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ABSTRACT

Collagen represents the most abundant protein family in the human body which

forms 30% of the total protein. Among different types, type-I and type-III are the

two most abundant, respectively, in the heterotypic fibril structure. Although many

tissues in the human body have a heterotypic form of co-assembled two or more

types of collagens, not much is known concerning the heterotypic assembly of two

or more types of collagens. Therefore, the purpose of this study is to investigate the

characteristics of the co-assembly process of the two main types of collagen.

Collagen, which is a major component of an Extracellular Matrix (ECM) pro-

tein, also has a self-assembly ability in vitro, and the resulting matrices are used as

scaffolds for cell-biological applications, templates for microelectronic applications,

coating materials for non-biological surfaces for enhanced bio-compatibility. The

assembly process is, so far, mostly monitored turbidimetrically in solution. In this

study, by using atomic force microscopy(AFM), custom image analysis, and kinetic

modeling, we study the homotypic and the heterotypic assembly of type-I and type-

III collagen on muscovite and phlogopite mica surfaces with varying concentrations

and ratios of the two collagen types. We found that when assembled individually,

type-I collagen nucleates and assembles faster than type-III, and forms thicker fibrils.

When the two collagens co-assemble, the fibril thickness and growth rate decrease

as the fraction of type-III collagen increases. However, the fibril nucleation rate

depends non-monotonically on the type-III fraction, being the highest for an inter-

mediate mixture of types-I and III collagens. These results can be understood based

on their amino acid composition, where type-I collagen, being more hydrophobic,

nucleates fibrils fast and grows in both longitudinal and lateral directions. In con-
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trast, the more hydrophilic character of type-III collagen limits the lateral growth of

fibrils, which in turn makes more monomers available to nucleate additional fibrils.

These results demonstrate how subtle differences in physico-chemical properties of

similar molecules can be used to fine-tune their assembly behavior.
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NOMENCLATURE

ECM Extracellular Matrix

AFM Atomic Force Microscopy

VDW Van der Waals

DLVO Derjaguin - Landau - Verwey - Overbeek

DL Double Layer

PB Poisson Boltzmann

FFT Fast Fourier Transform

OLE Orientational Linear Epitaxy

IEP Isoelectric Point

SP Polystyrene

SFM Scanning Force Microscopy

CAFE Computer-Aided Feature Extraction Program

SFA Surface Force Apparatus
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1. INTRODUCTION

1.1 Overview

Macromolecular self-assembly is a promising way of fabricating ordered struc-

tures with interesting mechanical [7] and optical [8] properties. Learning how to

produce highly organized structures and how to mediate the organization provide

technological and application wise opportunities at both macroscale and nanoscale

[9, 10, 11]. Grzybowski and his colleagues generated an assembly by manipulating

electric dipoles of the spheres (1.58 mm or 3.18 mm in diameter) and vibrating a

container at a certain frequency. Doing so, they obtained ordered structures such as

hexagonal or square arrays [11]. Stupp and his team also showed an ordered struc-

ture, periodicity and orientation of triblock molecules with a molar mass of about

200 kDa [9].

In many cases, assembly is achieved on solid substrates. The resulting matrix is

used for different purposes such as coating non-biological surfaces for enhanced bio-

compatibility and creating nanopatterned biomaterials for cell biological, biomedical,

and biotechnological applications [12, 13, 14, 15]. Experimentally, solid surfaces also

allow researcher to monitor the assembly process, as the resulting two-dimensional

structures can be imaged via scanning probe microscopy, notably AFM. Biofunc-

tionalization of surfaces with proteins provides opportunities to understand thou-

sands of experiments which characterize the interaction between a coated surface

and a specific molecule, drug, or nanoparticles which are covered by proteins in the

physiological environment [16]. Such patterned surface can also be utilized for cell

attachment, orientation and migration [17, 13, 12]. It is expected that the biofunc-

tionalized surfaces coating with functional materials may be programmable in the
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future to manipulate complex biological processes.

The extracellular matrix (ECM) in metazoan organisms provides structural in-

tegrity and mediate cellular signaling [18]. It is increasingly recognized that the ECM

is a biological alloy, whose functions are determined not by individual constituent

molecules, but more collectively by their assemblies [19, 20]. In this way, struc-

tural and functional diversity of different tissue types can be achieved with a limited

number of components that assemble in different proportions and suprastructures.

Co-assembly of different ECM molecules also has potential in tissue engineering ap-

plications for generating matrices of tailored properties [21, 22, 23, 24, 25].

Among the constituents of the ECM, collagen is predominant, forming 30% of

the total protein mass in human body [26]. Currently there are 28 different colla-

gen types known [26, 27]. By combining with other molecules such as proteoglycans

and minerals, collagen provides enormous diversity in tissue types, such as bone,

tendon, blood vessel, cornea, and skin [28]. Among them, fibrillar collagens includ-

ing types-I, II, III, and V are dominant. Their assembly into fibrils and fibrillar

networks have been intensely studied [21, 29, 30, 31]. Collagen is also used for a

wide range of biomedical and biotechnological applications, including templates for

fabricating nanowires [32], coating material for non-biological surfaces for enhanced

bio-compatibility [33, 34, 12], surface patterning [35, 36], and for drug delivery [37].

1.1.1 Biotechnological aspect

Collagen is one of the most important materials for fabricating functionalized

surfaces [34, 12]. Although there are different techniques to produce aligned network

of collagen fibrils, such as use of magnetic field [38], hydrodynamic flow [39], dip-pen

nanolithography [40], and traction forces generated by cell [41], most of these methods
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do not allow to control the assembly process. Neither do they help to investigate

dynamics of the self-assembly. Instead, hierarchical self-assembly of collagen in vitro

from nanoscale of collagen monomers to milimeter scale of collagen bundles [42]

provides a precise control with fine-tuning of environmental conditions.

ECM, which is the non-cellular component of tissues, is substantially composed

of collagen molecules. The mechanical strength, stability and resilience of tissues are

provided by this biological framework. Understanding the dynamics of ECM, where

collagen type-I and type-III are the most abundant constituents, is also important for

implant integration in tissue engineering and cell biological applications [12, 43, 44,

45]. A variety of functions such as gene expression, cell division, differentiation, pro-

liferation, migration, and orientation are determined, organized and/or regulated by

its tissue specific composition and morphology [46, 12, 47, 48, 49, 50, 51, 52, 53, 54].

Cells are embedded in the ECM whose composition and architecture provide signal

for cellular processes. To understand the communication between cells and ECM,

more effort should be put into the study of ECM, mostly formed by the two major

components, type-I and type-III collagen [21, 55].

1.1.2 Biomedical aspect

Collagen also plays an important role in various human diseases such as tumor

suppression, Ehler-Danlos syndrome type-IV [56, 57, 58], ovary and colon cancer

[59, 60, 61], and aneurysms [62, 63, 64]. The relative amount of type-III to type-I

collagen and/or their mutations are found to be related to these diseases. Also in both

colon and breast carcinoma tissue, it is shown that the modified matrix structure

due to the distribution change of type-I and type-III content may promote invasion

by means of negatively affected self-assembly process of the two types of collagen
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[65]. Therefore, to understand the principles and the conditions for the self-assembly

of collagen type-I and type-III is crucial for medical and technical applications.

Ehlers-Danlos syndrome type IV(EDS IV), which is the most severe, vascular

type of EDS, is an hereditary connective tissue disorder caused by mutations in

COL3A1 which encodes alpha-1 chain of procollagen type-III [66, 56]. In vascular

EDS, the skin is thinner and softer. It is easily bruising and translucent with visible

vessels [56]. Most patients encounter arterial, digestive and uterine complications

with rupture and dissections of large vessels. The reduced amount of type-III in

vessel walls increases fragility and made surgical repair hard to manage [67, 68].

Also, due to the vascular rupture, pregnancy may even cause maternal mortality

especially during last months women suffering from EDS type IV [66, 69]. Since

type-III content is high in the walls of digestive tract, patients with EDS type IV

have severe digestive complications [57, 58].

The ovary and colon cancer are other relevant diseases. It was reported that

there is a relation between the increasing production of type-I and type-III collagen

and the degree of malignancy, since their synthesis is very slow in normal ovarian

tissue [59, 60]. Also in both colon and breast carcinoma tissues, it was shown that

the modified matrix structure due to the change of distribution of type-I and type-

III content may promote invasion by means of negatively affected self-assembling

process [65]. Another interesting finding is that although the total collagen amount

decreased, the procollagen expression of type-I and type-III collagen increased in

gastrointestinal malignant tumor [61].

Aneurysms is an abnormal widening of an artery or vein, resulting from a local-

ized weakness on the walls of the vessel. Some patients with aneurysms showed a

decrease and even lack of type-III collagen [63, 64, 62]. In wound healing process,

increasing amount of type-III to type-I and smaller diameter of fibrils were reported
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by Fleischmajer [70].

In addition to diseases, heterotypic fibrils of type-I and type-III collagen were

observed to affect cell growth and DNA synthesis. When cells are cultured on the

hybrid fibrils of both types, cell growth and DNA synthesis were simulated [71], while

only type-I fibrils coated dishes suppressed those processes [72].

1.2 Aim and Outline of the Dissertation

Compared to the assembly of a single collagen type, co-assembly of multiple

types is far less understood. A basic question in heterotypic collagen assembly is

the dependence of the fibril morphology and growth kinetics on the ratio of the

component collagens, in particular, between types-I and III that are respectively the

two most abundant collagen types in tissues [73].

The ultimate aim of this work is to explore the heterotypic self-assembly mech-

anism of type-I and type-III collagen. Many collagen based tissues have a hy-

brid/heterotypic structure of the two types in animals. To understand the het-

erotypic process will provide a better understanding of the structural organization

and the properties of tissues. That will build a bridge between the structure and

the mechanics of tissues. To achieve this aim, the self-assembly of type-I collagen on

mica, which is the most studied and the most abundant type, is investigated in terms

of the electrolyte concentration and the assembly time in this study. A recent work

from our lab performed a set of experiment using AFM. The topography images

taken from different stages of the self-assembly process of type-I collagen showed

that the assembly on the solid surface mica follow a pathway in the order of surface

adsorption of the collagen molecules, surface diffusion, nucleation and then growth of

the collagen fibrils [4]. To understand these stages and the following sections better,
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Section 2 presents some background information about ECM protein collagen, its

structure and family. The properties of the most abundant two types of collagen,

type-I and type-III which form the significant amount of ECM, and an introduction

to the self-assembly mechanism of collagen are also covered in Section 2.

In Section 3, we describe the three main types of non-covalent forces accompany-

ing the self-assembly process, van der Waals forces (VDW), electric double-layer (DL)

interaction, and water-mediated forces and discuss the range of those interactions.

In addition to the theoretical investigation of the system, we performed a computa-

tional analysis using a programming language, Python in Section 4. Following the

theoretical approaches to the assembly process, the experimental details including

the materials, methods and experimental conditions are provided in Section 5.

Before starting to investigate the heterotypic self-assembly of type-I and type-

III, type-I collagen is used as a coating material to produce a patterned surface with

resultant fibrillar network. The unidirectional and triangular patterns produced in

Section 6 via the self-assembly of type-I collagen are the two templates that we

used for the next steps of the project. For this part of the research, the influence of

the substrate on the resulting network structure of the self-assembly is investigated

by using the two types of mica which are muscovite and phlogopite.

We start the co-assembly section, Section 7, with a successfully produced unidi-

rectionally aligned and a triangular shaped network of collagen fibrils on muscovite

and phlogopite mica, respectively. Whether type-III can self-assemble and can form

fibril is examined in this section, since there has not been an observation of type-III

assembly before. By starting with very low concentration, 0.1 µg/ml, the monomer

molecules of type-III was investigated at very early incubation time and compared

with type-I monomers. Then, by increasing the concentration and the deposition

time, the homotypic self-assembly of both type-I and type-III were investigated and
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a different assembly rate meaning a different net driven force was revealed in this sec-

tion. A basic question in heterotypic collagen assembly is the dependence of the fibril

morphology and growth kinetics on the ratio of the component collagens, in partic-

ular, between types-I and III. To our knowledge, there has not been an investigation

of the heterotypic assembly of type-I and type-III collagen on a solid substrate either

at nano scale (at the nucleation level) or at micrometer scale with the advantage of

high resolution Atomic Force Microscopy (AFM). This part of the thesis, Section

7, investigates and discusses the role of type-III collagen on the type-I assembly,

the heterotypic self-assembly, at the nucleation and the growth level. Section 8 is

dedicated to some of the possible difficulties encountered during the study, practical

considerations and possible solutions.

The last part of the thesis, Section 9 presents the summary and outlook of our

research.
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2. BACKGROUND

2.1 Collagen Family and Structure

Collagen molecule represents the most abundant (30%) structural material in the

human body and the largest component of the ECM providing strength, stability

and elasticity to organisms [45, 74, 75]. It comprises a big family with at least 28

different types [76, 77]. Each of them has a characteristic structural and functional

properties to enhance biomechanical and interfibrillar communication in the related

part of the body. Several reviews have been published on this superfamily [45, 27].

Collagen fibrils are the major constituents of many tissues such as skin, tendon,

bone, cornea, and cartilage. Many properties of the tissues are derived from the

structural organization of collagen molecules within a fibril and the topography of

fibrils. The presence of different types in a single fibril is also prerequisite for specific,

structural tissue properties such as fibril size and interfibrillar communication. Many

soft tissues and internal organs such as skin, cornea, vessel walls, liver and kidney

consist of the most abundant two types of fibril forming collagen, type-I and type-

III, in the form of heterotypic fibril structure. Despite of the widespread existence

of the heterotypic fibril in the body, not much information has been obtained so

far regarding the heterotypic self-assembly mechanism of the two types [21, 78, 79].

The aim of this investigation is to examine how cooperation of type-III collagen with

type-I affects the co-assembly process, the fibril size and the length distribution of

the resulting network structure.

Fibrils in collagen-based tissues are structured in a significantly complex man-

ner, and that is essential for the tissue network. Collagen-based tissues are build

up hierarchically from the lowest level triple helical collagen molecule, tropocollagen
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(400 kDa), with a length of 300 nm and a diameter of about 1.5 nm up to milimeter

scale collagen fibers [42]. Each monomer molecule, tropocollagen, is made of three

polypeptide chains, which form long, fibrillar triple helix (see Figure 2.1). Tropocol-

lagen first assembles into fibrils (∼10-300nm) and fibers (∼1-20 µm) via lateral asso-

ciation. Fibers then assemble into bundles, such as tendons, with diameters of up to

500 µm [80]. With its highly organized structure, collagen is the main constituent of

tissues not only bearing stress but also storing, transforming and dissipating the elas-

tic energy. The physical, mechanical and functional properties of different collagen

tissues are directly related to resulting network structure of the self-assembly process.

2.1.1 Fibrillar collagen

Significant amount of total collagen in the body (approximately 90%) is rep-

resented by fibrillar collagen [81]. They constitute the majority of the ECM and

provide the structural framework and the mechanical strength of tissues [80]. They

are synthesized from a precursor molecule called procollagen which contains globular

domains (N(amino)- and C(carboxy)- terminal propeptide) at both ends, as shown

in Figure 2.1. Between these N- and C- terminal propeptide and the long, straight,

triple helical domain, there are short non-helical parts, called telopeptides, with

the sites fundamental for proper functioning of the self-assembly and the molecular

cross-linking [82, 83, 84].

After completing this large precursor in the cell, it is secreted out of the cell for

extracellular processing. During this process, the propeptide ends are cleaved by

specific enzymes and then the mature collagen monomer is produced and is ready

for the self-assembly process.

Among the fibrillar collagens, type-I is the primary element of the fibrillar tissue
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Figure 2.1: Procollagen molecule [1].

structure. Type-I rich fibrils contain a significant amount of type-III collagen which

is the second most abundant type in the body [73]. Therefore, the self-assembly

mechanism of the mixture of the two types, which we call the heterotypic assembly,

is important for tissue biological and mechanical properties. In this research, we

investigated the self-assembly of type-I and type-III collagen on a solid surface mica.

2.1.2 Type-I and type-III collagen

Type-I collagen is the largest fraction of the fibrillar collagens with more than

70% abundance [85] depending on tissues, and it is the best studied type of collagen.

It presents in both soft and hard connective tissues including bone, cornea, tendon,

ligament, and skin [84, 86, 87, 88, 89, 90]. Type-I collagen was found to possess

a rod-like structure with very little flexibility [91]. There are many reports in the

literature about the Young modulus (elastic modulus) of type-I collagen, and the

results show a wide range depending on the status of fibril as hydrated [92, 93], dried

[94, 93] or cross linked [95]. To study the mechanical properties of type-I fibrils, Yang

performed a micromechanical bending experiment with AFM tip-less cantilever and
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obtained Young modulus of 5.4 GPa for native and 14.7 GPa for gluteraldehyde cross

linked collagen [96]. Another effort by nanoindentation method for Young modulus

of rat tail tendon, which is mostly formed by type-I collagen, resulted in 5 to 11

GPa [97]. For primary structure, type-I is a heterotrimer of two α1(I) and one α2(I)

amino acid chains which differs from α1(I) chain in amino acid sequence [90]. It is

mostly found in a heterotypic form with type-III [98] and/or type-V collagen [19]

and with some molecules such as proteoglycans [99] in a tissue.

Type-III collagen is the second most abundant type of collagen found in soft

connective tissues such as blood vessel walls, skin, muscle, placenta and in a variety

of internal organs. Type-III collagen has a homotrimer of three α1(III) chains. It has

a slightly longer triple helical length than type-I collagen does [100, 101]. It is associ-

ated with the tissues with smaller and regulated fibril diameters, such as cornea and

skin [102, 103, 104]. Fibrils in those tissues have the heterotypic form of type-I with

type-III in a wide distribution of the ratio of the two types depending on different

parameters such as age, types of tissue, or being healthy or damaged [105]. Presence

of type-III is also a marked feature of damaged tissues undergoing a healing process

[105]. Therefore, as one of the key parameters affecting the co-assembly mecha-

nism that is the resulting network structure and its mechanical properties, the ratio

influence of type-III on the self assembly of type-I had been investigated in this study.

2.2 Self-Assembly of Collagen

Collagen fibril formation is a self-assembly process. Collagen molecules hierarchi-

cally self-assemble into nano, micro and macro scale structures depending on their

physiological function in tissues. With its highly organized structura, collagen is the

main constituent of tissues, that is not only bearing stress but also storing, trans-
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Figure 2.2: Monomer molecule of type-I collagen, Tropocollagen [1].

forming and dissipating elastic energy. A collagen fibril has 67 nm repetitive binding

pattern on its fibril surface consisting of overlap and gab region, as its characteristic

signature, called D-period. According to that, a collagen molecule has a length of

4.4 × D. It can be observed by using electron microscopy [106] or AFM [107] as

seen in Figure 2.3 from our sample of 5 µg/ml concentration of type-I collagen upon

1 h deposition. Formation of D-period indicates that the collagen fibrils are in the

structure of a native-like [85]. This distinct and regular spacing was explained by

Hodhe and Petruska [2]. In the model, the phenomena is explained with five collagen

molecules deposited side by side and parallel in a fibril and arranged in a staggered

like structure as illustrated in Figure 2.3b.

The self-assembly of collagen molecules into fibrils, fibers, and bundles is a very

complex mechanism. Although a significant amount of knowledge has been obtained

about collagen type-I structure, even its homotypic self-assembly mechanism has

still not understood completely and has questions to be answered. The assembly

mechanism was found to be an entropy-driven process for the homotypic system

[108]. At neutral pH, a combination of hydrophobic forces, hydrogen bonding and

electrostatic interaction between adjacent molecules results in the formation of col-

12



Figure 2.3: a) AFM image of the characteristic D-periodic spacing 67 nm on type-I
collagen fibril from the sample of 5 µg/ml concentration upon 1 h incubation. b)
Illustration of D-period as suggested in Petruska model [2] as a combination of gap
and overlap region on the fibril.
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lagen fibrils with the characteristic D-periodic spacing [109, 110, 111]. The amino

acid sequence of α(I)-chain was analysed to explain D-periodic structure of collagen

fibrils [112]. Each amino acid pair containing positive and negative charge and hy-

drophobic side chains were given a score of one while one molecule passed trough

the other molecule and the rest of the pair combinations were given a score of zero.

Although they simplified the triple helix of collagen-I to homotypic which does not

include more hydrophobic αII(I)-chain, the result showed that D-spacing configu-

ration is energetically more favourable. The plot of the number of interaction versus

the number of stagger showed peaks at 0D, 1D, 2D, 3D, and 4D, with decreased

number of interaction as the number of stagger was increased.

Recently, AFM with very high resolution has been utilized to investigate the self-

assembly mechanism in details. As the mechanical properties of tissues are directly

related to the structure of fibril network and how the collagen units are arranged

during the assembly process, we are interested in the interaction forces accompanying

the self-assembly mechanism of both homotypic and heterotypic system of type-I and

type-III collagen.
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3. INTERMOLECULAR FORCES THAT DRIVE THE SELF-ASSEMBLY OF

COLLAGEN

3.1 Introduction

Interactions/Bonds in materials are generally categorized into two classes which

have different interaction environments, covalent and non-covalent. Covalent forces

refer to chemical bonds within the individual molecule or compound. Non-covalent

interactions, on the other hand, are those that occur between molecules. They are

weaker than the covalent bonds, as heating the system alters the physical properties

first rather than its chemical structures such as a change the state of substances from

solid to liquid, before any change in its atomic or molecular structure.

Non-Covalent interactions can be classified into two categories as specific and

non-specific interactions. Certain molecules may have a strong structural and/or ori-

entational fit which lead them to form an extremely strong, but non-covalent bond.

Such interactions are called specific interaction, and forces that drive the interaction

are called specific forces. Unlike specific forces, non-specific interactions are those

which arise between many atoms, molecules or surfaces irrespective of their geome-

try or orientation. The major physical forces such as van der Waals, electrostatic,

hydrogen bonding, or hydrophobic/hydrophilic forces fall into this category. In this

study, we will be interested in non-specific physical interactions/bonds, not chemical

or covalent bonds.

The driving force for the self-assembly process of biomolecules is a combination

of various types of physical forces. The major contributions to the net force, which

are van der Waals force (VDW), Double Layer (DL) electrostatic force, and water-

mediated forces as hydrophobic and hydrophilic, will be analysed in this research.
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Figure 3.1: Atom-atom pair VDW energy.

3.2 Non-Covalent Interactions Between Surfaces

In this section, we will explore the two main long range interaction forces that

drive the self-assembly of collagen on the solid surface mica; van der Waals and elec-

tric double layer forces. The sum of the two interactions is explained by Derjaguin -

Landau - Verwey - Overbeek abbreviated to DLVO theory [113] which will be focused

more in the following sections.

3.2.1 Van der Waals (VDW) forces

VDW force is a long-range interaction and always present between all atoms and

molecules including totally neutral or non-polar structures. It is originally electro-

dynamic based interaction which arises from a temporary or a permanent electrical

dipole moment of molecules. VDW force is attractive for similar materials, such

as the same type of collagen molecules, but can also be repulsive in the case of

dissimilar materials. It consists of three distinct types of forces known as the ori-

entation/Keesom force, the induction/Debye force and the dispersion/London force

interacting between dipole-dipole molecules, polar-nonpolar molecule and neutral
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atoms or nonpolar molecules, respectively.

The VDW energy is generally defined in terms of Hamakar constant A, A =

π2Cρ1ρ2 where ρ1 and ρ2 are the number of atoms per unit volume in the two bodies

and C is the coefficient in the atom-atom pair potential illustrated in Figure 3.1.

For proteins interacting in salt solution, Marra reported the Hamakar constant A

between (1.0− 1.5) ∗ 10−20 J [114].

To calculate the total VDW energy of the self-assembly of a molecule on a solid

surface, the substrate-molecule and molecule-molecule interaction should be consid-

ered at the same time. To first approximation, collagen and mica can be considered

as a cylinder of radius R and length l and a flat surface, respectively. The VDW

interaction energy of a collagen molecule near mica surface can be expressed as [115]

EV DW = EV DW
cc (Dc, Dm) + EV DW

cm (Dc, Dm)

=
−Ac
12
√

2
D

−3
2
c

√
R

2
− Am

12
√

2
D

−3
2
m

√
R.

(3.1)

The first term represents the VDW interaction with another collagen and the

second term represents that between collagen-mica. The VDW interaction between

similar surfaces like the first term is always attractive. The sum of the two nega-

tive VDW term gives the final VDW energy. Dc and Dm are the distance between

collagen-collagen and collagen-mica. Ac and Am are the corresponding Hamakar

constant. Experimentally, to distinguish them from each other and measure them

individually are not possible as they exist in the system at the same time and they are

affected from the surrounding environment simultaneously. When the surface charges

are screened, the only long-range force left is VDW interaction. For collagen-mica

system which has different the isoelectric points (IEP)of interacting surfaces, to ob-

tain neutral/screened surfaces is not simple. If the self-assembly occurs at the IEP of
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collagen, at pH 9.3, we can eliminate the electrostatic interaction between collagen

molecules. However, the previous findings showed that mica surface is negatively

charged at all pH [116], meaning that there will be an electrostatic interaction all

the time. The relative change of the long range forces can still be useful to elucidate

the system. When the self-assembly monitors at different pH values, the resulting

difference of each case would be caused by mostly electrostatic interactions that will

be explained in the following sections, as the VDW force is insensitive to change on

the solution.

3.2.2 Electrostatic forces

The other major long-range force between surfaces in aqueous solution, includ-

ing neutral surfaces, is the electric double layer (DL) force. Opposite to the VDW,

the electric force is always repulsive between similarly charged surfaces and can be

attractive for some cases of asymmetric surfaces depending on the solution pH. For

example, two surfaces with a different IEP value may charge oppositely at the pH

below the IEP of one surface, but above the other surface resulting in an attractive

electric DL force. DL interaction energy is an exponential function of the character-

istic Debye length of the solution,

W es(r) ' W es
0 e

−κr (3.2)

whereW es
0 is the surface potential that depends on the geometry, size, and the electric

charge of the surface and also the condition of the buffer solution. κ−1 in Eqn (3.2)

is the Debye length.

The DL interaction energy between two parallel collagens and a collagen and
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mica, by assuming the two surface as a cylinder and a flat surface, can be given [115]

EDL = EDL
cc (Dc, Dm) + EDL

cm (Dc, Dm)

= κ
1
2Zcc

√
R

4π
e−κDc − κ

1
2Zcm

√
R

2π
e−κDm

(3.3)

where κ is the inverse of the Debye length given by Eqn (3.5). Zcc and Zcm is the inter-

action constant of the electrostatic DL force between collagen-collagen and collagen-

mica, respectively. The first term represents the repulsive DL interaction energy

between collagen-collagen and the second term represents that between collagen-

mica which is associated with the attractive electrostatic force between negatively

charged mica surface and a positively charged collagen molecule. Although the two

terms in the Eqn (3.3) look similar, the interaction constants are different as ex-

plained below.

3.2.3 DLVO theory

In an aqueous solution, the net interaction usually involves both the VDW and

the electrostatic DL forces together. The two forces depends different distance de-

pendence, as one is a power law and the other one is an exponential. At small

separations, the VDW interaction is dominant and it is almost insensitive to changes

in the electrolyte solution. However, the DL force strongly depends on the condition

of the buffer solution. The effect of these two forces is expressed by DLVO theory

(Derjaguin - Landau - Vervey - Overbeek theory). Therefore, plotting the two forces

together as shown in Figure 3.6 and Figure 3.3 is a common way to describe the net

force of the system. The result can be attractive, repulsive or a combination of the

two, depending on the relative strength of the two main forces.

DLVO Theory has been widely studied since last a few decades for different sys-
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tems. It is consistent with experiments [117, 118, 119] at long separations. At short

distances, however, DLVO theory is not enough to explain the net interaction be-

tween surfaces [120, 121, 122]. Therefore, additional forces should act on the system

at this short distances which we called water-mediated/hydration forces that will be

mentioned in the following section.

3.3 Water-Mediated Forces

3.3.1 Hydration forces

Hydration. When an ion is dissolved in water (highly polar solvent), the sur-

rounding water molecules reorient themselves to the ion due to the strong ion-dipole

interaction. Reorganized group of water molecule around the ion is called ’Hydration

shell’. The postulated role of the hydration shell is to generate the hydration force

[122].

The existence of hydration force is investigated in our group by Ravikumar in

three different biological filament systems, hydrated (collagen), dry non-polar and dry

polar interfaces. A weakly oscillating hydration force was found and the hydration

shell is formed in all cases regardless of the type of the surface such as different types

of surface residues. The magnitude and other details of the interaction depend on

the surface properties [122]. This suggests that the hydration shell and the resulting

hydration force exist almost always regardless of the structural and physical condition

of the molecule. An oscillatory short-range force varying between attraction and

repulsion with a characteristic dimension of solvent molecule is seen between any two

rigid surfaces as they approach each other in liquid. Theoretical understanding of the

oscillatory force is provided by a variety of papers [123, 124, 115, 125]. The weakly

oscillating hydration force arises from coalescence and depletion of the hydration
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shells as two filaments approach [122].

Water-mediated/hydration forces play crucial roles in biomolecular interactions

and assemblies. They can be divided into hydrophilic and hydrophobic interactions.

3.3.2 Hydrophilic effect

Molecules with polar structure is called hydrophilic, means water-loving. They

can share hydrogen bonds with water and easily dissolve in water. If solvent and

solute molecules have a strong interaction/bond, such as polar hydrophilic molecule

and water, there occurs a protective hydration layer which prevent the molecules

from coming closer each other more than a certain distance which depends on the

solvent molecule dimension. Therefore, a repulsive hydration force occurs for hy-

drophilic molecules in liquid. This repulsive primary hydration shell (short-range

repulsive force) around ionic groups or polymer chains or macromolecules causes a

reduction in the strength of adhesion (the interaction energy at D=3 Å, the interface

of water molecules at contact).

3.3.3 Hydrophobic forces

Hydrophobicity, which literally means water-hating, reflects the tendency of sub-

stances to avoid water contact. Those molecules posses non-polar, stable structure

(zero dipole moment), and they are not willing to interact with polar water molecules.

They rather prefer to contact with each other, hydrophobic attraction, to minimize

contact with water molecules. They are referred as hydrophobic, oil-like substances.

Therefore, they are not soluble in water.

Hydration force between two hydrophobic molecules or hydrophobic groups on

the surface is monotonically attractive. Proteins as a chain of amino acids can have
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both hydrophobic and hydrophilic side chains. Such types of compounds are called

amphiphilic. However, a common criteria used in surface science for hydrophobic-

ity/hydrophilicity of a surface is to determine the contact angle θ of water or other

appropriate liquid on it. If the water angle is in the range of 750 − 900, it is consid-

ered as partially hydrophobic, or strongly/fully hydrophobic if it is in the range of

1000 − 1150.

Knowledge about the hydration force is basically empirical and specific to the

system interested. One study found that hydrophobic interaction has different be-

haviours at below and above 10 nm. Experiments showed that at separations D < 10

nm, the hydrophobic force only weakly depends on the solution conditions such as

concentration, ionic strength [121]. Thus, the unaffected interaction by the ’screening

of ions’ in solution indicates non-electrostatic nature of hydrophobic interaction at

this range. However, at separations D > 10 nm, the attraction is affected by chang-

ing the solution condition till to the separation of 80 nm in some on the experiments

reported in the literature [126, 127]. Based on another experimental force measure-

ment, the hydrophobic interaction in the range of 4-10 nm between hydrophobic

surfaces in water, can be roughly defined with an exponential function given by

E(D) = −2γie
−D/λ0 , per unit area (3.4)

where λ0=1-2 nm, and γi is the interfacial energy which is accepted as half of the

adhesion energy at D=0, given as γi=40-55 mJ/m2 for fully hydrophobic surfaces

[128]. Although there is not a theoretical model to express the hydration force, an

exponential fit to the experimental data is a common way to describe the hydration

effect of the solution.
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3.4 Application of DLVO Theory to Collagen-Mica System

In our simplified model, we assume that the collagen molecule is a cylinder of

radius R and length L and the mica surface is considered as a flat surface. With

this assumption, we calculated the DLVO energy and the force between collagen

molecules and the adhesion energy of collagen to mica at the contact distance. We

also compared the calculated DLVO force with the hydration interaction between

collagen molecules reported by our earlier study [122]. It should be noted that the

electrostatic DL equations given by Eqn (3.12) and Eqn (3.14) is based on the con-

tinuous Poisson-Boltzmann (PB) theory which breaks down at very close distances.

However, the DLVO theory is still very useful for estimating the force and the energy

in terms of separation between surfaces as shown in Figure 3.6, 3.3, 3.4.

3.4.1 Debye length of the collagen buffer

Debye length, κ−1, is the thickness of the electrostatic double layer formed around

a charged surface in solution. It does not depend on any surface property such as

charge density or potential, but only the type of electrolyte in solution such as

monovalent, divalent, and concentration of each type and the temperature. The

thermal energy at room temperature 250C (298 K), kT = 1.38 × 10−23 × 298 =

411× 10−23J. The inverse of the Debye length, κ(λ−1
D ) is given by

κ =

(∑
i

cie
2z2iNA

ε0εkT

)1/2

=

(
(1.6× 10−19)2 × 6.02× 1023

8.85× 10−12 × 78.5× 411× 10−23

∑
i

(ciz
2
i )

)1/2
(3.5)
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where ci is the ionic concentration of ion i in the bulk in the unit of mol/l (M), ε0 and

ε are the permittivity of free space and the material, respectively. NA is Avogadro

number and ’z’ is the valency of each ion. For example, z = +1 for monovalent

cations such as Na+, z = −1 for monovalent anions such as Cl−, and z = +2

for divalent cations such as Ca+2. By taking into account each solution in the the

collagen buffer,
∑

i(ciz
2
i ) = 0.6. Thus, the Debye length of our collagen solution is

calculated as

κ = 0.1799× 1010m−1

κ−1 = λD = 5.55 Å.

(3.6)

Debye screening length is quite small in our system as compared to that of the pure

water which is about 900nm. That means that the electrostatic interaction between

molecules can reach to the surfaces up to a half nm in length.

3.4.2 Surface potential of the collagen molecule

The electrostatic DL interaction energy described by Eqn (3.3) depends on the

interaction constant of Zcc and Zcm. The interaction constant for symmetric systems

such as collagen-collagen Zcc not like collagen-mica, is defined by [115]

Z = 64πε0ε

(
kT

e

)2

tanh2
(
zeΨ0

4kT

)
N (3.7)

For a monovalent electrolyte such as KCl (z=1) at room temperature,

Z = 9.21× 10−11tanh2
Ψ0

103
N (3.8)
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Figure 3.2: Electrostatic potential distribution of mica in electrolyte solution in terms
of the distance from the surface.

where Ψ0 is the surface potential in the unit of mV. Although the actual z is the mix-

ture of monovalent and divalent ions, it is quite close to the situation of monovalent

ions since KCl is the dominant electrolyte in the buffer solution. For low potentials

(> 25 mV), the surface charge density becomes proportional to the surface potential

Ψ0. The correlation between the two is given by Graham equation [115]

σ = ε0εκΨ0

Ψ0 =
q/A0

ε0εκ

(3.9)

The surface charge density σ can be calculated by the net charge of the colla-

gen molecule divided by its surface area, q/A0. The net charge can be calculated
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by counting acidic and basic amino acids on each alpha chain. By considering the

triple helical structure of the collagen molecule, type-I collagen has the net charge

of 37e− with 9e− on the α − 1 chain and 19e− on the α − 2 chain while the type-

III collagen has the net charge of 39e− with 13e− on each α − 1 chain. We used

Protein Knowledge Database, UniProtKB (http://www.uniprot.org/uniprot/) for

charge calculations. By searching the specific α chain of the related source used

in the experiment, that is rat tail tendon for the type-I source and Bos taurus

(bovine skin) for type-III in our case, we obtained the amino acid sequence of each α

chain. By using the specific sequence of that α chain and the amino acid calculator,

http : //proteome.gs.washington.edu/cgi−bin/aacalc.pl, the number of each amino

acid type was count as shown in Table 3.1. Taking into account the net charge on

each molecule, the surface potential for the two types of collagen is calculated as

Ψ0(I) =
1

ε0εκ

37e−

(2r(πL+ πr))
= 1.67 mV

Ψ0(III) =
1

ε0εκ

39e−

(2r(πL+ πr))
= 1.76 mV

(3.10)

The results are also consistent with previous experimental study of zeta potential

for collagen molecule [3]. Note that, we assumed that both types have an identical

molecule size. Therefore, the interaction constant ZI or ZIII does not show much

difference on the DL force between the two types.

Due to the screening effect of the solution, to measure the surface potential ex-

perimentally, Ψ0, is in fact not possible, but Zeta potential, ξ. Particles in suspension

carry an electrical charge. Their surfaces are surrounded by strongly bound counter-

ions which is called stern layer. The increase on the distribution of counter-ions

extends to the electrical double layer on which the experimental measurement of

potential is taken place called zeta potential. The difference between the surface and
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Figure 3.3: The net interaction forces between collagen and mica resulted in a mono-
tonic attractive force with the contribution of the attractive VDW and electrostatic
force. The pure attraction at long distance could be the explanation of adsorption
on mica.

zeta potentials is shown in Figure 3.2. Zeta potential can be measured experimen-

tally with electrophoresis that measures the ectrophoretic mobility of a particle as a

function of zeta potential or streaming potential measurement at which the liquid is

passed over the particles at different pressure trough the channel with charged walls

[129]. In this study we used the zeta potential as the surface potential. Although

it depends on the types of electrolyte and its concentration, the previous reports

indicated that the measured zeta potential of the mica surface is about -100 mV

[118, 129]. That corresponds the interaction constant of 5.18 ∗ 10−11 according to

Eqn (3.7), whereas it is calculated as 2.4 ∗ 10−14 for collagen molecules. That brings

a significant difference between the two terms in Eqn (3.3).
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Figure 3.4: The DLVO energy between collagen and mica in terms of the separation
between them.

3.5 DLVO Interaction Between Collagen and Mica at the Contact Distance

To determine the adhesion force, we calculated the net force between a collagen

molecule and mica at the contact distance. The net interaction energy in the form

of the VDW and the DL interaction can be calculated using the interaction energy

given by Eqn (3.1) and Eqn (3.3) in the second terms. The adhesion force is

F = −∂E(Dc, Dm)

∂Dm

(3.11)

If we consider the contact distance as a hydration monolayer on the mica which is 3

Å, DLVO pair interaction force between a collagen molecule and mica by taking the

derivative of Eqn (3.1) and Eqn (3.3) is calculated as -40.55 pN/nm as following.
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FDLV O
cm (D0) = F V DW

cm (D0) + FDL
cm (D0)

=
−A
8
√

2

√
RD

−5
2

0 − κ
3
2Zas

√
R

2π
e−κD0

=
−10−20

8
√

2

√
1.5× 10−9

2
(3× 10−10)−2.5 − (1.8× 109)

3
2Zas

√
1.5× 10−9

4π
e−1.8×0.3

= (−15.42− 25.13)× 10−3 N/m

= −40.55 pN/nm

(3.12)

Note that we have used the surface potential of mica which was previously reported

(-100 mV [118, 129]) in this calculation. Since the collagen molecule has much less

potential compared to mica, the net surface potential of the interaction must be

lower than this value used in Eqn (3.12). That means a lower DL force leading a

lower DLVO interaction force. For the exact result, the net surface potential of the

asymmetric system should be measured experimentally with electrophoresis or other

techniques which we do not have.

The repulsive VDW force which means a negative Hamakar constant arises when

the dielectric property of the intervening medium is in between the two of that of the

interacting surfaces. That is not the case of our system, as the dielectric constant

of the water is much higher that those of the interacting surfaces which are collagen

and mica. Dielectric constant of mica is reported between (5.4 - 7.0) [115]. For some

protein molecules, it is calculated by simulation between 15 and 40 [130] which is

also much lower than that of water. So, the VDW force between a collagen and

mica is an attractive force. The electrostatic DL force between negatively charged

mica and positively charged collagen is also attractive. Therefore, the DLVO force
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Figure 3.5: Illustration of the collagen-mica interaction near the surface indicating
double attraction by the VDW and the DL force.

between collagen and mica is a pure attraction.

The adhesion energy of collagen and mica as a function of distance D according

to DLVO theory

EDLV O
cm = EV DW

cm (D) + EDL
cm (D)

=
−A
√
R

12
√

2
D

−3
2 − κ

1
2Zas

√
R

2π
e−κD

=
−10−20

12
√

2

√
1.5× 10−9

2
D−1.5 − (1.8× 109)

1
2Zas

√
1.5× 10−9

4π
e−κD

= −0.509× 10−12 ×D−3/2
nm − 0.464× Zas × e−1.8×Dnm J/m

= (−3.098− 13.97)× 10−12 J/m

= −17.07× 10−12 J/m

= 4.15× 109 kT/m

(3.13)

The resultant pure attraction at the contact distance calculated based on the

DLVO theory means strong adhesion leading to a random distribution of fibrils ad-
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Figure 3.6: The interaction force as a combination of ’VDW+100*DL’ between col-
lagen molecules in terms of the surface separations. Even 100-fold increase on the
repulsive DL force did not change the characteristic of the net force from a pure
attraction showing the relative weakness of the electrostatic DL interaction.

sorbed onto the mica surface. On the other hand, the resultant fibrillar network

of collagen exhibits highly organized self-assembled fibrils with a characteristic D-

periodic structure. Therefore, the DLVO theory must not be the only force at the

contact distance. The hydration force come into play at this point. In our previ-

ous study, [122, 131], the hydration force between collagen-collagen is reported as

100 pN/nm. This means that at the contact distance, hydration force is dominant

force on the system as will be discussed more in the last section.

3.6 Collagen-Collagen Interaction Away from the Mica Surface

According to our model, we calculated the DLVO force between two parallel

collagen molecules. The two main forces are illustrated in Figure 3.7. The symmetric
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system exposes the repulsive electrostatic DL interaction and the attractive VDW

interaction. At the molecular distance, an additional hydration force arising from

the structural change of the solvent molecules is taken into account to explain the

net interaction of the system [120, 121, 122]. By assuming the molecules as cylinders,

the net DLVO interaction function in terms of the distance between them is

FDLV O
cc (D) = F V DW

cc (D) + FDL
cc (D)

=
−A
16

√
RD

−5
2 +

κ
3
2Zss
2

√
R

π
e−κD

=
−10−20

16

√
1.5× 10−9

2
(Dnm × 10−9)−2.5 +

(1.8× 109)
3
2Zss

2

√
1.5× 10−9

2π
e−1.8×Dnm

= −540.4× 10−3D−2.5
nm + 14.44× 10−3e−1.8×Dnm

= (−54.04×D−2.5
nm + 1.44× e−1.8×Dnm)× 10−2 pN/nm

(3.14)

In our calculation, we used the experimental Hamakar constant for the VDW

force [114]. However, the electric DL force is based on the continuum mean field

theory which means that the atomic structure is ignored. Although it fits well with

the experimental results at long distances, at small separation such as below than a

few water diameters, the DL theory breaks down and the net interaction force can

not be described by DLVO theory only. The possible reasons and explanations are

in Discussion.

3.6.1 Effect of the solution pH on the DL force

To characterize our system better, we examined the DLVO theory between col-

lagen molecules depending on an experimental parameter, pH. Li measured the zeta

potential of collagen molecules in solution in terms of solution pH [3] as tabulated
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Figure 3.7: Illustration of collagen-collagen interaction away from the surface showing
the repulsive Dl and the attractive VDW forces.

below in Table 3.1.

V0=1.67 mV pH∼=7

V0=-5 mV pH∼=8

V0=-9 mV pH∼=10

Table 3.1: Measured zeta potential of soluble collagen as reported in Li’s study [3].

The first row represents our experimental condition and the last two are taken

from Li’s study. Based on the experimental measurement and our condition, we cal-

culated the DLVO force and plotted that depending on pH 3.8. It was reported that

the presence of different electrolytes shifted the IEP of collagen [3]. The measure-

ment was taken in the electrolyte solution consisting of 12 mM NaCl and 10 mM

Na2HPO4. Although it does not exactly fit our experimental condition, it is still

helpful to provide idea about how the surface potential might affect the electrostatic
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Figure 3.8: The influence of the surface potential of collagen on the interaction force.
The interaction force is given as a combination of ’VDW+100*DL’ as in Figure 3.6.
The inset shows the DLVO force of the surface potential of 9 mV as the sum of
’VDW+DL’. The units of the inset are the same as the main graph. Zeta potential
measurements are taken from an experimental study [3].
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interaction between collagen molecules. Figure 3.8 exhibits a clear influence of pH

on the DLVO force. However, we should remember that the plots represent the force

as a combination of VDW and 100 fold DL force as in Figure 3.6. The inset shows

that even for the highest surface potential of 9 mV, the real DLVO theory as a com-

bination of ’VDW+DL’ resulted in pure attraction at all separation.

3.6.2 Effect of [KCl] on the DL force

Among other electrolytes, KCl has double effects on the collagen-mica system.

Mica surface has K layers which are partially taken out upon cleaving and that leaves

the surface negatively charged. A previous study investigated the relative affinity of

various monovalent cations such as K+, Na+ , Li+ to mica and found that K+ has a

higher affinity [132] and it is a critical component for creating an ordered film [133].

Thus, K+ has ion specific effect on the mica surface [134].

In the previous section, we mentioned that the electrolyte concentration strongly

affects the electrostatic interaction because of the parameter κ. Any variance of the

DL force between mica and collagen would not change the resulting picture except

the magnitude of the interaction, since both of the DLVO forces are attractive,

but that would make difference between the interaction of collagen-collagen since

the DL force is repulsive in this case. To understand the effect of [KCl] on the

electrostatic interaction between collagen molecules, we plotted the DL force with

varying concentration of KCl according to Eqn (3.15) (Figure 3.9). Note that, that

effect is caused only by electrostatic. The neutralization effect of [KCl] on the open

K+ pockets of cleaved mica surface is also taken account to interpret the resulting

assembly network [133, 4].
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Figure 3.9: DL interaction force-distance curve between two collagen molecules show-
ing how the long range electric DL force can be stronger depending on the concen-
tration of KCl and might change the characteristic of the net DLVO force.

FDL
cc (D) =

κ
3
2Zss
2

√
R

π
e−κD

= κ
3
2 (2.62× 10−19)e−κD

(3.15)

As the concentration of KCl increases, the net DLVO force can be repulsive,

attractive or some combination of the two depending on the strength of the electro-

static interaction. In our case, however, even a high concentration of KCl such as 2

M could not affect the resulting interaction much as shown in Figure 3.10 because

of the relatively low magnitude of the electrostatic interaction compared to VDW.
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Figure 3.10: The effect of the KCl concentration on the DLVO force between collagen-
collagen interaction. Although, a clear increase has been calculated with increasing
KCl concentration shown in Figure 3.9, very small change on the DLVO force has
been seen because of the relatively small magnitude of DL force between collagen
molecules compared to VWD.
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3.7 Discussion

In this section, we used the DLVO theory to understand the self-assembly of

collagen molecule onto mica. In our model, we assumed that collagen molecule is

a cylinder and mica is a flat surface and, we calculated the adhesion force and the

energy of collagen to mica. We considered the influence of varying concentration of

KCl and the surface potential of collagen on the DLVO force.

The DLVO theory is an approximate model as a combination of the attractive

VDW and the repulsive DL forces between similar surfaces in liquid. It is the corner-

stone of the understanding the interactions and characteristic of colloidal systems.

In our case, the DLVO theory resulted in a pure attractive force at all distances.

The long range attraction may promote the aggregation of molecules leading to self

assembly. At short distance, however, the resulting pure attraction is a sign of the

existence of a third interaction which would likely be repulsive based on the re-

sulting highly organized fibrillar network of collagen molecules on mica as shown

in Figure 6.3. Otherwise, the pure attraction, meaning a strong adhesion at the

contact distance, would produce a randomly adsorbed irregular structure without

any repeating pattern, in contrast to our collagen networks (Figure 6.3, Figure 7.2).

The short range repulsive force is the hydration force. The hydration force between

collagen-collagen molecule is reported as 100 pN/nm [122]. The lubrication effect

of hydration shells can counter the pure attractive DLVO force [122]. The dominant

hydration force at the contact distance helps to arrange the molecules by sliding with

each other to a characteristic D-periodic structure. With our simple assumptions,

the DLVO theory provides a reasonable estimation of the energetics of the collagen

self-assembly on mica.

We calculated the adhesion force and energy at the distance of 3 Å, which is
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the thickness of one hydration shell, the diameter of a water molecule. When the

hydration shell breaks and collagen approaches less than 3 Å to the mica surface, the

DLVO theory predicts even stronger adhesion force. However, note that in very short

distances DLVO theory breaks down in a number of ways. First, the steric repulsion

starts to take effect, which prevents negative divergence of the DLVO attraction.

Second, the DLVO theory breaks down in various aspects such as the continuum

assumption of ionic distribution that underlies the electrostatic double layer theory

becomes invalid.
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4. SEQUENCE LEVEL ANALYSES OF THE INTERACTION FORCES

INVOLVED IN THE SELF- AND CO-ASSEMBLY OF TYPE-I AND

TYPE-III COLLAGEN

4.1 Introduction

We calculated the adhesion force and energy based on the DLVO theory in the

previous section. Although the theory is useful to provide some estimation about

the forces involved, the resultant attractive force showed that the classical DLVO

theory does not fit the system at the contact distance. For the calculation of charge

interaction, for instance, the net charge for the whole molecule does not implement

the system, since it is a distribution of negative and positive charged side chains of

residues. Similarly, hydrophobic interaction takes actually place between non-polar

residues more locally, instead of whole net non-polar or polar characteristic of a

molecule.

Information for molecular packing and higher level structure of a protein is ac-

tually carried by primary sequence of a polypeptide chain. However, due to the

considerably higher number of residues of a polypeptide, approximately 1000 amino

acid in one alpha chain, the success in a study of amino acid level molecular interac-

tion requires a high level computer program that can recognize each amino acid and

calculate corresponding interaction depending on user’s demand. To achieve that,

we used a scripting language, Python.

4.2 Python Analyses

Python is a high-level, interpreted, object-oriented programming language [135]

used not only in commercial field, but also in scientific research [136]. It can be built
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in the data types in different collections, such as strings, lists, and tuples. We used

Python for three purposes in this research:

• For comparison the three main interaction forces, electrostatic, hydration, and

polar interaction between the two types of collagen.

• For understanding the origin of the enhanced nucleation observed in Section 6,

for the co-assembly of type-I and type-III collagen.

• For analyzing the distribution of the rigid amino acid, Proline for understanding

the origin of flexibility.

4.2.1 Interaction forces between the collagen molecules in 1D: electrostatic,

hydrophobic, and polar interactions

We investigated the interaction forces including electrostatic, hydrophobic, and

polar hydration in one-dimension by using a scripting language, Python. To a first

approximation, we consider collagen molecule as a linear molecule of only alpha-1

chain. Therefore, type-I molecule is considered as a homotrimer of alpha-1(I) and

type-III molecule is that of alpha-1(III) chain. In our analysis, an alpha chain is

arranged at specific staggered positions of 0D (D represents D-periodic space) which

means that the molecules are perfectly aligned, 1D, 2D, 3D, and 4D with another

alpha chain (Fig.4.1). The system gains score for some specific amino acid pairs in

the two sequences located at a given positions for the degree of interaction forces.

Note that we used only triple helical part of collagen molecule, which has 1014 and

1026 amino acids in alpha-1 chain of type-I and type-III collagen as polypeptides of

a collagen molecule are not composed of G-X-Y motif in which G represents glycine

and X and Y represent any other residues except glycine.

The program was written as follows: Two sequences are arrayed perfectly starting
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from N-telopeptide end of the molecule (0D). A residue pair of negatively charged

(aspartic acid-D, or glutamic acid-E) and positively charged (lysine-K, or arginine-

R) side chain was counted as a score of one. Similarly, a pair of hydrophobic side

chains (valine-V, methionine-M, isoleucine-I, leucine-L, phenylalanine-F) was given

a score of one, since both have an attractive character. On the other hand, a pair

of polar amino acids (serine-S, threonine-T, asparginine-N, glutamine-Q) was taken

as a score of -1 due to its repulsive character. The rest of the pairs were counted as

zero. The resultant score points the level of electrostatic, non-polar (hydrophobic)

and polar hydration interactions between that two chains at a given binding position.

One important feature of our analysis is that we considered a range of ∓3 for

charge interaction and ∓2 for hydrophobic and polar interaction as illustrated in

Fig.4.2. This means that seven iterations for each amino acid and 1014×7 iterations

for one type-I and 1026×7 for one type-III collagen molecule to evaluate the elec-

trostatic interaction. Longer range of the electrostatic force compared to hydration

force (hydrophobic/hydrophilic) is reflected by longer interaction range implemented

to our program.

Our program continues with the arrangements of 1D, 2D, 3D, and 4D staggered

positions, as illustrated in Fig.4.1. Collagen molecule possesses a length of 4.4×D

where D is 67 nm repetitive banding space. Given the length of alpha-1 chain for

type-I molecule, 1014 amino acid, D-periodic space corresponds to 234∓1 residues,

consistent with Hulmes’s study [112]. It is known that D-periodic staggered arrange-

ment is more favorable than other random arrangements [112]. For 1D arrangement

of the molecules, 234 residues are subtracted from the N-side of the whole chain and

this updated range of the sequence is cycled for counting of the total interaction

score, as shown in Appendix page from 115 to 123. Note that in the electrostatic

interaction code in Appendix page 117, D1 represents the only interacting part of
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Figure 4.1: The part of our program which counts the electrostatic interaction be-
tween type-I molecules at 0D arrangement that means perfectly arrayed.

alpha-1(I) chain and D11 represents the corresponding range of the sequence of the

other molecule which could be type-I or type-III collagen. The sequence of alpha-1(I)

is given by ‘aa1’ and ‘aa11’.

The program code that counts the hydrophobic interaction between type-I and

type-III molecules is shown in Appendix corresponding the heterotypic interaction

between the two types. The similar codes were written for type-I molecules, type-III

molecules themselves for the homotypic assembly. The ‘aa3’ in the code represents

the whole sequence of type-III collagen chain. Different ranges of alpha-1(III) chain

were implemented for the interaction with the other molecule at 2D staggered posi-

tion (Fig.4.1). Note that, although we limit the range of the second sequence, our

program already imposes the range which will be set depending on the type of inter-

action which could allow +3 or +2 more iterations after the last residue of the first

chain. In a similar manner, we build another set of code for the repulsive interaction

between polar residues, at 0D, 1D, 2D, 3D, and 4D positions between type-I, type-III

and hybrid molecules. For the resultant interaction force, the scores for each specific

arrangement and for each interaction pair were calculated by adding the three main

forces, the electrostatic, the hydrophobic and the polar hydration. Each and the
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Interaction Scores

0D 1D 2D 3D 4D

Electrostatic

Type-I:I 125 76 50 27 5

Type-III:III 129 70 46 28 4

Type-I:III 79 71 55 25 2

Hydrophobic

Type-I:I 63 22 12 10 2

Type-III:III 60 15 10 12 1

Type-I:III 13 11 13 8 1

Polar

Type-I:I -99 -34 -24 -13 -3

Type-III:III -106 -39 -17 -11 -3

Type-I:III -36 -27 -20 -12 -6

Total

Type-I:I 89 64 38 24 4

Type-III:III 83 46 39 29 2

Type-I:III 56 55 48 21 -3

Table 4.1: The scores calculated by our program for each and the total interaction
between type-I, type-III, and type-I:type-III molecules.

net interaction scores were shown by histogram graph in Fig.4.3. For more detailed

exhibition of interactions, Table 4.1 is added.

4.2.2 Distribution of proline and hydroxyproline

To understand the flexibility behavior of collagen molecules better, we investi-

gated the distribution of Proline based motif G-P-P in both molecules. Here, G

and P are glycine and proline, respectively. For this purpose, we first need to check
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Figure 4.2: Illustration of number of amino acid for each residue considered for
(a) electrostatic and (b) hydrophobic and polar interaction. α1 and α2 represent
the same sequence for homotypic interaction and different sequences for heterotypic
interactions.

Figure 4.3: The histogram of interaction forces involved in self- and co-assembly of
type-I and type-III collagen. a) The electrostatic, b) The hydrophobic, c) The polar,
and d) The total interaction between like and unlike molecules.
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Figure 4.4: The part of the script which replaces amino acids except glycine and
proline with X, to check the consistency of G-P-X motif of alpha chain. Note that
the figure is cropped from the main program so that the sequence of aa1I continues.

whether the alpha chains obey G-X-Y repetitive elements through the whole length.

We kept glycine and proline’s position the same and replaced the remaining amino

acids (except glycine and proline) with X by using ‘replace’ function of python, as

illustrated in Fig.4.4. Each sequence is divided to motifs of three amino acids G-P-X

and its derivations. This part of the program is given in Fig.4.5. Note that the only

small part of the sequence is exemplified in that figure (Fig.4.5).

After dividing the sequence to G-X-Y motifs, we named all possible configura-

tions with small letters (e.g. GPP is p, GXX is x, GXP is b, ect.) by performing

another ‘replace’ function. The related part of the script is shown in Fig.4.4 line 8.

To check if replacement and division is performed correctly, the ‘len’ function of the

program is used and 338 GXY motifs were found corresponding to the expected 1014

amino acids for alpha-1 chain of type-I molecule. Now we have more detailed infor-

mation about the distribution of triplet motifs for each sequence. As GPP has the

most stiff configuration, we plot the distribution of that to compare the two types in
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Figure 4.5: A sample code which splits the amino acid sequence into triplet elements.
Note that the sequence used is just a small fraction of the actual amino acid line.

Figure 4.6: Histogram of GPP intensity of alpha1(I) and alpha1(III) chain. The
vertical axis represents the frequency of GPP element and the horizontal axis shows
the number of GPP through the whole sequence.

Fig.4.6. At the end, alpha-1 chain of type-I molecule has 39 elements, while type-III

has 43 of that with more stable distribution. For a sophisticated understanding of

the flexibility of each collagen molecules, different analyses and in depth knowledge

about the subject is required.
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4.3 Results

It is widely accepted that hydrophobic interactions are the dominant forces which

build and stabilize the molecular architectures of proteins [137, 138]. In a theoretical

work, only hydrophobic attraction between monomers was found to be sufficient to

build compact copolymers [137]. With scoring system of only hydrophobic and po-

lar residues, native structures of proteins were recognized with 85% accuracy [139].

Therefore, our hydrophobic interaction plot in Fig.4.3b has further importance. In-

terestingly, the hydrophobic interaction score of the co-assembly of type-I and type-

III collagen (Fig.4.3b) remains approximately constant from 0D to 3D arrangement,

even though there are 234∓1 amino acid difference between each interacting posi-

tion. That means that 3D location has about 234×3 less amino acid than that of

0D binding location. That gives this force a wide range of interaction opportunities

which might result in a dominant and stable factor during the co-assembly process.

The electrostatic interaction graph in Fig.4.3a could provide an estimation regard-

ing to what level that could influence the resultant force and could be monitored by

changing a solution pH. At 0D binding site, all the interaction types have maximum

value as expected, since the sequences match perfectly leading to a higher number

of charge interaction.

Our homotypic assembly experiment showed that type-I collagen nucleates and

grows faster than type-III collagen. This phenomenon could be understood better

with amino acid level force analysis. The total interaction score reflecting the net

force between like molecules are stronger for type-I molecules for most cases, exclud-

ing 3D arrangement, which corresponds only 20% of the total binding possibility.

That means a higher acceleration for type-I molecules leading to faster nucleation

and growth as observed in our experiment (Fig.7.2).
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In terms of heterotypic assembly, 4D arrangement is not favorable at all, partly

due to nonequivalent length of the two molecular sequences. On the other hand,

almost all of the remaining binding sites, particularly the first three arrangements,

0D, 1D, and 2D, have close to a stable level of demand for the assembly between

the two types (Fig.4.3). At 2D, the heterotypic assembly even more favorable than

the two homotypic assembly of the type-I and type-III collagen. That is actually

quite interesting that the two sequences have a special design that is set for the co-

assembly at this location. That resembles our synergistic enhancement of nucleation

at the sample of mixture(3:1) shown in Fig.7.4.
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5. EXPERIMENT

5.1 Materials and Methods

5.1.1 Materials

Two different types of collagen were used to conduct this experiment. Type-I col-

lagen, acetic acid extracted from rat tail tendon, was purchased from BD Biosciences

(Bedford, MA), in solubilized form of 3.54 mg/ml concentration. The collagen stock

solution was prepared in the concentration of 1.65 mg/ml by diluting with 17.4 mM

(0.1%, 0.5 M) acetic acid, and it was stored at 40C for use up to 3 months. Glacial

acetic acid (500 ml, 17.4 M) was purchased from Biochemistry/Biophysics stockroom

at Texas A & M University. 0.5 M (pH ∼2) diluted acetic acid was prepared with

deionized water (DI). A sample solution of type-I collagen was prepared from this di-

luted stock solution with a buffer consisting of 30 mM Na2HPO4, 10 mM KH2PO4

and 200 mM KCl unless stated otherwise, at pH 7. Buffers were renewed once a

month due to salt aggregations and dirts.

Type-III collagen, pepsin extracted from bovine skin, was purchased from Mil-

lipore Corporation (Temecula, CA) in lyophilized form of 10 mg. 1.25 mg type-III

was measured and reconstituted to 1.25 mg/ml aliquots with 1 ml acetic acid of 0.5

M (at ph∼2) by using a mini shaker at 4◦C. For the first 30 min, the shaker was

adjusted to the speed of 500 rpm. It was observed as homogeneous, but by setting

the speed 400 rpm, the aliquot was kept in the shaker (at 4◦C) about 2 h more to

make sure that it was dissolved well. Dissolving may sometimes take longer time

like overnight. The reconstituted 1.25 mg/ml type-III aliquot was divided into 10

aliquots of small volume and stored at -20◦C up to one year from the date of receipt.

The working type-III source was further diluted to 1 mg/ml by adding acetic acid
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(0.5 M) and maintained at 4◦C for short time using. With the same buffer indicated

above, the sample solution of type-III collagen was prepared for deposition on mica.

The rest of the type-III source was kept in -80◦C for future using.

For AFM imaging substrate, muscovite mica disk (grade VI) were purchased from

Ted Pella, Inc. (Redding, CA), and phlogopite mica sheets were ordered from Axim

Mica (New Hyde Park, NY).

5.1.2 Sample preparation

Mica sheets were glued onto AFM metal disks and freshly cleaved by sticky tape

∼60 sec before each experiment. 50 µl of the sample solution was applied onto mica

and deposited at room temperature for a given incubation time in a moisture cham-

ber to minimize evaporation. Unabsorbed collagen was then rinsed away with 70

µl of DI (Deionized) water in multiple directions and was left to air-dry in room

temperature for 15 min with a half-covered dish to protect the surface covered with

assembled fibrils from unwanted substances/dirts. When the sample surface was dry,

the AFM topography imaging was performed immediately, to minimize the contam-

ination on the sample surface of the assembled collagen matrix. Same day scanning

is highly recommended. If not, one should make sure that the sample is protected

well by sealing the dish and by making the sample stable in dish by double side type.

5.1.3 Atomic force microscopy (AFM) imaging and image processing

Imaging experiments were carried out with different models of AFM at tapping

mode. AFM CP-II instrument (Veeco, Camarillo, CA) was operated for Figure 2.3,

Figure 6.1, Figure 6.2, Figure 6.3, Figure 8.4, Figure 8.5, Figure 8.7, Figure 8.11,

Figure 8.10, Figure 8.12, Figure 8.13, Figure 8.14, Figure 8.15, Figure ??, Figure
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8.17, Figure 8.18, Figure 8.19, Figure 8.20, Figure 8.21, Figure 8.22, and Figure 8.23,

AFM NanoScope IIIa (Multi Mode TM, Veeco) for Figure 7.1, Figure 7.2, Figure

7.8, Figure 8.2, Figure 8.3, and Figure ?? and Bruker Dimension Icon AFM was

operated for Figure 5.2, Figure 6.7, Figure 7.4, Figure 7.7, and Figure 7.3, Figure

8.1, Figure 8.6, Figure 8.8, Figure 7.9 in the soft non-contact tapping mode (NCM)

at room temperature in the laboratory environment. We used none-coating Si Force

Modulation point probe from Nano Word with a force constant of 2.8 N/m, and

dimension of 225 µ m (length) x 28 µ m (width) x 3 µ m (thickness), and resonance

frequency of 75 kHz for Icon AFM scannings. FESP7 (Veeco Probes) silicon probe

with a nominal force constant of 2.8 N/m was used. The samples were scanned

with a speed of 0.5-2 Hz depending on the scan area. Di-SPMLab and Nanoscope

SPM 4.42r8 software was used for image analysis and processing for AFM CPII and

NanoScope IIIa, respectively. Line analysis was performed on height, diameter, and

length of the collagen molecules and the fibrils.

All of experiments were conducted at room temperature and they were repro-

duced three times.

5.1.4 Data analysis

For qualitative data analysis of each sample of the homotypic and the heterotypic

self-assembly, Image-J (Scientific image analysis software) were used (see Figure 5.1)

[140]. The original AFM scan was first converted to an 8-bit type of image to set

the threshold. Smoothen, sharpen, background subtraction, auto or local threshold,

and binary are some of the image processes used to increase quality of the images

depending on the roughness of the original scan. Measurement and particle analysis

tool were used after image processing to analyse collagen scans.
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Figure 5.1: Image-J window when installed (Scientific image analysis software).

Figure 5.2: The original AFM image of mixture(3:1) sample opened with Image-J
(left) and 8-bit type of image of the original scan to start the image processing with
an adjusted threshold of the original AFM image (right).

5.2 Atomic Force Microscopy

Atomic force microscopy (AFM) or scanning force microscopy (SFM) was in-

vented in 1986 by Binnig and Quate [141]. It is one of the highest resolution scan-

ning probe microscopy. Working principle of AFM is based on the interaction force

between the atoms of a tip and a sample surface. The sample surface is scanned with
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Figure 5.3: The final image after processing used for analysis (left). The result and
the summary tables produced by Image-J after particle analysis tool applied (right).

an ultra small, sharp tip attached to a flexible cantilever with a low spring constant.

As the tip approaches the surface, it starts to feel the interaction force between the

tip and the sample. The force is kept the same throughout the experiment by piezo-

electric scanner by changing the position of cantilever . As the sample is scanned,

the change on the position of the cantilever is used as a feedback control. Depending

on the magnitude of the force, the cantilever bends or contract. The deflection oc-

curred on the cantilever is recorded by position sensitive photodetector exposed the

reflected laser beam which is focused on the cantilever as demonstrated in Figure 5.4.

Depending on the deflection, the force exerted by the tip is measured via Hooke’s

law as a function of distance between the tip and the surface. Image of the sample

is created by horizontal and vertical movement of the piezo scanner [142, 143].

Hard sample surfaces can be imaged with AFM without damage, since the inter-

actomic spring constant of the sample is on the order of 10 N/m. The spring constant

of typical AFM cantilevers is in the range of 0.01-1 N/m meaning that the applied

force on the cantilever is much lower than the force which would change the atomic
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sites of the sample. On the other hand, there are challenges on imaging soft biologi-

cal samples like proteins with AFM. They can be easily damaged by contact mode in

which the tip touches the surface. The another imaging method is non-contact mode

in which the tip oscillates on the sample surface and the changes on the amplitude of

the oscillation is used to create the topography of the image. The forces involved in

non-contact mode is on the scale of piconewton(pN), 10−12N , compared to 10−9N in

contact mode. Therefore, even the softest samples can be scanned without damage.

However, the signal detection is another challenge due to very low magnitude of the

force. More detailed discussion about imaging of biological samples with AFM is

provided in Section 7.
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Figure 5.4: The general principle and components of AFM. The laser is focused
on the cantilever and the changes in the angle of the reflected beam is detected by
photosensitive detector.
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6. SURFACE PATTERNING VIA SELF ASSEMBLY OF COLLAGEN

6.1 Epitaxially Guided Self-Assembly

Self-assembly ability of biomolecules on a solid substrate is a promising way of

fabricating ordered structures at the nanometer level. Collagen type-I is used to

coat non-biological materials [14, 144, 15, 145]. Self-assembly of type-I collagen has

been investigated in vitro with varying micro environmental conditions such as tem-

perature [146], pH [39, 4], ionic strength [133], and concentration [147, 4]. Another

important factor which influences the assembly process in vivo is the existence of

different types of collagen during the self-assembly. For typical connective tissues,

such heterotypic fibrils co-assembles with two or more types of collagen. This is a

new area to investigate the heterotypic assembly mechanism, with high resolution

imaging technique, AFM [29] which is going to be addressed in the next section.

It was found that the buffer condition has a significant influence on the self-

assembly mechanism [12, 39]. In this study, we investigated the influence of K+ ion

on the self-assembly process at the first half and after 2 h of the deposition on mus-

covite mica and phlogopite mica to understand the potassium ion effect on different

substrates. The results showed that collagen self-assemblies to variety of morpholo-

gies depending on the substrate, the concentration of K+ and the time of deposition.

6.2 Time and K+ Ion Dependent Self-Assembly of Collagen

6.2.1 Assembly on muscovite mica

We have observed the growth steps of collagen fibrils as a function of time and

KCl concentration in Figure 6.1. 5 µg/ml concentration of type-I collagen with 100
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mM KCl shows microfibrils aligned in three different directions separated by 600 at

30 min of deposition. However, two of them are predominate as indicated by the

arrows in Figure 6.1. At 2 h, we have observed an image similar to that of 30 min

incubation, but the direction of fibrils are reduced to two, with a dominant one and

a higher fibril diameter as shown (Figure 6.1b). The two similar collagen matrices

in the presence of 100 mM KCl (Figure 6.1a,b) point out that the molecules stick to

mica strongly which inhibits mobility and reconstitution the morphology during the

self-assembly mechanism. Strong adhesion is an obstacle to relaxed assembly.

When we increase the KCl concentration of the buffer solution from 100 mM to

200 mM, we have observed an interesting result. At 30 min of deposition, a unidi-

rectional fibril network appeared with loose packed and native like organization of

D-periodic structure of collagen (see Figure 6.1c). This structure organized to a more

tightly packed, highly aligned and higher diameter of collagen fibrils at 2 h of self-

assembly, covered almost the entire mica domain spanning more than hundreds of

micrometers. The increase of the relative magnitude of collagen-collagen interaction

is provided by the decrease of substrate-collagen interaction with lowered affinity of

mica to collagen. With increased K+ ion on the buffer solution, collagen molecules

adsorb less and move with higher diffusivity. K+ ion occupancy of muscovite mica

surface were found to vary from more than 50% to near 100% as the concentration of

KCl increases from 10 to 500 mM [148]. This means that in all of our experiments,

unoccupied K+ pockets present on the mica surface (Figure 6.5) leaving the surface

negatively charged, which is a prerequisite of the adsorption stage of the assembly

process.
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6.2.2 Assembly on phlogopite mica

To understand the effect of substrate on the self-assembly process, we have in-

vestigated the assembly on a different substrate, phlogopite mica. At 30 min of

deposition, 5 µg/ml collagen with 100 mM KCl, three different directions of align-

ment are seen separated by 1200 as shown in Figure 6.2a. Less fibril density with

higher diameter and longer fibril length were observed compared to the assembly on

muscovite mica under the same experimental condition (see Figure 6.1a). In time,

fibrils grow further and triaxial structure of the collagen matrix become more appar-

ent (see Figure 6.2b). The remarkable difference between the two sets of experiments

(see Figure 6.1a and Figure 6.2a), is that the growth rate of collagen fibrils, in an-

other saying the assembly kinetics of collagen molecules, is faster on phlogopite mica

than that on muscovite. This result is in agreement with finding that phlogopite

mica has lower affinity to collagen than that of muscovite mica [116]. Lower affinity

of phlogopite promotes the growing kinetics leading longer and higher fibrils.

The higher concentration of KCl, 200 mM, reveals the three directions of collagen

fibrils at 30 min of deposition with even higher fibril diameter and longer fibril

length than the stage of 2 h deposition at the condition of 100 mM KCl (Figure

6.2b versus Figure 6.2c). After 2 h incubation, a triangular pattern of fibrils is

observed via self-assembly ability of collagen molecules which is going to be utilized

to investigate and characterize the future heterotypic self-assembly mechanism in the

next section. By monitoring K+ ion effect on the assembly and manipulating the

fibril formation mechanism, we resulted in two different, ultrathin, nanoscopically

patterned templates for our next study of the heterotypic self-assembly mechanism

of type-I and type-III collagen.

The statistical analysis which were performed with Image-J over 25 data points
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Figure 6.1: Effect of K+ ion on the assembly mechanism of type-I collagen on mus-
covite mica surface: All images are with 5 µg/ml collagen in a buffer solution con-
taining of 30 mM Na2HPO4, 10 mM KH2PO4 and (a, b) 100 mM KCl, (c, d) 200
mM KCl at pH 7. (a, c) Assembly morphology of 30 min, and (b, d) 2 h of the
incubation.

of the two samples of Figure 6.1a, and Figure 6.2a shows the effect of substrate on

the assembly of collagen. The average thickness of collagen fibril was measured 9±2

nm on muscovite mica, while it is 23 ± 5 nm on phlogopite mica under the same

experimental condition over the chosen thinnest fibrils on the substrates.
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Figure 6.2: Effect of K+ ion on on the assembly of type-I collagen on phlogopite
mica: All images are with 5 µg/ml collagen in a buffer solution containing of 30 mM
Na2HPO4, 10 mM KH2PO4 and (a, b) 100 mM KCl, (c, d) 200 mM KCl at pH
7. (a, c) Assembly morphology at 30 min, (b, d) 2 h incubation time.
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6.3 Structure of Muscovite and Phlogopite Mica

Micas, specifically the muscovite mica, are the most widely used substrate for

AFM due to their perfect cleavage along the (001) plane, and they have highly

charged and chemically rich surfaces [149]. Atomic structure of the tetrahedral sheet

of dioctahedral muscovite mica and trioctahedral phlogopite mica are modelled in our

previous study [4]. Surface topographies of both substrates were provided with AFM

indicating a tilted hexagonal symmetry on muscovite and close to a perfect hexagonal

symmetry on phlogopite mica [150]. The distortion of the lattice on muscovite [151,

150, 152, 153] is apparent as the atoms lack vertical alignment as seen in Figure

6.5. Phlogopite mica, on the other hand, has a more symmetric structure with more

vertically aligned atoms. Another important difference between the two types of

mica is the orientation of the OH group in the octahedral sheet [4]. The O-H...K+

distance is also shorter in phlogopite, 3.3 Å, while it is 3.9 Å in muscovite mica.

With the H atom in the hydroxyl group having a partial positive charge, K+ ion

binds less strongly to phlogopite [116], which is consistent with the weaker binding

and the higher thickness of collagen fibrils observed in our records (see Figure 6.1,

Figure 6.2).

We used the two types of substrates muscovite and phlogopite mica in this study.

AFM topography image of muscovite mica showed broken hexagonal surface sym-

metry and close to a perfect hexagonal symmetry on phlogopite mica [150]. Much

larger degree of surface relaxation on muscovite upon removing of the K interlayer

with cleavage created a negatively charged arrays on the surface [150], and it is sug-

gested that the unique direction of the alignment of collagen fibrils in Figure 6.3a

produced by oxygen atoms on muscovite surface [154]. We have also reported in

the previous study that the hexagonal surface symmetry of phlogopite mica leads to
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Figure 6.3: Collagen matrices fabricated by the self-assembly of 5 µg/ml type-I
collagen at 1 h deposition on (a) muscovite and (b) phlogopite mica in a buffer
solution consisting of 30 mM Na2HPO4, 10 mM KH2PO4, and 200 mM KCl at
physiological pH (pH 7). Under the appropriate condition, collagen molecules result
in triaxial pattern on phlogopite and highly unidirectional alignment on muscovite
mica pointing out the surface topography of the underlying lattice of the substrates.
Color scale corresponds to a vertical range of (a) 5.33 nm and (b) 12.06 nm. The
insets are Fast Fourier Transform (FFT) data of the images. (c-d) Histogram analysis
of image (a) and (b), respectively, on the gray scale.
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Figure 6.4: Orientational distribution of collagen network of Figure 6.3 showing a
dominant unidirectional alignment at −340 for muscovite and three peaks at −280, 10

and −330 for phlogopite mica.

formation of a triangular collagen network at three growth directions separated by

600 from each other [5]. Thus, by using the effect of the lattice of the underlying

substrate and K+ ion on the self-assembly process, we produced a unidirectional and

triangular network of collagen fibrils on muscovite and phlogopite mica, respectively,

as seen in Figure 6.3 including insets showing Fast Fourier Transform (FFT). Fig-

ure 6.4 shows the orientational distribution of both images indicating one dominant

direction on muscovite mica while three direction with an almost equal mode on

phlogopite mica.
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Figure 6.5: Schematic representation of muscovite (a, b) and phlogopite mica atomic
structure (c, d). Muscovite contains aluminium in the center layer, while phlogopite
has magnesium. The insets show different orientation of the OH groups in the two
lattices. Proximity and position of OH group to K+ atom in phlogopite reduces the
affinity of collagen. Atoms are vertically aligned in phlogopite compared to muscovite
mica. (a, c) View from the a axis of the unit cell. (b, d) View from above the cleavage
plane (ab plane. Only top layer including K, O, Si/Al are shown for clarity. In (b),
the OH group is also shown to indicate its direction of tilt (transparent grey arrow)
[4].
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6.4 Model Systems to Investigate the Homotypic/Heterotypic Assembly Process

When collagen molecules self-assemble on a solid surface, their growth direc-

tion is controlled by the lattice structure of the underlying substrate (Figure 6.6.

This so-called orientational linear epitaxy (OLE) observed in many biological and

non-biological systems [4, 155, 156, 157, 158] is studied with a new developed com-

putational and theoretical model provided in our previous study as shown in Figure

6.7 [5]. In OLE model, when molecules deposits on the substrate, they are absorbed,

diffuse on the surface and nucleate into fibrils. The growth direction is determined

in the nucleation step. After they start growing linearly, when they encounter the

other fibril, they stop.

In our model of OLE [5], filaments nucleate with rate n (per unit time in a square

substrate of width w). After nucleation, they grow with rate g which is a system de-

pendent parameter. The OLE process can be divided conceptually into three stages:

(i) early nucleation where filaments grow on mostly empty substrate, (ii) encounters

among the early-formed filaments, and (iii) self-similar network formation. Stage (i)

lasts longer for smaller n (sparser filaments) and smaller g (slower elongation). In

stage (ii), filaments are still sparsely distributed and growth terminates mostly by

random encounters. In stage (iii), the substrate is divided into polygons possessing a

given orientational symmetry, which are divided by new filaments into progressively

smaller ones in a roughly self-similar manner.

We use a mean-field theory (MFT) for stage (i) since filaments grow independently

[5]. Let L be the filament length (number of subunits). The master equation for its
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distribution PL(t) at time t is

Ṗ1 = n− gP1

Ṗ1 = g(PL−1 − PL), (L > 1)

(6.1)

Here, n describes the increase in P1 by nucleation. The gain (gPL−1) and loss (−PL)

terms are due to subunit addition.

To consider encounters among filaments in stage (ii), we add second-order in-

teraction terms to Eqn 6.1. The solution to Eqn. 6.1 is given as an asymptotic

exponential function. After the MFT-like growth of initially nucleated filaments,

shorter filaments start to increase in number as their growth becomes limited. Sim-

ilar to Eqn 6.1, PL for long filaments is exponential, e−kL for stage (ii). Later on,

PL becomes a power law as shorter filaments progressively fill smaller areas with

similar geometric features determined by the orientational symmetry of the network

(PL ∼ L−b).

Our model of OLE provides a general framework for understanding sterically lim-

ited filament assembly on surfaces. By utilizing the underlying substrate effect, we

have founded that muscovite and phlogopite mica create different pattern structures

under an appropriate conditions [4]. Thus, we fabricated two templates patterned by

self-assembly of collagen fibrils (see Figure 6.3). These triangular and unidirectional

patterned surfaces will be used as templates for our next part of the project on the

homotypic and the heterotypic self-assembly of type-I and type-III collagen.
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Figure 6.6: Stochastic simulation of four types of OLE networks that have been ex-
perimentally observed: a. Triaxial [14,16,26], b. biaxial [7,9], c.regtangular [1,2,11],
and d. random [21-24, 8]. a,b form on hexagonal lattices, notably on mica. c forms
on cubic lattices such as KCl. d forms when the orientational bias not strong.

6.5 Discussion

Mica lattices have layers of potassium between silicate sheets separating with

a distance of 9.98 Å for muscovite and 10.24 Å for phlogopite mica. These lay-

ers become the cleavage plane [159] and provide an atomically clean surface after

each cleavage. Cleaving takes about the half of the potassium out and leaving the

surface a negatively charged with empty K+ binding pockets. On the other hand,

collagen is positively charged at neutral pH due to its high isoelectric point IEP of

9.3. Therefore, the amount of K+ ion in the buffer solution is important for the

assembly process. If there exist insufficient amount of potassium ion in the buffer,
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positively charged collagen molecules will adsorb to the partially negatively charged

mica surface strongly and will diffuse less, as the surface K+ occupancy on mus-

covite mica reach to 100% at the concentration of 500 mM KCl [148]. However, a

sufficient amount of potassium will fill the empty pockets on the surface decreasing

the binding affinity of collagen to mica. That means a higher freedom given to col-

lagen molecules promoting its mobility on the surface. This increases the possibility

to orient molecules through the underlying surface lattice [4]. We showed that the

insufficient K+ ion in the buffer solution reduces the ability of movement of colla-

gen molecules with a higher collagen-substrate interaction and affects the network

morphology during the fibril formation process.

We have found that to obtain formed network of collagen fibrils, the surface

adsorption should not be too strong as it inhibits fibril formation by constraining

the mobility of collagen molecules. This prevents them to aggregate and to form

elongated fibrils as seen in Figure 6.1, and Figure 6.2. At higher concentration

of K+ ion, the assembly could not initiate either, as the adsorption could reduce

too much and fibrils can not form on the substrate, but just globular forms of the

molecules on phlogopite [4].

The function of potassium ion was tested with other alkali cations and found

that 10-fold more sodium ion Na+ is required to provide effect comparable to that

of potassium [133]. It is also observed that Cl− ion does not have a significant effect

on the binding affinity during the assembly [133]. These findings indicates that K+

ion binds more tightly to the mica surface and the function of potassium is not

only limited to a neutralization level. The high potassium selectivity of mica [160]

may play a greater role on the assembly mechanism, since K+ promotes the surface

assembly more strongly than other alkali ions do [134, 133].

Another possible effect of increased concentration of KCl could be on the elec-
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trostatic interaction between molecules. Decreasing Debye screening length with

increasing concentration of KCl may assist with the bundling of collagen molecules

in Figure 6.1 and Figure 6.2. However, Debye length varies in the range of between

7.9 Å to 5.5 Å, with other electrolyte in the buffer, when the concentration of KCl

increase from 50 mM to 200 mM. Therefore, the effect of this fairly short change of

KCl on the electrostatic interaction is unlikely to be significant.

Interaction of collagen with mica surface will be mediated by van der walls forces

across the entire molecule. However, electrostatic interaction between negatively

charged mica and positively charged amino acid side chains on the collagen has

a more local effect. More importantly, the hydration shells formed around these

charged groups [161, 160, 122] has a lubricating effect which will promote surface

diffusion as in the case of high [KCl] in Figure 6.1 and Figure 6.2. Despite these pos-

sible approaches to explain the mechanism underneath, it is still unclear how mica

guides the growth direction of the large and flexible collagen molecule. In reality, it

is likely that the the growth direction is determined by interplay between multiple

factors, including surface topography and electrostatic interactions.

70



Figure 6.7: Analysis of a triaxial collagen network. (a) AFM scan of concentration of
5 µg/ml after 5 h deposition on phlogopite mica. (b) Corresponding in silico network
extracted via CAFE (Computer-Aided Feature Extraction program). Filaments are
individually recognized and coloured randomly. (c) Filament angle distribution. An-
gle θ is measured relative to the horizontal direction in (a) [5].
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7. CO-ASSEMBLY OF TYPE-I AND TYPE-III COLLAGEN

7.1 Introduction

Co-assembly of proteins is important in both biomedical and biomaterial ap-

plications. Tissues have unique ECM composition and morphology. The ECM is

mostly composed of fibrillar proteins, collagen with its various types, to give struc-

tural strength and integrity to tissues and to support resident cells. With its diverse

nature and composition, ECM can serve many functions such as cellular communica-

tion, cell growth, migration, and differentiation [162]. However, there are only limited

number of studies investigating the heterogeneity of ECM on a solid surface, which

is not only of scientific importance, but also is implicated in interactions between

medical implants and biological tissues. Biochemical and morphological properties

of adsorbed matrix of collagen type-I, type-III, and fibronectin onto titanium surface

with very high concentration (500 µg/ml) were investigated [21]. Structural and rhe-

ological properties of collagen type-I and type-V composition were studied and found

that type-V collagen lowers the stiffness of reconstituted heterotypic network [29].

Co-assembly of type-I collagen with decorin which is a connective tissue component

binding to type-I was studied, and an increase on the tensile stress of hybrid fibril was

evaluated upon incorporation of decorin [163]. Likewise, collagen type-I and type-III

molecules present in many tissues in a cooperation. To understand co-assembly of

the two types may help to interpret the communication between cells and ECM. As

a first step for understanding this, we investigated the heterotypic self-assembly of

type-I and type-III collagen of low concentration (most 5 µg/ml) on mica surfaces

by utilizing AFM.
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7.2 Monomer Analysis

To characterize the monomer molecules of the two types, we used a concentra-

tion of 0.3 µg/ml, well below the critical concentration for collagen fibrillogenesis in

bulk solution (4.73 µg/ml at 29 0C) [108]. At 85 s, randomly adsorbed molecules

of both types are observed on the surface. They are approximately 200-350 nm in

length, corresponding to the length of a single collagen molecule [85, 164]. The mean

length of type-III was measured as 247.4 nm, while it is 203.7 nm for type-I in a

good proximity with the end-to-end distance 220 nm for type-I and 259 nm for type-

III reported by Silver and Birk [165]. The mean length was measured with N=13

molecules for type-III and with N=12 molecules for type-I analysis from two images.

The results verified that the length of triple helix is slightly longer for type-III than

that of type-I [100, 101]. That actually raises a question. Type-I source from BD Bio-

science is acid extracted collagen, so we expect to have a monomer triple helix with

telopeptide ends which means the length of 1056 amino acids for alpha-I chain ac-

cording to Table 7.1. On the other hand, type-III molecule from Milipore undergoes

milk pepsin treatment during the extraction process meaning broken telopeptides

from the helical part which corresponds to 1026 amino acids. That contradiction

could be either related to the heterotypic triple helical structure of type-I molecule

versus homotypic triple helix of type-III or pepsin extraction does not completely

remove telopeptides as provided before [166, 167]. The second contradiction is that

the monomer molecules of type-I show rod-like structure, whereas type-III molecules

are more flexible with its frequent bends and sharp kinks in Figure 7.1 [168]. This

either contradicts with the study of Paterlini [169] and the diagram suggested by

Silver [168] offering that the source of flexibility is lack of proline and hydroxiproline,

because type-III has them more than type-I, 744 versus 667, or homo/hetero-trimer

73



Figure 7.1: AFM topography images of monomer molecules at the concentration of
0.3 µg/ml type-I and type-III collagen at 85 s of the deposition on muscovite mica.
The images exhibit a color scale corresponding to a vertical range of 3 nm.

structure of the monomer molecules play a role on the flexibility. Moreover, type-III

was observed to be less diffusive and have more beaded structure as reported before

[170] mostly due to its higher surface charge and higher number of hydrophilic side

groups.

7.3 Primary Structure of Type-I and Type-III Collagen

To understand the driving interaction force of the heterotypic assembly mech-

anism, we first investigated the hydrophobicity of both types to compare its con-

tribution to the net force as hydrophobic force. To do that, we calculated the

number of hydrophobic amino acid on each triple helix by using Protein Knowledge

Database, UniProtKB (http://www.uniprot.org/uniprot/). By searching the specific

alpha chain of the related source used in the experiment, that is rat tail tendon for the

type-I source and Bos taurus (Bovine) for type-III in our case, we obtained the amino

acid sequence of each alpha chain. By using the specific sequence and the program of
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the amino acid calculator, http : //proteome.gs.washington.edu/cgi−bin/aacalc.pl,

the number of each amino acid was counted. Therefore, the number of highly hy-

drophobic amino acids of type-I triple helix is 230 (2αI(1)+αI(2)), while it is 147 for

type-III triple helix (3αIII(1)). Possible effects of this significant difference will be

discussed below. Similarly, we calculated the net charge of the two types and found

that the number of negatively charged amino acids on type-I triple helix is 37, and

39 in type-III. Therefore, type-III collagen is more charged and has more hydrophilic

structure than type-I triple helix does. Table 7.1 shows the details of each alpha

chains of proteins.

7.4 Homotypic Self-Assembly

7.4.1 Homotypic assembly on muscovite mica

Self-assembly of collagen type-I has been investigated for decades [37, 133, 154,

39], but very little is known about the self-assembly of type-III. After observing the

difference between the two types at the monomer level, we investigated homotypic

assembly of both types at the nucleation level. To capture the nucleation events of

type-I, we started with concentration of 2 µg/ml and searched different incubation

times to catch of fibril nucleation point. We found that straight collagen fibrils

corresponding to the nucleation events appeared for type-I after 2 min (see Figure

7.2a). However, in the case of type-III with 2 min incubation, we observed that the

substrate was fully covered by the collagen molecules without any nucleation sign

yet. When we increased the concentration to 4 µg/ml, the formed fibrils became

more abundant and aligned unidirectionally on the muscovite mica, while there was

still not much change on the type-III assembly. At the concentration of 5 µg/ml,

type-III molecules just resulted in small fibril formation, whereas small fibrils seen
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Gene COL1A1 COL1A2 COL3A1

Uniport ID PO2454 PO2466 PO4258

Triple helix 1014 1023 1026

Telopeptides 16(C) + 26(N) - 14(C) + 9(N)

Non-polar a.a. 63+(12) 104 49+(15)

Polar a.a. 92+(30) 128 117+(9)

Acidic a.a. -78+(-10) -66 -73+(-9)

Basic a.a. 87+(6) 85 86+(3)

Type-I Type-III

Source Rat tail Bovine skin

Net charge -37+(-4) -39+(-6)

Nonpolar a.a. 230+(12) 147+(15)

Polar a.a. 312+(30) 351+(9)

Table 7.1: The top table shows the characteristic properties of type-I and type-III
collagen in terms of side-chains specific to each amino acid. Type-I collagen is a
heterotrimer consisting of two α1(I) (COL1A1) chains and one α2(I) (COL1A2)
chain, whereas type-III collagen is a homotrimer of α1(III) (COL3A1) chain. The
numbers in parenthesis represents the number of amino acids in telopeptides. a.a
stands for amino acid. The bottom table shows the net molecular properties of each
type of collagen. For the number of hydrophobic amino acid, we considered Val, Leu,
Ile, Met, Phe, Trp, Cys [6]. For polar amino acids, we considered Gln, Asn, His, Ser,
Thr, and Tyr.
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Figure 7.2: Concentration dependent homotypic self-assembly of type-I (a,c,e) and
type-III (b,d,f) collagen at 2 min of the deposition. (a-b) 2 µg/ml, (c-d) 4 µg/ml,
(e,f) 5 µg/ml concentration of collagen in the buffer solution consisting of 30 mM
Na2HPO4, 10 mM KH2PO4, and 200 mM KCl at physiological pH (pH 7). The
images exhibit a color scale corresponding to a vertical range of (a,b,c,d) 2 nm and
(e,f) 5 nm.

77



in Figure 7.2a became thicker and longer in the case of type-I, Figure 7.2e,f. The

minimum concentration of type-III nucleation was found as 5 µg/ml, whereas the

fibril formation has already started at 2 µg/ml at 2 min deposition.

Collagen self assembly onto mica is mediated by adsorption to mica [4]. The

adsorption must be strong enough to hold molecules to initiate accumulation and

not too strong, to allow rotation and mobility to molecules leading fibril nucleation.

In homotypic assembly shown in Figure 7.2, this stage is overcome by the increase

of the concentration leading to a relatively stronger and dominant collagen-collagen

interaction compared to collagen-substrate interaction.

The observation of fibril formation of both collagen molecules shows that type-III

collagen has a longer lag phase than type-I does. This results contradict with the

previous observation of homotypic self-assembly of type-III performed by turbidity-

time assay [78, 171, 73]. They reported that type-III has a shorter lag phase and

nucleates faster than type-I. The reason for this results could be the interaction be-

tween collagen molecules and mica surface which does not exist in the turbidity-time

experiment performed in solution. The electrostatic interaction between negatively

charged mica and positively charged collagen molecules is a little higher for type-III

than that for type-I molecules, since it has a little more negative charge. How-

ever, more significant effect could be from the more hydrophilic structure of type-III.

The interaction between hydrophilic mica and hydrophobic type-I molecules could

be a stronger attraction like the attractive interaction measured from a variety of

hydrophobic-hydrophilic systems [172, 173, 174]. The self-assembly of collagen on

mica initiates with adsorption of molecules to mica [4]. The adsorption should be

both strong enough to hold molecules to some level to allow accumulation and nu-

cleation and not much strong, at the same time, to allow rotation and mobility to

molecules leading to nucleate into fibrils. From our observation, this adsorption stage
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could be overcame by increase of the concentration meaning that a stronger and

dominant collagen-collagen interaction compared to collagen-substrate interaction

or by increase of the concentration of KCl which reduces affinity of mica to colla-

gen. Moreover, the attractive hydrophobic interaction between collagen molecules

becomes weaker in the case of type-III due to the less number of hydrophobic amino

acid on its surface. A similar result for the heterotypic assembly of type-I and type-

III collagen is reported by Bierbaum on a titanium substrate supporting the longer

lag phase of type-III observed in our experiment [21].

7.4.2 Homotypic assembly on phlogopite mica

Self-assembly of collagen in vitro is a time dependent process. In this study, we

used AFM to capture nucleation event of both types and performed a set of concen-

tration dependent homotypic assembly experiment on muscovite mica. Eventually,

we observed in the previous section that the lag phase of type-III is longer than that

of type-I. To investigate the next step, the growth phase and to compare the relative

growth rate of the two types, we prepared the samples of 5 µg/ml collagen deposited

for 1 h on phlogopite mica. The reason to choose phlogopite mica this time is that

more growth directions of collagen fibrils on phlogopite mica as shown before (see

Figure 6.3) provide opportunity to distinguish the fibrils better in three directions

than one as produced on muscovite mica. The resulting network of longer fibrils

on the sample of type-I exhibits that the growth rate of type-I collagen is faster

than that of type-III which is consistent with a recent work of fibrillogenesis of 250

µg/ml protein in solution [21, 78]. The surface area of type-I assembly of 5 µg/ml

collagen sample shown in Figure 7.3a calculated by Image-J is 67,518 µm2 and it

is 36,573 µm2 for the sample of type-III shown in Figure 7.3c. Snapshots of the
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intermediate steps of image analysis is shown in Figure 7.9. The possible reasons to

the 2-fold less surface area could be several. First of all, the longer phase of type-III

might retard the assembly process. Therefore, even tough they could have the same

assembly kinetics, type-III could result in a smaller length of fibril upon the same

amount of deposition time. Second, phlogopite mica could have a lover affinity to

type-III than that to type-I. That could reduce the amount of molecule adsorbed

to the substrate. The necessity of a sensitive amount of adsorption to initiate the

self-assembly mechanism could not be provided for the case of lower affinity. In this

case, monitoring the assembly mechanism in lower [KCl] could be a solution. That

would increase the number of empty K+ pockets on the substrate and then enhance

the electrostatic attraction between collagen and mica. Monitoring the assembly at

lower pH could also increase the affinity. By checking these situations, whether the

affinity has an influence on the growth rate could be understood. The third possible

reason is a lower magnitude of hydrophobic attraction between molecules of type-III

which slows down the kinetics of assembly.

Another striking difference between the two types of homotypic self assembly is

not only the growth kinetics, but also fibril morphology of the resulting network. A

small area scan of both samples show that the each type self assemblies to a differ-

ent type of fibril structure. Type-I molecules form fibrils assembled into D-periodic

structure of 67 nm banding repeat with a high packing ratio as it is in vivo. For-

mation of D-period indicates that collagen molecules in the fibril are ordered in a

native-like manner [85]. However, self-assembly of type-III did not show D-periodic

structure, but loose and more flexible fibril formation on this phlogopite mica.
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Figure 7.3: AFM topography images of homotypic self-assembly of type-I and type-
III collagen at the concentration of 5 µg/ml at 1 h deposition on phlogopite mica.
The images exhibit a color scale corresponding to a vertical range of (a,b) 7 nm and
(c,d) 4 nm. The surface area of the fibrils are (a) 67.52 µm2 and (c) 36.57 µm2

measured by image-J. e) The orientational distribution of fibrils on panel (a) and
panel (c).
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Figure 7.4: Effect of type-III on the self-assembly of type-I. All images are with 0.5
µg/ml final concentration and 30 min deposition. The small area scan in the case
of type-III shows low level of assembly with very low z-scale of the sample covered
by type-III monomers in panel (e). All images have a color scale corresponding to a
vertical range of 2 nm after flattening.

7.5 Heterotypic Self-Assembly

7.5.1 Heterotypic assembly on muscovite mica

The number of studies regarding the co-assembly of type-I and type-III collagen in

vitro is limited [21], and assembly process are generally monitored with turbidimetry

assay [78, 79, 175, 22]. This method gives indirect results about the process as the

measurement is technically based on the light passing through solution. It has also

limitations in catching small fibrils. In this study, we used AFM to observe fibrils
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Figure 7.5: The number of fibrils formed on the sample sets of heterotypic assembly
of 0.5 µg/ml collagen, shown in Figure 7.4. Enhanced nucleation was observed for
the mixture(3:1) sample (Type-I:Type-III=3:1), shown in Figure 7.4a.
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Figure 7.6: Nucleation analysis for co-assembly of type-(I+III). (a,b,c,d) Correspond-
ing in silico network extracted via CAFE for topography image of (e,f,g,h) type-I,
mixture(1:1), mixture(1:3) and mixture(3:1) respectively. All images are with 0.5
µg/ml final concentration and 30 min deposition. The color scale is 3 nm for (e) and
4 nm for (f,g,h).
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at very low concentration and nano scale. To investigate the influence of type-III on

the early stage of the co-assembly process, we performed a set of experiments with

varying ratio of type-III to type-I at the final concentration of 0.5 µg/ml shown in

Figure 7.4. At 30 min incubation, we showed that the mixture(3:1) sample (Type-

I:Type-III=3:1) resulted in an enhanced number of fibril formed even more than the

homotypic type-I sample. The resulting number of fibrils are shown in Figure 7.5.

The ratio of 25% type-III to type-I, which represents the mixture(3:1) sample, is

significant because the type-I rich heterotypic fibrils in skin contain about 20% type-

III collagen by mass [28]. We would result in even higher nucleation, if we would go

further down to 20% type-III. Due to the experimental difficulties, our set consisted

of three different hybrid ratios separated equally from the next as 0, 25, 50, 75 and

100% content of type-III collagen to type-I.

Resulting enhanced nucleation observed in Figure 7.4 shows that in the presence

of the two types of collagen, the heterotypic assembly is more favourable than homo-

typic fibril formation as suggested by Fleischmajer [98]. When we compared type-I

and mixture(3:1) samples, we observed that the existence of type-III increased the lag

phase of type-I, in another saying decreases the rate of nucleation about 2 fold which

is lower than the reported value 5 fold decrease obtained by SDS-PAGE (sodium

dodecyl sulfate polyacrylamide gel electrophoresis) technique [79]. The reasons of

the difference could be several. The different experimental technique could be the

first reason. Covering proteins by SDS (sodium dodecyl sulfate) denatures them and

they lost their secondary or tertiary structure. Very low concentration we used, 0.5

µg/ml, compared to 100 µg/ml used [79], or the affinity of mica to collagen which

is not the case for electrophoresis, should be among possible reasons.

Another striking effect of type-III on the morphology and kinetics of type-I as-

sembly is decrease on the length distribution of fibrils. Figure 7.6 shows another
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set of co-assembly of type-(I+III) experiment with corresponding the new developed

image analysis program [5], CAFE network. Image analysis performed by image-J

and verified by CAFE. The length distribution of fibrils is measured as 4.3, 2.83,

3.62, and 2.94 µm for type-I, mixture(3:1), mixture(1:1), and mixture(1:3) samples,

respectively. The number of nucleation is counted as 209, 364, 61, and 27 for type-I,

mixture(3:1), mixture(1:1), and mixture(1:3) samples, respectively, while no fibril

is formed on type-III sample. The results suggest that type-III collagen decreases

the rate of propagation of fibrillogenesis, although further experiments with higher

concentration should be performed to verify this hypothesis. Our results do not give

information about how much time the mixture(3:1) sample required for its lag phase.

The time left for fibril growth after the lag phase would give more specific knowledge

about the relative rate of propagation.

7.5.2 Heterotypic assembly on phlogopite mica

To investigate the influence of type-III on the growing stage of the co-assembly

process, we incubated 5 µg/ml final concentration of type-I, type-(I+III) meaning

that 50% by each, and type-III collagen for 1 h on phlogopite mica, which is a gener-

ous gift from Frank Balzer at the university of Southern Denmark. In addition to the

enhanced nucleation effect of type-III on the self-assembly of type-I, we observed one

more interesting result showing the regulatory effect of type-III on the co-assembly

process . The addition of type-III leads to formation of more parallel and organized

fibrils with smaller length as seen in Figure 7.4. We have analysed the number of

fibril on each sample and the result is consistent with the enhanced nucleation effect

of type-III that we observed on the nucleation phase (see Figure 7.4. The number of

fibrils is count 103, 1044, and 590 by image analysis software CAFE on the sample
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Figure 7.7: AFM topography images of type-III collagen at 0.5 µg/ml at (a) 30 min
and (b) 90 min of the deposition on muscovite mica. The images exhibit a color scale
corresponding to a vertical range of (a)1.5 and (b) 2 nm. (c-d) The line section of
the image (a) and (b), respectively.
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Figure 7.8: AFM topography of the homotypic self-assembly of type-I and type-III
collagen at the concentration of 5 µg/ml at 1 h deposition on phlogopite mica. The
resulting network of collagen fibrils revealed a regulatory effect of type-III collagen
on the fibril length distribution of the heterotypic self-assembly network. The images
exhibit a color scale corresponding to a vertical range of (a,c) 10 nm and (b) 15 nm.

of type-I, type-(I+III) and type-III, respectively, shown in Figure 7.8. This result

might explain the function of type-III in wound healing process to recover damaged

tissues faster and in embryonic tissues to promote cell growth and DNA synthesis.

Suppression of type-III collagen suppressed the growth of cells, while it was not ob-

served on suppression on type-I. It was suggested that type-III has important role in

the early stage of growth stimulation of human osteoblastic cells [71]. The result is

also consistent with the reported smaller and uniform fibril distribution in human,

bovine and rabbit cornea [176, 177].

Notbohm’s study regarding the heterotypic self-assembly of type-I and type-III

collagen by turbudity-time assay [175] found that type-III reduces the absorbance,

in other words the fibril formation. They studied co-assembly till 30% of type-III to

type-I ratio and determined with electron microscopy that the average fibril diameter

is inversely and non-linearly proportional to the content of type-III. The acid soluble

collagen was found to be affected by type-III content more with stronger decrease in
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absorbance maxima than the pepsin extracted protein which has only the triple helix

part. The pepsin soluble fibrils appeared to have a higher thickness. The inhibitor

function of type-III was suggested to be due to the decreased hydrophobic interaction

of type-I fibrils due to type-III molecules on the surface.

7.6 Discussion

The interaction between hydrophobic and hydrophilic surfaces has been inves-

tigated for a variety of systems since the last a few decades and the results are

controversial. Interaction mechanism of a model asymmetric system of hydrophobic

polystyrene (PS) and hydrophilic mica was investigated with Scanning Force Mi-

croscopy (SFA) in 5 different electrolytes at the concentration of 0.001M and 1M.

Measured range of repulsion was decreased as the concentration of electrolyte in-

creased in NaCl, CaCl2 and NaOH, but did not show a significant difference in HCl

and CH3COOH because of the ion specific effect of formation and stability of air

bubbles on PS surfaces [117]. Another pure repulsion on the asymmetric system of

PS [(C8H8)n] coated cantilever and a clean glass surface which is hydrophilic was

reported by Thormann and DLVO-like interaction was observed in water. On the

other hand, there are also studies reporting an attractive net force between sym-

metric surfaces. Papastavrou [178] reported a pure attraction between chemically

modified gold-coated surface terminated with COOH and CH3 in water by SFM and

that decreased with increasing ethanol content in water. An attractive interaction of

an asymmetric system of silica cantilever and coated glass (θ = 113) is also reported

by Lee [173]. The interaction range and magnitude was effected by degassing, surface

character, types and concentration of the electrolytes affecting the stability and the

formation of bubbles. In high electrolytes, we expect to have a net attractive force
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due to the screening effect according to DLVO, but this did not happen in the system

of hydrophilic mica and hydrophobic PS surfaces [117]. Therefore, previous reports

about the interaction of hydrophilic-hydrophobic surfaces is mostly on macro scale

unlike our nano scale system, and still open questions exist. The results shows that

the net interaction force is system specific and highly depends on the characteristics

of the each system.

Previous observations about the asymmetric system of type-I and type-III col-

lagen assembly indicated that type-III was found mainly on the surface of fibrils

[78, 70, 179, 180, 181]. By using the suggestion that the type-III collagen regulates

the fibril diameter by coating the surface of type-I fibril, the enhanced nucleation

might be explained. Type-III coating on type-I fibrils makes the surface more hy-

drophilic. Type-I has a higher hydrophobic surface with more hydrophobic amino

acids as shown in Figure 7.1 compared to type-III. The addition of type-III may

reduce the hydrophobic attraction between type-I molecules and increase the repul-

sive hydrophilic forces between type-III coated heterotypic fibrils. That may lead a

longer lag phase and then lower reaction barrier for fibril formation and cause an

enhanced number of fibril.
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We have categorized different possible scenarios in Table 7.2, depending on the

presence of telopeptide ends on the monomer molecule. Scenario A represents the

case that both types have telopeptide ends in their monomer structure. In this case,

type-III molecule has more negative charge than type-I. That causes a stronger elec-

trostatic repulsion between type-III molecules. The number of hydrophobic amino

acid is much higher in type-I meaning that hydrophobic attraction between molecules

acts stronger than that of type-III. Moreover, hydrophilic side chains enhance the

repulsive interaction between type-III molecules. This situation explains the longer

lag phase of type-III collagen and smaller fibrillar diameter. Type-I molecules, on

the other hand, nucleates in a shorter time with the support of strong hydrophobic

attraction in addition to weaker repulsive DL force.

Scenario D represents the case that telopeptide ends were cut down during the

collagen extraction process and both monomer molecules have the triple helical struc-

ture left only. Type-III molecule is more negatively charged again, but the difference

is lower than scenario A. In all cases, except scenario B, surface charge is higher

for type-III molecules than type-I. Therefore, the the electrostatic repulsion between

molecules will be stronger for type-III. Hydrophilic interaction is also stronger for

type-III molecules in all cases. Therefore, they expose a stronger repulsive force

during the self-assembly. That could be one of the reasons of longer lag phase. How-

ever, hydrophobic interactions which are attractive powerfully act on type-I molecules

leading a stronger driving force for the assembly as supporting the shorter lag phase

than type-III.

The higher surface charge of type-I in scenario B is expected to enhance the

repulsive electrostatic interaction. The effect of two electrons on the surface potential

will be as small as in Eqn 3.10. That small difference on the potential will not bring a

significant difference on the electrostatic interaction constant Z, Eqn 3.8. Therefore,
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even for scenario B, the net system will not become repulsive. In all cases in Table

7.2, the net interaction will be always attractive that supports the self-assembly

tendency of collagen.

The extraction process of our collagen sources includes acetic acid digestion for

type-I and pepsin digestion for type-III. This suggests that type-I molecules in our

source most likely have telopeptide ends. Type-III molecules, on the other hand,

might not have telopeptides due to pepsin digestion during the collagen extraction

[175, 171, 182]. Although the enzyme method such as pepsin extraction is believed to

destroy telopeptides, evidences have been provided that pepsin digestion of collagen

does not completely remove telopeptides [166, 167]. In the possibilities that we

have categorized in Table 7.2, scenario B is a less likely case. Possibility of cases C

and/or D is quite low, because acetic acid extraction is known to leave telopeptides.

The question is mostly on if pepsin digestion breaks down all telopeptides which is

represented by scenario B, or leave some amino acids that is A. Therefore, scenario

A is the most favourable case in terms of electrostatic force since that has the higher

difference on the repulsive DL force between the two types. The reality will be

probably in between the two cases with and without telopeptides in the mixture of

stated possibilities.
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Figure 7.9: Snapshots of the intermediate steps of image analysis program Image-J
applied to Figure 7.3. (a,d) The original AFM scan. (b,e) Filtered image (colored
red) of the original by color thresholding tool. (c,f) The final version of the selected
fibrils (by yellow) to measure the surface area of each type.
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8. ADDITIONAL DATA AND PRACTICAL CONSIDERATIONS

8.1 Obstacles in AFM Study of Biological Samples

Investigation of biomolecules with a scanning force microscopy has various types

of difficulties based on different sources. They can be divided into three categorises

according to their source such as AFM based obstacles, substrate related defects,

and buffer solution and protein related difficulties. In this section, we discuss practi-

cal issues encountered during the investigation of collagen self-assembly, and suggest

possible remedies. The sample solution of the images provided in this section were

prepared in a buffer solution consisting of 30 mM Na2HPO4, 10 mM KH2PO4 at

pH 7. In addition to those, varying amount of KCl and glycine will be mentioned

in case they are involved.

8.1.1 AFM related artifacts

While AFM has been increasingly used in study of bio-nanotechnology with its

high spatial resolution, artificial ”ghost” images can occur [183, 184]. These artifacts

emerge more, when the size of the features of the imaged object is on the same order

of the radius of curvature of the AFM tip. One of the common artifacts is ”Double

tip effect”. It is caused by a broken or contaminated tip. The sample surface is

scanned by both the tip and the contamination.

Figure 8.1 is obtained by 5 µg/ml concentration of type-I collagen deposited for

1 h on phlogopite mica in presence of 200 M KCl. The double tip effect is observed

on collagen fibrils as a result of a dirty or broken tip. In the figure, each collagen

fibril has a ’twin’ next to itself caused by double tip.

Background noise is another obstacle in AFM imaging of biomolecules, as ex-
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Figure 8.1: Double tip effect. a) AFM image of type-I collagen fibrils. The color
scale corresponds to 15 nm. Bruker Dimension Icon AFM was operated. b) Line
section between the point C and D verifying characteristic D-period of a collagen
fibril. c) Profile plot from the point A to the point B shown on the image exhibits
double tip effect on the recorded topography data.

emplified in Figure 8.2. While this does not cause a significant damage on hard

samples, it may damage softer biological samples. In Figure 8.2a, background noise

reduces the image quality and complicates image analysis. To eliminate noise, we

have set a suspension system under the AFM table and obtained the later scans in

higher quality. Figure 8.2b shows another defect on the overall surface. Because of

the drifts covered the whole image, the fibrils looks swollen and to distinguish the

fibrils is more difficult. A possible source of the drifts is a contaminated tip. A small

debris could be attached to the AFM probe, and that causes drifts on the image. By

exchanging the AFM probe we eliminated the problem.
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Figure 8.2: Noise effect on topography signal. 5 µg/ml concentration of type-III
collagen was deposited for 30 min on muscovite mica in the presence of 200 mM
KCl. a,b) AFM image. Z-scale is 6 nm for both images. AFM Nanoscope IIIa
was performed. c) Plot profile for the line shown in panel b. The x-axis represents
distance along the line and the y-axis is the vertically averaged pixel intensity.

8.1.2 Buffer solution or protein related defects

AFM study of biomolecules could fail due to the defects occurs during the prepa-

ration of the sample solution. The defects could be buffer solution based, biomolecule

based or something related to how to handle the process. The sample surface shown

in Figure 8.3 is prepared to study the heterotypic self-assembly of type-I and type-

III collagen. The resulting structure showed two different network areas as seen in

Figure 8.3.

Different populations seen on the surface might be only/mostly type-I or type-III

collagen regions. Possible reason would be insufficient mixing of the sample aliquot,
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Figure 8.3: (a,b) Different area scans of 5 µg/ml of the mixture(1:1) sample of type-I
and type-III collagen deposited for 1 h in the presence of 200 mM KCl. Z-scale of
the images are 30 nm. AFM Nanoscope IIIa was operated. c) Profile plot for the
line from point A to point B taken from the panel b. The x-axis represents distance
along the line and the y-axis is the vertically averaged pixel intensity.

as Section 6 showed that type-I and type-III collagen has a different lag phase. Thus,

while one type of collagen is already nucleated and grows, the other type still may

be in the lag phase. Therefore, in addition to pipetting, stirring and vortexing could

solve the problem. However, the type-III sample which was prepared on the same

day gave no assembly. That means that the type-III source used for the mixture

sample may not be in a good condition. Reconstitution of a new type-III source may

be the best.

How to deal with a biomolecule during the experiment and to be able to obtain

consistent results takes a quite long time due to nano scale parameters of the systems.
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For the self-assembly of type-III collagen, we found different and inconsistent pat-

terns. Figure 8.4 shows an example. Mechanism for the observed pattern is unclear.

Inhomogeneity of mica domain may be a reason. The orientational distribution of

the Figure 8.4(b1) shows a wide range of angles meaning that there is not a preferred

direction for the fibrils on the surface in this case.

8.1.3 Substrate related defects

Self-assembly of biomolecules in vitro may fail due to substrate related disorders.

For mica, proper cleavage is important since the surface is supposed to be atomically

clean before deposition of collagen. That could be obtained sometimes at the first

try, but sometimes many cleavage trials should be performed untill a clean and

unfolded/uncracked layer is obtained. Once the surface looks clean and smooth, the

cleaved surface can be used for the deposition.

The assembly network of 5 µg/ml of type-III collagen is shown in Figure 8.5.

Although fibril formation occurs in a good condition, the overall distribution of the

fibrils does not exhibit a consistent pattern. The fracture on the mica surface breaks

the consistent pattern formation because different number of cleavage leads to a

different orientation of surface electric dipole. Therefore, a thick layer of cleavage

could be a possible solution. Two K layers modelled in Figure 6.5 are separated by

(a) 9.98 Å and (b) 10.24 Å [4]. The color scale of the image shown in Figure 8.5b

is 14.98 nm and the corresponding gray scale value is 140. The y-range difference

on the line shown in the image which is 8 tells that that the inconsistency on the

sample surface is due to the one K layer resulting from uneven cleavage of the mica

surface. The plot profile was checked from various points on the cracked area and

verified that difference between the two region approximately the same.
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Figure 8.4: The network of 5 µg/ml of type-III collagen deposited for 30 min (for the
top row images) and 1 h (for the bottom row images) on phlogopite mice, after 10 sec
centrifuge in the presence 150 mM KCl. AFM CP-II was operated The orientational
distribution of the image (b1).

To stick the mica sheet to AFM mounting disk is as important as cleaving. If

the metal disk is not smooth and/or clean enough, AFM scanning results in an

enhanced surface roughness which makes the data analysis difficult. Even though
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Figure 8.5: 5 µg/ml of type-III collagen was deposited after 10 sec centrifuge on
phlogopite mica for 37 min in the presence of 150 M KCl. The bad condition of mica
breaks the consistent pattern formation. A thick layer of cleavage could be a possible
solution. Z-scale is 20.57 nm (a) and 14.98 nm (b). AFM CP-II was operated. (c)
8-Bit version of the nonuniform part of panel (b). (d) The plot profile of the line
shown in panel (c).

surface cleavage looks successful, due to the vavy stuck of the mica sheet, the resulting

network is not preferential as optimized z scale upon flattening is not consistent on

the overall substrate as shown in Figure 8.6.

The uneven distribution of collagen molecules are observed in the background of

the small area image on the right in Figure 8.7. Another remarkable property is a

curved growing of the fibrils. In these images, the fibrils are not straight aligned.

We can explain this behaviour with a model shown in Figure 8.7. The case (c)

represents the collagen fibrils grown on the freshly cleaved mica surface. Mica which
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Figure 8.6: a)AFM Topography image of 5 µg/ml concentration of mixture(1:3)
sample deposited for 1 h on phlogopite mica in the presence of 200 mM KCl. The
topography results showed a tilted structure of the surface which makes difficult to
analyse fibrils on the surface. If additional cleavage does not solve the problem, the
mica could be mounted on another metal disk. The color scale corresponds to 10
nm. Bruker Dimension Icon AFM was operated. b) The orientational distribution
of image a) showing one dominant three direction of growth fibrils.

is negatively charged upon cleaving directly interacts with the collagen fibrils which

are positively charged. The case (d) represents the situation that fibrils are formed on
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Figure 8.7: (a,b)5 µg/ml of type-III collagen deposited for 3.15 h on phlogopite mica
in the presence of 150 M KCl after 10 sec centrifuge. AFM CP-II was operated. (c)
Model system to illustrate fibril formation on mica and fibril formation on a collagen
layer onto mica (d).

the layer of collagen molecules distributed onto mica. The layer of collagen molecules

between mica and fibrils diminish the effect of electrostatic attraction between the

substrate and the collagen fibrils. The additional collagen layer in case (d) also

leads to collagen-collagen repulsion force on the surface. By combination of the two

forces, collagen fibrils feel the substrate effect less than the case (c). Therefore, fibrils

grow in more independency. On the other hand, fibrils in case (d) grow under the

strong substrate-collagen attractive force with less flexibility leading to more straight

growing.

A good example of AFM image shown in Figure 8.8 was formed on phlogopite

mica upon 5 h deposition of type-I collagen in the presence of 200 M KCl. The result-
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ing network was analysed by 2 different techniques and compared. Both of analysis

showed that collagen fibrils preferentially aligned into three directions which are de-

termined by the combination of the surface symmetry of the underlying lattice and

environmental condition such as the buffer condition [5, 4]. Unlike from the analysis

performed by CAFE, image-j analysis of the network resulted in peaks repeating at

every -90, 0 and +90 degrees. The high peaks observed at these points are numerical

artifacts of Fast Fourier transform performed by image-j during the analysis.
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Figure 8.8: Analysis of collagen network formed at 2.5 µg/ml concentration of type-
I collagen. a) AFM image, z-scale is 12 nm. Bruker Dimension Icon AFM was
operated. b) Orientational distribution of the network obtained by image-j and c)
by CAFE [5].
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8.2 Additional Experimental Observations

The type-I collagen network deposited for 30 min on muscovite mica after 10

sec centrifuge, in the presence of 50 mM glycine and 150 mM KCl are shown in

Figure 8.10. Due to the aggregates on the surface, finding a clean area was almost

impossible. The source of the aggregates could be an old buffer solution. To filter

each of the electrolytes participating the buffer and to repeat the experiment could

be a possible solution.

Although the aggregates and dirts on the surface, the orientational distribution

of the network exhibits unidirectional alignment of fibrils on the surface. The peak

at the center comes from the structural tensor that is used for the image analysis. As

the bottom AFM image of Figure 8.10 contains more junks, the height of the peak

decreases and the range of the orientation is widened. The orientational change of

the fibrils observed in the images is also seen as ∼ 900 from the data analysis.
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Figure 8.9: 5 µg/ml concentration of type-III collagen was deposited for 30 min on
phlogopite mica in the presence of 200 M KCl. Type-III collagen is in the process of
assembly on the mica surface. At 2 h of the deposition, the growing was observed
in an appropriate triangular shape. Z scale is 10 nm for panel(a), and 7 nm for
panel(b). AFM Nanoscope IIIa was operated for the images.
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Figure 8.10: 5 µg/ml type-I collagen deposited for 30 min. The corresponding
orientational distribution of fibrils. Z-scale is 18.03 nm for panel(a), and 197.66 nm
for panel(b). AFM CP-II was operated.
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Figure 8.11: 5 µg/ml of type-I collagen was deposited for 30 min for the upper
images and 1 h for the bottom images on phlogopite mice after 10 sec centrifuge,
in the presence of 50 mM glycine and 150 mM KCl. The fibril formation process is
observed in details at 30 min of deposition and the characteristic d-periodic structure
is shown in the bottom left image. AFM CP-II was operated.

Figure 8.12: 5 µg/ml of type-III collagen was deposited after 10 sec centrifuge on
muscovite mica for 80 sec in the presence of 150 M KCl. AFM CP-II was operated.
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Figure 8.13: 5 µg/ml of type-III collagen was deposited on muscovite mica for 1 h
in the presence of 150 M KCl. High level of dirts and junks on the surface make
impossible to find a clean area. The experiment should repeat with a higher level of
protection from dirts like sealing of the sample right after deposition till scanning.
AFM CP-II was operated.

Figure 8.14: 0.1 µg/ml of type-I collagen was deposited on muscovite mica for 2
min in the presence of 200 mM KCl. Too low concentration to observe the monomer
molecules. AFM CP-II was operated.
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Figure 8.15: 5 µg/ml of type-III collagen was deposited after 10 sec centrifuge on
muscovite mica for 1 h in in the presence of 150 M KCl. The reason of the observed
pattern is unclear. It could be a bad mica or old electrolyte or a composition of the
two. We found that the electrolytes should be renewed at least once a month. AFM
CP-II was operated.

Figure 8.16: 0.1 µg/ml concentration of type-III collagen was deposited on muscovite
mica for 90 sec in the presence of 200 M KCl. The type-III molecules were quite dim.
We reconstituted the type-III aliquot and obtained a better results. AFM CP-II was
operated.
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Figure 8.17: 0.4 µg/ml concentration of type-III was deposited on muscovite mica
for 90 sec in the presence of 200 M KCl. During the reconstitution process of type-III
collagen, we used liquid nitrogen for some of the aliquots to figure out which method
is the best to keep protein in its natural shape/properties. The observed structure
of the sample showed that liquid nitrogen broke down the nature of the molecules
and the sample surface was fully covered with the crystallized structure of type-III
molecules. Thus, we eliminated this type of reconstitution of type-III collagen. AFM
CP-II was operated.

Figure 8.18: 5 µg/ml concentration of type-III molecule was deposited on phlogopite
mica for 20 min in the presence of 200 mM KCl. The sample surface was fully
covered with collagen molecules without any fibrils yet. Type-III molecules are in
the lag phase. The collagen network is observed as the one that is close to the early
incubation at 1.30 min. AFM CP-II was operated.
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Figure 8.19: 5 µg/ml concentration of type-III molecule was deposited for 3.45 h on
phlogopite mica in the presence of 200 M KCl. Although the self-assembly of type-
III molecules was observed on the surface, the resulting topography is not trustable,
because the sample surface did not show an homogeneous appearance, which is prob-
ably due to the bad condition of mica. Some region among fibrils was found to be
without collagen molecules as seen in the left image, some is full of type-III molecules
as the right image. AFM CP-II was operated.

Figure 8.20: 5 µg/ml concentration of type-I molecule was deposited for 30 min on
phlogopite mica in the presence of 200 M KCl. Variety of problems are seen on the
sample. Cracked surface of phlogopite mica is one of them. If the thickness of crack
is about 10 Å, further cleaving might solve the problem. The aggregates of small
mass could be collagen molecules. We have found that type-I collagen has a shelf-life
of 3 months at 40C. After reconstitution of type-I working solutionmolecules from
the stock solution, we have obtain an expected pattern on phlogopite mica. AFM
CP-II was operated.
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Figure 8.21: 5 µg/ml concentration of type-I molecule was deposited for 30 min on
phlogopite mica in the presence of 200 M KCl. The sample surface did not show
almost any growing, but small collagen molecules did cover almost the entire surface.
Even 2 h deposition did not result in an assembly. The sample solution might be
not mixed well and uneven amount of electrolyte or collagen would be taken for
deposition. The sample solution would be re-prepared. AFM CP-II was operated.

Figure 8.22: 5 µg/ml concentration of type-I molecule was deposited for 2 h on
phlogopite mica in the presence of 100 M KCl. Multiple layers of fibrils are observed
on the substrate. AFM CP-II was operated.
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Figure 8.23: 5 µg/ml type-I collagen was deposited after 10 sec centrifuge on phlo-
gopite mice for 5 h, in the presence of 50 mM glycine and 150 mM KCl. At the end
of 5 h deposition, we found no liquid on the mica surface, since the sample was left
to the laboratory environment which caused the sample solution on the surface to
evaporate. We figured out that for depositions more than 1 h, the sample should be
protected in a moisture chamber, because the evaporation prevented the assembly
process from its natural way. AFM CP-II was operated for the images.
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9. SUMMARY AND OUTLOOK

The main goal of this research project is to study the heterotypic self-assembly

of type-I and type-III collagen onto an atomically clean solid surface mica. For this,

we used type-I collagen, which is most studied type on muscovite mica and created

unidirectionally aligned collagen fibrils. We studied assembly on another substrate

phlogopite mica to reproduce our previous results [4] and observed that under the

appropriate condition of pH, electrolytes and K+ ion, the self-assembly of collagen

creates a triangular fibrillar network of collagen.

We explained self-assembly with two main non-covalent forces, which is called

DLVO theory as a combination of attractive VDW and repulsive DL interaction.

The concentration of KCl in the buffer solution was one of the significant parameters

which affects the self-assembly. Adsorption of positively charged collagen molecules

to negatively charged mica surface at pH 7 is sensitively dependent on the amount

of K+ due to the surface structure of mica. We have showed that by tuning the

electrostatic interaction between collagen and mica with a varying concentration of

KCl, the direction of the self-assembly can be controlled. Formation of long fibrils

was prevented by high affinity of collagen to mica in the presence of insufficient K+

ion in the buffer due to the highly charged mica surface. On the other hand, as the

concentration of KCl increases, the size of fibrils such as diameter and length also

increased indicating a lower affinity and higher surface diffusion of collagen due to the

neutralization effect ofK+ ion on unoccupied binding pockets of mica surface. With a

sensitive balance of KCl, we have managed the orientation of filaments and fabricated

two patterns on different substrates as unidirectional and triangular collagen network

on muscovite and phlogopite mica, respectively, to use as a template for our next
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part of the research of the heterotypic assembly. With the inspiration of this filament

growth guided by underlying substrate exhibiting in a variety of systems from bio-

to non-bio, we have developed a computational and theoretical model to explain the

template guided assembly of molecules in our previous study [5].

We performed a set of experiments to characterize the self-assembly of type-III

collagen. We found that type-III collagen differs from type-I. At the nucleation

level, we observed that type-III collagen has a longer lag phase than that of type-I

. This observation raises a contradiction with the previous report on the type-III

lag phase [78, 171, 73]. We consider that the interaction between collagen and mica

affects the driving force of the assembly. Interaction with a solid surface is absent

in the experimental set-up of the previous report. We showed that the interaction

between molecules and mica is quite strong compared to the interaction between

collagen-collagen with our simplified model. The longer lag phase of type-III could be

understood in terms of its amino acid composition (Table 7.1). The higher number

of polar amino acid in type-III collagen may suppress the nucleation events with

repulsive hydrophilic effect that is lower on type-I collagen. Moreover, almost two-

fold more non-polar amino acids on type-I compared to type-III should contribute

to the attraction between collagen molecules leading a shorter time for molecules

to aggregate, meaning a shorter lag phase observed in our homotypic self-assembly

experiments.

After recognizing each type at the monomer and the nucleation level, we inves-

tigated the co-assembly of the two types that are the most abundant types in our

body and we discovered an interesting influence of type-III collagen on the type-I

assembly. When we investigated the mixture samples in terms of varying ratios of

type-III to type-I, we found that upon an appropriate proportion of the mixture,

the resulting morphology shows an enhanced number of nucleation even more than
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that of type-I which was shown to have a shorter lag phase in our study of homo-

typic assembly. There is no previous study on the co-assembly of type-I and type-III

collagen on the solid surface mica. Therefore, we have no information showing the

reason of enhanced nucleation yet, but there are some speculations [185]. There are

previous in vivo reports on type-III collagen suggesting that it is mostly found on

the surface of the fibrillar tissue [78, 70, 179, 180, 181] which may be due to higher

hydrophilic nature. We can explain the enhanced nucleation with this suggestion.

Upon mixture, hydrophobic type-I molecules initiate nucleation with nascent base.

Type-III molecules join the nascent form of nucleation and suppress the hydrophobic

attraction with their higher hydrophilic structure by sitting on the surface. There-

fore, remaining type-III molecules prefer to join another nascent base rather than to

break hydrophilic repulsion with type-III coated new born fibrils. Thus, they prefer

to attach a formed nuclei, resulting in an increased number of nucleation. We can

not calculate the hydrophilic/hydrophobic effect precisely, since there is not a clear

theoretical model yet. Its existence is known from experimental observation. We also

calculated the DLVO force consisting of the two main interactions on the collagen-

mica system and showed the necessity of a third force which we called water-mediated

force. That is consistent with the previous simulation work from our group, finding

the repulsive hydration force between collagen molecules [122].

Another striking effect of type-III collagen that we found is regarding its growing

phase. We showed that with the addition of type-III collagen, the fibrillar network

forms more regular, well-arranged, tight and shorter fibrils rather than long, wide-

ranged distribution of fibrils. To use it as a regulatory element of the self-assembly

of collagen could be a promising tool for both biological and material engineering

applications as a controlled thin film generation.

To explain our system, we first applied the DLVO theory consisting of the elec-
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trostatic and the wan der Waals forces to our simplified model collagen and mica.

The calculations implied that there should be an additional repulsive force at con-

tact which verifies the existence of repulsive hydration force at small separations, as

reported in our previous study [122]. The theory remained insufficient to explain

the assembly mechanism, since it is a continuum based theory. For example, we use

a net/constant charge for each molecule. Instead, more local interaction of charges

plays role in the fibril formation. Therefore, to understand the system better, a

more detailed sequence level amino acid analysis are required. To do that, we used

a scripting language, Python. With our one dimensional linear molecular model, we

found the theoretical origin of the longer lag phase of type-III collagen molecules

than that of type-I, as observed in our experiments (Fig. 7.2).Our program resulted

in a stronger net force between type-I molecules. The higher interaction force must

promote the aggregation between type-I molecules leading to a shorter lag phase. On

the other hand, a smaller force requires more time for type-III molecules to nucleate

and growth than type-I as shown in Fig. 4.3. Moreover, the heterotypic interaction

score between type-I and type-III molecules resulted in an almost steady level of

interaction at the locations from 0D to 3D. At a specific location, more interestingly,

the hybrid assembly is more favorable than the type-I only and type-III only as-

sembly, as pointing out our enhanced nucleation ratio between the two types. That

most favorable case obtained at 2D location could be provided by a specific ratio of

the two types as observed in our mixture(3:1) sample of the heterotypic assembly

experiment (Fig.7.4).

Our method based on Python program opens a pathway to the field of proteins

whose amino acid sequences are already known, but could not be benefited from them

due to a large number of residues. They can not be handled without using a computer

program. With this method, for given options of sequences of different proteins, the
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most favorable structure that has the lowest energy (a native conformation) could

be extracted. Even mutations in sequences imported manually could be tested and

compared with existent experimental observations. This is perhaps one of the most

effective methods to utilize the amino acid sequences provided by databases such as

UniProt. This could be the most reliable means of comparing the effectiveness of

interaction forces between protein molecules. We should note that, although our one

dimensional model provides sufficiently effective method to be able to understand the

intermolecular forces to some level, for more sophisticated analysis, three-dimensional

structural information of molecules should be used for the programming. That will

be our next focusing area in 3D.

To understand the co-assembly system of type-I and type-III collagen better,

there are questions for future studies of the project. Studying the effect of pH is

one of them. Although, it was studied for type-I assembly of higher concentration

(0.1 mg/ml) [39], the influence of pH is not known on the heterotypic self-assembly.

By decreasing pH, we expect to have a stronger electrostatic repulsive interaction

between similar molecules and that might change the direction of the assembly. One

of the reasons of choosing the two types of collagen is to understand the structure

and functionality of ECM which has a structure of various types of collagen. The

addition of other types and the observation of the difference on the resulting matrix

could be interesting, as previous studies showed that morphology and composition

of ECM has an important effect on responses of cells [186]. Therefore, how the

co-assembly matrix reacts to the addition of cell could be also an important area.

To understand the communication between cell and ECM better would be used to

increase biological acceptance of implants.
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APPENDIX A

PYTHON CODES

The codes counting the electrostatic interaction pairs between type-I molecules

at the binding sites of 0D, 1D, 2D, 3D, and 4D as described in Fig. 4.2 are given

from page 117 to 121. ‘aa1’ represents the amino acid sequence of type-I collagen.

Note that the only a small part of the whole length is seen in the attached page.

Each page is given to a specific binding location of the whole code. The part of our

program which counts the electrostatic interaction between type-I molecules at 0D

arrangement that means perfectly arrayed.

The codes counting the hydrophobic interaction pairs between type-I and type-III

molecules at the binding sites of 0D, 1D, 2D, 3D, and 4D are given from page 122

to 124. ‘aa3’ represents the amino acid sequence of type-III collagen.
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