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Abstract

I have designed bioactive collagen-based materials using electrochemical synthesis
methods. Preparation of these collagenous materials involves assembly of fibuils from

collagen monomers; inorganic-protein composites can be formed by subsequent elec-

trochemically induced precipitation of calcium phosphate minerals. These collagen-
caleinm phosphate composites are stiffer than the original collagen membranes. The
clectrochemically assisted mineral precipitation can yield several different calcium
phosphate phases (including hydroxyapatite, brushite, or amorphous calcium phos-
phate) depending on electrolyte composition. Change in the electrolyte composition
(by adding different ions), electrolyte pH or duration of the applied field produces
membranes with a range of Young's moduli. Single particle tracking reveals that
changing the electrolyte composition changes the internal pore structure of the formed

collagen membrane. Biocompatibility studics show that cells grow very well on the

electr mically agg) 1 collagen s when they are used as a support-
ive matrix. Since a major portion of a cornea is made up of collagen, our collagen

membranes may be useful as a matrix for artificial cornea applications.
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Chapter 1

Introduction to collagen and
collagen-calcium phosphate

materials

In recent years, researchers have shown much interest in collagen and collagen-based

materials for developing many artificial implant /repair materials like artificial bone

corneas, wound-care tissue, dermis and arterial replacement tissues.'™ Collagen is a

family of proteins that accounts for ~ 75% of protein content in the whole body.”
It is abundant in fibrous tissues like skin and tendons and also a major component

in blood vessels and the cornea.® More than 90% of the organic matrix of bone is

wmade up of collagen. The central layer of the cornea — the stroma — is made up of

collagen,'”"? and collagen is also present in the lens in a crystalline form." Collagen

is also used as an extracellular matrix for many cell culture studies to assess how

different kinds of cells interact with the microenvironments surrounding them during
growth and development.™* Therefore, there is a great need for the development of

new collagen based biocompatible materials for tissue repair and replacement that



can have a positive interaction with the host tissue.

1.1 Collagen

Collagen is comprised of three left handed helical polypeptide strands that coil to-
gether to form the right handed helix structure of collagen.'” Though there are 28
types of collagens found in nature, the type I, 11, 11T and IV collagens constitute more

16,17

than 90% of all collagen The classification of collagen is based on its a-chain.

In type I collagen, two of the three a-chains have an identical sequence and the other
chain has a different sequence.’ Collagen is a structural protein: the high strength
of muscle tissues and the elasticity of skin are mainly due to collagen, and the degra-
dation of collagen can damage the tissues or cause skin wrinkling.! 2 The tissue
strength largely depends on the way in which collagen molecules are crosslinked into
thick fibrils.?" 22 Crystalline textured collagen is present in the cornea, where the
uniformly gathered collagen fibrils assemble in an orthogonal lattice to maintain its

high optical clarity.'® 2525

1.1.1 Structure of collagen

In collagen, three left-handed helical polypeptide strands coil together to form a right
handed triple helix tropocollagen. In the polypeptide chain, there are 3.33 amino acid
residues per helix turn, and there are ~ 1000 residues per chain. The helix diameter
%

is 1.5 nm and the length s 300 nm.2® In general, the repeated sequence of the amino

acids in the collagen polypeptide strand is

-G Xaa — Yaa

where Gly is glycine and any amino acid can replace the Xaa and Yaa positions.

Gly - Pro - Hpro — is the most common and most stable sequence in which Pro and




Figure 1.1: Zwitterionic structures of (a) glycine, (b) L-proline and (c) trans—4
lydroxy-L-proline.

Hpro are the aminoacids proline and hydroxyproline.?” The zwitterionic structures
of glycine, proline and hydroxyproline amino acids are given in Figure 1.1, 1t is

mandatory to have

he amino acid glycine at every third position in the helical portion
of the protein. To have a higher packing density, glycine always occupies the middle of
the triple helix so that the bulky side chains of other amino acids are placed outside.*
This is because glycine is the smallest amino acid, and its presence at every third

position makes the strand more flexible to coil in a helical structure. The pres

nce
of hydrogen bonds between the strands further stabilizes the collagen triple helix.?!
Any mutation that replaces glycine affects the molecular structure thus leading to

disease.™

1.1.2 Hierarchical assembly of collagen

The hierarchical assembly of collagen molecules into collagen fibers occurs via a highly

complex mechanism and involves several steps (Figure 1.2).% %% During the biosyn-
thesis of collagen fibrils, the collagen genes form protocollagen, a helical protein
strand. The two termini of this peptide strand are formed by two small peptide

chains, called N-and C-propeptides. Three protocollagen strands gather together into
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Figure 1.2: Schematic diagram for the hierarchical assembly of collagen fiber from
collagen monomer. Tmage is modified from Reference [31]




a triple helix structure called procollagen, in the presence of lysyl hydroxylase and
protein disulfide-isomerase enzymes. In procollagen processing, the procollagen N-
and C-proteinases cleave the N- and C-terminal propeptides from the procollagen to

give a tropocollagen triple helix. The diameter of this tropocollagen is 1.2 nm, the

length is < 300 nm and the two new termini are called and C- telopeptides. After
that, mmerous tropocollagen molecules assemble into a staggered configuration to
give a collagen microfibril, with the molecular axes of the tropocollagen molecules

parallel to the axis of collagen microfibril. These microfibrils can present banding of

various periodicities, with the “native type fibril” showing a periodicity of about 67

36, 3

nm (“D banding” The thickness of thi:

collagen microfibril is ~ 5 nm, and

in the presence of lysyl oxidase, cross-linking of several microfibrils takes place to give

a ~ 500 nm thick, ~ 1 cm long collagen fiber.

1.1.3 In vitro collagen assembly methods

In the laboratory. there are numerous ways to align collagen molecules to form a

membrane.® A few selected examples are discussed as follows.

1.1.3.1  Magnetic alignment

The assembly of collagen molecules into a membrane can be done using magnets be-
cause the magnetic field does not destroy the biological structures.® In the magnetic
alignment method, the fibrillogenesis of collagen monomers into highly aligned colla-
gen fibrils is performed by exposing a heated monomer solution to a strong magnetic
field. The membranes obtained by this method have very high orientational align-

ment. This method needs a very high magnetic field strength in the range of 1 to 6

Tesla. Using a Tesla power magnet to prepare a membrane few cn /e requires a

large initial investment



1.1.3.2  Electro-spinning process

Electro-spinning methods are also used to coat the collagen fibers on a substrate.*

In the electro-spinning process, collagen monomers are taken up in a syringe pump
that is connected to the positive lead of a high voltage power source. A cylindrical
shaped target metal is connected to the negative lead of the power source. During
the electro-spinning process, the syringe pump delivers the ionized collagen, and this
collagen assembles well over the rotating substrate. The structural and mechanical
properties (such as stiffness) of the formed collagen membrane can be altered by
changing the type or the concentration of the collagen solution. However, the need

of a cylindrical shaped substrate and the usage of corrosive and toxic chemicals as

solvents make this method unsuitable for many applications.

1.1.3.3 Liquid crystalline ordering

In liquid crystalline ordering, evaporation is used to align collagen fibers in a specific

manner.* *2 Highly concentrated procollagen monomer solution (5 mg/mL to 30

mg/ml)

the glass slide are sealed by epox;

placed on a glass slide, which is covered by a cover slip. Three sides of

and the slide is kept in a moisture chamber that

is maintained at 4-6 °C to control the evaporation. After a few days, the procollagen
molecules assemble to form a liquid erystalline structure, and it can take several weeks

to months to get a higher order crystalline texture.

1.1.3.4  Mierofluidic alignment

Microfluidic alignment can be used to orient collagen fibers in three dimensions. ™ In
this method, channels that are made from polydimethylsiloxane (PDMS) are widely

used for the collagen fibrillogenesis. These PDMS channels are filled with collagen

monomers either with flow or without flow assistance, and the collagen monomers are
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eledrolyte

Figure 1.3: Schematic diagram of a two-clectrode electrochemical cell. A collagen
monomer solution is used as the electrolyte, and two polished stainless steel plates
are used as electrodes. Once potential is applied to the collagen electrolyte, a highly
aligned, mechanically robust collagen membrane can form parallel to the anode and
cathode.

allowed to polymerize in the channels. Though this method is very simple and cost

effective, the obtained membrane is very small in size (thickness of a few nanometers)

and lacks a three dimensional hierarchical structure.

1.1.3.5  Electrochemical aggregation

Since all of the above mentioned methods have some drawbacks, it is necessary to have
an alternative method for collagen membrane formation that is simple, cost effective
and produces membranes with good orientational and mechanical properties

In 1964, Becker ef al. found that when a collagen monomer solution is placed in an

electric potential (Figure 1.3), a band of collagen fibers is formed perpendicular to the



direction of current flow, and unlike the normal electrochemical deposition process,
the formed collagen band is at a definite distance from the cathode.* Initially, these
electrochemically prepared membranes did not show higher orientational anisotropy
and D-banding, resulting in poor mechanical strength and packing density.* Chang-

ing key electrochemical parameters such as voltage and current did not yield bet-

ter results. Later, it was fonnd that changing other electrochemical parameters like
electrochemical cell dimension and electrolyte composition could yield mechanically

robust collagen bundles with higher orientational anisotropy.*

1.1.4 Mechanism of electrochemical collagen membrane for-
mation

The electrochemical formation of a collagen membrane is result of the following two

“tions that occur at the cathode (Equation 1.1) and anode (Equation 1.2) when a

potential is applied between the electrodes.

2H* (aq) + 20~ —> Hy(g) (1.1)
2H,0(1) — Oy(g) + 4H* (aq) + 4¢ (12)

> two reactions oceur when the applied electrode potential is much larger than

Thes

us standard hydrogen reference

V ver

the water electrolysis threshold voltage (1
electrode). These two electrochemical reactions play a vital role in forming a pH

lient in the electrolyte solution. Due to these redox reactions, the pH of the

collagen electrolyte near the cathode increases (because of the consumption of H*
ions) and the pH near the anode decreases (because of the formation of H* ions).
The aggregation of collagen monomer molecules into a thin, robust membrane can

be explained by a mechanism called iso-clectric focusing. Becanse of its amphoteric
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Figure 1.4: Schematic of the electrochemical membrane formation process. (a) Colla-
gen molecules in the acidic side get a negative charge and the molecules in the basic
side gain a positive charge due to the pH gradient. (b) A collagen membrane forms by
migration of collagen monomers driven by an applied field between the two electrodes.
nature, the collagen molecules have both positively and negatively charged groups. As
soon as the surrounding pH changes due to the pll gradient, the collagen molecules
get a negative or positive charge by losing or gaining a proton (H*). When the
environmental pH is lower than the iso-electric point of collagen (which is ~ 6.5 for
our collagen®® 7). the collagen molecules become positively charged; for higher pH

(

6.5) the collagen molecules become negatively charged. When the environmental

pH equals the iso-electric point, the collagen molecules do not carry a net charge.
Once the applied potential generates a pll gradient in the electrochemical cell, the
positively charged collagen molecules in the anode side move toward the cathode, and
the negatively charged collagen molecules in the cathode side move toward the anode
These collagen molecules assemble as a membrane at the point in the electrochemical
cell where the pll is ~ 6.5 (Figure 1.4).46. 48

After the electrochemical aggregation process, the electrolyte in the cathode region

(pH ~ 12) is more viscous than in the anode region (pH ~ 4). This is because the
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collagen molecules assemble more readily in basic environment resulting in higher

fibril content in the cathode side of the cell.*

1.1.5 Atomic force microscopy for imaging collagen

) in imaging collagen and other biomaterials was based on electron mi-

lier resea

it in optical mi

croscopy and histological staining to enhance the cont

Though these methods give some information about the morphology and structured

are not ideal for imaging most biological samples including

layers of biomaterials, they
collagen.” The maximum resolution that can be obtained using optical microscopy is

1 im, and the depth of field is very low. Highly transparent samples cannot be viewed
using optical microscopes without staining for better optical contrast. Fluorescent
microscopy needs the sample to be fixed with dyes or tagged with some fluorescent
particles for a clear view. For scanning electron microscopy (SEM). though a resolu-

s to be stable

tion of 5 mm can be reached with a large depth of field, the sample ne
in vacuum and must be coated with a conductive layer. Although an environmental
SEM does not need the sample to be under vacuum, the sample must still be coated
with a conductive layer for obtaining a higher resolution image. By doing any of

the above. the biological sample is incorporated with artificial material and loses its

ing. All the microscopies mentioned

original in vivo state when it is ready for ima
above provide two dimensional data of optical or electron density.

On the other hand. atomic force microscopy (AFM) provides very high resolution 30
(. y and z) images for many biological samples in a condition that can be made
similar to the biological in vivo environment. The resolution of AFM can reach up to
0.1 nm in the zy (sample) plane and up to 0.01 mm in the = direction, depending on

the quality of sample and as well as the quality of the tip.** AFM does not require

the sample to be kept under vacuum and provides the images with very little or no




sample preparation.
In AFM, a micron sized cantilever tip moves across the sample surface, and the

deflection in the cantilever due to the surface morphology of the sample is detected by a

laser beam, which is reflected from the cantilever surface. The change in the deflection
of the cantilever is converted into the topography of the sample. In addition to getting

icochemical and

the topographical images, AFM can also be used to acquire the phy
mechanical (stiffness and modulus) properties of the sample. % With all of these
advantages, AFM has become an important tool for imaging and assessing the surface

and internal properties of samples in many fields, including chemistry, biology, physics

and materials science,

AFM has been widely used for understanding the assembly,” * morphological strue-

ture and mechanical properties of collagen membranes. Habelitz ef al®® have used
AFM for imaging partially demineralized human dentin collagen fibrils in situ in three
dimensions. The effect of hydration on the structural properties of the mineralized

collagen has been revealed by obtaining high resolution AFM images of hydrated and

dehydrated mineralized collagen fibrils. These images clearly show the D-banding of
collagen fibrils and that the fibrils get thicker when they are hydrated. AFM has
been also used to find the collagen fiber structure, and the results are consistent

with the structure of collagen obtained from X-ray diffraction (XRD) and electron

microscopy:*! The size of gap and overlap zones have been measured precisely using

AFM because of its very high resolution in the = direction.

The mechanical properties of collagen membranes and collagen-based biomaterials

have been widely studied using AFM. Graham® has nsed AFM for studying the el
fect of disease on the mechanics of a collagen membrane. The mechanical propertios
of normal type I collagen and osteogenesis imperfecta (brittle bone disease) collagen

were studied, and compared to assess how a disease affects the mechanical strength
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of the collagen. Moreover, the change in the mechanics of collagen membrane dur-
ing the cell interaction has also been studied using AFM. An AFM nanoindentation
technique has been used by Wenger ef al.% to optimize the mechanical properties of
collagen fibrils. In their work. a single collagen fibril was laid down on a stiff sub-
strate, and the nanoindentation was carried out over the fibril to acquire the force
vs. displacement plots. Using appropriate models, the stiffness and elastic modulus
of rat tail type I collagen fibil were calculated. Also, others have used AFM nanoin-
dentation to find the mechanical properties of individual collagen fibrils, fibers, gels

and membranes -5

1.2 Bone implants based on collagen-calcium phos-
phate composites *

Natural hone is a complex and hierarchically structured composite material based on
collagen, hydroxyapatite (HAp), Cayo(PO4)6(OH)y. with magnesinm and carbonate
fon substitutions. The distinctive combination of strength and light weight that is

ascribed to bone comes not from the inherent strength of the composite, but rather

from the way the composite material is structured . % Structure and strength are

intimately related to the presence of collagen (type 1), and other organic components.*

It is interesting that, although there are many different phases of calcium phosphate
g gl I

(Table 1.1), only apatitic phases are found in bone.57 7

There have heen many studies that have focused on nucleation and crystallization of

bone-like apatitic minerals.” 7" However, there is still much to be investigated (and
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Table 1.1: Selected calcium phosphate phases

Mineral name Abbreviation | Composition

hydroxyapatite HAp Can(PO4)s(OH)2

dahllite CaCO, - 2Cay(PO,),

brushite CallPO,-2H,0

monetite CallPO,

octacalcium phosphate ocp Cag(HPO,)2(PO,);-5H,0
lcinm phosphate TCP Cay(POL)

Ca, (POL), 2120

amorphous calcium phosphate | ACP

understood) in terms of how the mesoscale structure and properties of bone relate to

bone regeneration, in both natural and artificial environments.”

1.2.1 Target properties for effective bone implants and coat-

ings

The role of an implant coating is to increase the likelihood that the implant is -

lessly incorporated into the body.™ % Clinical studies have shown that calcium
phosphate-based coatings dramatically accelerate the body’s incorporation of metal
pins*! An approach to improving the bioactivity of an implant coating is to embed
specific incorporants in a composite to tailor the interaction hetween the implant and
the body.™ %% For example, since natural bone contains both mineral and proteina-

wble to incorporate proteins such as collagen into

ccous components, it may be desi

calcium phosphate based implant coatings; this has heen addressed with theoretical®



and experimental®™ ¥ studies.
Though many implant coatings are based on amorphous calcium phosphate, it is not
yet clear whether specific caleium phosphate phases present advantages (or disadvan-

tages) in terms of implant coating performance.®  As the bone growth occurs, the

interactions between cells and the implant can be affected by the topographic cues on

the coating.™ ™ 57

1.2.2  Overview of synthesis methods for bone implants and
coatings

Developing an implant coating for which one can control the attributes described

above is a challenge. The synthesis of these coatings often involves multiple steps,

each of which can be gronped into one of three broad categories. For the most part,

these syntheses produce stoichiometric caleinm phosphates (HAp, brushite, OCP, or

TCP) with collagen or collagen-carbonated apatites. There are a mumber of recent

reviews focused on biomineral synthesis, both stoichiometric and substituted. ¥ 5

1.2.2.1 Thermal synthesis

Hydrothermal, spray pyrolysis. and conventional high-temperature treatments have

all been used to make bone-like implant coatings.™ These offer the possibility of

thermodynamic selectivity of different calcium phosphate phases, as well as the option
of controlling crystallite size and uniformity. An alternative approach is to chemically
dissolve or mechanically grind natural bone into small particles, to then be coated
onto a substrate and heat treated for optimal adherence.™

Other thermal studies have used high temperature processes to control morphology

as well as composition.  Micrometer-scale bubbles have been used to induce bone-

like porosity into the composite materials, and sacrificial incorporants that can be




™

thermally removed by combustion have also been used to create porous structures,
Since many organic or pharmaceutical additives are not stable at the high temper-

atures used in these thermal synthesis techniques. such incorporants are typically

added in a separate, low-temperature step as a top layer to the implant coating,

1.2.2.2  Soluf

Given that bones can grow in the body at relatively low temperatures (37 °C), some

methods are meant to mimic the body’s growth environment through the use of biolog-

74,90

ical molecules used by cells to stimulate and organize the mineralization proces

Others are designed to nse chemistry that is very different from what takes place in
the body, such as the use of alkaline treatments to control phase selectivity.™ Be-

cause alkaline treatments can cause denaturation of protein incorporants, multi-step

ses are often employed.

coating preparation proc

1223 El y assisted sy

An extension of the chemical methods for collagen-calcium phosphate crystallization

involves the use of an applied electric potential to trigger an electrochemical crys-

nduced precipitation reaction is well-

tallization reaction. This kind of hydroly

Known.™ *1% Electrodeposition offers the option of using applied potential to con-

trol the energetics of the reaction without need for high temperatures. Therefore, it

provides the possibility of controlling both kinetics and thermodynamics in a single,

low-temperature reaction proc
Electrodeposition presents both advantages and limitations. The electrochemical pre-
cipitation process oceurs only in the immediate vicinity of the substrate (working

electrode) surfaces. This means that in general, electrically conductive substrates are

steel or titanium alloy implants,

required. For metal bone pins and similar stainless
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this is not a problem. In fact, electrodeposition offers the capability of coating com-
plex electrode shapes due to the conformal nature of the electrodeposit. There are
several examples of phase-selective materials synthesis procedures using electrochem-

ical methods.™ 3 %4

1.2.3 Electrochemically prepared biominerals

With many crystalline phases of calcium phosphate minerals known to exist, we sought

a method to selectively form specific caleium phosphate phases. We use electrocheni-

ical hydrolysis to create a spatially localized pH change in the electrolyte where the

alkaline pH conditions trigger a calcium phosphate precipitation process. This mech-
anism has been used extensively to synthesize calcium phosphate coatings.® 7 %5 %
Moreover, the electrosynthesis conditions (more specifically, the buffering capacity
of the electrolyte) can be used to selectively produce two different calcinm phos-

phate phases in a one-step deposition process, without the need for alkaline or high-

temperature treatments.

The key to this control is evident upon closer analysis of the chemistry involved

in the deposition procedure. The electrochemically

sisted precipitation of HAp
requires an alkaline environment. This ensures that the increased OH™ concentration
is spatially confined to the working electrode surface, preventing precipitation from
the bulk electrolyte. Equation 1.3 shows the reduction reaction of NO3~ to NO; ™ in
the presence of H,0 (-0.23 V vs. SCE™). The OH™ ions from Equation 1.3 react with

the HoPO,~ to give HPO,2~ (Equation 14). Hydroxyapatite (Cay(PO, ) (OH),) is

obtained when HPO,* reacts with Ca®* and OH (Equation 1.5).

NOj, (aq) + H,0(1) + 2¢~ —s NO, (ag) + 201 (ag) (1.3)




H,PO; (aq) + OH™ (aq) — HPO?™ (aq) + H,0(1) (1.4)

10Ca®* (aq) + 6 HPO? (aq) + 8OH™ (aq) — Cag(PO,),(OH),(s) + 61,0(1) (1.

When there is insufficient OH™ present. brushite forms at the expense of HAp. This
work demonstrates that a simple way to control the amount of OH™ present is to
adjust the buffering capacity of the electrolyte through changing hydrogen phosphate

concentration.™

1.3  Overview of the thesis

In this thesis, I have used an electrochemical method to aggregate collagen monomers

into collagen fibrils. Investigations were carried out to find out the effects of electrolyte

composition on the structural and mechanical properties of the synthesized collagen

w-calcium phosphate membranes were prepared by

membranes (Chapter 2). Coll
an electrochemical method, in which the collagen fibrils were assembled in aqueous
solutions and the calcium phosphate minerals were precipitated over them. Various

techniques were used to analyze the internal structure, composition and phase of the

collagen-mineral composites (Chapter 3). Biocompatibility tests (based on observa-
tions of cell attachment and growth) and development of an artificial cornea using
clectrochemically aggregated collagen as a matrix have been carried out in collab-
oration with Drs. Robert Gendron and Hélene Paradis at the School of Medicine,
and structure of the pores in the collagen

MUN (Chapter 4). To understand the siz

membranes, a widely employed single particle tracking (SPT) method has been us

e the internal pore structure with the

SPT experiments have also been used to rel

5
)

stiffess of collagen membranes (Chapt
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Chapter 2

Correlating mechanical properties
with aggregation processes in
electrochemically fabricated

collagen membranes *

2.1 Introduction

Knowledge of the mechanical properties of biological tissues is instrumental in un-
derstanding how structure affects their function. Tendons, for example, are aligned

collagen-based comnective tissue whose elastic properties have been widely studied at

miacroscopic length scales.'* However, mechanical property investigations at smaller

Kristin M
The candic
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probes. Force-displacement. curves obtained with atomic force microscopy (AFM)
cantilevers, whose tips have radii of curvature on the order of tens of nanometers, can
be used in conjunction with appropriate mathematical models to describe the tip-
sample contact mechanics and to estimate the Young’s modulus and other structural
parameters in a range of materials.* Here, we show that mechanical property data

ible

obtained from AFM force-displacement curves can be used to distinguish pos
formation pathways of complex collagen assemblies.

Collagen is a structural protein whose mechanical properties are intimately related
to the assembly and aggregation of its monomeric building blocks. Its hierarchical

agaregation process, fibrillogenesis, is fundamental to the in vivo development of col-

lagenous connective tissues.” These fibrils and smaller protofibrils are structurally
and mechanically distinct from the less stiff, non-specifically aggregated collagen that
can form under some conditions, as presented schematically in Figure 2.1 Fortu-
itously. fibril formation can be replicated in a laboratory environment.” which can aid
development of synthetic collagen-based scaffolds for tissue repair and regeneration
applications.® 7 Strategies for developing such scaffolds require controlled collagen
assembly for reliable function, including control over packing density, elastic deforma-

bility, and the final size of the construct. These factors can affect bioactivity throngh

ity

it of bioavailability issues arising from the poro

mechanical response, or as a res
of the material.
Collagen aggregation and fibrillogenesis have been directed in vitro by stimulating

extrusion, mi-

ation via fluid flow, mechanical

alignment prior to or during aggr
croflnidic channels, or anisotropic chemical nanopatterns." ® 12 An alternative class of

approaches for providing high orientational order and packing density involves manip-

RE}

ulating the electrochemical environment of collagen molecules. Marino and Bec

reported that the electrolysis of a collagen solution could induce the formation of



non-specific
/ aggregates

¢ ) — W)

protofibrils fibrils

monomers

Fignre 2.1: A schematic diagram of possible membrane formation pathways
Monomers can either aggregate (A) non-specifically or (B) hierarchically to form
protofibrils (thickness of ~ 5 nm) and then fibrils (thickness of ~ 100 nm). Non-
specific aggregates do not lead to fibril formation

an opaque fibrous material, with aggregation induced by a local pll increase at the
cathode. More recently, our group has reported the formation of macroscopic and
microscopic 2D collagen membranes by a similar process,'* while others have made
collagen bundles in the presence of electric fields® 1>

In this work, we demonstrate that AFM force measurements coupled with spectro-
scopic data allow us to understand how electrochemical synthesis parameters influence
collagen membrane formation, toward the goal of a tailored membrane structure for
scaffold applications. The Young’s modulus changes that oceur in our electrosynthe-
sized membranes can be correlated directly with fibril content, but stiffness differences
alone do not offer direct mechanistic information about the collagen aggregation pro-
cess. Monitoring these Young's modulus changes in conjunction with local structure
information from Raman scattering spectroscopy and morphological data from AFM
images gives a more comprehensive picture of the relationship between membrane

stiffness and collagen aggregation processes
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2.2 Experimental method

2.2.1 Sample preparation

Experiments were designed to investigate the effects of time, pH, and electrolyte com-

position on an electrochemically controlled collagen membrane formation process. The

electrolyte contained collagen (Type I collagen monomers with a final concentration
0.07 mg/mL from 3 mg/mL acidic Vitrogen stock solution, Inamed Biomaterials),

ultrapure water (18.2 MQ-cm, Barnstead Nanopure), and sufficient NaOH (ENMD

Chemicals, ACS reagent grade) to reach pll 7, unless otherwise noted. Electrolytes

more alkaline than pl 7 can lead to collagen denaturation, so this study focused
on pH variations in the acidic regime. In some experiments, different concentrations
(5-100 mM) of CaCl,, KCI, and NaCl were added (at pH 7). All experiments were
conducted at ambient temperature.

The electrochemically induced aggregation was carried out in a two-electrode electro-

chemical cell described in more detail elsewhere.™* A potential of 8 V' (unreferenced)
was applied with a potentiostat (Pine 366A) for durations of between 15 and 60 min-

ntes. The resulting current data were recorded using a computer-based data acqui-

N

ional Instruments LabVIEW and NI-PCI 6014 digitizing board)

sition program

tive to the

with an interface designed in-house. The applied voltage was large re
potential required for hydrogen evolution, oxygen evolution, and oxygen reduction
reactions. This led to H* and OH generation at the anode and cathode, respec-

tively, and results in a pll gradient. (Comparable results were observed with applied

potentials referenced to a satura

ed calomel electrode.) Within minutes of exposing
a ph-adjusted electrolyte of collagen monomers to the applied potential, isoclectric
focusing in the pH gradient cansed a collagen film to form perpendicular to the field

with its edges anchored to the container wall. Prior to subsequent measurements,
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membranes were removed from the cell, rinsed with ultrapure water. and air-dried

on a glass substrate under ambient conditions. Aliquots from the electrolyte were

also collected, deposited on a glass substrate, and air-dried under ambient condi-
tions. Variations in ambient humidity and temperature did not lead to statistically

significant changes in membrane stiffness.

2.2.2  Optical characterization

The membrane formation process was monitored in real time during some experi-

ments with a Leica DM2500 optical microscope and polarized light. Raman scatte

ing spectroscopy (Jobin Yvon Horiba LabRAM. confocal, 532 nm excitation) on dried

membranes tracked changes in intramolecular and intermolecular bonding, which are

tion. To assess how

indicators for degree of collagen aggregation and/or denatur:

much of the collagen from the electrolyte was incorporated into the membrane, we

used UV/Vis spectroscopy (Ocean Optics, Inc. Chem2000) on the post-deposition

electrolyte to measure relativ anges in absorption compared to an ultrapure water

reference,

2.2.3 Atomic Force Microscopy

An atomic force microscope (MFP-3D AFM, Asylum Research) was used for thick-
ness measurements, topographic mapping and force-displacement measurements. Ex-

periments were performed at ambient. temperature using silicon probes (MikroMasch

NSC35) with spring constant ~17 nN /nm, as determined by the thermal noise method. '
Membrane thicknesses were assessed by AFM measurements at the edges of the sam-
ples, with measurement sites selected where the optical microscope indicated that

the membrane was not folded over. Topographic images were acquired using tapping

imaging mode at a scan rate of 0.5 Hz. Before beginning indentation measurements
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on the s

ample, force curves were collected on a bare glass substrate to calibrate the
deflection sensitivity of the instrument. Force curves were then collected at differ-

ent locations on the collagen membrane within a 25 ym? area, starting ~200 nm

above the sample surface and indenting ~100 nm after initial contact with the sam-

ple. Force curve shape indicated that the measurements were not affected by the

ion and retraction curves was ac-

underlying substrate: the curvature of the exten
counted for entirely by probe shape and did not show evidence of coupling with the

harder substrate.! These raw cantilever deflection voltage vs. probe displacement

measurements were then converted into force-separation relations using the cantilever

deflection sensitivities and the cantilever spring constants. We use a simplified model

for the material response as purely elastic, neglecting any viscoelastic contributions
and using only the retraction portion of the force-displacement curves to eliminate

sentative force curves and additional

contributions from plastic deformation. Repres

analysis are provided in Section 2.3.

details on thei
We note that the mechanical data were collected on dried membranes to avoid artifacts

obtained on membranes that were never

. For

introduced by capillary force: > cun

. while

dried (or membranes that were rehydrated) are dominated by capillary fore
measurements on dried membranes are free of these strong artifacts. Measurements

cly under finid present additional problems with

on wet membranes conducted enti

ing support, and with strong

inconsistent adhesion of the membrane to the underly
adhesion between tip and membrane. Membranes would likely be rehydrated when

their Young’s moduli. How-

used in scaffolding applications, and this would chang

here lies in using mechanical measurements to model the formation

ever, our inter

process of the membranes, and these data are obtained most consistently with dried

membranes. We anticipate similar trends in Young’s moduli when changing salt con-

interested in those trends, which can be

centration for sets of wet membranes. We
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obtained from dried membranes much more easily. and the data from wet membranes

would be unreliable.

2.2.4 Modeling stiffness

We employed two theoretical models that are widely used to extract Young’s moduli.

A hyperboloid tip shape!” is assumed in a Hertzian contact model,™ while the model

of Oliver and Pharr!™ ** utilizes the shapes of retraction curves to determine effective
indenter shape. By treating all data with both contact models, we confirmed that
observed qualitative trends for changes in stiffness are not dependent on the specific

details of the probe-sample contact modeling. Additional details and representative

analyses from both models are included in Section 2

2.2.4.1 Hertzian model

The force-indentation relation for a hyperboloidal contact'? is given by Equation 2.1

(2.1)

where F'is the load force, € is Rcot(a)/a, o is the tip conical angle (30° according to

manufacturer specifications for our indenters), a is the contact area radius (caleulated

from tip shape and indentation depth), R is the probe’s radius of curvature, £ is
the Young's modulus, o is the sample’s Poisson ratio (0.3 is a reasonable value for

biological fibrils'), and § is the indentation depth and is equal to

GSIT & arct
35 |3 T arctan

—

An aceurate caleulation of the indentation depth § would require precise knowledge

of the probe-sample contact point. Instead, one can use an estimated tip-sample
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separation® (A) offset from the true indentation depth by a constant C: A = C' 4. It

is then possible to rework Equation 2.1 so that the Young's modulus can be determined

independently of the exact point of probe-sample contact.

2.2.4.2  Oliver-Pharr model

The Olive

r-Pharr model

adopts a slightly more complex model for the indentation
process. The effective Young’s modulus E is related to the sample stiffuess (Suareriar)

and contact area (A) by

when assuming an indenter that is approximately axially symmetric.'" The contact
involves two springs comnected in series: one for the AFM cantilever (spring con-
stant K,) and another for the sample (pseudo-spring constant Syeriat). These two

spring constants are related to the slope of the force vs. indentation depth plot (Sug)

obtained from force curve measurements.

(2.4)

The contact area A is determined by accounting for both the geometry of the tip

and the plastic deformation from the extension process (which affects the tip-sample

3)

contact upon retraction). Fits of our retraction curves (described in Scction 2.
indicate that our contact area is effectively parabolic, so we use a contact area given
by

27 Rho—m I, (25)

where R is the radius of curvature of the indenter and h, is the contact depth,

The contact depth upon retraction is affected by plastic deformation from the exten-
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sion process. If the sample is permanently indented during extension, the retraction

process will occur over a shorter distance and will involve a different surface geometry
and hence a different tip-swrface contact. In principle, it would be possible to de-
termine the retraction distance by measuring the height difference between the point
of first tip-sample contact on the fresh sample (during the tip extension procedure)
and the point of last tip-sample contact on the newly deformed sample (during the
tip retraction procedure). However. adhesion effects could cause the height at which

the tip disengages from the sample to be different from the true sample height. A

solution that addresses the changes in both distance and shape during retraction es-
timates how much sinking deformation should oceur to the sample®® based on the

maximum force applied during indentation F,.,. the spring constant of the material

being indented Sueriar. and the effective shape of the indenter 2! The true contact
depth h, is then the total measured height change h corrected for this sinking depth

2).

(Figure 2

(2.6)

Each retraction curve is fitted (described in Section 2.3) to obtain &, all of which
are close to the 0.75 value of a paraboloid tip.® Since it is impractical to assess the

radius of curvature for cach indentation, our caleulations are based on manufacturer

SC 3

20 nm. MikroMasch, } We note that variations in tip

specifications (R
radius 10 nm lead to less than 10% change in the caleulated Young’s moduli.
2.3 Model force curve calculation

In this work, two common theoretical models (Hertzian contact, described recently

in Reference [4] and Oliver-Phan® ') were used to find the Young's elastic modulus



Figure Schematic diagram of the nanoindentation process. a is contact arca

radius, h, is true contact depth and h is measured depth. Image is modificd from
References 19, 20].
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from atomic force microscopy (AFM) indentation curves. By showing that the stiff-
ness trends yielded by both models are qualitatively and quantitatively similar, we

iffnes

demonstrate that the conclusions we draw from thes data do not depend on

the details of the probe-membrane contact models.
Deflection voltage vs. probe displacement data from AFM indentation measurements

ver deflection sensitivi-

were converted into force-separation relations nsing the cantile
ties and the cantilever spring constant (~ 17 N/m). The same cantilever was used for
all indentation measurements described here. and these results were verified by using
other cantilevers with a similar range of spring constants (6-18 N/m).

A representative force curve, inclnding extension and retraction, is shown in Figure

The hysteresis between extension and retraction results from plastic deformation

during the indentation (extension) process. Therefore, we used only the retraction
curves to obtain information about the membranes’ elastic properties.

an contact and Oliver-Pharr models is

One important difference between the Hert

related to assessments of the true indentation depth. The Hertzian contact model uses

an estimated tip-sample separation so that Young's modulus can be extracted from
the plot’s slope without precise determination of the tip-sample contact point. (This

methodology is described in more detail in Reference [4].) Representative data from

Hertzian contact modeling of force-displacement curves using a hyperboloidal indenter
(as described in Reference [17]) are shown in Table 2.1. The normalized contact area
radius £ and indentation depth 4 are calculated for each retraction curve.

In contrast to the hyperboloidal indenter assumed in our implementation of the
Hertzian contact model, the Oliver-Pharr model defines the true contact depth into

the sample in terms of the effective shape of the indenter (based on a fit of the re

traction curve) and how much deformation occurs during the extension process. In

principle, it would he possible to determine the true indentation depth by measuring
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Figure 2.3: (a) A representative force-displacement curve obtained on a collagen mem-

brane prepared from pl 7 electrolyte using 30 minutes of applied voltage. The dashed
line is the extension curve, and the solid line is the retraction curve. The inset high-

ights the hysteresis between extension and retraction at the first and last points of
probe-membrane contact.

sion yi

(b) Fitting the retraction curve to a power law expres-

eIds a power coefficient m = 1.6 % 0.1, which is appropriate for a paraboloid
indenter




Table 2.1: Representative Young’s moduli (E) extracted from the slopes of force-
displacement data using the Hertzian contact model for a collagen membrane prepared

from pH 7 electrolyte using 30 minutes of applied voltage.

Force Curve 13 § (nm) | E (10% Pa)

1 0.33 229 1.04

2 0.36 202 1.28

3 0.33 231 1.04

4 0.33 229 1.06

5 0.35 211 1.20

6 0.34 220 115

7 0.33 228 107

8 0.34 218 116

9 0.34 218 1.17

10 0.34 219 117
Average 0.34 £ 0.03 [ 220 £ 20 | 1.1 £0.1
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the height difference between the point of first tip-sample contact on the fresh sam-
ple (during the tip extension procedure) and the point of last tip-sample contact on
the newly deformed sample (during the tip retraction procedure). However, adhesion
effects and plastic deformation could cause the height at which the probe disengages
from the sample to be different from the true sample height. This problem can be
avoided by estimating the depth along which contact is made between the probe and
sample* based on: the maximum force applied during indentation F,,,. the spring
constant of the material being indented S0, and a parameter that defines the
effective contact area of the indenter =.*' The true maximum contact depth (h,) is

the total measured height change (h) corrected for this sinking depth.

Using the method described in Reference [21], we fit the curvature of the retraction
curves to a power law to determine the most appropriate indenter shape. A represen-
tative fit is shown in Figure 2.3h. We find a power exponent m = 1.6 + 0.1 for our

probes, and this value is more consistent with that expected for a paraboloid indenter

(m = 1.5) rather than for conical (m = 2) or flat punch (m = 1) shapes.2! Addition-

ally, these retraction data show no evidence of coupling between the membranes and
the harder substrates on which they sit.

Applying the Oliver-Pharr model to the same ten force-displacement curves noted
in Table 2.1, we find higher Young’s moduli values. as shown in Table 2.2. Despite
the quantitative difference, the stiffness trends as a function of ion concentration,
electrolyte pH, and the duration applied electric field are qualitatively the same for
both models. Therefore, we draw conclusions about membrane formation based on

these data trends rather than on the absolute Young’s moduli values.
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Table 2.2: Representative Young’s moduli and related parameters extracted from

foree curve data us
pHL 7 eloctrolyte using 30 minutes of applied voltage. For all curves,
for our paraboloid indenter, in accordance with References (20, 21],
spring constant K¢ = 16.87 N/m.

g the Oliver-Pharr model for collagen membranes prepared from

we use £ = 0.75
and a cantilever

Curve | Fo [ Skept Shtat h E
uN um N/m N/m nm x 10 Pa

I 301 211 237 5.7 156 211

2 4313 191 25.6 196 126 2.31

3 1343 212 243 5.4 154 201

4 4357 211 25.0 521 148 1.99

5 4328 197 25.4 504 133 219

6 1421 204 235 60.0 149 2.28

7 1386 211 2.7 66.1 161 230

8 4406 203 23.8 57.9 146 2.25

9 4473 203 340 104 201

10 1479 204 243 55.2 143 2.20
Average | 4380 + 60 | 205 £7 | 25.2 4 2.9 | 53.9 £ 8.1 | 143 + 16 | 2.16 £ 0.12
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Figure More acidic pll values (a) and lower ionic strengths (b) increase the

amount of time required for membrane formation. The lines connecting the data
points serve as guides to the eye and the uncertainty estimates associated with each
data point in (b) are contained within the size of the markers.

2.4 Results

2.4.1 Membrane formation

sted by changing cell geometry, applied

The speed of membrane formation can be adj

voltage or electrolyte composition. The onset of film formation, viewed casily with
the naked eye, is very reproducible for experiments using the same electrode geometry
and spacing (for example, ~9 minutes for pll 7 electrolytes exposed to 8 V- from

5 cm apart). Larger voltages or closer electrode spacings

parallel plate electrodes

lead to faster film formation because of higher current density. Electrolytes whose
initial pH valnes are further from the isoelectric point of collagen (pH ~6.5 in these
experiments'™ 22) require longer times to form the collagen membranes (Figure 2.4a).

slightly with increasing ionic strength of the

Finally, film formation time decrea
electrolyte. Figure 2.4 illustrates this effect with the addition of KCI; similar trends

were observed with CaCl, and NaCl.



— initial

Absorbance (au)

Absorbance (au)
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Figure 2.5: UV-Vis absorption spectra of post-deposition electrolytes show that longer
exposure to the applied potential leads to a decrease in the collagen-related absorbance
peak near 200 nm (inset), corresponding to more collagen incorporation into the
membrane. The marker spacings on the ordinate axes are consistent for the main

graph and the inset
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Although electrolyte composition differences can change how rapidly the initial wem-

brane forms, the membrane continues to grow over time as long as the applied cell

voltage remains. Figure 2.5 shows absorbance vs. wavelength data from the post-

synthesis electrolytes (initial pH 7) after exposure to the applied potential for differ-

ent amounts of time. All initial and final electrolytes were colorless, so no peaks were

obtained in the visible region. However, the intensities of the broad peaks near 200

id side

nm (originating from peptide bonds) and 300 nm (due to aromatic amino a
chains, prominent only in the initial electrolyte prior to aggregation) decrease with

time, suggesting that collagen is continually removed from

increasing electrosynthe
the electrolyte as it is incorporated into the membrane. We note that there was little

difference in absorbance spectra as a function of electrolyte pH or ion concentration

for the same times and applicd potentials. Membrane thickness also increases with

electrosynthesis time, consistent with the optical absorption data trends in Figure 2.5.
AFM data indicate thicknesses ranging from 240420 nm at 15 minutes to 420450 nm

at 60 minutes. We conclude that increasing the time allowed for electrosynthesis is

more effective at growing the membrane than merely changing the ionic content of the
clectrolyte. All subsequent data presented here will correspond to films electrosyn-

thesized for 30 minutes. unless otherwise indicated.

2.4.2 Correlating mechanical stiffness with fibril content

We quantified Young's moduli for electrosynthesized collagen membranes based on

data from AFM indentation curves on dried membranes. The models we propose for

membrane formation and stiffness control arise from assessments of relative changes
in the Young's moduli, rather than on their absolute values, but it is reassuring that
the values for onr dried membranes do lie within the broad range (0.2-3 GPa) of

Young's moduli that have been reported for collagen fibrils. %



Young's modulus (10° Pa)
Young's modulus (10° Pa)

0 20 40 60 2 3 4 5 6 7
Voltage duration (min) Initial electrolyte pH

Figure 2.6: Young’s modulus values for electrosynthesized collagen membranes change
as two parameters were varied independently: (a) duration of applied voltage (at pl
7) and (b) initial clectrolyte pH value (for 30 minute voltage duration). Error bars
correspond 10 a set of measurements made with the same tip on the same sample
Trends are qualitatively similar using cither Hertzian or Oliver-Pharr models for tip-
sample contacts,
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Figure 2.6 shows representative data that confirm that electrosynthesis conditions can
influence membrane stiffness. These data also indicate that there is a striking spatial
uniformity in the mechanical responses of the membranes. While AFM indentation
is intrinsically a local measurement, the stiffness variations across a given membrane

(error bars) are smaller than the changes observed under different synthesis conditions

(trend lines). To understand this, it is important to recognize that an indentation
with our probe will access a depth 100-200 nm and initiate a rather large contact
area (with diameter 100-200 mm) involving a network of monomers and/or fibrils
Therefore, although more mature fibrils could be broader than the tip diameter (~20
nm), indentation does not necessarily measure the modulus of a single fibril. Figure
2.6 also demonstrates that moduli calculated from Hertzian (Equation 2.1) and Oliver-

This

Pharr (Equation 2.3) models showed qualitatively similar trends for all sampl

suggests that the stiffness trends we observe are not dependent on the details of how

the tip-sample interactions are modeled
The Young’s modulus shows a marked increase (~40%) over the first 30 minutes of
membrane formation (Figure 2.6a). We note that this trend cannot be attributed to

substrate artifacts affecting probe indentation, since membranes are also increasing

in thickness over time. Instead, we attribute this stiffness increase to higher fib-

il content in the membrane, confirmed with Raman scattering data (Figre 2.7a.c)

based on assignments of the amide 111 regions (560 em~" and 1240-1270 cm ™", as-

sociated with fibrilized collagen) and the C-N stretch regions (1095 cm™" and 1454
em~!, predominant for monomeric collagen) 2% 2 The increasing background level for

higher wavenumbers is generally characteristic of monomeric samples with some de-

naturation, and is therefore more prevalent for samples with higher monomer content
Because the Raman peaks of interest are broad (particularly for fibrils) and overlap

with other peaks (particularly for monomers), fitting the peaks to calculate areas
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Figure 2.7: Raman spectra from collagen samples prepared with (a) different durations
of applied voltage (all at pH 7) and (b) electrolytes with different initial pH values
(all with 30 minutes of applied voltage). Spectra are offset along the intensity axis for
claity. Estimates of fibril to monomer ratio based on peak height comparisons from
these spectra show (¢) more distinctive fibil signatures for longer duration of applicd
voltage, and (d) a slight decrease of fibril content when the electrolyte pil is near the

isoeletric point of collagen.
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would introduce more parametrization than the data could justify. Peak height was
therefore a more consistent and reliable means to approximate the relative changes in
monomer and fibril content

Another factor that has a more moderate effect on membrane stiffness is the initial pH
of the starting electrolyte. Adjusting the initial electrolyte pH to 5-6 slightly lowers
the membrane Young’s modulus (Figure 2.6b). This trend is harder to correlate with
the membranes’ relative monomer and fibril contents, unlike the membrane stiffening

ial

observed with longer electrosynthesis times.  Figure 2.7b.d shows that the ini

+ and fibrillar composition of the

electrolyte pH has little effect on relative monomeri
resulting membrancs

Since the pH region that leads to less stiff membranes coincides with the isoelectric

point for collagen in these experiments,'* * this softening is likely related to pre-

aggregation of collagen in the electrolyte, prior to incorporation in the membrane.
As illustrated schematically in Figure 2.1, the non-specific aggregates could not ma-
ture into fibrils, and thus their incorporation would likely lead to a softer membrane.
Earlier studies provide further support for these conclusions, showing that the speci-
ficity of collagen aggregates can be strongly affected by pH and concentration condi-

81

tions. 5 The error bars in Figure 2.7¢,d correspond o a set of measurements

ious locations.

made with the same sample in

T-tests were performed using B Gui®” software to ver

whether the elastic moduli
of the membranes prepared using various pH electrolytes differ or lie in the same
distribution. The t-test calenlates the probability (P) that the mean values for two

data sets would have the same values with 95% confidence. The results show that

similar for the membranes prepared with

the probability for the elastic moduli to be
pH 3 and pH 4 electrolytes is ~ 0.2, so the values in the two sets are overlapping,

In contrast, the elastic moduli sets for the membranes prepared with pH 4 and pll



Table 2.3: T-test comparisons of the elastic moduli (Oliver-Pharr) of collagen mem-
branes prepared nsing different pH electrolytes.

Set 1| Set 11 | Elastic modulus  (x 10° Pa) | Probability (P)

Set 1 Set 11
pH 3| pH 4 221 227 0.19
pHA | pH 5 227 1.90 0.0007
PG| pll 6 1.90 1.96 0.60

0.003

pH G| pH T 1.96

5 electrolytes have the probability of ~ 0.0007 thus showing that the values lie in

entirely different regions. More results are given in Table 2

2.4.3 Ton-dependent softening and stiffening

Addition of biologically relevant ions to the electrolyte led to a range of Young's modu-
Ius changes, as shown in Figure 2.8. Ca* jons have been reported to enhance collagen
aggregation during electrochemical processes™ and to accelerate both the nucleation

and growth of collagen fibrils.*" Correspondingly, we observe larger Young's moduli

(Figure 2.8a) after adding up to 10 mM CaCl, to the starting electrolyte. On the

other hand, KCI addition leads to substantially lower Young’s moduli (Figure 2.8b),
even though other reports have also suggested that K* promotes collagen aggrega-

tion.* The changes we observe with the addition of CaCl, and KCI contrast with the

minimal effect that similar concentrations of NaCl have on stiffuess (Figure 2.8¢)
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Yigure 2.8: Young's moduli values can change dramatically with the addition of dif-
ferent concentrations of (a) CaCl, or (b) KCI, with smaller changes for the addition
of (¢) NaCl to the electrolyte. Stiffness trends follow changes in the relative amount
of fibrillar collagen (d, as determined from Raman scattering peak intensities), with
stiffer membranes displaying higher fibril content.
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Table 2.4: T-test comparisons of the elastic moduli (Hertzian) of collagen membranes
prepared with the addition of various salts.

Set 1 Set 11 Elastic modulus ~ (x 10° Pa) | Probability (P)
Set 1 Set 11

No added salt | 10 mmol CaCl, L1l 148 6x10°

No added salt | 10 mmol NaCl L1 135 3 x 107

No added salt | 10 mmol KCI L1l 0.58 4x 1071

T-tests were carried out to compare the elastic moduli of the membranes prepared
with and without any added salt. Table 2.4 shows the mean elastic moduli (Hertzian
model) and the probability (P) for the values to be in similar range for the addition
of any salt. The lower probability values (6 x 10-% and 3 x 103) show that there are
significant differences in the elastic moduli prepared with and without CaCl, or KCI.

In contrast

. the probability is higher for NaCl, thus indicating that addition of NaCl
has a statistically insignificant effect on the elastic moduli of collagen membrane.
T-tests on elastic moduli obtained by Oliver-Pharr model also show the same trend.
The results show that there are definite differences in the elastic moduli (Oliver-Pharr)
for the membranes prepared without and with higher concentration of CaCl, (P ~ 7
» 107°) or KCI (P ~ 1 x 107%). In contrast, the elastic moduli for the membranes
prepared with and without addition of higher concentration of NaCl have a slight
difference with P ~ 0.08.

These disparate stiffness trends as a function of ion concentration track very well

with changes in the relative amounts of fibrillar and monomeric collagen (Figure




2.8d) as assessed from Raman scattering spectra. The stiffest membranes, prepared

the highest relative fibril content. In

in electrolytes containing 10 mM CaCl,, displa

membranes prepared in electrolytes with high KCI levels were mechanically

contr
weak and easily dissociable when rinsed in water, suggesting non-specific aggregation.
Correspondingly, Raman peak intensities suggest a slightly lower fibril content. NaCl-
containing electrolytes yield membranes with only slightly enhanced fibril content with
increasing [Na*] (Figure 2.8¢)

gation in the electrolyte after ~5 minutes

We investigated the degree of collagen aggre

of applied voltage, just prior to any visible membrane formation. Aliquots of the

electrolyte were removed from the center of the electrochemical cell in the vicinity
where the membrane would eventually form. The aliquots were then spread on a
glass microscope slide and allowed to dry under ambient temperature and humidity
conditions.  Since the amount of collagen obtained from these aliquots is too low
10 obtain meaningful results from Raman measurements regarding relative monomer
and fibril content, we used atomic force microscopy (AFM) images for qualitative
indications of fibril formation.

Figure 2.9 shows representative AFM images of the dried electrolyte aliquots ob-
tained immediately before visible membrane formation. contrasting the differences
among electrolytes that yielded membranes with very different Young's moduli val-

1 shows that the Ca**-containing electrolyte (which

e

For example, Figure
produced the stiffest films with the highest relative fibril content as measured by
Raman spectroscopy) reveals very little fibrillar collagen relative to the reference elec-

which produced

trolyte (Figure 2.9h) or the K*-containing electrolyte (Figure
the softest films with the lowest relative fibril content). Thus, these data suggest
that rapid fibil formation in the electrolyte reduces the propensity of fibril incorpo-

ration in the membrane. This observation can be explained in the context of earlier



Figure 2.9: Representative AFM images of dried electrolyte aliquots obtained im-
mediately before visible membrane formation (5 minutes of applied electric field) in
electrolytes containing (a) 10 mM Ca2*, (b) no Ca®* or K*, and () 10 mM K*
Fibrillar topographic features are least prevalent in the 10 mM Ca®* aliquot, even
though the membranes produced from that electrolyte show the highest relative fibril
content in Raman data.

studies that have shown that fibrillar collagen migrates more slowly in electric fields

than monomeric collagen.”” Therefore. AFM data suggest that the origin of the ion-
related stiffness differences are likely related to aggregation differences that oceur in
the electrolyte prior to membrane formation.

AFM images also provide strong evidence that collagen fibrils will grow when they are
exposed to an electric field for an extended period of time, whether in the electrolyte or
part of the membrane. After 30 minutes of applied electric field to a Ca?*-containing
electrolyte (10 mM). we compared dried electrolyte obtained near the cathode (Figure
2.10a) and anode (Figure 2.10b, obtained after membrane formation) with images
of the membrane itsell (Figure 2.10c.d). Fibrillar collagen is more prevalent in the
aliquots exposed to the electric field for longer times (30 minutes, in Figure 2.10a,b)
compared to those exposed for shorter times (5 minutes, Figure 2.10a)

Within the membrane, there is also evidence that fibrils grow over time. It is impor-

tant to remember that the meml

ane continues to grow in thickness with increasing
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Figure 2.10: Representative AFM images show that fibrils grow when in the presence
of an applied electric field, both in the electrolyte (a,b) and in the membrane itself
(e.d.e). All images shown here are from experiments with electrolytes containing 10
mM Ca®*. Dried electrolyte aliquots show more fibrils in both the (a) alkaline and
(b) acidic electrolytes. Images of the outermost layer of the membrane formed in 15
minutes (¢) or 30 minutes (d) show less fibril content. The ethanol rinsed membrane
(e) shows considerably more fibrillar topographies.
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duration of the applied electric field. which indicates that collagen is continually
added to the membrane. Thus, the outermost parts of the membrane will contain

the most recently added collagen. Based on the faster migration times of monomeric

collagen relative to fibrillar collagen, as described above, it is not surprising that

AFM image

providing information on the topography of the outermost layers of

the membrane, show very little evidence of fibrillar collagen and very little change in

topography among membrancs prepared with different durations of the applied ficld

(Figure 2.10c,d). However, when the ontermost layer is stripped away (in this case,
with an ethanol rinse. as shown in Figure 2.10¢). the inner part of the membrane
shows clear evidence of fibrillar collagen. Since the electrolyte had relatively little
fibril content immediately prior to membrane formation (Figure 2.10a). these data

suggest that fibrils must grow and mature within the membrane much as they do in

the electrolyte (Figure 2.10a.b) when exposed to an applied electric field

2.5 Discussion and conclusions

This work demonstrates that mechanical stiffuess is a useful metric for characteriz-

ing complex collagen assemblies, providing insi

ht. about the relative importance of
non-specific versus hierarchical aggregation products and pathways in collagen-based
materials. The trends in the stiffness data are consistent whether the tip-membrane
interactions are modeled with a Hertzian approach or the Oliver-Pharr model. Thus,
the details of the tip-membrane interactions do not appear to affect the overall con-
clusions we draw from the data

With a correlation established hetween the degree of fibril content and the stiffness of

the electrochemically synthesized collagen membranes, we investigated the points in

the synthesis process at which fibril formation could occur, and whether the coexis-



tence of fibrils

and monomers contributed to lateral uniformity in membrane stiffness,

Because collagen fibrillogenesis is a hierarchical process, the direct addition of monome

(from the electrolyte) cannot itself create more fibrils in the membrane (Figure 2.1)
Instead. protofibrils must form at some point during the electrosynthesis process.

either in the electrolyte or in the membrane itself. We see evidence of protofibrils

in AFM images (Figure 2.10) of air-dried aliquots of electrolyte removed immedi-

ately prior to membrane formation. but qualitative comparisons showed that the

F-containing electrolyte (which produced the stiffest films with the highest rela-
tive fibril content) contained very little fibrillar collagen relative to the K*-containing
electrolyte (which produced the softest films with the lowest relative fibril content).
Since limited fibril formation in the electrolyte appears to correlate with higher fibril
content in the membrane, and vice versa, it appears that fibrils must be able to grow
within the membrane, and not just in the electrolyte.

Fibrils mature over time, so it is not surprising that longer electrosynthesis times
lead to stiffer films. Similarly, it is reasonable to expect that initial electrolyte pll
values close to the monomeric isoelectric point are more likely to promote non-specific
aggregation at the expense of fibril formation, thereby leading to softer membranes
It is more complicated to explain the stiffness differences that arise from membranes
prepared in the presence of different cations. K* and Ca®* ions were selected because
they have both been shown to promote collagen fibrillogenesis.***2  However, the
cation effects on membrane stiffness are dramatically different. with increased K*
concentrations leading to collagen aggregation in solution. at the expense of fibril
growth within the membrane. In contrast, Ca®* promotes fibril maturation within the
membrane, leading to higher fibril (rather than protofibril or monomer) content within

the membrane and hence a higher Young’s modulus. The precise role of these cations

in the hierarchical assembly of collagen fibrils is not understood. although it has
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been suggested that the ions promote lateral aggregation of monomers or protofibrils

through a range of mechanisms, including bridging or affecting the isoelectric point of

the protein through bindi
our reaction conditions, it appears that Ca®* is required for higher-order fibril growth,
perhaps due to its higher charge density (divalent and smallest of the three cations

selected) allowing for better protofibril bridging
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Chapter 3

Collagen-membrane-induced
calcium phosphate

electrocrystallization *

3.1 Introduction

There is an urgent demand for hone healing materials because conventional hone re-
placement metals and alloys. while mechanically strong, do not usually stimulate cell
growth."? Bone is a complex composite comprised of mineral and proteinaceous com-
ponents. Although collagen is the main matrix constituent in bone, there is evidence
that non-collagenous proteins also contribute to calcium phosphate mineralization®

Rather than attempting to mimic the complex in vivo hone regeneration process, there

has been considerable scientific effort devoted to the development of in vitro methods

ollagen-membrane-induced calcium phosphate electrocry
Merschrod S., Kristin M. Poduska, Crystal Growth € Design
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to produce collagen-caleium phosphate composites that can be used to enhance hone
healing.® ® Challenges in the production of such composites include phase selectivity
of the mineral component (to control reactivity and solubility) and adhesion between
the protein and mineral component (for enhanced mechanical stability)

This work describes an electrochemical isoelectric focusing method that yields collagen-
caleium phosphate composites with controlled phase and excellent adhesion between
mineral and collagen. Previous work™ * describes the electrochemical aggregation of
pure collagen into a membrane via isoelectric focusing. Here, we demonstrate that
this electrochemically aggregated collagen can act as a scaffold for calcium phos-
phate mineralization, and that it also affects the nucleation and growth process of
the mineral. This method offers a distinct advantage over many other electrochem-

913 used to produce caleium phosphate-collagen coatings because it

ical techniques
offers the flexibility of producing a scaffolded composite without need of a supporting

substrate.

3.2 Experimental procedure

Composites were made by a simple two-step process, shown schematically in Figure
3.1. First. collagen membranes were prepared from electrolyte containing type 1 col-
Jagen monomers (final concentration of 0.15 mg/mL from 6.4 mg/mL acidic Nutragen
stock solution (Inamed Biomaterials)) in ultrapure water (Barnstead, 18.2 M$2-cm)
with NaOH (EMD Chemicals, ACS reagent grade) to adjust the electrolyte pH to

When the amphoteric collagen monomer is exposed to the pH gradient produced

by water electrolysis at the electrodes (8 V between two stainless steel parallel plate
electrodes), a collagen film forms parallel to and approximately mid-way between

the electrodes, where the pH matches the isoelectric point of collagen. After suffi-
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Figure 3.1 i illustration of the two-step process for preparing the
membrane-hased electrosynthesized collagen-mineral composite. An applied voltage
is required both to form the collagen membrane (Step 1) and to stimulate crystal-
lization of the calcium phosphate on the membrane (Step 2). The acidic and basic
regions are produced by water electrolysis and are maintained after the membrane
forms.

cient collagen film accumulation (30 minutes), or after the insertion of a cellulose
membrane (Spectra/Por Biotech RC Membrane, MWCO: 8000, Spectrum Laborato-

vies Inc.), calcium (either CaCl, or Ca(NOy),, Aldrich Chemicals, ACS reagent grade)

and phosphate (K,HPO, or NaH,PO, or NH,H,PO,, Aldrich Chemicals, ACS reagent
grade) salts were added to the acidic and basic sides, respectively, inducing calcinm
phosphate formation on the alkaline side of the membrane. Salt concentrations of

less than 0.02

M led to an immeasurably low quantity of calcium phosphate on the
membrane; higher concentrations (investigated up 1o 0.1 M) did not generally impact
mineral phase selectivity. For subsequent analyses, the membrane-based composite

was air dried on a glass slide.

For comparison, electrochemical precipitation experiments followed the same proce-
dure as with the membrane, but using an electrolyte without collagen. In addition
simple solution mixing methods were investigated, wherein calcium and phosphate

salt solutions (0.1 M, 1000 L each) were combined to form calcivm phosphate pre-

cipitates that were subsequently rinsed with ultrapure water and air-dried
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3.3 Results and discussion

Mineral phases were identified with infraved spectroscopy (FTIR, Bruker Alpha, trans-

mission mode with KBr matrix, 0.9 cm™" resolution). Each spectrum was collected
from an entire composite membrane, prepared under comparable conditions, so it
is reasonable to make qualitative comparisons of relative peak heights between pro-
tein and mineral components among different specimens. Energy dispersive X-ray
(EDX, Rontee Quantax with software from JKTech, University of Queensland, Aus-
tralia) data further confirmed the phase assignments. Phase identification from X-ray
diffraction data was not conclusive due to small sample volumes. In general, amor-

phous materials (such as ACP) and poorly crystalline materials (such as CHAp) can-

not be readily differentiated via XRD because of their non-existent or broad diffraction

peaks, respectively.’ Microstructural information came from scanning electron mi-

croscopy (SEM, FEI Quanta 400 environmental) on samples dried onto metal pucks
and then carbon-coated. Elastic modulus values were obtained nsing an atomic force
microscope (Asylumn Research MFP-3D) nsing a method described elsewhere® (Chap-

ter 2)

3.3.1 Electrolyte composition and concentration effects

The results show that the presence of the collagen membrane, in addition to the
use of electrochemically controlled precipitation, impacts mineral phase selectivity.
For example, infrared (IR) spectra indicate brushite (CallPO, - 21,0) formation
from a simple mixing of a phosphate solution (0.1 M K,HPO,) with either 0.1 M
CaCl, or CaNOy, while electrochemical methods applied to the same starting so-
lutions yield amorphous calcium phosphate (ACP). Comparisons between collagen-

membrane-based, electrochemical, and solution production using a variety of starting
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Table 3.1: Comparison of mineral products resulting from an electrochemically (EC)
produced collagen membrane composite, electrochemically assisted precipitation or
solution precipitation using different starting electrolytes. Control experiments per-
formed with a cellulose membrane did not yield a measurable amount of mineral on
the membrane.

Ca?* PO} collagen membrane | EC | solution
source source EC product product | product
CaCl, | K,HPO, CHAp ACP | brushite
CaCl, | KH,PO, CHAp ACP | brushite
CaCl, | NaH,PO, CHAp CHAp | none
CaCl, | NILILPO, brushite ACP | mone
Ca(NOy), | K,HPO, CHAp CHAp | brushite
Ca(NOy), | KILPO, CHAp CHAp | brushite
Ca(NOy), | Nall,PO, CHAp ACP | none
Ca(NO,), | NH,H,PO, CHAp ACP | mone

salts are summarized in Table 3.1. Carbonated hydroxyapatite (Cag (PO, ), (OH) with
carbonate jons substituting for either phosphate or hydroxide," CHAp) dominates in

all protein-mineral composite membranes, with one exception.

3.4 Phase selectivity

shown in Table 3.1 and in carlier work,"® " different mineral phases can be ob-

tained from electrochemically assisted deposition by selecting appropriate precursor
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salts. Inaddition to the effects from using either monobasic or dibasic phosphate salts,
counterions can also play a significant role, most likely from their effects on buffering
(the addition of ammonium counterions) or their electrochemical activity (either ni-
trate or chloride counterions). For example, chloride incorporation has been observed
4

by others," and it has also been reported that nitrate reduction can contribute to

enhanced electrolyte alkalinity.™® In our studies, we find that there is surprisingly
little difference in the phase selectivity when using either chloride- or nitrate-based
clectrolytes,

Others have shown that the formation of ACP, a precursor to the hone-like apatitic
phase, requires a rapid reaction between calcium and phosphate ions, and stabilizing
agents (such as Mg?* or HCO,) are needed to maintain ACP under ambient con-

ditions.1® We find that select precursors yield stable amorphous calcium phosphate

from electrochemically assisted syntheses, but only in the absence of collagen

3.4.1 Collagen membrane’s role in mineral growth

Figure 3.2 shows representative IR spectra that demonstrate collagen’s influence on
phase selectivity. Absorption peaks with wavenumbers above 1300 em=" are due to
collagen, while the phosphate peaks below 1300 em~" can be assigned to the mineral
component." ' When there is no collagen present in the electrolyte. amorphous
calcium phosphate (ACP) forms (PO} peak at 1051 em™'), but when collagen is
present this peak shifts to 1035 em=! which is characteristic of CHAp's 15 (POY)
mode.' In these and all other samples, IR spectra show a peak near 870 cm™" that
is indicative of carbonate incorporation. This is attributed to dissolution of ambient
CO,(g).12 1

The relative intensities of the phosphate absorption peaks in specimens prepared

with collagen are consistently higher than those prepared withont collagen. Since this
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Figure 3.2: (a) Representative IR spectra for collagen-caleinm phosphate composites
prepared with collagen monomers plus 0.1 M CaCly and either 0.1 M (i) K,1PO,
or (i) NH,H,PO, show that precursor salts affect phase selectivity. The dominant
peaks in spectrum (i) are from carbonated hydroxyapatite (CHAp) while those in (ii)
indicate brushite. (b) Representative IR Spectra for specimens prepared using CaCl,
and K,HPO,, cither without (i) or with (ii) collagen, highlight the importance of the
presence of collagen for phase selectivity. CHAp forms in the presence of collagen:
otherwise, amorphous calcium phosphate (ACP) dominates. In both pancls, spectra
are offset along the absorbance axis for clarity,
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trend holds for comparisons among dozens of samples, it suggests that collagen also

ased calcium phosphate formation. This could be due to either enhanced

precipitation (the membrane provides favorable nucleation sites) or trapping of the

icles as the collagen continues to aggregate. Scanning electron

calcinm phosphate par

show evidence for crystallites forming on and within the

microscopy (SEM) images
membrane (Figure 3.3), and corresponding energy-dispersive X-ray analyses confirm
that the crystallites contain calcium and phosphorous.

There are also spatial differences that occur in the presence of collagen. When no col-
lagen is present in the electrolyte, calcinm phosphate precipitates form only in very
alkaline environments (pH > 8, near and on the cathode). In contrast. the presence

of collagen of allows crystals to grow also at the more acidic pH values present in the

electrolyte near the membrane (~ 6.5). The alkaline side of the collagen membrane
appears to act as a nucleation site, and the majority of the mineralization occurs di-

rectly at the collagen membrane rather than as precipitation in the electrolyte. There

is no evidence of mineral formation on the glass surfaces of the electrochemical cell,

but a thin calcium phosphate film does form on the stainless steel cathode, similar

to earlier studies.” Given the complexity of the calcium phosphate formation em
ronment (including pH gradients and counterions). we find it quite surprising that

. and that the mineralization occurred only on

there is no evidence of mixed phases
the alkaline side of the membrane. It is not surprising that the calcium phosphate

minerals form only on the alkaline side because they dissolve in acidic solutions. The

posi branes are mechanically robust when dried, and the mineral coating

is intimately incorporated into the collagen scaffold. Figure 3.4 shows that composite
membranes are stiffer (higher elastic modulus values) than for non-mineralized mem-
branes® (Chapter 2). Rinsing in water or ethanol does not degrade the composites in

any way.
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(a) 100 um

e i
(d) 1 um

Figure 3.3: Representative SEM micrographs, at low (a, b) and high (¢, d) magnifica-
tions, of a carhonated hydroxyapatite-collagen composite (here, from Ca(NO,), and
NI, H,PO, precursors). The secondary electron images (a, ¢) show that composite
topography is dominated by micron and sub-micron crystallites that appear to be
embedded in the protein scaffold. The companion backscattered clectron images of
the identical areas (b, d) confirm that the mineral, indicated by bright regions, is

spread rather uniformly throughout the scaffold.
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Figure 3.4: Comparison of elastic modulus values for composite minera
membranes (solid line) and unmineralized collagen membranes (dashed line). Prepar-
ing an unmineralized membrane in the presence of higher amounts of Ca** will lead
to a slightly stiffer scaffold, but composite membranes are consistently more stiff. The

ized collagen

lines connecting data points serve merely to guide the eye.
3.4.2 Collagen membrane’s role in mineral nucleation

To confirm that the presence of collagen is important — and not merely the membrane-
Dased pH partitioning that occurs during membrane formation — we replicated our
experiments with a commercially available cellulose membrane.  Althongh a small
amount of caleium phosphate adhered to the cellulose, most formed as precipitates in
the alkaline region of the electrolyte, similar to the case with no membrane present.
In contrast, virtunally no precipitates form elsewhere in the cell when collagenons
membranes are present. We note that other membranes have been shown to support
calcium phosphate crystallization, including a recent report of the mineralization of
a polymeric membrane in the presence of an alternating (AC) electric current.™

The issues of specific chemical functionalities and local pHl values undoubtedly play

an important role in the caleinm phosphate crystallization process in these composite
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membranes. These experiments do not substantiate a probable mechanism, but recent
theoretical and experimental investigations have begun to address aspects of this

question. % 12 1419, 19

3.5 Conclusions

In conclusion, electrochemically assisted synthesis, based on isoelectric focusing, of-
fers an expedient way to make robust collagen-calcium phosphate composites with
controlled mineral phase. Collagen not only provides a scaffold on which the mineral
phase can nucleate, but its presence also triggers a strong preference for one specific
wmineral phase (carbonated hydroxyapatite) relative to other phases (such as brushite)
that would otherwise form during electrochemical synthesis. This offers two distinct
advantages for the electrosynthesized composite over many other existing hiocompos-
ite materials. First, the composite is produced as a suspended membrane that can be
removed and applied to other surfaces. Second, the selectivity of the carbonated hy-

droxyapatite phase is fortuitous, since this is the mineral phase that is most similar to

that found in natural hone. These two features make this protein-mineral composite

material promising for future biocompatibility studics.
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Chapter 4

Towards an artificial cornea:
Electrochemical engineering of a

collagen scaffold *

This work to develop an artificial cornea is done in collaboration with Drs. Robert
Gendron and Héléne Paradis at the School of Medicine, Memorial University of New-

foundland. We prepare the collagen scaffolds by an isoelectric focusing method. and

characterize them to determine their denaturation temperature, optical transparency

and morphology by using a differential scanning calorimeter, UV-vis spectrometer and
scanning electron microscope respectively. The cell viability tests to assess whether
the collagen scaffolds could induce cell growth were done by Drs. Gendron and Par-

adis’s research groups at Memorial’s School of Medicine.

“Some of these data are published in “Controlled cell pro ion on an electrochemically engi-
obert Gendron, M. Ramesh Kumar, Hélene Paradis, Darryl Martin, Nhu
Ho, Daniclle Gardi ika . Merschrod S., Kristin M. Poduska, Macromol. Biosci. 2011, In
Press (DO : 10.1002/mabi.201100341).

Except for the cell culture studies, the candidate designed and executed the exp
the resulting data, and wrote this thesis chapter

neered collagen scaffold

iments, analyzed




4.1 Introduction

In recent years, research to develop an artificial cornea has received much attention
since the cornea acts as a transparent window to the eye, and any disease or damage

to it directly affects the function of the eye or leads to vision loss. Millions of people

's are waiting for corneal transplant surgery, and it is not

affected by corneal diser

always possible to replace the cornea in every case.! Therefore, it is nece

ry to

develop artificial corneas, and we are very interested in this work because the main
component of the cornea — the stroma — is made up of collagen.>”!
The cornea is highly transparent because its cells and proteins are highly organized to

permit light to pass through them without much hindrance.® In addition, the

are 1o

blood v

els present in the cornea since their presence can affect its refracting power.
The thickness and diameter of the cornea are 0.5 mm and 11.5 mm respectively, and

of water.®

the refractive index of the cornea is almost the same as the refractive ind

Its tissue is made up of three different layers in which the central corneal stroma

is located in between the epithelium and endothelinm membrane layers.” More than

stroma layer.” and the stroma consists of collagen

90% of the cornea is occupied by the
and water.”*

A collagen membrane prepared by our electrochemical method can be potentially used

as a matrix to synthesize an artificial cornea. There are a few main requirements for

0

affold to be nsed as a matrix in an artificial cornea application.

the collagen s

The matrix should be mechanically strong enough to withstand the pressure
exerted by the eye. The average intraocular fluid pressure!® in the eye is 2.0 x

10 * MPa.

2. The matrix needs to be extremely transparent in the visible range to maintain

the high optical clarity of the eye, and it needs to be thermally stable to maintain




the protein structure.

3. The matrix has to maintain the cells in quiescent state, which means that the

matrix allows the cells to grow further, but without any DNA replication.

The main goal of this wor

s to determine the transparency, morphology and thermal
stability of the collagen membrane, and to find ont how cells behave when seeded on
it. In a given matrix, different kinds of cells can behave in a different way, so it
is necessary to choose the appropriate cell type depending on the requirement. For
our studies, we use MI/T-1 cells, which are derived from mouse corneal stromas by

Gendron ef al.'!

4.2 Experimental

4.2.1 Preparation of matrix scaffolds

Matrices are produced using an electrochemically induced collagen aggregation proce-
dure that is based on isoelectric focusing between parallel plate electrodes' 1% (Chap-
ter 2). This method can be used to produce scaffolds with a wide range of dimensions
ranging from sub-millimeter aggregates to scaffolds with dimensions on the order of
centimeters. It is the larger scaffolds that are employed for the present study.

These membranes can be removed and air-dried on any desired substrate.  Atomic

force microscopy images and Raman spectroscopic data indicate that the membrane
matrix has an inner core of fibrillar collagen with non-specifically aggregated monomeric
collagen outer layers." More details are provided in Chapter 2, Section 2.5. Mem-
branes are removed from the electrochemical cell, placed immediately on sterile culture

dishes, and refrigerated until cell culture studies commenced (Figure 4.1).



4.2.2 Characterization techniques
4.2.2.1 Differential scanning calorimetry (DSC)

To find the denaturation temperature of an electrochemically aggregated collagen

membrane, a differential scanning calorimeter (Mettler Toledo STAR®) is used. For

our experiments, we use a 2 °C/min scan rate, and the temperature range for the

scans is 20-70 °C. Several trials were performed on different membranes prepared
under the same conditions to verily the reproducibility of the data. All of our DSC

experiments were performed in an Ny environment

4.2.2.2  UV-vis spectroscopy

We use an OceanOptics USB2000 spectrophotometer to obtain transmittance spectra
from hydrated collagen membranes. For UV-vis experiments, we put the membrane
on a 20 mm x 8 mm piece of a glass slide. which fits inside an UV-vis cuvette that is
filled with ultrapure water (Barnstead. 18.2 MQ-cm). We make sure that the sample
in the cuvette lies in the path of UV-vis light throughout the measurement. The same
sized piece of glass slide, with no collagen membrane, in a water filled cuvette is used

as reference for the measurements.

4.2.2.3  Scamning electron microscopy (SEM)

A FEI Quanta 400 environmental Scanning Electron Microscope (SEM) is used in
two different magnifications (1000x and 10000x) for mapping the surface morphology

of the electrochemically aggregated collagen membranes



anode cathode
& -
acidic alkaline

collagen film

ﬁunm e

—
N

Figure 4.1: Schematic diagram for cell culture procedure, First, the collagen matrix

scaffolds are prepared by an isoclectric focusing method. After synthesis, the mem-
branes are removed using tweezers and stored in a cell culture petri dish at 4 °C. The
membranes are sterilized by UV radiation to remove any biological contamination

The cell culture medium is prepared by using 10% fetal bovine serum (FBS), and the
colls are grown in the culture medium with and without the collagen matrix. Cell
culture is performed by placing the cell culture dishes in a tissue cell culture incubator
7.0°C.

for 48 hours in a humid, 5% CO, atmosphere at
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4.2.2.4  Cell culture studies

The polystyrene cell culture dishes that contain the electrochemically aggregated col-
lagen membranes are placed under UV-light (30 W / 3 A) for 10 minutes to remove
any bacterial contamination present. Afterward, the cells in which we are interested
are allowed to grow over the collagen membrane with 10% fetal bovine serum (FBS)
culture media.” ' To gange the cell growth over the collagen membrane, the cells
are also allowed to grow in 10% fetal bovine sernm (FBS) culture media without the
collagen matrix.

Subsequently, the culture dishes are incubated for 48 hours in a humid 5% CO,
atmosphere at 37.0 °C. After incubation, the cells with the collagen matrix are scraped
out and centrifuged for 5 minutes at 5000 rpm to pellet them. The pellets are fixed

in paraformaldehyde for 48 hours and then embedded in low melting agarose. These

mixtures are embedded in paraffin blocks and then eut into 5 jan pellet sections for

assessents of cell growth and controlled cell proliferation.! Hematoxylin and Eosin
(H&E) staining is carvied out for a few sections to enhance the phase contrast in

optical microscopy.

4.3 Results and discussion

4.3.1 Thermal stability of collagen membrane

Figure 4.2 shows the DSC thermogram of an electrochemically synthesized collagen
membrane. From the DSC curve, the thermal denaturation temperature of an electro-
chemically synthesized collagen membrane is measured as 48.6 °C. Since the denatu-
ration temperature is much higher than the human body temperature (37.0 °C), the

clectrochemically aggre 1 collagen s could survive in vivo casily i they
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wre 4.2: DSC thermogram of a hydrated electrochemically prepared collagen mem-
brane shows a broad and complex protein denaturation peak at 48.6 °C.

are used as a matrix for an artificial cornea. Moreover. the denaturation temperature
of our collagen is much higher than that of monomeric collagen (36.0 °C)" and the
collagen membranes prepared by other methods (37.0 °C).1% 16

During heating, denaturation of collagen oceurs when the triple helix disintegrates

into random coils. This disintegration happens because of the rupture of H-bonds

between the collagen polypeptide strands from the applied heat.'® The denatura-
tion temperature (7,,) is defined as a transition midpoint, where half of the protein
molecules are folded and the remaining are unfolded

The midpoint of the transition peak gives the denaturation temperature value for the
protein sample, and the sharpness of the peak can give more details about the nature
of the unfolding process. If the protein is a single domain, it often gives a symmetric,
narrow and single peak, and the transition between the two states is reversible. If the

protein is multi-domain and has a very complex structure, the thermogram might have
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several peaks from different protein domains thus making it very hard to interpret.'
Figure 4.2 shows that the thermogram for the denaturation of collagen membrane
has a broad asymmetric peak at 48.6 °C. This is because the collagen might be in
many different states. Some is probably monomeric and some is in fibnils of varying
maturity and varying inter-connectedness. The broad peak is attributed to the broad

population of structure,

4.3.2 Optical transparency of collagen membrane

Figure 4.3 shows the UV-vis spectrum of a hydrated electrochemically aggregated
collagen membrane. It shows that the optical transparency of a wet membrane is
very high (above 90% from 388 nm and above) in the entire visible region. Because

of their high transparency, the electrochemically aggregated collagen membranes are

very suitable materials for artificial comea applications.

4.3.3 Morphology of collagen membrane

Figure 4.4 shows scanning electron microscope (SEM) images of an electrochemically
assembled collagen membrane. SEM images at lower and higher magnifications (1000x
and 10000x), of dried electrochemically prepared collagen matrix scaffolds show that

the collagen membranes are thin sheets that can fold and form multiple layers.

4.3.4  Cell viability

Panels (a) and (b) in Figure 4.5 show phase-contrast optical microscopy images of the

MK/T-1 cells cultured on the culture media with and without the collagen matrix

Figure 4.5a shows that the cell nuclei (indicated by arrows) spread broadly, which

indicates that the cells grow very well and look healthy when they are cultured over
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Figure 4.3: UV-vis transmittance spectrum of a hydrated collagen membrane shows
the wet membrane is highly transparent and transmits more than 90% of light through
it in the visible region (380-750 nm).

Figure 4.4: Representative scanning electron microscopy images, at two different mag-
nifications (a) 1000x and (b) 10000, of dried electrochemically prepared collagen ma-
trix scaffolds highlight their sheet-like character. The scale bar in (a) is 200 g long,
and that in (b) is 20 yan long,




Figure 4.5: (a.h) Phase contrast optical microscopy images of MK/T-1 cells grown in
10% FBS cell culture media with and without presence of the collagen scaffold matrix
show that the cells grow very well over the collagen matrix (a), similar to the cells
cultured in cell eulture plastic (b). Panels (a) and (b) have the same scale. (c.d)
of HYE stained sections of cultured cells;

Phase contrast optical microscopy im
(¢) in collagen matrix; (d) on plastic
at the edges of the collagen scaffold rather than growing over them. Panels (¢) and

e images show that the cells prefer to adhere

(d) have the same scale.
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collagen membrane, like the cells cultured under similar conditions without the colla-

gen matrix (Figure 4.5b). The extensive pseudopodia (temporary projections of the

cells) show that the cells are adhesive and move actively over the collagen matrix. The

images of the HLE stained sections of matri

cultured (Figure 4.5¢) and plastic cul-

tured (Figure 4.5d) cells show that the cells grow on the edges of the collagen mat

(the cell nuclei are shown with arrows). From all of these images it is understand-
able that the cells are alive and healthy because the cell nuclei are not fragmented
or wrinkled. The cells grow only at the top layer of the membrane, not in the inner

layers.

4.3.5 Controlled cell proliferation

A necessary requirement for the matrix to be used in an artificial cornea is that the
matrix scaffolds should maintain the cells in a quiescent state. in which the cells stay
alive without replicating their DNA. To analyze this, the MK/T-1 cells are cultured
along with Bromodeoxyuridine (BrdU) in the presence and absence of the collagen

scaffold matrix. BrdU is only incorporated if DNA replication is occurring, and if

there is no DNA replication, then there will not be BrdU staining."
Figure 4.6 shows optical microscopy images of cells cultured with BrdU on plastic (a)
and matrix (b). The cells cultured in the presence of collagen matrix show less BrdU

staining than the cells cultured on plastic. This implies that the collagen matrix does

not support cell DNA replici

ion, but the plastic does.

4.4 Conclusions

The results obtained using UV

is spectroscopy show that the electrochemically syn-

thesized collagen membranes are highly transparent and allow more than 90% of




Figure 4.6: (a,b) Phase contrast optical microscopy images of MK/T-1 cells grown
in presence of Bromodeoxyuridine(BrdU); (a) in plastic and (b) in collagen matrix
The BrdU staining is less pronounced in the matrix grown cells compared to the cells
grown in plastic, which confirms that the collagen scaffold does not allow the cells to
proliferate. Cells are indicated with arrows and ‘m’ denotes the matrix. Panels (a)
and (b) have the same scale.
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visible light to pass through them when they are hydrated. DSC thermograms indi-
cate that the collagen membrane is highly thermostable, suggesting that it will not
degrade at body temperature if used as a matrix for an artificial cornea. The MK/T-1
cells grow very well over the collagen membrane, like they do in a normal cell culture
medium. The cells prefer to attach to the edges and the top layer of the collagen
membrane rather than entering the inner core of the membrane. The experiments
performed nsing Bromodeoxyuridine (BrdU) prove that the collagen membranes do
not support DNA replication, which is one of the main requirements for the membrane

to be used as a matrix in artifical comea applications
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Chapter 5

Analyzing the internal pore
structure of collagen membranes

using single particle tracking (SPT)

5.1 Introduction

Single particle tracking (SPT) is an easy and highly reliable method to probe the
internal structure of collagen membranes. Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) are used widely to investigate the meso
porons structures of polymers and membranes. However, electron microscopy needs
a dry sample with a conductive surface coating, and sometimes requires staining to
enhance contrast in samples with small atoms (as in protein samples such as ours).
On the other hand, SPT allows the sample to be in a biochemical environment, which
allows us to probe the sample in a state more similar to how it would exist in vivo
(such as in an implant).*

SPT can be effectively used to investigate the internal structure of porous membranes
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PT is broadly used in

or biological surfaces on a true scale.*” In recent years, §
living systems, where analyzing the particle diffusion is highly complex because of

v interactions, molecular crowding, ete.*® SPT is also

the presence of intermolecnls
extensively used in real time imaging of protein transport in cell membranes where

)

the protein is labeled by some fluorescent moiety.”

led in the i during

particles are susy

In our SPT experiments,

clectrochemical formation. Tracking the movement of suspended fluorescent beads in
the membrane provides the structural properties of the membrane and the viscoelastic
properties of the fluid within the pores of the membrane.

The diffusion of beads in the medinm depends on three different parameters:

1. size or mass of the particle,

viscosity and structure of the medium, and

3. temperature.

A larger or heavier particle moves more slowly at a given temperature or kinetic energy

larger particle collides with the environment (e.g. solvent particles) more often

than a small particle because of its larger swface, thus making the diffusion slower
In addition, the diffusion rate is highly dependent on the nature or the properties
of the environment. If the environment is less viscous, diffusion oceurs very rapidly

because the rate of collisions is very low; the diffusion rate is slower in viscous liquids,

The diffusion constant of a particle with radius r, moving in a medinm with viscosity

7 at an absolute temperature T, can be caleulated as

(6.1)

where kp is the Boltzmann constant.'* !
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flow + diffusion

diffusion

<R2>

confined motion

Time

Figure 5.1: The plot of mean-square displacement, <R%> as a funetion of time has a
slope which, at early times at least, equals 40 (as defined by Equation 5.5). The func-
tional form at longer time varies for different motion modes. The diffusion constant
D is higher for flow assisted diffusion and lower or almost zero for confined motion.

Tmage is modified from Reference [3].



88

The plot of Mean Square Displacement (MSD) vs. time provides information about
the type of mobility of a particle in a given medium. The average mean square

displacement in the = direction is related to the linear drag coefficient i by

where 1 is defined as

na (53)

With a similar expression for y, the combined MSD in two dimensions (#%) can be

denoted as

(B?) = kT, (5.4)

6ra
which can be simplified as'?

(R =
\R )74Dl

where D is the diffusion constant.'® '* For our diffusion constant calculations, we use
Equation 5.5 which is valid for two dimensions ( and y) because we are measuring
the trajectories projected in a 2D plane. By plotting (R#?) with time. the diffusion
constant of a particle in the matrix can be caleulated

There are several modes of motion, which can be classified as anomalous diffusion,
normal diffusion, tethered motion, confined motion and directed motion.® Figure 5.1
shows how MSD ((/#?)) differs with time for different modes of motion. If the motion
of the particle is through a diffusion mechanism, the MSD grows linearly with time.

If flow assists particle diffusion. the effective diffusion constant is higher because the

flow drags the particle faster and longer than the normal diffusion particle, resulting
in higher MSD.'® '

MSD(t) = 4Dt + (vt)? (5.6)
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Figure 5.2: After taking hundreds of fluorescence images, the trajectories of the fluo-
rescent bead movement in an environment can be established. Depending on param-
eters like pore size or matrix viscosity, the bead can move in different ways. Four
different types of motion are shown here: (a) directed motion, (b) random walk, (¢)
confined motion and (d) intermittent or hopping random motion. Image is modified
from Reference [15).

where v is the velocity of the particle.

In contrast. in confined motion, a particle moves back and forth in a restricted area,

and this limited motion of the particle gives a lower MSD."!

MSD(t) = 4Dt* 5.7)

where ais < 1 for confined motion.
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5.1.1 Trajectories for possible internal structures of mem-
branes

The mobility of a particle in a membrane exhibits different types of trajectories de-
pending on the internal structure of the membrane, as shown in Figure 5.2, These
particle trajectories not only provide information about the type of motion, but they
also illustrate the structure of the medium throngh which the particles are diffusing
The directed motion trajectory (Figure 5.2a) tells us that the matrix is a solution, a
membrane surface, or an open channel, where there is not much restriction for the
diffusion of a bead in that particular direction. Random walk (Figure 5.2b) of a par-
ticle happens mostly in solution or air where Brownian motion dominates. Brownian
motion is a random motion in which the suspended particles jiggle in a random way
in the medium.

A confined motion trajectory (Figure 5.2¢) shows that the particle moves randomly
only inside a confined region, which might be a pore or closed hole if the sample is
membrane. The largest distance and the area of this confined trajectory gives a rough
estimation of the size and shape of a pore in the membrane sample, The distribution,
arrangement, size and shape of the pores might differ substantially for different kinds
of membranes. Some of the pores might be interconnected. While tracking a particle
that is trapped inside the interconnected pores, the resulting particle trajectory shows

intermittent or hopping random motion, as shown in Figure 5.2d
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Table 5.1: E

rescent beads that we use for our experiments. All the beads are made of polystyrene

citation and emission wavelengths and the supplier of various size fluo-

and are stabilized by sulfate groups.'® 17
Bead Emission
diameter | wavelength | wavelength Model number & Supplier
(ym) (nm) (nm)
092 470 511 07310-15, Polysciences Inc, USA.
0.54 441 186, 08691-10, Polysciences Inc, USA.
0.02 535 575 | $37200, Invitrogen Mol. Probes,

5.2 Methods and experimental procedure

5.2.1 Sample preparation

5.2.1.1 Pr ion of bead

We use beads of various sizes (0.02 i to 0.92 i diameter) for our particle tracking

experiments. The beads were purchased as 2.5-3 wt% aqueous solutions. The

N
citation and emission wavelengths and the suppliers of the beads that we have used
for our experiments are given in Table 5.1. The bead solution is diluted thonsands
of times to get a desired bead content in the final solution. The solution is sonicated
for several minutes to disperse the beads, This final solution is used to make the

fluorescent-head-containing collagen membranes,




Table 5.2: Concentration of prepared bead solution. and the concentration of beads

in the final collagen monomer electrolyte for various

zed beads.

Bead diameter Concentration of added Bead concentration in
(pm) bead solution (particles/pL) | final electrolyte (particles/ul)
0.92 18200 + 700 1820 4 130
0.54 14600 + 700 1460 + 120
0.02 28000 + 1700 2800 + 270

5.2.1.2  Preparation of collagen membrane incorporating fluorescent beads

To incorporate the fluorescent beads into the collagen membrane, the diluted bead
solution is added in the collagen monomer electrolyte. The collagen monomer elec-
trolyte is prepared by adding 300 4L of 3.0 mg/mL collagen monomer, ultrapure water
(Barnstead, 18.2 MQ-cm), sufficient NaOH solution (EMD Chemicals, ACS reagent

grade) to bring the pH of solution to 7, and 300 4L of the desired bead solution.

The added and the final concentrations of bead solutions in the collagen monomer

electrolyte for various sized beads are given in Table 5.2. The concentration of head
solution in the final electrolyte is ten times lower than the original concentration of
the added bead solution becanse the 3 mL electrolyte contains only 300 pL of bead
solution.

After adding the fluorescent beads to the electrolyte, the electrolyte is sonicated to
disperse the beads. Like the collagen monomers, the beads are also charged and move
rapidly in the electrolyte when the potential is applied across the cell. During the
collagen aggregation process, the beads are trapped inside and on the surface of the

collagen membrane. After 30 minutes of applied potential, the membrane is taken out
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wre 5.3 Schematic diagram of working principle of particle tracking experiment

A lens is used to convert the cylindrical light beam into a light sheet. When the
sample is placed under this optical light sheet, the fluorescent particles in the sample
are excited, and subsequently they emit fluorescence during relaxation. A Charge
Coupled Device (CCD) camera is used to capture the fluorescence from the particles
and capturing a number of images over a given time provides an idea about the motion
of the particles. By finding the positions of a particular bead in subsequent frames,
the particle trajectory can be obtained. Image is modified from Reference [18]

and dried in a dark room to avoid bleaching. The membrane is re-hydrated again by

adding a few drops of ultrapure water during the particle tracking experiment

5.2.2 Instrumentation

shows the working principle of the single particle tracking method. A

Figure
NIKON TE-2000 inverted microscope coupled with laser and optical light sources is

used as a particle tracker. In our experiments, we use an optical lamp as an exci-
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tation source, and a cylindrical lens to convert the light beam into a light sheet. A

Charge-Coupled Device (CCD) camera is used to capture the images at a constant

rate for a preset period. Fluorescent beads in the sample are excited by the optical
light sheet, and thus give off fluorescence. This fluorescence can be seen through the
microscope eye-piece or captured using the CCD camera, and appears as bright spots

Software called Insight 3G is used to set the parameters for camera capturing. and

for post-processing of captured images."” The capturing parameters in the software
allow us to set the exposure time, capture frequency and the number of frames to

be taken for a desired duration."® Care should be taken for setting up these captur-

ing parameters, especially the capture frequency, because a lower capture frequency
leads to higher delay time that may result in missing the position of beads between
successive frames. A higher capture frequency leads to a huge mumber of images.
causing memory problems while loading the images for further analysis. For all of onr

experiments, the length of exposure time is 500 s, and the capturing frequency is 2

frames per second.

5.2.3 Data analysis

To understand the motion of

ch and every particle, hindreds of images are taken
at a preset time interval. We use the software ImageJ to load the frames and to
convert them into a stack file.”” A package called Mosaic Plugins is used to read the

stack file, remove the background, detect the particles, and track the movement of

particles between the frames.” A Perl script reads the ImageJ trajectory output file,

filters longer trajectories, and caleulates the minimum and maximum x and y values.

We read, analyze and plot the trajectories data using IgorPro (Wavemetrics. Lake
Oswego, OR, USA). The initial - and y position values are subtracted from all frame

r and y position values. For the i" particle at time £, the displacements in x and y
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are?2 2
Axi(t) = x;(t) — 24(0) (5.8)
and
Ayi(t) = yi(t) — ui(0) (5.9)
Therefore, the square displacement of the i particle at time £ is
[AROP = [Ai(0) + [Au ()] (5.10)
The mean square displacement can be obtained from
2 I\~ 2 .
<R->: TL[AR,(/)] (5.11)

5.3 Results and discussion

5.3.1 Optimizing particle and trajectory identification

Figwe 5.4a shows the fluorescence microscopy image of a fluorescent bead solution

The bright spots in the image are due to the fluorescence emitted from the beads.

Since the number of fluorescent spots in Fignre 5.4a is very lavge, it requires very high
memory to process the image stacks, i.e linking the particles and finding trajectories.
Therefore, in order to reduce the processing time and avoid memory issues, the image
stacks are cropped into four quarter sections for further analysis (Figure 5.4h)

Figure 5.4a shows that the raw image is not very clear because of the background
and non-uniform contrast. The background can be removed and the contrast can be
adjusted using fmageJ. Apart from that, the data acquiring software Insight 3G is

used to enhance the intensity of the bright spots, and to suppress the background.
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Figure 5.4: Full size (a) and cropped (b) fluorescence microscope images of a fluo-
rescent bead solution. The bright white dots are from the fluorescent beads, and the
dark gray area is the solution background. The cropped image shows fewer bright
spots, and the spots are enlarged. The diameter of the fluorescent beads is 0.92 .
and the concentration of the fluorescent beads in the final electrolyte solution is 1820
+ 130 particles/uL. (c) All the bright spots in (b) are identified correctly and circled
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There are some difficulties in the detection of exact particle positions in the images
Some particles that are underneath the membrane emit very little fluorescence, thus
making it hard for the software to differentiate the particle from the background
Moreover, if the particle density is too high in the membrane, the software may miss
some particles. In order to avoid these problems, it is necessary to check manually
whether the software detects all the particles correctly or not. After providing some
information like approximate particle radius (in pixels), cut off radius (for non-particle
discrimination), and intensity percentile (that is used to decide which bright spots
should be identified as particles), the software fmageJ detects the particles in the
image and circles them. If all particles are not detected or some background is detected
as a particle, changing a combination of the above three parameters allows all the

particles to be identified properly (Figure 3.4c)

Once the particle detection is completed. tracking of particles over time is performed
by linking the particle positions between subsequent frames. There are many com-
plications to be dealt with while linking the particle positions into trajectories. 1f
the particle density is too high. there might be several particles moving around in a
given area. As a result, instead of detecting the position of a particular particle in
subsequent frame. the software may detect another particle which floats near to it
and thus gives wrong positional values. To avoid this, it is better to use a low concen-
tration bead solution to make the membrane, so that the presence of few particles in
a small area makes it easier to track them for a longer period. Additionally, linking
the particle position between frames depends on the type of motion. The particles
may move by free diffusion in a fluid, confined motion if the volume is very small, or
a long distance with a high speed if the particles are dragged by an applied external

force. For that reason, it is essential to feed the approximate linker length (in pixels)

between the frames to make sure that the software connects the same particle in the
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Fignre 5.5: Trajectories of fluorescent beads in solntion. Different colored trajectories

show the motion of different fluorescent beads in both x and y directions.
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Figure 5.6: (a) Trajectory of a fluorescent bead in solution shows that the motion
of the bead is a random walk, and the bead can move in any direction between the
frames. (b) Mean square displacement (MSD) vs. time plot for a fluorescent bead in
solution. This curve is fitted against Equation 5.6 and the obtained D and v are 0.55
im?/s and 0.26 jan/s respectively.

subsequent frame rather than connecting it with another particle.
Figure 5.5 shows the trajectories of fluorescent bead particles (0.92 g diameter)
in water. The trajectories are obtained by connecting the & and y positions of each

particle in all frames. As shown in Figure 5.2a, the shape of the trajectories illustrates

that the particles move by flow or directed motion.

5.3.2  Validating the setup: particle tracking in water

Trajectory plots provide information about the type of mobility of a particle in a

medinm, i.c. whether it is Brownian diffusion, directed motion or confined motion.
In addition, the mean square displacement (MSD) of particle trajectories can be
calenlated and plotted against time to get more information such as diffusion constant
and pore-liquid viscosity.

Most of the trajectories in the Figure 5.5 show directionality in the particle motion,

perhaps from solvent evaporation or from convective heating. Figure 5.6a shows that
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the motion of bead in solution is directed: the bead tends to move in a particular
direction (toward the right). We have caleulated the MSD values for each trajectories
and plotted them with time as shown in Figure 5.6b. The curves are fitted against
Equation 5.6, by using that we can determine the diffusion constant, D and velocity,
v of the diffusing particle.* The calculated D and v for 0.92 jun beads in water are
0.53 £ 0.19 yan?/s and 0.24 = 0.09 pn/s respectively. The D value is of the same
magnitude as the theoretically calculated D (0.48 ym?/s) using Equation 5.1. This
value is also similar to the literature D values of 0.40, 0.43 and 0.48 ym?/s that are

reported for 1.02, 0.98 and 0.97 ym spheres in water, respectively.' 2

5.4 Pore-size analysis for collagen membranes

Figure 5.7 shows the fluorescence microscope image of a collagen membrane prepared
with the addition of 0.92 yn fluorescent beads in the electrolyte. It shows that the
beads do not disperse in the same way throughout the membrane. In some regions
of the membrane, the individual beads spread well throughout the membrane, and in

some regions, the beads are clumped together.

For a clear view of the beads and for processing convenience, the image in Figure -
is cropped into four quarter sections as shown in Figure 5.8a. The trajectories of fluo-
rescent beads are very small in length (shown as colored dots in Figure 5.8D), because
the beads move very small distances. The single particle trajectory plot (Figure 5.9a)
not only gives information about the type of motion: it also gives knowledge about
the membrane pore structure like pore diameter/area and shape. Since the beads
move only inside the pores of the membrane, the beads can visit almost all corners of
the membrane pores in 250 seconds. Therefore, the entire trajectory gives the shape

and dimensions of that particular pore. From Figure 5.9a. it can be concluded that
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100 pm

Figure 5.7: Fluorescence image of a collagen membrane in which 0.92 jan fluorescent
beads are incorporated. The bright spots are from the fluorescent beads, and the
black or gray area is the collagen membrane. The image shows that the beads are
dispersed well, and individual beads are clearly visible everywhere in the membranc

sated in clusters (see the top-right

except in a few areas where several beads are

corner of the image)

100 pm

00 um

(b) Trajectories of 0.92 g beads in the

Figure 5.8: (a) Cropped image of Figure 5.7

collagen membrane:
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Figure 5.9: Particle trajectories of (a) 0.92 yan and (b) 0.54 yam beads in a collagen
membrane show that the particles move randomly in the pores of membrane, and that
the size of the pore is 2-3 jm.

the pore is ovoid shaped with a mean diameter of 2-5 jn

Table 5.3 shows the pore size and area values for 0.92 ym fluorescent beads added to a
collagen membrane. Since the beads move back and forth only inside the pores of the
membrane, the minimum and maximum x and y values of the bead trajectories give
the approximate pore diameter. The bead diameter value is added to the trajectory-
obtained value to get the original pore size, because in a 4 ym pore, the center of
the 1 g bead can move only 3 gm. Table 5.3 shows that the dimensions of most
of the pores are similar thronghout the membrane. The estimated pore diameter is
approximately 3-6 ym and the area is 7-14 jan?, if we consider the shape of the pore
as a polygon. Though only a few trajectory results are shown in the Table 5.3, more
than 40 trajectories are included for the pore size and area caleulations.

To verify the pore size/aren caleulations, we performed the particle tracking experi-

ments for the collagen membranes prepared with 0.54 and 0.02 ynn size beads as well
Figure 5.9b shows the particle trajectory plot for 0.54 yan bead in a pore of a collagen

membrane. In the case of 0.54 am beads, the pore size and arca that are caleulated
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Table 5.3: Pore size and pore area calculation for selected trajectories in the collagen
membrane prepared with 0.92 gm fluorescent beads. The minimum and maximum
and y values in the jectory plot (Figu are used to caleulate the approximate
pore diameter in the 2 and y directions and approximate pore area. The bead diameter
(0.92 ym) is added to the trajectory-obtained value to get the original pore size.
Multiple trajectories give information about different pores in the membrane.

Trajectory No | Pore size in 2 | Pore size in y [ Pore Area

Jom s ym?

1 3.0 2.9 71

2 4.3 2.7 10.2

3 1.1 3.9 14.7

4 5.1 3.2 14.8

5 1.0 12.6

G 3.5 2.8 8.4

7 3.9 2.9 9.9

8 4.8 2.7 11.5

9 3.4 29 8.5
Average 4.0 £ 0.7 31404 109 + 2.8
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Table 5.4: T-test comparisons for the pore areas of various collagen membranes.

Set 1 Set 11 Pore area (pm?) | Probability (P)

Set 1 Set 11

Col+0.92 pnm Col+0.54 pam 10.9 13.4 0.22
Col+0.92 ym Col+0.02 ym 10.9 25.7 0.05
Col+0.92 ym | Col+0.92 j + CaCl, 10.9 21.7 0.002
Col+0.92 pm | Col+0.92 g + KC1 10.9 8.3 0.1

from several trajectory plots are 4-7 g and 10-22 jm? respectively. On the other
hand. for the collagen membrane prepared with 0.02 g beads. the estimated pore
size is approximately 410 ym and the area is 2035 jm?.

T-tests were carried out (using R Gui®®) to compare the distribution of pore sizes
within a membrane to the distribution between the membranes (Table 5.4). The
results show that the obtained pore area values are in the similar range if either 0.94

gim or 0.54 gnn beads are used. and the probability for these two pore area values to

be similar is 0.22. On the other hand, using much smaller beads (0.02 yan) provides
a slightly larger pore area, and the t-test probability is 0.05 for this value to be equal
with the pore area calenlated nsing 0.94 i beads.

The estimated pore size and pore area of the collagen membrane are larger if we use
smaller (0.54 i, 0.02 yan) beads for the measurement because small heads can move
efficiently inside the pores and can reach all the corners of pores more casily than

larger heads.
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gure 5.10: Particle trajectories of 0.92 ym beads in a collagen membrane that is
pwpmml with the addition of 0.05 M KCL Trajectory (a) shows that the beads move
(2-5 o)
s of the regularly prepared collagen membrane. Trajectory

randomly inside the pores of collagen membrane. Moreover, the pore sz

are similar to the pore siz
(b) shows that some membrane pores are interconnected such that a bead can escape

from one pore and get into another pore.

5.4.1 Pore shapes/interconnectedness

As we know from Chapter 2, the presence of additional ions like Ca?*, Na*, and K* in
the electrolyte form a membrane with different mechanical and structural properties
Here, we have used the particle tracking method to analyze how the pore structures
differ for the membranes prepared with and without these additional ions,

Figure 5.10 shows the mobility of fluorescent particles in pores of a collagen membrane,
which is prepared with the addition of 0.05 M KCI in the electrolyte during the
clectrochemical assembly process (softer membrane). Most of the trajectories obtained
for this sample do not differ much from the trajectories that are obtained for the
normal (no added K*) collagen membrane. For example, Figure 5.10a looks similar
to the trajectories of the normal membrane. The estimated pore size and pore area of
this membrane are 4-6 g and 8-15 ym? (measured from 40 trajectories), which are

similar to the pore dimensions of collagen membranes prepared withont addition of
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Figure 5.11: Particle trajectory of 0.92 ym bead in a collagen membrane prepared with
the addition of 0.05 M CaCl, shows that the particle moves randomly in membrane
pores, and the size of the pore is ~

.5 pn including the diameter of the bead

KCL T-tests also show that the pore area of normal and softer membrane (prepared
with KCI) lie in the same distribution with the probability of 0.1 (Table 5.4). On the
other hand, some trajectories show that the fluorescent beads move inside a pore for
some time and then escape to another pore and start moving in that pore (Figure
5.10b). This suggests that some pores are interconnected in the collagen membrane
which is prepared with the addition of KCI.

The trajectory of the movement of 0.92 ym fluorescent bead in the collagen membrane
prepared with the addition of 0.05 M CaCl, (harder membrane) is shown in Figure
5.11a. The type and the shape of the trajectories show that the pore size and area of

the harder membrane are larger than the pores of normal collagen membrane. The

t-test probability for the pore arcas of normal and stiffer collagen membranes to be
similar is 0.002. which indicates that pore area the values are significantly different
for these two membranes. The caleulated pore size and area values for the membranes

prepared with and without added ions are given in Table 5.5,



107

Table 5.5: Summary of the pore size and pore area calculations done using different
size beads for various collagen membranes prepared with and without addition of KC1
or CaCly salts. The table shows that the pore size and area are similar for normal
and softer membranes, and the pores are larger for the stiffer membrane. Small beads
giver larger pore values because they can move efficiently inside the pores and can
reach all the corers of pores more easily than larger heads. SD denotes standard

deviation.

wple

Pore size in x

average (SD)

Pore size in y

average (SD)

Pore area

average (SD)

Jm Jm o
Col+0.02 yam 88+ 13 43107 7186
Col+0.54 ym 43+1.2 37108 134 £ 5.6
Col+0.92 yam 38 £08 41+1.2 109 + 2.7
Col+0.92 pm+KCl 37409 39+ 1.0 8.3 + 3.0
Col+0.92 pm+CaCly 6.5+ 1.0 47+09 21.7 + 8.7
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Table 5.6: Diffusion constant and membrane pore-liquid viscosity caleulations per-
formed using different size beads for the collagen membranes prepared with and with-
ont addition of KCI or CaCly salts. The smaller beads diffuse well in the pores of the
collagen membrane, thus giving higher D values. The diffusion constant is caleulated
from the slope of MSD vs. time plots (Figure 5.12), and the viscosity is calculated
using Equation 5.1.

Sample Diffusion Constant | Viscosity at 20 °C
(% 10°° pm®/s) (Pa-s)
Col+0.02 ymm 86.0 + 12.8 249 + 35
Col+0.54 17.0 + 8.0 16 + 20
Col+0.92 jm 64+ 17 72 + 20
Col+0.92 jm+KCl 69+ 38 67+ 25
Col+0.92 ym+CaCly 13.0 £ 6.7 3B+ 15

5.4.2 Diffusion constants and membrane pore-liquid viscosi-
ties

Figures 5.12a and b show the MSD vs. time plot of 0.92 yam and 0.54 gm bead
trajectories in a collagen membrane. The slope of a linear fit in the MSD vs. time
plot corresponds to 4D in Equation 5.5. The average diffusion constant, D, calculated
from 40 trajectories for the mobility of 0.92 m beads in collagen membrane pores
is 6.4 4 2.0 x 107% gm?/s. Table 5.6 summarizes the diffusion constants caleulated
from data for various sized beads in different types of membranes. As expected,
the diffusion constant values are higher for smaller beads since smaller beads diffuse

faster than larger beads in the same environment (according to Equation 5.1). All
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: MSD s time plots of (a) 0.92 gm and (b) 0.54 g beads in the pores
of a collagen membrane. MSD vs. time plot for the motion of a 0.92 ymn bead in
a collagen membrane prepared with the addition of (¢) 0.05 M KCI or (d) 0.05 M

CaCly.
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Table 5.7: T-test comparisons for the liquid viscosities (1) in the pores of normal,
softer and stiffer collagen membranes

Set 1 Set 11 n (Pass) | Probability (P)

Set 1 Set 11

Col+0.92 i | Col4+0.92 pm + KC1 | 72 67 0.7

Col+0.92 yim | Col+0.92 yn + CaCl, | 72 0.008

of the calculations performed for various collagen membranes show that the diffusion
constant values are much lower for the beads inside the membrane pores than they
would be in water. That is because compared to water. the viscosity of the fluids
in the pores of collagen membrane is much higher (Table 5.6). Table 5.6 shows the
viscosity () of the solution in the pores of different collagen membranes, caleulated
using Equation 5.1, assmming that the manufacturer-supplied particle radius is the
hydrodynamic radins and the temperature is 20 °C. Table 5.7 shows that the viscosities
of the pore-liquids do not differ substantially between normal and softer membranes
(prepared with KCI). which is also confirmed by the higher probability of t-test (P
~ 0.7). On the other hand, the viscosity of the pore-liquid in stiffer membrane
(prepared with CaCly) is lower than the viscosity of pore-liquid in normal or softer
membranes. The lower t-test probability value (0.008) also indicates that the viscosity
values differ considerably between normal and stiffer membranes. We attribute the
higher viscosities to the presence of monomers in the pore-liquid. Thus the higher
monomeric contents in the normal and softer membranes make their pore-liquids more

viscous than the pore-liquid of stiffer membranes.
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5.5 Conclusions

In this chapter, I have shown that we can use the simple and widely used particle

tracking technique for the analysis of the internal structure of electrochemically ag-

gregated collagen membranes. First, 1 have performed the experiment for the bead

solutions (1o collagen or salt) to validate our experimental setup and diffusion con-
stant calenlations. The obtained trajectories and the caleulated D values for the head
solutions show that although the diffusion of beads in solution has a component of
directed motion, the obtained diffusion constant values are generally consistent with

theoretical and literature values. The analysis of internal pore structure and area for

the collagen membrane using various sized fluorescent beads shows that the size, shape

and area of most of the pores are similar thronghout the membrane. In addition. we
found that the pore structures vary somewhat between the harder (the membrane
prepared with Ca?* jons) and softer (the membrane prepared with K* ions) collagen
membranes, and some pores are interconnected in the softer membrane. The pore-
liquid viscosities, 7 in the normal and softer collagen membranes are in the same range

and are lower in the stiffer membrane due to its lower monomeric content
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Chapter 6

Conclusions

6.1 Summary

Electrochemical aggregation is a viable method to align synthetic collagen structures
with some degree of orientational anisotropy and hence with some control of me-

We chose an electrochemical method to aggregate the collagen

chanical properti
membranes becanse process variables like pH, concentration, and duration can be
altered casily. Furthermore, since the approaches described here do not use harsh

(thermal or toxic solvent based) synthetic methods, the prepared membranes retain

their original nature and bioactivity. Several drawbacks of conventional methods

oating, extrusion, physical vapor deposition and electro-spinning process) including

poor mechanical strength, poor biocompatibility and improper alignment have been

overcome by onr electrochemical method

To characterize our collagen membrane samples, we use Raman and infrared spectro-
scopies (internal structure and aggregate type), atomic force microscopy (nanoscale
morphology), UV-visible spectroscopy (monitoring protein content in electrolyte over

time) and force spectroscopy (stiffuess). The results show that changes in electrolyte
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composition (by adding different ions). electrolyte pI, or duration of the applied field

produce membranes with a range of Young’s moduli. The presence of Ca2*, Ba* and

Na* in the electrolyte increases the stiffness of the membranes. On the other hand,

Mg®* and K* decrease the stiffuess of the aggregated collagen membrane. Atomic
force microscopy and Raman spectroscopy reveal that the change in Young’s modulus
is related to the fibril content of the membrane. The membranes with higher stiffness
show higher fibril content compared to the membranes that show lower stiffness.

The ion-induced change in membrane stiffuess or fibril content is attributed to the
aggregation pathway. In general, aggregation from a monomer solution can follow a
specific path leading to robust fibrils. Non-specific aggregation does not lead to any
fibril formation. The presence of excess ions in the electrolyte can change the pathway
of the membrane aggregation process, thus leading to a change in stiffness. In addi-
tion, increasing the electrochemical process duration (or applied potential duration)
increases the Young's moduli by increasing the fibril content. Though pllis the main

factor in the isoelectric focusing aggregation process, the initial electrolyte pl does

not have any effect on the fibril content. internal structure and Young's moduli of the

mbled collagen membranes.

ass
We can further relate the changes in mechanical properties to the pore structure of

cking (SPT) to assess the pore size/area

the membrane. We used single particle tra

The pore size

and structure of our electrochemically gated collagen .
is higher for the harder collagen membranes (prepared with the addition of Ca?*)
than the normal and softer membranes, In the softer collagen membrane (prepared

interconnected. The pore-liquid viscosities in the normal

with K+), some pores ar
and softer collagen membrancs are in same range, but lower in the stiffer membrane

due to its lower monomeric content.

The electr jcally gated collagen membranes show suitable characteristics
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for use as a matrix in an artificial cornea. The collagen membrane has a higher denat-

uration temperature than the body temperature or monomeric collagen: hence, body
heat would not affect the membrane structure if used as a matrix for artificial cornea

The electrochemically aggregated collagen | s can transmit more than 90%

of visible light, which is another important feature if these collagen membranes are
to be nsed as a matrix for artificial corneas. The biocompatibility studies that are
carried ot at the School of Medicine, Memorial University, show that MK/T-1 cornea

fibroblast cells grow very well and move actively when they are incubated with the

collagen matrix. Furthermore, the presence of the collagen matrix in the cell culture
medinm keeps the cells in a quiescent state, another necessary requirement for nse in
artificial cornea

These collagen matrices can also be mineralized for use in applications where a hone-

like material is required. Synthesis of collagen-calcium phosphate membranes involves
two steps: assembly of the collagen membrane from aqueons solutions, and then pre-
cipitation of a calcium phosphate layer on it. IR, Raman and EDX spectroscopies show
that for most of the collagen-calcinm phosphate composite membranes, the obtained
mineral phase is carbonated hydroxyapatite. In addition, experiments performed with

and without collagen in the electrolyte show that collagen helps to nucleate the growth

of calcium phosphate. The electrochemically precipitated collagen-calcium phosphate
membranes could be applied over a ruptured bone so that the mineral caleium phos-
phate supports the bone while the protein collagen assists the hone cells to grow. In

fact, the use of a biocompatible implant for curing an injury could reduce the pain

and improve the healing process for the patient



6.2 Future directions

The fields of collagen and collagen-calcinm phosphate composites are huge, so there
are many possibilities for one to do more inmovative research to develop new materials

and characterize them, or tailor the existing materials for varions applications.

Though we have found that electrolyte composition affects the internal structure, pore
structure and mechanical properties of the formed collagen membranes, it would be a
great idea to uncover the mechanism behind it. It could be possible to use theoretical
models to investigate how the presence of varions ions impact the nanomechanics of
collagen. For example, Buehler! used molecular dynamies simulations to understand
the nanomechanics of collagen during a fracture or under an applied load. The re-
sults show that the length of the tropocollagen molecules and their intermolecular
interactions are the two vital parameters that influence the fracture mechanics. In

the same way, one conld compare his results with a similar model that includes ions

in the simulation.

Even though the mechanical properties and pore structures of varions membranes

are characterized well in this thesis work, there are still some puzzles in relating the
mechanical properties with the pore structure of the membrane. Quinn el al? have

used finite element modeling to caleulate the contributions of density and orientation

of collagen fibrils in the mechanics of cartilage. One could characterize the structure

and dynamics of the membranes® using solid-state NMR. P and ¥C solid-state NMR
coupled with magnetic resonance imaging (MRI) has been used by Weber ef al.* for

the quantitative investigation of the synthesis of collagen and biomineral (apatite)

in a polymer based hone implant material. C NMR spectroscopy characterizes the
formation of collagen in the scaffold material, while the *'P characterizes the formation
of apatite minerals. In addition, solid-state NMR has been used by others to analyze

the hydration or temperature effects on the internal dynamics of collagen
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Since our cell culture studies have proven that the collagen membrane controls the cell

growth, one may use these membranes to study how different kinds of cells behave in

a given micro-environment (i.e.. using the collagen membrane as a tool to study cell
biology). The effects of matrix stiffness on the growth of cells have been widely studied
because the matrix tissue stifiness plays a key role in deciding the cell functions, and

any change in tissue stiffness can lead to cancer or disease.” ® Finding alternate ways

10 make the membranes with a range of elastic moduli (like exposing to UV radiation,
cross-linking with polylactic acid” or glutaraldehyde!®) would be an interesting way
to do further research if addition of excess ions gives some negative effect. Cretu

et al® used a hydrogel as an extracellular matrix for cell culture, and AFM was

used to analy

e the stiffness of the matrices. Matrices were prepared with various
stiffnesses by changing the percentage of monomer solutions during polymerization
They found that the cells respond differently when they are cultured in various stiffness
matrices. Mitrossilis ef al.!! monitored the response of a cell in real time for an applied

external force, which shows that cells adapt to the applied external force in less than

0.1 5. Moreover, an increase in the extracellular matrix rigidity can reduce the cell

12

proliferation (DNA replication) on the matrix
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Appendix A

Studying the effects of different
cations on structure and

mechanical properties *

Our investigations show that adding different ions to the electrolyte have dramatically
different effects on the stiffness of the resulting collagen scaffold. suggesting that ion
content in the electrolyte has a strong effect on the collagen assembly process. Earlier
work has shown that Ca®* increases stiffness, K* decreases stiffness and Na* has
a minimal effect’ (Chapter 2). This may be because Ca?* and Na* support fibril
growth in the membrane, while K* leads to fibril growth in the electrolyte rather
than assisting the fibril growth in the membrane. Atomic force microscopy (AFM)
images of collagen membranes that are prepared with the addition of Ca** and Na*
(Figure A.1b,¢) show that these membranes contain a large number of fibrils, which
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Figure A.1: Atomic Force Microscopy (AFM) images of collagen membranes prepared
with and withont the addition of excess ions. (a) AFM image of a collagen membrane
prepared without any added salt shows no fibrils. AFM images of the collagen mem-
branes prepared with (b) Ca** or (¢) Na* show fibrils. (d) K* ions in the electrolyte
do not lead to fibril formation in the membrane.

proves that addition of these ions helps the fibrils to grow well in the membrane. In
contrast. the collagen membrane prepared with K* does not show any fibril content
(Figure A.1d), which is because addition of K* in the electrolyte leads to fibril growth
in the electrolyte rather than assisting fibril growth in the membrane. Moreover, the
collagen membranes prepared without the addition of any of these salts do not show
any fibril content (Figure A.la)

In Chapter 2 it is stated that increasing the duration of applied potential can lead to
a highly matured collagen membrane with higher elastic modulus, and the quantity

of collagen in the electrolyte decreases with applied potential duration (electrochemi-




Figure A.2: AFM images of collagen membranes prepared with different applied po-
tential durations. (a) Collagen membrane prepared with an applied potential duration
of 15 minutes does not have any fibrils. (b) AFM image of a collagen membrane pre-
pared with an applied potential duration of 60 minutes shows many fibrils.

rious applied

cal process duration).! AFM images for the membranes prepared for v
potential durations (15 and 60 minutes) prove that when the electrochemical process
duration increases, more fibrils are found in the membrane (Figure A.2). The mem-
brane prepared for less time does not contain fibrils, while fibrils are clearly visible in

2)

the membrane prepared for longer times (Figure 4
Moreover, we found that adding different doubly charged cations to the electrolyte

can make cither stiffer or softer films, as shown in Figure A.3. Addition of Ba** in the

clectrolyte makes the membrane stiffer (as with Ca®*), and addition of N makes

the membrane softer (like K*).2

The addition of various chloride salts (CaCl,, NaCl and KCI) in the electrolyte pro-
duces collagen membranes with different stiffness values, which suggests that the
cations play a role in changing the stiffness, not the C1= anion. To verify the above
statement. we also prepared collagen membranes by adding different concentrations

The stiffness caleulations that are performed for these collagen mem-

of Ca(NOy)

branes show that the stiffness value increases with the concentration of Ca(NOy),, as
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Figure A.3: Elastic moduli values can change dramatically with the addition of dif-
ferent concentrations of fons such as Mg or Ba2* during membrane formation. The
presence of Ba2* in the electrolyte increases the elastic modulus value, and presence
of Mg?* in the electrolyte decreases the elastic modulus of the collagen membrane.



— Ca(NO3)2

Elastic Modulus ( X 10° Pa)

CaClp

T T T T 1
0 2 4 6 8 1oxi0°
Concentration of salts (mol/L)

Figure A.4: Young’s modulus values for the collagen membranes prepared with various
concentrations of CaCl, and Ca(NO,),. As with CaCl,. the Young’s modulus also
increases with the concentration of Ca(NO,),, which suggests that the cation Ca?*
plays a role in increasing the Young's modulus value, not the anion CI7. In fact,
the nitrate salt increases the stiffness further because its additional electrochemical
activity accelerates pH gradient formation.
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it does for CaCl, (Figure A.4). We observed that there are no correlations for the

change in elastic moduli with the valency or size/charge density of added metal ions.
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Appendix B

Collagen-hydroxyapatite vs.

collagen-brushite composites *

From our infrared (IR) studies, we know that K,HPO,, KH,PO,. and Nall,PO,
precursors produce hydroxyapatite in the presence of collagen with either CaCl, or
Ca(NO,),. On the other hand, another phosphate salt (NH,H,PO,) gives brushite
with CaCl, and hydroxyapatite with Ca(NO,), when they react electrochemically in
the presence of collagen' (Chapter 3). To confirm our IR results, we also carried out
Raman spectroscopy analyse (collected with 532 nm excitation from a confocal Jobin
Yvon Horiba, LabRAM) for all the collagen-calcium phosphate membranes prepared
using varions calcium and phosphate salts. Figure B.la shows the Raman spectra
of collagen-calcium phosphate composites prepared with CaCl, and three different
phosphate salts. These spectra show that CaCl, gives hydroxyapatite when it reacts
with either K,HPO, or KH,PO,. and gives brushite when reacting with NH,H,PO,
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Figure B.1: Raman spectra for layered calcium-phosphate composites prepared from
one of three different phosphate salts (K,HPO,, KH,PO,, or NH,H,PO,) and (a) 10
mM CaCly or (b) 10 mM Ca(NO,),. Peaks indicative of hydroxyapatite (laheled HAp)
and collagen (labeled fibril or monomer) are evident in all samples, except the one
that is prepared with CaCl, and NI, 1,PO,, in which the obtained mineral phase is
brushite. Spectra are offset along the intensity axis for clarity, and peak assignments

are based on previous studies. >

If Ca(NOy), is used instead of CaCl,, the obtained mineral phase is hydroxyapatite
for all three phosphate salts (Figure B.1b).2

An energy dispersive Xeray diffractometer (Roentee EDX, software from JKTech
University of Queensland Australia) is used to analyze the various calcium phosphate
phases that are present in the collagen-calcium phosphate membranes. Figure B.2a
shows the EDX spectrum of a collagen-calcinm phosphate membrane that is prepared
with the addition of collagen. CaCl, and K,HHPO,. The intensity ratio between the Ca
and P is 1.6, which is consistent with hydroxyapatite which has a Ca : P ratio of 1.67

(Cay(PO,),(OH),).% 7 Figure B.2b shows the EDX spectrum of a collagen-calcinm

phosphate membrane prepared with the addition of collagen, CaCl, and NILH,PO,

The intensity ratio between Ca and P is 0.9, which suggests that the obtained mineral

phase is brushite (CaHPO-2H,0).%
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Figure B.2: Energy Dispersive X-ray spectra (EDX) of (a) collagen-hydroxyapatite
and (b) collagen-brushite membranes.  The EDX spectrum of this collagen-
hydroxyapatite membrane has a ratio between the intensities of Ca and P peaks
of 1.6, which is consistent with hydroxyapatite (Ca,o(PO,)s(OH),). The Ca:P inten-
sity ratio for a collagen-brushite membrane is 0.9, which is consistent with brushite

(CallPO,-211,0).

We use Atomic Force Microscopy (MFP-3D AFM, Asylum Research) and Scanning
Electron Microscopy (FEI Quanta 400 environmental SEM) for the analysis of mor-
phology of our collagen-calcinm phosphate membranes. The SEM and AFM images
show how the varions calcinm phosphate mineral phases settle over the collagen mem-
branes. In the collagen-hydroxyapatite membrane (prepared with collagen, CaCl, and
K,HPO,). the hydroxyapatite crystals settle well over the entire collagen membrane.
and the collagen membrane is not visible. In the collagen-brushite membrane (pre-
pared with collagen, CaCl, and NH,HLPO,), the brushite settles as a layer over the
collagen membrane, and the collagen membrane layers and the fibrils are clearly visible

(Figures B4 and B.3)
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Figure B.3: Scanning Electron Microscope (SEM) images of collagen-hydroxyapatite
and collagen-brushite membranes. (a) SEM image of a collagen-hydroxyapatite mem
brane shows that the hydroxyapatite crystals are well settled over the collagen mem-
in the underneath of

brane, and the collagen membrane is not visible because it s
hydroxyapatite crystals. (b) SEM image of a collagen-brushite membrane shows that
the brushite s settled over the collagen membrane, and the membrane folds are clearly

visible.

Figure B.4: Atomic Force Microscope (AFM) images of collagen-hydroxyapatite and
collagen-brushite membranes. (a) AFM image of a collagen-hydroxyapatite membrane
shows crystals over the collagen membrane, and the collagen membrane is not visible
because it is underneath. (b) AFM image of a collagen-brushite membrane shows
that the brushite is settled over the collagen membrane, and the membrane fibrils are
clearly visible,
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