UPPSALA
UNIVERSITET

Gu

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2013

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1043

Relating the Bulk and Interface
Structure of Hyaluronan to
Physical Properties of Future
Biomaterials

IDA BERTS

ISSN 1651-6214
ISBN 978-91-554-8669-3
urn:nbn:se:uu:diva-198357



Dissertation presented at Uppsala University to be publicly examined in Higgsalen,
Angstromlaboratoriet, Ligerhyddsvigen 1, Uppsala, Wednesday, June 5, 2013 at 09:00 for the
degree of Doctor of Philosophy. The examination will be conducted in English.

Abstract
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This dissertation describes a structural investigation of hyaluronan (HA) with neutron scattering
techniques. HA is a natural biopolymer and one of the major components of the extracellular
matrix, synovial fluid, and vitreous humor. It is used in several biomedical applications like
tissue engineering, drug delivery, and treatment of osteoarthritis. Although HA is extensively
studied, very little is known about its three-dimensional conformation and how it interacts with
ions and other molecules. The study aims to understand the bulk structure of a cross-linked HA
hydrogel, as well as the conformational arrangement of HA at solid-liquid interfaces. In addition,
the structural changes of HA are investigated by simulation of physiological environments,
such as changes in ions, interactions with nanoparticles, and proteins etc. Small-angle neutron
scattering and neutron reflectivity are the two main techniques applied to investigate the
nanostructure of hyaluronan in its original, hydrated state.

The present study on hydrogels shows that they possess inhomogeneous structures best
described with two correlation lengths, one of the order of a few nanometers and the other in
the order of few hundred nanometers. These gels are made up of dense polymer-rich clusters
linked to each other. The polymer concentration and mixing governs the connectivity between
these clusters, which in turn determines the viscoelastic properties of the gels. Surface-tethered
HA at a solid-liquid interface is best described with a smooth varying density profile. The
shape of this profile depends on the immobilization chemistry, the deposition protocol, and the
ionic interactions. HA could be suitably modified to enhance adherence to metal surfaces, as
well as incorporation of proteins like growth factors with tunable release properties. This could
be exploited for surface coating of implants with bioactive molecules. The knowledge gained
from this work would significantly help to develop future biomaterials and surface coatings of
implants and biomedical devices.
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Scope of the thesis

Hyaluonan is a valuable material with versatile applications in the biomedi-
cal industry. This dissertation focuses on a structural investigation of hyalu-
ronan in the bulk and at interfaces, using mainly neutron scattering tech-
niques. Knowledge about the structure can be related to the physical proper-
ties of biomaterials and improve the future exploitation of hyaluronan as a
biomaterial.

In Paper I, studies of cross-linked bulk gels and gel-particle composites
with small-angle neutron scattering are described. The correlation lengths in
these gels were related to their viscoelastic properties. In addition, the parti-
cle arrangements are discussed. Paper II presents an investigation of surface
grafted hyaluronan at a solid-liquid interface with neutron reflectivity. The
conformation was investigated in the presence and absence of calcium ions.
In Paper 111, the interaction of hyaluronan with albumin on various surfaces
is described. In Paper IV, the adsorption and desorption of bone morphoge-
netic protein-2 on hyaluronan coated titanium surfaces is described. These
studies altogether are presented in the Scheme below.
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Scheme. Schematic presentation of the topics covered in this dissertation.



1 Introduction

Hyaluronan, or hyaluronic acid, is one of nature’s most fascinating and ver-
satile macromolecules. It exists in all vertebrates and is one of the main
components of the extracellular matrix, synovial fluid, and vitreous humor.
Hyaluronan plays an important role in many biological processes and has
desirable viscoelastic properties. It is biocompatible and biodegradable,
hence having a high application value in the areas of tissue engineering, drug
delivery, and viscosupplementation.

This dissertation is mainly based on structural studies of hyaluronan in the
bulk and at interfaces. The aim of the work is to describe both the bulk gel
structure and the conformational arrangement of hyaluronan at solid-liquid
interfaces. Small-angle neutron scattering and neutron reflectivity are the
two main techniques used in this work to investigate the nanostructure of
hyaluronan in its original, hydrated state. The knowledge from this work
should eventually help the design and preparation of future biomaterials and
coatings for biomaterials.

1.1 Structure-biology relationships

For biomolecules, structure is usually related to function.' This raises ques-
tions as to how one determines and then describes the structure. A structure
is not only defined by the molecular formula but also by the macromolecular
arrangement, for example the folding of a polypeptide chain or the packing
of a semi-rigid polysaccharide. For dilute polysaccharide solutions and gels,
the packing is affected by their chemical modifications and the interactions
with the surrounding medium, as well as the molecules dissolved in the me-
dium. A number of techniques exist to investigate structure in soft con-
densed matter. However, finding one that provides sufficient detail without
altering the native conditions of the samples is not completely straightfor-
ward. A section from the work of Chen et al.>* nicely states this point: ‘Cur-
rently hyaluronan-based medical products are mostly classified as medical
devices, utilizing the physical attributes of hyaluronan to achieve their in-
tended functions. No doubt when the biology of hyaluronan becomes better
known, applications will also be developed to utilize its biological function.’
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For bulk gels made of hyaluronan, it is optimal to study the structure in its
natural state, meaning not frozen or swollen. This requirement rules out
cryo-scanning and transmission electron microscopy techniques, as well as
swelling experiments based on rubber-elasticity theories which correlate the
structure with the viscoelastic properties. The bulk structure is related to the
stability of the gel, as well as the ability of the gel to incorporate particles
and molecules and their subsequent release. These properties depend on the
distances between the cross-links within the gel.

The study of the structure and conformation of surface-tethered hyalu-
ronan would be ideally performed at an aqueous interface, which is very rare
in literature.* Many surface immobilization techniques exist for hyaluronan.
However, these surfaces are commonly characterized by microscopy tech-
niques, fluorescence measurements, contact angle measurements, ellipsome-
try, and spectroscopic techniques. Typically one can obtain the chemical
composition, the thickness, and the absorbed mass from these measurements,
while the information about the hydrated structure at the interface is not ac-
cessible. The interfacial structures are significant for the biological function
and biocompatibility of a material as it is in immediate contact with the bio-
logical medium. In such cases, the surface structure governs the biological
response.’ Studies have shown that different chain lengths of a polymer af-
fect the ability of a surface to resist protein adhesion.’ Other responsive pol-
ymer coatings that influence the biotechnological and biomedical applica-
tions have also been reviewed.’

Neutron scattering techniques are suitable for investigating size-ranges
from one to a few hundred nanometers, which is the size-range for most
biological structures. These techniques are also chosen because they allow
in-situ studies, the possibility for highlighting parts of interest of a system,
and because they are non-destructive. Details about this will be discussed in
chapter 3. The structural properties of hyaluronan investigated is then related
to the physical properties of the material and discussed for their possible use
in the field of biomaterials.

1.2 The interest in hyaluronan

Hyaluronan, HA, or sodium hyaluronate, was first isolated from bovine vit-
reous humor in the 1930s and described as a high molecular mass muco-
polysaccharide.® Since then it has been identified as a linear, non-sulfated
glycosaminoglycan, consisting of N-acetyl-D-glucosamine and D-glucuronic
acid.” The repeating unit is a disaccharide with a molecular mass of
401 g mol™". The structure is shown in Figure 1.1. The chain length, or the
molecular mass, varies from a few thousand up to 2—5 MDa.'” "' HA is
commonly harvested from cultures of a bacterial strain (Strepfococcus
zooepidemicus)."
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Figure 1.1. The repeating unit of sodium hyaluronan, which is the salt form of HA
under physiological conditions.

HA is present in tissues and body fluids of all vertebrates. The highest con-
centrations in humans are found in skin, synovial fluid, in the umbilical cord
and in the vitreous humor.” It is also one of the major components of the
extracellular matrix. HA is an anionic polysaccharide playing an important
role in biological processes. It is involved in maintaining the osmotic bal-
ance and reducing friction in tissues.'* It also contributes to mediating and
modulating cell adhesion, participates in cell mobility, as well as cell devel-
opment, tumor metastasis, and inflammation.">"” HA has been widely used
in ophthalmology and rheumatology for the last 40 years,'®*' and it has be-
come one of the major compounds envisaged for future biomaterials. How-
ever, in spite of these widespread uses and medical applications, the way it
acts is till poorly understood.” It is therefore essential to study the structure
and conformation of HA in different environments, as well as the interaction
of this material with other biomolecules.

1.2.1 HA cross-linking and gel formation

HA polymers can be chemically modified with groups that can cross-link to
form a three-dimensional hydrogel. These hydrogels, when compared with
highly concentrated HA solutions, form a more stable scaffold with much
improved viscoelastic properties. They also use much less material. Several
strategies could be applied for the modification of the carboxylic acid and
alcohol groups on HA, including carbodiimide-mediated, diepoxy, aldehyde,
%i\zfsinyl sulfone, photo-cross-linking and reversible disulfide cross-linking.*

The study described in this dissertation addresses the hydrazone chemose-
lective cross-linking between two functional groups; aldehyde and hydra-
zide. The hydrazone bond created by this reaction is shown in Figure 1.2.
The HA molecule modified with aldehyde functionalities (HA-A) can form a
gel when mixed with a polyvinyl alcohol polymer modified with hydrazide
functionalities (PVA-H).?** The product of this reaction is a hydrogel with a
structure that is discussed in Paper I. Recently HA modified with hydrazide
groups (HA-H) or dual-functionalized HA with both hydrazide and bisphos-
phonate groups (HA-BP-H) have become available.*® Bisphosphonate
groups (BPs) are well-known drugs for the treatment of osteoporosis and
osteolytic bone diseases.”’ BP alone has also been suggested as an adjuvant
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to anticancer agents for treatment of bone metastasis.’> The dual-
functionalization can hence provide cross-links as well as attach bioactive
groups to the HA backbone. The use of BP-modified HA is further discussed
in Paper IV. The structures of these functional groups are presented in chap-

ter 2.1.1.
H
T

Figure 1.2. The hydrazone formation created by an aldehyde group and a hydrazide
group during cross-linking.

The cross-linked hydrogel has been shown to be biocompatible. Previous
work has also confirmed that these gels can mediate delivery of ceramic
particles and growth factors to induce local bone formation subcutaneously
and subperiosteally.”® ** Studying these gel structures with small-angle neu-
tron scattering has its advantages as the technique allows the study of the gel
in its original state, without any alteration of its structure.

1.2.2 HA on surfaces

Surface modification of implant materials and devices with HA is a growing
field.* The trend of research is moving away from biopassive surfaces to-
wards the third generation biomaterials that combine surface bioactivity with
biodegradability.* These biomaterials should be able to stimulate specific
cellular responses as well as undergo a progressive degradation while new
tissue regenerates. The rationale for HA coating is the exploitation of the
bioinert nature of HA, which can be converted into a bioactive surface by
attachment or incorporation of bioactive proteins or peptides.”” HA together
with other molecules, for example aggrecan, are also known to have lubricat-
ing properties on surfaces.”® HA has been used as a biomimetic coating to
prevent protein adsorption on implantable sensors, as well as to reduce blood
platelet deposition on stents.’”>’

In many biological applications, it is the interfacial behavior of a polymer
that determines the particular use. This is the reason why it is of great im-
portance to characterize the structure and interactions of polymers at surfac-
es and interfaces.”’ As stated in a review about engineering of biomaterials
surfaces by hyaluronan: ‘... for all the complexity and peculiarities of inter-
actions involving HA, proper surface chemistry characterization can be
found only in a small number of the cited papers, and that direct or indirect
information, or even just speculation, on the structure and conformation of
surface-linked HA at the aqueous interface is even more rare.”* This state-
ment contributes to the motivation for the study of surface-tethered HA and
its interactions at a solid-liquid interface using neutron reflectivity.
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1.3 HA interactions with ions, particles and proteins

Another aim for the present work has been to investigate the interactions
between hyaluronan and other substances. It is useful to understand the
changes in the conformation and properties of HA in simulated physiological
environments, e.g. in the presence of ions, nanoparticles and proteins.

1.3.1 Ionic interactions

Ionic interactions are important processes as charged polysaccharides are
highly sensitive to changes in ionic strength and concentration. HA is a
semi-flexible polymer with a random coil structure.*' It is highly hydrophilic
and can incorporate large amounts of water, which gives HA a unique visco-
elastic and swelling behavior. Due to such properties, HA acts well as a lub-
ricant and a shock absorber, either in dilute solution or as cross-linked net-
work.* The flexibility of HA chains is, however, very much dependent on
the surrounding ionic strength.*

The influence of calcium was investigated as it is the most abundant met-
al in the human body. It is present at high concentrations in serum, extracel-
lular fluid, and in bones. In serum the Ca®" concentration varies between
2.1-2.9 mM,* and approximately 0.5 mol of calcium are exchanged be-
tween bones and the extracellular fluid over a period of 24 hours.* The cal-
cium homeostasis in the extracellular fluid is regulated by calcitonin-
secreting cells.*® The ability of cells to secrete calcium, combined with the
sensitivity of HA to calcium allows many cell-mediated modifications of the
extracellular matrix.*’

Calcium ions have well-known effects on polyelectrolytes such as HA.*
* These ions act as inter-chain ionic cross-linkers between anionic polyelec-
trolyte chains.*’ In this dissertation, we have studied the influence of calcium
ions on diffusely grafted HA-A, described in Paper II. Calcium was also
used to trigger the release of proteins adsorbed on surface-tethered HA lay-
ers and this is discussed in Paper IV.

1.3.2 HA with particles

Particles of various sizes are often added to polymeric scaffold materials to
create composite materials.”’ These particles act as reinforcing agents to
hydrogels to improve their structural and mechanical properties.”'

Bone is a mineralized tissue that is composed of collagen fibers, proteo-
glycans and numerous non-collagenous proteins. All of these form an organ-
ic matrix that is calcified by calcium phosphate minerals.”> Hydroxyapatite is
a form of calcium apatite with the formula Ca;o(PO,)s(OH),. It is one of the
most important inorganic constituents of biological hard tissues and often
used as bone tissue substitutions.” >* Nano-sized hydroxyapatite particles
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(nanoHAP) were used in the study of HA hydrogel composites,” described
in Paper L

The latex nanoparticles are used as a model for colloidal drug carriers for
tissue-specific drug targeting after intravenous application.’® Injectable pol-
ymeric nanoparticle drug carriers have the ability to revolutionize disease
treatment via controlled drug delivery.”” However, proteins present in the
blood serum can quickly bind to these nanoparticles, allowing recognition
and removal of these particles by the immune system. Several methods have
been developed to mask or camouflage the nanoparticles such as adsorption
or grafting of polymers to the surface of the particles.”>® Paper III de-
scribes a co-adsorption study of a serum protein together with HA. This can
give insights into the adsorption processes for materials used as colloidal
drug carriers.

1.3.3 Protein interactions

Despite the apparent simplicity of the primary structure of HA, this molecule
can exert multiple, often molecular mass-dependent, biological effects not
only through its physicochemical properties but also through direct interac-
tions with proteins and cell surface receptors.* What are the bases that con-
trol the interaction between HA and other biomolecules?

Protein adsorption on artificial implant surfaces is usually the first event
that triggers biological responses. In many cases proteins and peptides are
used to coat implant surfaces to modify the surface properties, e.g. to im-
prove cell adhesion.® ** Studies show that using adhesive proteins and pep-
tides enhances bone repair and orthopedic implant integration.”’ In contrast,
many protein adhesion processes are undesirable as they cause thrombus
formation and foreign body reaction. To avoid such adverse events, coatings
based on surface-tethered polymers or proteins (commonly HSA) have been
designed to prevent non-specific adsorption and subsequent microbial adhe-

In this dissertation, the focus lies on human serum albumin (HSA) and
bone morphogenetic protein-2 (BMP-2). The structures of HSA and BMP-2
are shown in Figure 1.3. HSA is the most abundant protein in blood plasma
and plays a key role in the transport of fatty acids, metabolites and drugs.
HSA widely serves as a good model protein for the study of protein adsorp-
tion due to its low cost, high abundance and stability. HSA is extensively
studied and well-described in literature.**®

The pl of HSA is 4.7.” HA has a pK, value of about 3.0.”° Electrostatic
interactions between HA and HSA are expected in the pH range between 3
and 4.8 during which the two molecules will be oppositely charged. Howev-
er, other physical interactions might also exist. A solution at pH 7.4 contain-
ing both HSA and HA with their respective concentrations close to those of
synovial fluid’” "' showed shear thinning properties (described in Paper III).
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The interactions of HSA with HA have been studied at various interfaces. In
this dissertation the co-adsorption of HSA and HA on latex particles and the
HSA adsorption on surface-tethered HA are discussed.

Figure 1.3. Crystal structure of HSA” (left) and BMP-27* (right), images are taken
from RCSB Protein Data Bank.™

BMP-2 is a growth factor commonly used to promote bone regeneration on
implant surfaces.”””” The efficiency of BMP-2 depends strongly on the
method of delivery. It does not have any osteogenic effects when adsorbed
directly on a bare titanium implant surface.” However, it has been shown
that BMP-2 imbedded in an HA scaffold has promising osteoinductive ef-
fects and the degradation behavior of the scaffold was well-controlled.”
Although BMP-2 can promote robust bone formation, it also induces adverse
clinical effects that include cyst-like bone formation and significant soft
tissue swelling. At concentrations below 10 pg ml™' the BMP-2 is not effec-
tive, while at concentrations above 150 ug ml™" cyst-like bony shells filled
with adipose tissue is observed. Significant increase in bone volume without
any adverse effects is only seen for BMP-2 at a concentration above
30 ug ml".”® Therefore, BMP-2 is often administered using carrier matrices
to maintain a controlled concentration at the treatment site.”” The concentra-
tions found in humans are, however, much higher (1500 ug ml™)."™

Promotion of binding or mineralization between bone tissue and the im-
plant is common processes today to increase bioactivity in bone repair and
fixation of prostheses.”” The adsorption and desorption of BMP-2 on HA-
functionalized titanium surfaces is described in Paper IV.
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2 Sample preparation and characterization

This section describes the preparation of HA bulk and interface samples and
the pre-characterization techniques conducted prior to the neutron scattering
experiments.

Modified polymers were used in the cross-linking reactions to form
chemically cross-linked bulk gels. Both modified HA and native HA has
been used for the grafting and adsorption experiments at solid-liquid inter-
faces. Different concentrations, immobilization reactions and deposition
protocols were used. The surfaces involved were the native silicon oxide on
the (111) face of silicon crystals, the native titanium oxide on the metallic
titanium sputtered on these silicon crystals, and sapphire crystals (Al,O;).

The adsorption of HSA on latex particles and the co-adsorption of HSA
and HA on latex particles is discussed in section 2.2.3. The protein interac-
tion on surface-tethered HA is discussed in section 2.3.3. These were studied
with SANS and neutron reflectometry in-situ.

The pre-characterization techniques conducted were rheology, X-ray pho-
toelectron spectroscopy, ellipsometry, X-ray reflectivity, and quartz crystal
microbalance. Performing these prior to the scattering experiments is essen-
tial to confirm the quality of the samples and to obtain knowledge about the
samples. Furthermore, information from these techniques enabled correct
interpretation of the scattering data using appropriate models.

2.1 Materials

2.1.1 Polymers

The chemically modified polymers are listed in Table 2.1. The synthesis of
HA-A for the study described in Paper I and Paper II is described in litera-
ture.”® The PVA-H was prepared according to a previously published proto-
col.”’ The synthesis of HA-A, HA-H and the dual-functionalized HA-BP-H
used for the study described in Paper IV was by Ossipov et al. and Yang et
al’* " The native HA used in Paper III had various different molecular
masses that span from 51 kDa to 1.47 MDa. Native HA polymers were pur-
chased from Shiseido and Lifecore Biomedical (medical grade).

19



Table 2.1. The chemically modified HA with their respective physical properties.
The functional groups are indicated in red.

Molecular
Name mass and Structure of the modified group Paper
degree of

modification

180 kDa
6%

/=O

HA-A

14 kDa
9%

130 kDa
HA-A 59, % v

/=O

PVA-H

Y
/\r( N I

/=o
\

[¢] (0]
130 kDa \/\/\/U\ NH,
- / 7
HA-H 10% ”\ \n/ H 1\Y
(o]
130 kD gl
a
R / OH
HA-BP 15% \n/\/ \/\n/ \/\I/ v
PO3H,

2.1.2 Particles

The nanoHAP are non-spherical particles discussed in detail in the paper by
Hu et al.” These particles have been studied with transmission electron mi-
croscopy and dynamic light scattering which confirmed that the particle
were grain-like and had a size distribution with an average diameter of
20 nm and 20% polydispersity.>

The latex made of deuterated polystyrene (CsDs) are spherical particles
with radius 362442 A. The synthesis has been described by Hellsing et al.*

2.1.3 Proteins

HSA is a monomeric polypeptide with a molecular mass of 66 kDa. In solu-
tion it adopts a prolate ellipsoidal shape with @ = 70+2 A and b =20+1 A.*
The three-dimensional crystal structure shows, however, that it has a heart-
shaped asymmetry. The albumin content in the synovial fluid varies both
between species and between different limb joints.** HSA of 15 mg ml™' was
taken as a model to mimic the concentration in synovial fluid during the
rheology measurements. The surface interaction experiments used a concen-
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tration range between 1-5 mg ml™'. HSA used in this study was purchased
from Sigma-Aldrich (A3782).

BMP-2 is a 26 kDa homodimer with dimensions 70 A x 35 A x 30 A. It
has a bufferfly-like shape where the middle, thinnest part is only about 10 A
thick.” The concentrations used in this study were 7.5 ugml' and
37.5 ugml™'. These concentrations were selected to be comparable to the
concentration range used in literature.” ** BMP-2 was purchased from
InductOs.

2.2 Bulk gels, solutions and dispersions

2.2.1 Cross-linking reactions

Bulk gels described in Paper I were prepared through a rapid mixing of HA-
A and PVA-H components shortly before filling the sample holders while
the material still had a fluid-like behavior. The concentrations of each com-
ponent were calculated to have a 1:1 ratio of the respective cross-linking
groups. The final total polymer concentrations of the gels were 5, 15 and
30 mg ml™'. The nanocomposite samples were prepared with the 15 mg ml™
gel matrix. The particles were dispersed in the HA-A component prior to
cross-linking as the HA-A solution is sufficiently viscous to prevent sedi-
mentation of the particles. During cross-linking the mobility of the nanoHAP
is hindered, leading to the particles being frozen in the 3D gel network.
Samples were contained in 1 mm path length fused quartz cells for scattering
measurements, see Figure 2.1. The cross-linked gel samples are completely
transparent to light. Earlier work indicated that the refractive index of these
gels (1.336—1.337) are very similar to those of water and balanced salt solu-
tions (1.333).*® The nanocomposite samples have increased mechanical sta-
bility but are not transparent to light.

Figure 2.1. Gel sample to the left and nanocomposite sample to the right in 1 mm
path length fused quartz samples cells.
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2.2.2 Rheology

Rheology is the study of deformation and flow of matter resulting from an
applied force. Hydrogels are viscoelastic which means they possess aspects
of the behavior of both solids and liquids.*’ Oscillatory shear rheology
measurements on the cross-linked HA-A and PVA-H gels of three concen-
trations related their macroscopic properties with their nanostructure. The
viscoelastic properties described by the storage and loss moduli, are in turn
dependent on the connectivity between the polymers in the gel.”® This is
discussed in Paper 1.

Physical entanglements of large macromolecules can also cause viscoelas-
tic behavior. Oscillatory shear rheology as well as viscosity measurements
were performed on HA solutions and HSA solutions, as well as their mix-
tures at different pH. The concentration of HA (3mgml ') and HSA
(15 mg ml™") used in this study were chosen to mimic the concentration of
the respective components found in synovial fluid.”” ”' The pH values cho-
sen in this study are related to the pl of HSA, as well as the physiological pH
of 7.4. Details are discussed in the supplementary information to Paper II1.

2.2.3 Core-shell

The core-shell assembly of proteins on nanoparticles usually has the core
deuterated. It is then possible to make the core invisible to neutrons by ad-
justing the scattering length density of the aqueous medium through the
H,0-D,0 ratio, in the meanwhile highlighting the protein corona.”’ The
particles used in this study were deuterated polystyrene latex which, if dis-
persed in D,0, are almost invisible to neutrons. The absorbed HSA and the
co-adsorbed HSA and HA mixture were modeled with a core-shell function
were the shell has a uniform thickness. A schematic summary of the adsorp-
tion on latex particles is shown in Figure 2.2.

h B -

Figure 2.2. Summary of the HSA adsorption and the HSA and HA co-adsorption on
latex particles.
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2.3 Surface samples

2.3.1 Silica and sapphire surface depositions of hyaluronan

Both silica and sapphire are suitable substrates in reflectivity studies as they
are transparent to neutrons and can be polished into smooth surfaces. Silica
surfaces can be modified to have different surface functionalizations using
silane chemistry,””®* and in this work, the surfaces were prepared to be op-
timized for HA immobilization.*> °®°” Different pI values (from about 5 to 9)
for sapphire crystals have been reported in the literature.”'"" This suggests
that the pl depends on the crystal face and may be different for amorphous
alumina.'” However, using solutions of pH between 3 and 5 should enable
the adsorption of HA on sapphire. The surface dimensions were
50 x 50 mm’. The surfaces underwent thorough cleaning before measure-
ment and deposition. The cleaning procedure involved sonication in chloro-
form, acetone, ethanol and water in turn (5 min each), followed by a UV-
ozone treatment for 30 min. This procedure provides highly hydrophilic
silica or sapphire surfaces.

Two types of polymer grafting on silica are covered in this dissertation,
Schiff base reaction followed by reductive amination, and carbodiimide-
mediated condensation. In both cases an amine-terminated silane was used to
modify the surface to contain surface amines. Both (3-aminopropyl)-
trimethoxysilane and (3-aminopropyl)-diethoxymethylsilane have been used.
The first one is described in Paper II and the second in Paper III. Both give
the surface a primary amine functionalization, required for further HA im-
mobilization.

As discussed in Paper II, the reaction between the aldehyde on HA-A
and the amine produces an imine bond which is reduced by sodium cyanobo-
rohydride to a stable amine bond.'” '** Two strategies were used, single- and
two-stage deposition. During the single-stage deposition the aminated sur-
face was immersed in a 10 mg ml™' HA-A solution, the sodium cyanoboro-
hydride was added and the reductive amination was allowed to occur. Dur-
ing the two-stage deposition the aminated surface was immersed twice in a
5 mg ml™' HA-A before the reduction reaction. The grafted HA-A layer pro-
duced by both deposition protocols was studied with ellipsometry and neu-
tron reflectivity.

The carbodiimide-mediated condensation reaction used 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) as a water-
soluble, zero-length cross-linking agent to couple carboxyl groups of the HA
repeating unit to surface-anchored primary amines.'”> EDC reacts with the
carboxylic acid groups to form an unstable reactive O-acylisourea intermedi-
ate. This intermediate may react with an amine, but it is also very susceptible
to hydrolysis, making it short-lived in an aqueous solution. The addition of
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N-hydroxysulfo-succinimide (Sulfo-NHS) stabilizes the intermediate by
converting it to an amine-reactive Sulfo-NHS ester, thus increasing the effi-
ciency of the EDC-mediated coupling reaction.'”"”” EDC condensation is
one of the most frequently used methods for HA immobilization according
to the review by Morra.* The grafted HA samples were measured with ellip-
sometry and neutron reflectivity, as discussed in Paper II1.

The sample holder used for neutron reflectivity experiments is shown in
Figure 2.3. The design allows for fluid exchange while maintaining the hy-
drated state of the interface. This figure is modified from Hellsing et al.'”®
The grafted samples on the silicon substrates were thoroughly rinsed to re-
move any unbound material before mounting on the sample holder. The in-
situ adsorbed samples are injected through the fluid inlet onto a clean sub-
strate, followed by rinsing with pure solvent before measurement or further
injections.

Sample setup:
Back surface  Fluid outlet PTFE sample

/ holder

Aluminium

cell holder Silicon

substrate

with polymer
Fluid inlet

Cross section view:

Neutron beam
|con subW
M Measured
H &;'\QH interface

with polymer

Figure 2.3. The sample cell setup'® for neutron reflectivity experiments (top) and
the cross section view of the measured polymers at a solid-liquid interface (bottom).

2.3.2 Titanium oxide surfaces and in-situ deposition of
hyaluronan

Sputtering metallic titanium onto polished silicon surfaces provides smooth
surfaces suitable for reflectivity as well as a good model for titanium im-
plants used in orthopedics. The surfaces were 50 x 50 mm?® in size with the
outer layer consisting of titanium oxide, which was created on top of the
metallic titanium layer when the surfaces were exposed to the atmosphere.
The polymers were adsorbed on the surface using a layer-by-layer deposi-
tion in-situ. HA-H was alternated with HA-A (four times each) to form an
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HA gel on the surface. The mechanism is the hydrazone cross-linking as
described previously in chapter 1.2.1 and 2.2.1. An HA-BP gel could also be
formed by replacing the HA-H with HA-BP-H. BP groups can facilitate the
binding to titanium through Ti-O-BP bonds. All HA solutions used in this
study had a concentration of 1 mg ml™".

2.3.3 Adsorption of proteins on surface-tethered hyaluronan

Studies of protein interaction on surface-tethered HA are described in Paper
III and Paper 1V. The proteins were injected to the HA surfaces and the
changes were followed by neutron reflectivity. A summary of the protein
interaction of HA on surfaces is illustrated in Figure 2.4.

Surface-adsorbed HA Surface-grafted HA Surface-adsorbed HA

Silica Titanium oxide
.“' oY =
2 [‘t‘ = /

- P
' 4 g: HA 4 =HSA = BMP-2

Figure 2.4. Summary of the protein interaction of HA with different surfaces stud-
ied with neutron reflectivity.

2.3.4 Surface characterization techniques

Ellipsometry measurements were conducted prior to the neutron reflectivity
measurements for all samples that were not made through in-situ deposition.
This measurement verifies the uniformity and the thickness of the oxides on
the substrates as well as the grafted layers. The technique is based on the
changes in the polarization of light upon reflection from a surface.'” The
characterization is performed at the solid-air interface, meaning that the
measured polymer layer is not immersed in water as during the neutron re-
flectivity experiments. However, it is possible to follow the grafting proce-
dure and relate the dry collapsed polymer layers to the hydrated structures
between different samples.

X-ray photoelectron spectroscopy (XPS) was performed on the silica sur-
faces after the deposition of the surface amines (using silanes) to confirm the
existence and the ratio of nitrogen atoms (from the amines) compared to the
silicon atoms. This technique determines the elemental composition and
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chemical binding from peak intensities and the chemical shifts, and is hence
utilized to analyze the relative amounts of different chemical species.'"

X-ray reflectivity is a good complementary technique to neutron reflectiv-
ity. The measurements were conducted on laboratory X-ray reflectometers.
The grafted samples were measured with X-ray reflectivity before the neu-
tron reflectivity experiments to control the sample quality. Measurements
were also made on the titanium sputtered surfaces to confirm the thickness
and uniformity of the sputtered layer.

Quartz crystal microbalance (QCM) is an ultrasensitive weighing device,
which is based on the frequency shifts of a freely oscillating sensor. It de-
termines the total oscillating mass.''" "> If the adsorbed layer is thin and
rigid one can relate proportionally the decrease in frequency (Af) to the mass
of the film according to Sauerbrey relations.''> ''* The mass m of the adher-
ing layer is Am = C/n Af, where C is the mass sensitivity constant of the
crystal (17.7 ng Hz ™' em™ for a 5 MHz quartz crystal), and # is the frequen-
cy overtone number (3, 5, 7, 9 and 11 were measured in this work). Further
descriptions of this technique can be found in the dissertation by Ho6k et
al.'"* This technique is widely used to study protein adsorption processes in
liquid media.'">""
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3 Techniques and data interpretation

3.1 Neutron scattering in soft matter

Neutron scattering is described by Roger Pynn as a method for ‘seeing inside
matter’.'” Generally, neutron scattering is a family of techniques in which
neutrons are used as probes to determine the structural and dynamical prop-
erties of materials by measuring the change in direction and energy of the
neutron after interacting with a sample.'*' This dissertation has its focus on
the study of biology-related materials using primarily small-angle neutron
scattering and neutron reflectometry. Here, the neutrons are scattered elas-
tically, which provides the structural information in soft matter. This work
does not include inelastic or quasielastic scattering techniques such as time-
of-flight spectroscopy, back-scattering, and spin echo, which determine dy-
namic properties of materials.

The advantages of using neutrons as probes are many. Being electrically
neutral (without charge), neutrons interact with the nuclei of atoms. This
means that the scattering from different isotopes of a given atom (which are
defined by the number of neutrons in the nucleus) can differ significantly.
Neutrons, just like light, have the characteristics of both particles and waves.
The amplitude of the scattering from a nucleus is defined by the scattering
length b, whose magnitude describes the strength of the neutron-nucleus
interaction. The total probability of scattering of a neutron by a nucleus is
described by the scattering cross section . This can be thought as the hypo-
thetical surface area of the target. The scattering cross section is made up by
both the coherent and the incoherent cross sections. For elastic scattering,
coherent scattering arises from interference between the neutrons scattered
from different nuclei which yields the structural information about a sample.
The incoherent scattering usually appears as unwanted background, as there
is no interference between waves scattered by the different nuclei. 6., is
related to b such that o, = 4n|b|2. Table 3.1 compares the neutron scattering
lengths and the coherent cross sections with the equivalent atomic form fac-
tors for X-rays f, the last quantity being analogous to the neutron scattering
length, 2123

The difference in the scattering length between hydrogen and deuterium is
extremely valuable for the study of hydrogen-containing materials and forms
the basis of a method known as contrast variation. For X-ray scattering, as
the electrons are being probed, the intensity increases linearly with the atom-
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ic number that consequently favors the scattering of heavier atoms. Neutron
scattering, on the other hand, is determined by the nuclear structure where
the value of b is not proportional to the atomic number, which makes it fa-
vorable in the study of biologically relevant samples which contains mostly
lighter elements, and where hydrogen could be substituted with deuterium in
solvents and in molecules.

Table 3.1. Neutron scattering length » and coherent cross sections o, for elements
in synthetic and natural biomaterials,'** compared with the atomic X-ray form fac-
tors.'?® Values for b and o, for all elements (except for '"H and 2H) are averaged
based on their natural abundance.

Atom b (fm) Geop (fm?) f Xeray (fm) at b= 1.54 A
'H -3.74 176 2.81
’H 6.67 559 2.81
C 6.65 555 17.0
N 9.36 1102 19.9
0 5.80 423 22.7
Si 4.15 216 40.2
P 5.13 331 432
S 2.85 102 46.0

When probing structures that are larger than single atoms it is useful to cal-
culate the scattering as coming from an average volume. The overall scatter-
ing from a molecule arises from the sum of all individual atomic scattering
lengths. This quantity, when normalized with their physical volume, is the
scattering length density p=2X b/ V;,,, where V,, is the molecular volume of
the molecular species of interest. Table 3.2 lists a few substances and their
physical properties and scattering length densities p.

Table 3.2. Physical properties of materials used in this work, including p.

Name Formula Molec[lllar mass Density 25°C  p

(g mol™) (gem™) 107% 473
Water H,0 18 0.997 -0.56
Heavy water D,0 20 1.1 6.35
HA repeat unit C40;HyNNa 401 1 1.43-2.20
HSA C036H4624N78605880S4; 66472 1.36 1.84-3.14
BMP-2 Ci1oH770N3200327S1gs 25776 1.53 2.11-2.75
NanoHAP Ca;o(PO,4)s(OH), 1004 3.16 4.19-4.51
Deuterated latex  CgDyg 112 1.13 6.41
Silicon Si 28 2.33 2.07
Silica SiO, 60 2.20 341
Sapphire Al 04 102 3.89 5.75
Titanium Ti 48 4.51 -1.95
Rutile TiO, 80 4.27 2.63
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Isotopic substitutions in biological samples and sample environments create
the desirable contrast to highlight different components strategically. Ergo, it
is possible to identify different components in a complex system, for exam-
ple by using deuterated molecules or particles. Furthermore, as p for H,O
and D,O have different signs, one could strategically prepare solvent mix-
tures of water and heavy water to achieve the desirable contrast for the
matching of a substrate or a constituent.'** %’ The principle of contrast varia-
tion (or contrast matching) is illustrated in Figure 3.1 for a SANS experi-
ment. In this example the core-shell particles with either the shell (blue) or
core (yellow) are matched to the surrounding medium.

O O
OO OO

Multiple contrast Contrast match with shell Contrast match with core

Figure 3.1. Illustrative representation of contrast matching to highlight different
components in a complex system.

Neutrons interact weakly with matter through short-range interactions. They
are able to penetrate deeply into bulk samples, at the same time being able to
access buried interfaces. Furthermore, neutrons do not cause any radiation
damage to samples. However, due to the weak interactions, a larger sample
size is needed to increase the scattering signal.'*’ The wavelength (1) of neu-
trons for SANS and reflectivity experiments is usually between 1-30 A, and
is comparable to the interatomic spacing. It is therefore an excellent way to
investigate the structure of various substances at a mesoscopic scale. Neu-
tron scattering enables studies of samples under realistic conditions in terms
of sample environments, i.e. temperature control, flow, in-situ depositions
etc. Consequently this makes the technique optimal to study gels, melts,
solutions, and dispersions.'*®

This dissertation describes bulk studies that were carried out with SANS,
and studies on solid-liquid interfaces were performed using neutron reflec-
tometry.
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3.2 SANS

3.2.1 Introduction

Small-angle neutron scattering is the technique of choice for the characteri-
zation of structures in the bulk. It covers structures of sizes from a few ang-
strom to the near-micrometer scale.'” It is a well-established characteriza-
tion method to investigate proteins, lipids, polymers, particles and colloidal
dispersions.'”"** The crucial feature of SANS that makes it particularly
useful for the biological sciences is the previously mentioned contrast
matching.

The basic theory of small-angle scattering has been described by Guinier
and Fournet,'* and the SANS technique by Windsor."*® One could illustrate
the scattering experiment with Figure 3.2. The neutron beam goes through
the bulk of a sample and the scattering arises from variations in scattering
length density in the sample. The distribution of the scattering intensity /(Q)
is usually measured on a two-dimensional area detector, where Q is the mo-
mentum transfer vector. O = (4n/A) sin 0, where A is the wavelength and 20
is the scattering angle. /(Q) can be expressed as:

KQ) =N, ¥, (Ap)* P(Q) S(Q)

where N, is the number concentration of the objects that are causing scatter-
ing, V,, is the volume of one scattering object, and (Ap)’ is the difference in
scattering length density between the scattering objects and the surrounding
medium. P(Q) is a function known as the form or shape factor. It defines the
size, shape and the distribution in scattering length density of the studied
particle or molecule. S(Q) is the structure factor which describe the correla-
tion between the particles or molecules that are causing scattering. /(Q) has

dimensions of (length) ' and is normally expressed in units of cm™'."*% "

Area detector

Incident beam
A

Scattering Detection

Figure 3.2. A schematic diagram of the SANS technique (not to scale).
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The SANS measurements in this dissertation were performed on the D11,
D22 and D33 instruments at the Institut Laue-Langevin, Grenoble,
France."”*'* This technique was used to study cross-linked gels and gel
composites containing hydroxyapatite particles, as well as protein and hyalu-
ronan coated latex nanoparticles. Detailed descriptions can be found in Pa-
per I and Paper II1.

3.2.2 Data interpretation

The raw scattering data collected over all O-ranges are normalized to a fixed
number of incident neutrons (same monitor counts), corrected for instrumen-
tal and sample cell background, detector pixel non-uniformity, and instant
flux. The data are masked for beam stops before finally being merged.'*" '**
A model for the cross-linked gel structure are derived from the work of
Horkay et al.'* '** and Geissler et al.,'* '*® and describes the gel being in-
homogeneous and consisting of two independent length scales. The fitting
was made by Origin Pro. The gel composite system is modeled with
SASfit,"*” where the nanoHAP incorporated in the contrast matched gels are
treated as clusters that aggregate inside the polymer matrix.

The latex particles and the core-shell model consisting of coated particles
are fitted using SASview.'* SASview allows fitting of complex systems
containing several form and structure factors. In Paper III, the model con-
sists of protein coated latex particles with a certain degree of aggregation
between the coated particles, in combination with an addition term represent-
ing protein remaining in solution that was not bound to the latex. The calcu-
lation of the protein surface coverage I is based on the shell thickness with
respect to the protein volume fraction. This is similar as for calculations of I'
of polymers discussed in details in section 3.3.2.

3.3 Neutron reflectometry

3.3.1 Introduction

Neutron reflectometry measures structure and composition of materials at
interfaces. An interface is a surface forming a common boundary between
two different phases. In this dissertation, the interfaces of interest are those
of polymers on an insoluble solid, immersed in a liquid. This technique pro-
vides information about the interfacial thickness, roughness and composi-
tion. The size range that can be investigated is similar to SANS."** ' Other
similarities are the possibility of deuterium labeling of molecules and con-
trast variation using solvents of different H,O and DO ratios. Many biologi-
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cal soft matter systems at interfaces are studied with neutron reflectometry,
such as surfactants, polymers, proteins, and lipids."”""'>*

These experiments measure reflectivity, which is the ratio of the intensity
of the reflected beam I, over the intensity of the incoming beam I;
R(Q) = Ix/l,, as a function of the momentum transfer vector Q perpendicular
to the interface (z-direction). The reflection is specular, which means that the
angle of the incoming beam 0 is the same as the angle of the reflected beam
Or.'* ' This is illustrated with Figure 3.3. The measured reflectivity arises
from the difference in refractive index of the bulk phase and the various
layers that might be at the surface, and is dependent on the angle and wave-
length of the neutrons. The refractive indices n in different materials are
related to their scattering length density by the approximate equation
n=~1—(\p/2m), where A is the wavelength and p is the scattering length
density of the material. Although it is possible to express reflectivity with the
first Born approximation: R(Q) = (167°/0% | p’(Q) |* where | p’(Q) | is the
Fourier transform of the scattering length density profile normal to the inter-
face,'* 1> 1% in practice it is more convenient to calculate reflectivity using
a multilayer optical matrix method. This method assumes homogeneous
layers parallel to the interface, each with uniform p. With this information, a
reﬂec]tsi;/iltsyg profile for a given compositional or density profile can be calcu-
lated. ™"
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Figure 3.3. Schematic diagram of neutron reflection technique. a) The neutron beam
is reflected by the sample. b) A two-dimensional detector shows the signal (for one
angle) as a function of wavelength and c) the data after being reduced with COS-
MOS"’ are displayed as reflectivity as a function of Q.

The neutron reflectivity measurements were performed on the time-of-flight
reflectometers D17 and FIGARO at the Institut Laue-Langevin, Grenoble,
France.'®” "' The data treatment was performed with COSMOS."’ This
technique was applied to study grafted and adsorbed HA on silica, sapphire
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and titanium oxide surfaces. The structural changes of the HA layers due to
the change of counter-ions or protein adsorption was also studied. Detailed
descriptions can be found in Paper II-IV.

3.3.2 Data interpretation

Routine analysis of reflectivity data was used to model the interfacial layers
with an assigned thickness, roughness and p, this was then converted into
volume fraction profiles. The programs used in this dissertation are CPROF
and WETDOC.'®* Both are able to model multiple contrast data for a single
sample, as additional measurements on one sample using a different isotopic
composition of the solvent enable one to verify the composition in a layer.
Generally, it is useful to assume that the degree of solvent penetration is the
same in a layer. However, using solvent with different contrasts will give
rise to different p for that layer. One can define the scattering length density
of one polymer layer piayer aS Prayer = = @i pi, Where @; is the volume fraction
of component 7 in the layer and p; being the scattering length density of that
component. In the case for a two-component system such as a polymer layer
in a solution, Piayer = Ppotymer Ppolymer T (1 = Ppolymer) Pwaters WhETre Qpotymer 15 the
volume fraction of the polymer. One could then deduce that @poymer =
(playcr - pwatcr) / (ppolymcr - pwatcr)-

CPROF differs from WETDOC at the layer most adjacent to the solvent,
where CPROF fits a decay profile with options including exponential, linear,
parabolic, half-Gaussian, and scaling law functions.'®® A smooth decay pro-
file is common for proteins and gels at interfaces.'® The functions define the
volume of a component as the sum of a uniform layer and a decay profile.
The uniform layer has a thickness # where the volume fraction is constant ¢,.
The following volume in the decay profile is defined by the type of function
one chooses. The molecular surface coverage I' (e.g. mass per area) is also
calculated differently depending on the type of profile, see Table 3.3.

Table 3.3. Surface coverage calculations for different profiles.

a

Profile Function @(2z) a T = f @(z)dz
0

. zZ
Exponential 0(2) = @t + (pte—(f) 0 e (t+D)xd
. z l
Linear @(2) = @t + [<pt ¢ (7)] l @ (t + E) xd
. z? 21
Parabolic ©2) =@t + || 1 - Z / @, (t + ?) xd

where the volume fraction ¢(z) is the volume fraction in the z-direction, ¢ is
the volume fraction where the decay starts, ¢ is the layer thickness, / is the
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decay length and d is the molecular density. The area per molecule A4 is ob-
tained from 4 = M/ (I' N,), where M is the molecular mass and N, is Avo-
gadro’s number.
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4 Results and discussion

This dissertation describes studies of the structure of HA hydrogels in the
bulk and of HA grafted and adsorbed at interfaces. In addition, the interac-
tions with ions, particles and proteins were studied to investigate the possible
structure modifications of HA caused by these interactions. The aim was to
relate the structure of HA to the physical properties of future biomaterials or
coatings for biomaterials, and further to simulate the interactions in a physio-
logical environment. The results are largely based on models derived from
neutron scattering data, where some prior knowledge about the sample is
necessary to be able to distinguish different components of the measured
signal in order to correctly interpret the data. The knowledge derived could
be applied in the preparation of future biomaterial devices.

4.1 Inhomogeneities in gels and composites

Bulk gels consisting of cross-linked HA-A and PVA-H were studied with
SANS and rheology as described in Paper I. As mentioned in chapter 1,
these hydrogels have already shown good biocompatibility, can incorporate
particles and growth factors to induce bone formation, as well as showing a
controlled degradability.”® '® However, the structure of these gels is not
well-known. Parameters that usually characterize a gel network structure
include the molecular mass between two neighboring cross-links, the corre-
sponding mesh size, and the effective network density.'*® '’ These are relat-
ed to viscoelastic properties of the gel by the theories of rubber elasticity
that, for example, can be used to calculate swelling by solvent.'™® '® Many
gels are very fragile and rupture easily in solvents if they are not constrained.
Constraining the gels on the other hand limits the diffusion of solvents into
them. The two polymers used in this gelation process also differ in the mo-
lecular mass and the cross-linking reaction is completely randomized. These
two factors could further complicate the prediction of the structure, which
cannot be calculated by a traditional swelling experiment where one has to
assume the gels to have a homogeneous network structure.'™

Gels consisting of three different polymer concentrations showed differ-
ent scattering behavior as well as different viscoelastic behavior. Modeling
of the SANS data showed that the gel structure is inhomogeneous, consisting
of two length scales, L and E. L describes the mesh size for gels formed by
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semi-flexible polysaccharides that exhibit rod-like behaviors.
ture it is, however, more common to see the mesh size described by &,
used for neutral gels.'** "> '"* The model equations containing L and & are
discussed in Paper I, equations (2) and (5). E is the correlation length that is
related to the average distance between polymer-rich regions, and corre-
spondingly L describes the correlation length between two adjacent cross-
links inside these polymer clusters. Together, these two length scales form
the overall structure as illustrated in Figure 4.1.

| Increase in concentration >

Figure 4.1. Structure of the gel with two length scales related to the storage modulus
G’.

The correlation length L that describes the smaller sizes inside the polymer
clusters is rather constant with polymer concentration and closely related to
the persistence length of HA of 8 nm.'” The distance between the polymer
clusters, Z, is in the range of 1000 A or larger for the two lower polymer
concentrations (5 and 15 mg ml™"), whereas for the highest concentration
(30 mg ml™") this size is almost doubled. This distance is believed to affect
the rheological, or viscoelastic properties of the gels, as the storage modulus
for a gel depends on the macromolecular connectivity, in this case the link
between the polymer-rich regions. The storage modulus G’ increased eight-
fold between the gels with concentrations of 5 and the 15 mgml™', while
dropping below the value for the gel with 5 mg ml™' when further increasing
the concentration to 30 mg ml™'. G* for the 5, 15 and 30 mg ml™" gel is 20,
160 and 2 Pa respectively. For the two lower gel concentrations Z is con-
stant, and the increase in the storage modulus is explained by an increase in
the number of links between the polymer clusters, forming a more stable gel
structure. The explanation for the decrease of the storage modulus measured
for the highest gel concentration is the increase in E. This is caused by inad-
equate mixing. Previous studies have shown that different extents of mixing
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during the gel preparation affects strongly the swelling behavior.'”® The
swelling is directly related to the macromolecular connectivity inside the gel.
The HA-A component, due to the high molecular mass, is much more vis-
cous compared to the PVA-H component, especially at high concentrations.
Mixing of a highly viscous component with a less viscous component during
a gelation process would create a structure with many local cross-links that
would increase the density of local networks without having any extensive
connectivity between them. The suggested structure for the 30 mg ml™' gel
that explains the lower modulus would thus consist of many dense clusters
which are not well linked together. The gel structures with different polymer
concentrations and their relations to the storage modulus G’ are illustrated in
Figure 4.1. The precise values of the storage moduli are listed in Table 3 in
Paper 1. This study highlights the inhomogeneous structure of two-
component hydrogels as well as the requirements of proper mixing during
preparation in order to achieve gels with full strength.

The 15 mg ml™" gels containing 5, 10 and 20% nanoHAP were measured
with SANS where the gel matrices were contrast matched to the solvent. The
shape of the scattering curves suggests that the particles consist of singly and
aggregated nanoHAP, shown in Figure 4.2. The single particles could be
modeled as disk-shaped cylinders with a radius of 100£10 A and the height
of 30+4 A, with about 20% polydispersity for all measured contrasts. These
dimensions are in agreement with previously reported transmission electron
microscopy data.”® The overall size of the particle aggregates could not be
determined precisely due to the limited data range; however, the lower limits
indicate a cluster size of about 1000 A. The dimensions of the single parti-
cles are larger than the smaller correlation length L in the pure gel. The low-
er limit of the size of the aggregates is in the same range as the larger corre-
lation length E for the pure gel. This suggests either that the particles, singly
or aggregated, are distributed around the cross-links and not only in the
voids in between them, or that the particles perturb the local structure of the
gel. Unfortunately, the particles contribute about 1000 times more to the
total scattered intensity than the gel matrix alone; which makes is very diffi-
cult to match out the scattering from the particles to only observe the struc-
ture of the gel in a gel composite.

These gel composites showed a scattering pattern that could be superim-
posed by scaling by the concentration of nanoHAP. Previous studies with
these hydrogel composites showed increased modulus and increased ectopic
bone formation as the amount of particles increased.'”’” This result demon-
strates that the particle arrangement inside the gel matrix is concentration
independent, despite the differences in the clinical outcome. In this case the
amount of material has a big influence that cannot be ascribed to different
structures of the material.
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Figure 4.2. SANS for contrast matched gels with 5 (o), 10 (m), and 20% ( A) nano-
HAP.

4.2 Density profiles of grafted and adsorbed HA

Surface modifications of biomedical materials and devices by HA are one of
the most attractive options in biomaterial coating strategies. HA does not
only exhibit desirable physical properties (hydration, viscosity, space fill-
ing), it is as well biocompatible and bioactive.* Information on the structure
and conformation of surface-linked HA at an aqueous interface is extremely
rare,’ which motivates the aim for this study. Neutron reflectivity measure-
ments were performed on surface-grafted and surface-adsorbed HA poly-
mers immersed in water. This technique provides information regarding the
interfacial thickness, roughness and composition as discussed in chapter
3.3.1. The data analysis is described in chapter 3.3.2. A density or volume
fraction profile of HA at an interface can be calculated from the scattering
length density profile. The volume fraction profile of HA indicates the de-
gree of hydration, the organization, and the quantity of the surface-linked
HA at different distances from the surface. The volume fractions for differ-
ent types of deposition protocols on various surfaces are shown in Figure
4.3, the inset shows an expanded part of the profiles for the first 150 A from
the surface.

As discussed in Paper II, HA-A was grafted onto an aminated silica sur-
face where the modified aldehyde groups (6%)*® on the HA backbones were
covalently bound to the substrate. This procedure gives a stable structure
which is not affected by rinsing. It can be concluded that due to the persis-
tence length of the HA polymer (8 nm)'”, and the average distance between
two aldehyde groups (17 nm), not all groups would react and an extended
structure could be expected. The grafting was performed either by a single-
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stage or a two-stage deposition. The single-stage deposition led to a less
extended structure (dark blue line in Figure 4.3). The concentration used
(10 mg ml™") was high and the deposition protocol allowed the attachment to
occur in a single process, which led to a structure with a rather high initial
volume fraction compared to the two-stage deposition. The two-stage depo-
sition was performed using a 5 mg ml™' solution which led to a lower vol-
ume fraction close to the surface (dark red line in Figure 4.3). The reaction
with the polymer solution was, however, allowed to occur twice, resulting in
a much more extended profile. An exponential function was used to fit these
profiles. However, for the single-stage deposition of HA-A, a linear or a
parabolic profile would fit the data as well (shown as the dotted blue line and
light blue line respectively). For the two-stage deposition of HA-A, the line-
ar or the parabolic profile does not give as good agreement with the experi-
mental data as the exponential model (the dotted red and light red lines indi-
cate the linear and a parabolic fit respectively).

Smooth varying density profiles are appropriate to describe polymers and
gels at interfaces,'™ and the results from this experiment indicate that an
exponential profile is suitable for both deposition protocols. The surface
coverage is much higher for the sample prepared by a two-stage deposition
(2.2+0.5 mg m %). The value for the single-stage deposition is only about a
third of that (0.8+0.2 mg m ).

1.00

/ Sapphire, 5 mg/ml

Silica, 1 mg/ml

Silica, 10 mg/ml (single-stage)

Silica, 5 mg/ml (two-stage)

T
100

Polymer volume fraction

0 100 200 300 400 500 600 700
Distance from surface (A)

Figure 4.3. Polymer volume fraction profiles for grafted and adsorbed HA. No inter-
facial roughness is shown for clarity. The inset shows the first 150 A from the sur-
face, with color-coded arrows that indicate the different HA grafting or adsorption
procedures. All profiles on silica are for grafted HA, the rest indicate the in-situ
adsorbed HA.
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Carbodiimide-coupled native HA of 1 mg ml™' on silica (black line in Fig-
ure 4.3), however, could be modeled without an extended profile. A model
with a uniform layer had as good agreement with the experimental data. The
layer was 15 A thick with 40% solvent penetration. This more compact
structure is believed to be generated by the grafting chemistry. The EDC
coupling enables all carboxyl groups of the HA repeating units to react with
the surface-anchored primary amines, which produces a rigid and dense HA
film on the surface. The surface coverage is similar to the HA-A sample
prepared by a single-stage deposition (0.9+0.2 mg m ?).

These three examples of grafting HA on silica show that the structure and
composition depend on the immobilization chemistry, the deposition proto-
col, and the concentration. Using a procedure based on a high HA concentra-
tion and a large number of surface-attachable points would create a structure
that is denser close to the surface, which might possess good barrier proper-
ties. In contrast, a structure with a low initial polymer volume fraction but
long decay profile could be achieved using multiple deposition steps and
lower polymer concentrations. Such surface might be useful for the delivery
of drugs or other small molecules. This information provides the possibility
to tailor the desired surface property. One may choose other types of reaction
mechanisms to immobilize the HA, increase the number of deposition steps
and even vary the concentration or molecular mass for each step to obtain
the preferred surface structure.

To verify the physical model for the grafted polymer layers, XPS and el-
lipsometry experiments were conducted to pre-characterize the interfaces as
described in chapter 2.3.4. More details are found in the supplementary in-
formation for Paper II.

For the in-situ adsorption of HA, one could follow the process entirely
with neutron reflectivity measurements. The in-situ adsorption of HA on
both sapphire and TiO, was performed in two contrasts, D,O and H,O. The
sapphire surface has the advantage of having a scattering length density
(5.75x10°° A?) close to D,0 (6.35x10° A ™), e.g. far from that of the HA
(2.20x10°° A ™). The large changes in the reflectivity in D,O contrast for the
substrate with adsorbed HA (green circles) compared to that of bare sapphire
(black circles) are shown in Figure 4.4. The H,O contrast gave only a minor
visible change when plotting the RQ* as a function of O, the grey squares
indicate the bare surface and the purple squares the HA adsorption. The ef-
fect of the alteration of the surface by HA was, however, barely visible when
plotting the log reflectivity as a function of Q.

The significance of the changes caused by HA adsorption is not entirely
comparable to the visible difference in particular plots. A thin, hydrated lay-
er of polymer with a long decay profile might not alter the curves in the
same manner compared to a dense, thick, but uniform layer, even if both
have identical I'. Low contrast differences between the measured material
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and the bulk solution also contribute to the difficulties in detecting the
changes in reflectivity.

HA was deposited on titanium oxide surfaces by a layer-by-layer strategy.
By alternating HA-A and HA-H (four times each), it is predicted that an HA
gel would form on the surface as the two different HA components could
cross-link. Even in D,O contrast, the changes in reflectivity curve for the
layer-by-layer adsorbed HA (green circles) compared to the one of bare TiO,
(black circles) were very small; see (c) and (d) in Figure 4.4. A more obvi-
ous effect of the alteration of the surface by HA is observed when plotting
the RQ" as a function of O as compared to the logarithmic plot.

The difference in reflectivity data in D,O contrast in the presence and ab-
sence of HA on sapphire (green arrow in (a) and (b) in Figure 4.4) is much
larger compared to the one for the titanium oxide surfaces. The profiles for
these two samples also show that the initial HA volume fraction on sapphire
is several orders of magnitude higher and the overall thickness is almost
three times higher. The overall surface coverage for HA adsorbed on sap-
phire is also much more substantial compared to the HA adsorbed on TiO,
(4.7 mg m? compared to 0.2 mg m2). Both are fitted with an exponential
profile.
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Figure 4.4. Neutron reflectivity data for HA adsorption on sapphire (a) and (b) and
titanium oxide (¢) and (d), shown as log reflectivity R as a function of Q, and
RO*x10® as function of Q. The bare surfaces are measured in D,O (o) and H,O (1).
The subsequent HA adsorption on both sapphire and TiO, are shown in green in
D,0 and purple in H,O.
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The concentration and deposition method aside, it is expected that a thin and
hydrated HA layer would be challenging to detect on the titanium oxide sur-
face. This is due to the sputtered titanium and the titanium oxide surface
with a thickness of about 120 A and 30 A respectively dominating the signal.
The fringes created by the metal will make the changes caused by a thin
polymer film to appear insignificant. The scattering length density of TiO,
(2.63x10° A?) is also very close to HA, which would further challenge the
modeling of the data.

The parameters from the fit for the grafted and adsorbed HA are listed in
Table 4.1. The 5 mgml ' HA solution adsorbed on sapphire showed the
largest initial polymer volume fraction as well as the highest overall surface
coverage. The 8 times layer-by-layer deposition of the 1 mg ml"' HA-BP and
HA on titanium oxide showed the smallest initial polymer volume fraction as
well as the lowest surface coverage. Despite the large amount detected on
sapphire, the stability of this HA structure is very sensitive to changes in pH.
The experiments described in Paper III showed that the adsorbed HA layer
at pH 3.9 could be completely removed by rinsing the surface with a solution
of pH 7.4. Usually for long-term implants, a stable coating is needed which
is often achieved by grafting of HA on a surface. However, an adsorbed
layer does not necessarily indicate bad durability. HA with BP groups have
very strong attachment to titanium oxide through Ti-O-P bonds. HA without
the BP groups have also stronger attachments to TiO, compared to the native
HA adsorbed on sapphire. It is, however, easier to draw conclusions about
the interaction between a firmly grafted layer with other molecules or ions if
one can assume a constant amount of HA.

Table 4.1. The parameters for the grafted and adsorbed HA on various surfaces.

Polymer

Sample concentration i P ! i r 2
A -

ey A A mgm?)
Silica single-stage grafted HA-A 10 4+2 5548 13£2 0.8+£0.2
Silica two-stage grafted HA-A 5 343 78+2 100£20 2.2+0.5
Silica EDC grafted HA 1 15+5 4015 -- 0.9+0.2
Sapphire adsorbed HA 5 15+3 15+3 40+£10 4.7+0.7
Titanium oxide adsorbed HA-BP 1 1844 91+10  6+2 0.2+0.05
Titanium oxide adsorbed HA 1 11+£3 91+10 14+4 0.2+0.05

4.3 Interactions of HA with ions and proteins

The structure of grafted HA could be altered by many different factors, such
as changes in the ionic strength of the solvent or by interactions with other
molecules. During the course of one experiment (a duration of a few days),
as long as the grafted layer is well-prepared and extensively rinsed, it is as-

42



sumed that the amount of material on the surface is constant. HA is usually
degraded by enzymes. However, it can also be degraded by non-enzymatic
means such as acidic or alkaline conditions, physical stress, sonication, or
free-radical based cleavage.'” Ellipsometry measurements of the samples
before and after a neutron reflectivity study show that the samples are essen-
tially unaffected. The interaction of ions on grafted HA was studied with
neutron reflectivity, discussed in Paper II. The protein interaction was stud-
ied by two techniques: SANS was used for the HSA and HA co-adsorption
to latex particles and neutron reflectivity measurements were made for the
HSA and BMP-2 adsorption to surface-tethered HA. The HSA interactions
with HA are discussed in Paper III and the BMP-2 interactions with HA are
presented in Paper IV.

The solvent surrounding the grafted HA-A was changed from containing
monovalent sodium ions to divalent calcium ions, described in Paper II.
Being an anionic polymer, the structure of HA was influenced by the in-
crease in valency of cations in solution. Measurements of solutions of HA
have shown a decrease in the radius of gyration when calcium ions were
introduced.*’ This conformational change may offer a mechanism by which
cells can facilitate movement through the extracellular matrix by secreting
small amounts of ions.*” In the neutron reflectivity measurements, the
change of solvent influenced the single-stage and two-stage grafted HA-A in
a similar fashion. An increase in the initial polymer volume fraction as well
as a decrease in the extended profile was observed, e.g. an overall compres-
sion of the structure. Although due to the denser packing of the HA-A de-
posited in a single-stage, a more concentrated solution of calcium ions was
needed to alter the structure. The compressive effect was not as pronounced
as for the HA-A deposited in two stages. The polymer volume fraction be-
fore and after calcium interactions for both samples are shown in Figure 7 in
Paper II. Calcium ions can bridge between two anionic polymer chains,
acting as a cross-linker. A polymer structure that is more diffuse and that has
a more extended conformation is more sensitive to the penetration of these
counter-ions. The structures after the ionic interaction were also able to
withstand further rinsing of pure solvent, maintaining the collapsed state of
the polymer layers.

In Paper III, the interaction of HA with HSA on latex particles and on
silica substrates was compared. These surfaces differ in size, hydrophilicity
and charge. They can be considered as mimics for some of the biomaterial
surfaces that are used currently.”® '*!”” SANS measurements was performed
to study the adsorption and co-adsorption on the nano-sized latex particles.
HSA adsorption on latex alone was studied to provide a reference for the
investigation of the co-adsorption of mixtures of HSA and HA solution.
HSA molecules form a shell around the latex core. The shell thickness in-
creases linearly with added bulk concentration for concentrations less than
5mg ml™". The fraction of unbound HSA that remained in solution also in-
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creases with concentration. The parameters of the fits and the calculated
surface coverage are listed in Table 4.2. Different orientations of the HSA
molecules based on the shell thickness have been proposed by Song and
Forciniti.'"™ The adsorption isotherm is shown in Figure 4.5, together with
the possible HSA orientations illustrated as inspired by the work of Song and
Forciniti.'®

Table 4.2. Results from analysis of SANS data for HSA coated latex at pH 4.8.

Concentration Shell thickness  Surface coverage % HSA that HSA molecules

(mg ml™") A) (mg m?) is unbound per particle
1.2 3242 0.7£0.1 2345 106
1.6 44+2 1.5+0.2 2143 214
2.0 5242 1.7+0.2 3443 240
3.2 86+4 2.1+0.3 38+2 300
5.0 105+4 2.3+0.3 5243 333

Adsorption of a protein by hydrophobic association is at its maximum at
pH = pI for the adsorbate,'™" in this case pH = 4.8. At this pH, the adsorbate
has the minimum solubility in the bulk and the lowest repulsion in the inter-
facial layer.'™ Adsorbing HSA on bare latex at the pI of HSA shows an ad-
sorption isotherm behavior with a plateau that was not reached in the con-
centration range studied, as shown in Figure 4.5.

HA is anionic at pH>3.* At a pH between 3 and 4.8, the electrostatic in-
teractions between the positively charged HSA and the negatively charged
HA could mediate the binding of HA to latex through HSA. At a pH of 3.9,
the HSA and HA was observed to co-adsorb on latex, as indicated by the
scattering data shown in Figure 4.6. The difference between the latex with
HSA alone compared to the latex with co-adsorbed HSA and HA is clear.
Although the difference is small, it is similar to that seen when the absorbed
amount of HSA increases. The data can still be fitted adequately with a core-
shell model but it is difficult to distinguish the HSA and HA composition in
the shell because of the small differences in p for the two molecules. The
highest HSA mediated adsorption of HA was observed for HA of molecular
mass lower than 150 kDa at concentrations above 2 mg ml'". HA of molecu-
lar mass over 1 MDa caused the samples to flocculate. This suggests that
very long chains of HA can form bridges when adsorbed between different
particles leading to precipitation. In general, lower concentrations of protein
alone (<1 mg ml™") or low concentrations of HA in the mixture with HSA
can also cause sample flocculation. This is due to the destabilization of the
system that occurs by neutralizing the small repulsive charges between parti-
cles which flocculates the dispersion. Higher concentrations, however, led to
a full coverage and stabilized the system as coated particles.
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Figure 4.5. Adsorption isotherm for HSA on latex at pH 4.8. The insets illustrate the
possible orientations of HSA on the latex particle surface.
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Figure 4.6. SANS data for the adsorption on latex particles that are contrast matched
with the solvent. The adsorption of HSA alone (A) is compared with the HSA and
HA co-adsorption (e). The inset illustrates the HSA as red triangles and HA as blue
strands.

The electrostatic interactions between HSA and surface-tethered HA were
studied using neutron reflectivity. HA was covalently linked to a silica sub-
strate using a carbodiimide-mediated condensation. As mentioned previous-
ly, grafting of HA is a more suitable procedure for long-term surface modifi-
cations. It gives a stable structure that can withstand rinsing and is a good
reference substrate as the polymer surface excess is not altered by the protein
interaction. Figure 8 in Paper III summarizes the molecular density profiles
for the grafted HA layer and the change that occurs after adsorption of HSA
at pH 4.8. The thin, grafted HA layer was observed to be unchanged before
and after the HSA interaction. Once the protein was introduced, it was pos-
sible to model the reflectivity data as a diffuse layer of HSA on top of the
originally grafted HA layer. The adsorption of HSA did not create a uniform
layer but rather formed an extended density profile similar to that of loosely
bound polymers. The overall thickness was more than 400 A. This protein

45



adsorption was, however, reversible. Increasing the pH of the solution to 7.4
removes all the protein bound to HA leaving the scattering data identical to
that of the originally grafted HA layer. The HSA surface coverage was
9+1 mg m >, This value is much higher than I for the HSA adsorbed on bare
latex (0.7+0.1 mgm ). This suggests that the ionic interaction is much
stronger than the hydrophobic adsorption mechanism.

Titanium oxide surfaces prepared by sputtering metallic titanium onto sil-
icon substrates were used for studies described in Paper IV. These surfaces
can mimic the surfaces used in orthopedic inserts. The interaction of BMP-2
with HA gel coated TiO, was compared to the bare titanium oxide surface.
Despite the small amount of HA on titanium oxide, this thin layer was suffi-
cient to modify the surface and change its susceptibility to bind BMP-2. One
of the coated HA gels contained additional BP groups. These groups can
anchor to the metal oxide surfaces through Ti-O-P bonds. The layer was, as
expected, a little bit thicker with a less extended profile compared to the HA
polymer without BP groups. The HA-BP coated layer, the HA layer and the
bare metal oxide surface and their interactions with BMP-2 were measured
using QCM and neutron reflectometry. The results are described in detail in
Paper IV. The neutron reflection data are presented in the supplementary
information and the calculated volume fraction found after each injection
step is shown in Figure 6 of that paper.

The QCM data for the HA-BP coated titanium oxide and the subsequent
BMP-2 interactions are shown in Figure 4.7, where the curves in different
shades of blue indicate the changes in the normalized frequency for the dif-
ferent overtones 3, 5, 7, 9 and 11 (the darkest shade is for the lowest over-
tone number). The QCM follows the polymer and protein adsorption, as well
as the rinsing processes. The drop in the normalized frequency (Af/ n) indi-
cates an increase in mass on the QCM sensor. The first injection of the pol-
ymer was sufficient to cover the sensor surface and, interestingly, no further
binding was detected after that layer was formed. Only small shifts were
observed for the different overtones after rinsing away the unbound material,
which indicate that the polymer film left on the sensor is relatively rigid.
This could be fitted to a thickness of about 30 A using the Sauerbrey rela-
tions.'"> ''* After the injection and the rinsing of BMP-2, the Sauerbrey rela-
tions are no longer valid as the differences of the overtones are larger, indi-
cating a more viscous layer. The large decreases in Af'/ n, however, show
that a substantial amount of BMP-2 has been adsorbed even for the dilute
(7.5 ng ml™") solution. Rinsing with calcium chloride increased the normal-
ized frequency and after further rinsing with pure water, the data returned
roughly to the level of that of the bare HA-BP coating, indicating that all the
adsorbed BMP-2 had been desorbed.

The QCM data for the HA gel coating (without the BP groups) showed
similar polymer adsorption but with higher amounts of BMP-2. However,
the two rinsing steps with calcium chloride and water could only remove a
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small fraction of the total absorbed amount. Calcium had no significant in-
teraction with the BMP-2 adsorbed on the bare (non-polymer coated) metal
oxide surface. These results are shown in Figure 2 in Paper IV.
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Figure 4.7. QCM data for the normalized frequency change as a function of time
during each of the deposition steps. HA-BP-H alternated with HA-A (injected 8
times in total with rinse between each step) followed by injection of BMP-2 (dilute
and concentrated solutions), and rinsing with CaCl, and H,O.

Neutron reflectivity data confirmed the results from the QCM data and, in
addition, it provided more information regarding the structure and composi-
tion. The HA-BP layer and the HA layer have the same surface coverage, but
due to the slightly more extended structure of the HA lacking the BP groups,
more adsorption of protein was observed. This confirms the conclusion from
section 4.2, where the importance of the structure, and not only the amount
of polymer on the surface, is believed to be crucial for the surface properties.

The BMP-2 layers on both gel coated surfaces and the bare titanium oxide
surface showed a profile containing a low protein density region, followed
by a higher density region with a decay profile (Figure 6 in Paper IV). It is
believed that this density profile is caused by the non-uniform shape of the
BMP-2 molecules, which makes it difficult for the molecule to be packed in
a well-organized manner. Increasing the BMP-2 concentration from 7.5 to
37.5 ugml™" increased the protein surface coverage for the gel coated sur-
faces but not for the bare titanium oxide surface.

The desorption properties of BMP-2 on the HA-BP gel are much more
pronounced compared to that from the HA gel that lacks BP groups. In the
same manner as observed in the QCM measurements, the dissolved calcium
ions did not alter the profile of the BMP-2 layer on the bare TiO, significant-
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ly. Table 4.3 lists all the BMP-2 surface coverages before and after the in-
teractions with calcium. It is documented that HA-BP has very strong inter-
actions with calcium ions.” These ions could efficiently replace a substantial
amount of the BMP-2 bound to HA-BP, releasing the protein to the bulk
solvent. This calcium triggered release of BMP-2 from the HA-BP coated
material could provide a surface with tunable growth factor delivery proper-
ties. This process is crucial for the activation of bone regeneration. This
study has highlighted the bioactivity of HA as a coating material.

Table 4.3. The surface coverage I' (in mg m ) of BMP-2 for samples before and
after rinsing with calcium chloride.

Sample Dilute BMP-2 Concentrated BMP-2 Rinsing with calcium
HA-BP coating 2.0+0.3 3.0+0.5 1.4+0.3
HA coating 3.3+0.4 4.9+0.5 4.5+0.4
Bare TiO, 4.4+0.4 4.4+0.5 4.0+0.5
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5 Concluding remarks and future perspectives

The structure of HA in the bulk and at interfaces is related to the physical
properties of biomaterials as it determines the mechanical performance and
surface interactions, as well as mechanisms for delivery of therapeutic
agents. Information about the nanostructure for an applicable medical device
material guides the formulation, preparation, and use. In turn, this should
lead to further understanding of its exploitation.

HA hydrogels are inhomogeneous in structure and the rheological proper-
ties depend on the polymer concentration. Although it is possible to increase
the stability of a hydrogel matrix by adding a reinforcing material, one
should keep in mind the importance of adequate mixing during the prepara-
tion to achieve full gel strength. The structural arrangements of particles in a
gel composite was observed to be independent of particle concentration,
although higher amounts are still favorable to promote bone regrowth as one
introduces more building blocks to a wounded bone fracture site.

Solvated HA grafted on a surface could best be described with a density
profile that decays exponentially towards the bulk solution. This distribution
depends on the deposition protocol, the concentration, and the number of
possible attachment points between the HA and the substrate. A more com-
pact structure can be created using a single-stage deposition protocol, a more
concentrated HA solution and an immobilization chemistry that contributes
to more reactive sites with the surface. These types of surfaces are believed
to possess good barrier properties, for example as coatings to increase lubri-
cation to the surrounding tissue.

In contrast, a structure with a low initial polymer volume fraction and a
long decay profile could be achieved using multiple deposition steps and
lower polymer concentrations, as well as fewer possible attachment points.
More extended structures were found to be more responsive to external
stimuli such as changes of counter-ions. More extended structures can also
adsorb a higher amount of protein. A structure with a lower density profile
may have useful properties for the delivery of small molecules, for example
drugs or proteins. Information linking the density profile with the deposition
protocol provides the possibility to tailor the desired surface property.

For long-lasting polymer films, a well-grafted HA layer is required. The
interaction of HA with a protein is not straightforward to predict. Both elec-
trostatic interactions and chemical reactions account for the protein adsorp-
tion and desorption on top of surface-tethered HA.
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In summary, the structure of HA hydrogels and the density distribution of
HA at solid-liquid interfaces were studied, providing a first characterization
of a relatively complex system. Neutron scattering was successfully applied
to investigate the hydrated structure of HA, as well as its interactions with
other biomolecules. This study would have benefited from work with deuter-
ated HA as it offers additional contrasts in the study of complex, multiple-
component systems. Deuterated HA could be cultured using a bacterial strain
(Streptococcus zooepidemicus) in deuterated media (d;-D-glucose, D,0).
However, the purification and characterization still remain to be optimized
before being able to use this molecule in a scattering experiment.
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7 Svensk sammanfattning

Hyaluronan upptécktes av Karl Meyer under 1930-talet i Ggats glaskropp.
Denna slemmiga, langa sockermolekyl véickte snabbt intresse inom manga
vetenskapliga discipliner. I den extracelluldra matrixen (omgivningen utan-
for cellen som bestéar av ett nitverk av stora molekyler) har den flera funkt-
ioner bland annat vid sarlédkning, cellvandring, inflammation med mera. Hy-
aluronan har ocksd méanga fascinerande fysikaliska och kemiska egenskaper;
den har en kraftig vattenupptagande formaga, dr stotddmpande och den dr
viskoelastisk (det vill sdga har egenskaper av bade fasta och flytande materi-
al). P4 senare tid har hyaluronan anvénts flitigt som biomaterial vid aterbild-
ning av vévnad, lakemedelstransport och som ersittare for ledvéiskor. Dock
ar den mest kénd for allmdnheten som fyllnadsmedel vid skdnhetsbehand-
lingar och som tillsats i kosmetika.

I denna avhandling har hyaluronans nanostruktur undersokts. Syftet ar att
fa en bittre forstdelse for materialet nér det anvénds kliniskt. Hyaluronan
kan tvérbindas for att forma en gel. Denna gel kan anvindas till att leverera
partiklar och tillvéxtfaktorer till kroppen. Hyaluronan kan ocksa fastas pa
ytor av implantat s& att ytan modifieras till att ha specifika egenskaper an-
passade for medicinska dndamal. Dessa egenskaper kan vara att 6ka mojlig-
heten for implantatet att fasta pa kroppsegen védvnad, oka acceptansen for
implantatytan i kroppen eller vara bioaktiva, det vill sdga leda till reaktion i
kroppen, till exempel 6ka ldkningen. Bade bulkstrukturen och ytstrukturen
har studerats, detta illustreras i Figur 7.1. I studien har &ven ett antal olika
fysiologiska miljoer simulerats som materialet kan tdnkas utsattas for i krop-
pen. Hyaluronans struktur har bland annat studerats pa ytor i 16sningar med
olika jonhalt, samt i kontakt med olika proteiner.

Resultaten i den hdr avhandlingen bygger i stort pd métningar med neu-
tronspridningstekniker. Materialet placeras dé i en neutronstrale som genere-
ras av klyvning av uran i en kérnreaktor. Neutronerna interagerar med
materialet, sprids och bildar ett spridningsmonster som kan tolkas om till
materialets struktur. Eftersom neutronerna &r oladdade s& har de endast
svaga interaktioner med materialet. Materialet forstdrs inte heller av neutro-
nerna i processen. Neutronerna ger oss en mdjlighet att se strukturer djupt
inne i material och komma &t dolda ytor.
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Figur 7.1. Illustration av en bulkgel (till vdnster) och hyaluronan pa ytor (till hoger).
De graa linjerna symboliserar polymerkedjorna som har tvédrbundits till en gel.
Bulkgelens struktur bestdr av polymerrika klumpar av sma tvdrbundna nitverk.
Ytbunden hyaluronan (blaa linjerna) har en densitetsprofil dar densiteten avtar ju
langre bort frdn ytan man kommer. Proteinerna lingst ner till hdger kan binda till
hyaluronan.

Geler formade av tvirbunden hyaluronan visar upp oregelbundna (inhomo-
gena) strukturer. Strukturen beskrivs med tva olika langa tvérbindingsav-
stdnd. Dessa avstdnd beskriver porstorleken eller avstdndet mellan tva poly-
merkedjor. Ett av dessa avstand kan relateras till gelens viskoelastiska egen-
skaper, som beskriver fastheten for en gel. Studien visar att gelens fasthet
inte &r proportionell mot dkad polymerkoncentration. Fér hoga koncentrat-
ioner kan pa grund av délig blandning av komponenterna ge en gel med
samre kvalitet. Gelens stabilitet kan 6kas genom att tillsitta keramiska nano-
partiklar. Nar dessa partiklar ar inuti gelen kan de bade vara atskiljda eller
aggregera och forma klumpar med en radie stérre dn 100 nm. Studien visar
dven att stukturen pa partiklarna inte paverkas av partikelkoncentrationen,
dock ger en hogre koncentration battre ldkning vid benbrott di partiklarna
tillforser det skadade benet med mer mineraler i form av dessa keramiska
nanopartiklar.

Studier av hyaluronan fést pa ytor och studerad i vattenlosningar ar vél-
digt ovanliga. Neutronreflektivitet r en teknik som studerar strukturer vid
ett gransskikt, till exempel mellan en fast fas och en flytande fas. Detta ger
resultat i form av en densitetsprofil, ddr fordndring av hyaluronans densitet i
forhallande till avstdndet fran ytan beskrivs. For en héllbar yta méste hya-
luronan fastas ordentligt, detta gérs genom att kemiskt tvdrbinda polymerer-
na pa ytan. Olika fastningsmetoder ger upphov till hyaluronan med olika
egenskaper, det vill sdga olika tjocklek, vattenhalt och utstrdckning. Hur l4tt
hyaluronan som &r fést vid ytor paverkas av andra faktorer beror pa struk-
turen. Ar strukturen 16s och innehaller mycket vatten kan #ndring fran
natriumjoner till kalciumjoner fa strukturen att kollapsa. Bédda dessa joner
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finns naturligt i kroppen. Skelettet bestdr ddremot av kalciummineraler.
Léanga l6sa strukturer kan ocksa binda mer protein.

I en annan studie har adsorption av hyaluronan och humant serumalbumin
pa hydrofoba latexpartiklar undersokts. Adsorption &r ett ytfenomen som
innebér att ett &mne fastnar pa av ytan av ett annat &mne. Denna studie ger
en modell for ytfordndringar av kolloida partiklar for anvéndning inom l&-
kemedelstransport. Studien visar att adsorption av hyaluronan med hjilp av
albumin &r beroende av hyaluronans molekylvikt, pH samt molekylernas
koncentration. Adsorption av albumin pa ytbunden hyaluronan beror ocksa
pa pH.

I den sista studien har adsorption och frisittning av BMP-2 pé titanytor
undersdks. BMP-2 ar ett benmorfogenetiskt protein, en tillvaxtfaktor som
okar kroppens benproduktion. Kemiskt modifierad hyaluronan pa titanytan
kan ge en kontrollerad adsorption av BMP-2. Protein som &r bundet till hya-
luronan kan sedan friséttas genom att ytan kommer i kontakt med kalcium-
joner. Dessa joner binds till den modifierade hyaluronan istillet f6r BMP-2
som da frisitts. De frisatta BMP-2 stimulerar kroppen att bilda ben.

Denna avhandling visar hur neutronspridningstekniker kan tillimpas for
att studera strukturen pa mjuka material, samt exempel pa hur hyaluronan i
framtiden kan anvindas kliniskt inom sjukvarden for att till exempel pa-
skynda ldakning av benbrott.
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