is constructed from three strands of peptide chains interlocked
by highly ordered hydrogen bonds: for each Gly-X-Y triplet, there is an interstrand
N — Hyy)...O = C(x/y) hydrogen bond.** In contrast, a fibril is formed by hydropho-
bic interactions, with the force between monomers in a fibril being far smaller than
the interstrand hydrogen bonding within a monomer. This results in the significant
decrease of bending modulus when fibril diameter increases.

The fibril Young’s modulus calculated from nanoindentation tests according to
Equation 4.8 is 0.5+0.1 GPa which is slight higher (p = 0.005) than the type I collagen
Young’s modulus (see Chapter 4). The type II collagen fibrils have higher Young’s
modulus than the type I fibrils. This may due to the slight structure difference between

type I and type II collagen which leads to slightly different monomer interactions
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Figure 5.5: Bending modulus vs. fibril diameter.

when fibrils are formed. Comparison of the bending modulus and Young’s modulus
to literature values can not be proceeded due to lack of literature values. This is the
first of its kind to carry out research on this subject.

As in the case of the type I collagen fibrils, the bending modulus of type II col-
lagen fibrils is very low after fibrils reach larger diameter. This arises from structural
reason as well as test method. First, the fibrils are highly anisotropic because of the
quarterly staggering pattern of collagen monomers. Second, defects (e.g. misalign-
ment of monomers) would significantly increase stress at some particular location and
reduce the bending modulus.?* Third, the persistence length reflects the structure
of fully hydrated collagen fibrils in solution, so the derived bending modulus from
persistence length reflects the mechanics of a fibril in a fully hydrated state. Fourth,
when depositing collagen fibrils on a mica surface, the collagen fibrils are under forces
like substrate attraction forces and dewetting effects which would distort the natural

curvature of the fibrils.
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5.4 Conclusions

The fibrillogenesis process of type II collagen proceeds in three stages. C-N unipolar
fibrils are formed at the beginning. In the following step, some of the C-N unipolar
fibrils are converted to N-N bipolar fibrils while other C-N unipolar fibrils keep un-
changed. This is different from the type I collagen fibrillogenesis in which all C-N
unipolar fibrils are converted to N-N bipolar fibrils. The mature type II collagen
fibrils are smaller and significantly shorter than mature type I collagen fibrils. These
discrepancies in fibrillogenesis and dimension between type I and type II collagen are
attributed to their difference in amino acid sequence.

Type II collagen monomer persistence lengths approximately follow a normal
distribution based on 53 monomers, with an average persistence length of 286 4 52
nm. The bending modulus is 4.7 £ 0.7 GPa. The fibril persistence lengths increases
with respect to diameter while their bending moduli decrease with respect to diameter
due to the stronger intramonomer (and weaker intermonomer) interactions.

The fibril Young’s modulus measured by nanoindentation is 0.5+0.1 GPa, slightly
larger than the type I collagen fibrils.

The low bending modulus is the result of fibril anisotropy, defects, hydration

state and substrate effect.
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Chapter 6

Conclusions

6.1 Summary

Collagen is the most abundant protein in mammal bodies, with type I and type II
being the most prominent.! They play important roles in bones, joints and carti-
lage, endowing these connective tissues with flexibility, tensility and compressibility.
My doctoral research has led to a greater understanding of collagen aggregate struc-
ture and properties while also developing new approaches to measure and analyze
mechanical properties of soft materials.

Under proper conditions, collagen can form fibrils (fibrillogenosis), ranging from
several hundred nanometers to micrometers long.>* With the aid of atomic force
microscopy (AFM), I demonstrated three distinctive stages present in this process:
unipolar structure, bipolar structure and mature fibrils. My observations also found
that fibrils in different growth stages differ in structure and dimension. Compared
with type I collagen fibrils, type II collagen fibrils are significantly shorter. This is
consistent with findings in biological systems and may ultimately be attributed to

their difference in amino acid sequence. This work paves the way for further study on
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type I and type II collagen fibrillogenosis process.

The mechanical properties are of particular interest to this study since it is the
most important function of connective tissues. To characterize the mechanical re-
sponse of fibrils with nanoscale diameter, I performed nanoindentation on individual
fibrils with AFM to obtain force curves. The force curves were analyzed with the
Oliver-Pharr method® to yield Young’s moduli. I found that type I and type II col-
lagen fibrils have similar Young’s moduli and bending moduli. Their Young’s moduli
are considerably larger than their bending moduli due to fibril anisotropy. These re-
sults revealed important information of type I and type II collagen fibril mechanical
properties.

I developed a novel minimum nanoindentation method to minimize substrate
effects and characterize the superficial layer of samples. Minimum loading force is
achieved by indenting samples with only the adhesion force between the indenter and
samples. This results in minimum indentation depth of less than 10 nm and negligible
sample destruction. This method is highly reproducible and accurate. This research
enables true surface analysis on hydrophobic surfaces.

I also developed another minimum indentation model to account for hydrophilic
surfaces under capillary effects. The minimum loading force is the capillary force
between the indenter and the hydrophilic surface. This model was then applied to
study the nanomechanics of segment-long-spacing (SLS) crystallites, an aggregate of

type I collagen which has not been characterized mechanically before.
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6.2 Future Directions

6.2.1 Method Development

The minimum nanoindentation methods have wide application. The minimum loading
force ensures minimal destruction and substrate effects on samples when character-
ization is carried out. This is especially important for biological samples like cells
which are small and fragile. For example, minimum nanoindentation methods can
be applied to study the response of cancer cells to drugs. Cancer cells have different
mechanical properties compared with normal cells.® By monitoring the cancer cell
mechanical properties over the course of treatment, the efficiency of the drug can be
evaluated. In this case, the minimum nanoindentation methods will prevent the cells
from damage and the cell will not be affected by repeating nanoindentation tests.
The minimum indentation methods can be further improved. First, the nanoin-
dentation methods can be extended to the intermediate regions between the two ex-
treme conditions, hydrophobic surfaces and hydrophilic surfaces, which are discussed
in the thesis. To achieve this, capillary and surface adhesion forces should be ac-
counted for at the same time. Second, other indenter-sample contact models can also
be incorporated in the minimum nanoindentation methods beside the JKR model and
the DMT model.”> ® Third, the minimum loading force can also be adjusted to accom-
modate the desired application. This can be accomplished by attaching different-sized
spheres to the end of the cantilever or modify the indenter surface with a layer of ma-

£.9,10

terials with different Hamaker constan Last but not least, similar minimum

indentation methods can also be developed and verified for application in solution.!!
The methods to obtain mechanical properties of anisotropic material described

in Chapters 4 and 5 can also be applied to many other materials. Different hydration

states will result in different Young’s modulus values. It is interesting to compare the
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moduli under the different hydration states. By performing nanoindentation tests in

solution, this can be achieved.

6.2.2 Biomaterials Studies

The type I SLS crystallites exhibit interesting shape and have their own biological im-
portance. It is worth checking the driving force for the end-to-end association between
different SLS. The overlap length of the adjacent SLS is also very reproducible, which
could suggest a unique and specific banding pattern such as that found in native and
FLS collagen fibrils.!> Now that the methods have been developed and tested, more
detailed nanomechanical mapping could identify structural variations within the SLS
crystallite which could promote inter-crystallite interactions.

Type II collagen has similar structure to type I collagen. An inevitable question
is, would type II collagen form similar SLS crystallites? If so, what are the differences
between type I and type I SLS? Are there similar truncations in aggregation as I have
observed for fibril formation? Nanomechanical mapping could also reveal structural
differences between the two, which could reflect different requirements and hence roles

in biological systems.
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Appendix A

Mininum Nanoindentation Method

A.1 JKR versus DMT Models for the Work of Ad-
hesion

There are different models for the adhesion between indenter and sample. The
Derjaguin-Muller-Toporov (DMT) model adds a contribution from long-range ad-
hesive forces to the Hertzian model but otherwise keeps the same contact geometry.

This results in a calculated adhesive force F), of

F, =2v,mR (A.1)

The Johnson-Kendall-Roberts (JKR) model takes a slightly different approach,
calculating the adhesive forces within the contact area only, but adjusting that area

to account for deformation. This results in a calculated adhesive force of

F,= Z’WR (A.2)

In both cases, 7, is the work of adhesion per unit area and R is the radius of
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curvature of the indenter.
From these two ways of calculating ~, we arrive at two possible equations for the

Young’s modulus of the same E,. The DMT model yields

1 A
Ad 1t

15 1 1.3
B.= SRR ) (dd =250 (43)
while the JKR model results in
5 1 1 AR 1, 3
E, = i‘Fp‘R 2(1_7%2)(Ad— 2<24k>3) 2 (A.4)

The resulting values for the elastic moduli extracted from the force curves using
these two models are collected in Table A.1 for the polycarbonate and low-density
polyethylene (LDPE) samples. The JKR model yields more accurate results, but
both approaches are reasonable.

Table A.1: Comparison of the elastic modulus calculated with the DMT wvs. JKR
models for the work of adhesion

Material Calculated E (JKR) Calculated E (DMT) E in literature
(GPa) (GPa) (GPa)
" Polycarbonate 2.7+ 0.2 2.0 £0.15 2.20-2.65%
LDPE 0.27 £ 0.06 0.2 £ 0.05 0.2-0.4°

V. A. Soloukhin, J. C. M. Brokken-Zijp, O. L. J. van Asselen and G. de With, Macromol.,
2003, 36, 7585-7597.

b W. Martienssen and H. Warlimont, Springer Handbook of Condensed Matter and Materials
Data, Springer, Berlin, 2005.

A.2 Scanning Electron Micrograph of the Indenter

The indenter is spherical at the tip (the portion of the indenter which would be in
contact with the sample with our minimal indentation method), as see in Figure A.1.

The scanning electron micrograph was obtained with a FEI Quanta 400 at 12.5 kV

108



and 16488X magnification.

5/6/2011

12:59:57 PM|12.5 KV |ETD|[16.1 mm|16.40 pm | 18488x Memorial University CREAIT-MaFI

Figure A.1: Scanning electron micrograph of an AFM tip. The spherical profile of
the tip is clearly defined. The scale bar is 5.0 pm.
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A.3 Creep Test for Viscoelasticity

A creep test was used to check for viscoelastic response, wherein a dwell period follows
the initial indentation. During that dwell time the indenter may continue to sink
into the sample. This phenomenon is called creep and is associated with viscous,
viscoelastic, or viscoplastic samples. After the initial snap to contact the tip load was
kept constant while monitoring the indentation depth. This test was performed with
an Asylum Research MFP-3D AFM and a CSC17/CR~-AU AFM tip from MikroMasch.

In the creep tests, the indentation depth did not change when the indentation
pressure was kept constant (Figure A.2, indicating that viscoelastic response can be

neglected under our measurement conditions for these materials.
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Figure A.2: A typical creep test force curve, this one on LDPE. The red trace shows
the indenter approaching the sample surface, snapping into contact with the sample,
and then ramping to a predetermined indentation pressure. The purple trace shows
the indentation depth versus time when indentation pressure is kept constant.
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