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Abstract

One of the most common reasons for implant failure is immune rejection. Implant
rejection leads to additional surgical intervention and, ultimately, increases health
cost as well as recovery time. Within a few hours after implantation, the implant
surface is covered with host proteins. Adsorption of fibrinogen, a soluble plasma
glycoprotein, is responsible in triggering the immune response to a given material
and, subsequently, in determining its biocompatibility. The work presented here is
focused on modeling the interaction between artificial surfaces and plasma proteins
at the microscopic level by taking into account the physico-chemical properties of
the surfaces. Carbon-based nanomaterials are chosen as a model system due to their
unique bioadhesive and contradictory biocompatible properties as well as the possibil-
ity of functionalization for specific applications. Graphene and its derivatives, such as
graphene oxide and reduced graphene oxide, demonstrate controversial toxicity prop-
erties in vitro as well as in vivo. In this study, by covalently adding chemical groups,
the wettability of graphene surfaces and the subsequent changes in its biocompati-
bility are being examined. An empirical force field potential (AMBERO03) molecular
dynamic simulation code implemented in the YASARA software package was utilized
to model graphene/biomolecule interactions. The accuracy of the force field choice
was verified by modeling the adsorption of individual amino acids to graphene sur-
face in a vacuum. The obtained results are in excellent agreement with previously
published ab énitio findings. In order to mimic the natural protein environment, the
interaction of several amino acids with graphene in an explicit solvent was modeled.

The results show that the behaviour of amino acids in aqueous conditions is drasti-
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cally different from that in vacuum. This finding highlights the importance of the
host environment when biomaterial-biomolecule interfaces are modeled.

The surface of Graphene Oxide (GO) has been shown to exhibit properties that
are useful in applications such as biomedical imaging, biological sensors and drug
delivery. An assessment of the intrinsic affinity of amino acids to GO by simulating
their adsorption onto a GO surface was performed. The emphasis was placed on
developing an atomic charge model for GO that was not defined before. Next, the
simulation of a fibrinogen fragment (D-domain) at the graphene surface in an ex-
plicit solvent with physiological conditions was performed. This D-domain contains
the hidden (not expressed to the solvent) motifs (P1 v190-202 and P2 4377-395, and
specifically P2-C portion y383-395) that were experimentally found to be responsible
for attracting inflammatory cells through CD11b/CD18 (Mac-1) leukocyte integrin
and, consequently, promoting the cascade of immune reactions. It was hypothesized
that the hydrophobic nature of graphene would cause critical changes in the fibrino-
gen D-domain structure, thus exposing the sequences and result in the foreign body
reaction. To further study this issue, molecular mechanics was used to stimulate
the interactions between fibrinogen and a graphene surface. The atomistic details of
the interactions that determine plasma protein affinity modes on surfaces with high
hydrophobicity were studied. The results of this work suggest that graphene is po-
tentially pro-inflammatory surface, and cannot be used directly (without alterations)
for biomedical purposes. A better understanding of the molecular mechanisms under-
lying the interaction between synthetic materials and biological systems will further
the ultimate goal of understanding the biocompatibility of existing materials as well

as design of new materials with improved biocompatibility.
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Chapter 1

Introduction

1.1 Patients’ needs in advanced biomaterials

1.1.1 Orthopaedic implants and revision complications

The demand for bone replacements has been on the rise during the last few decades
resulting in a high number of revision procedures, which are required when a failed
implant needs to be replaced [1]. Although advances in hip replacement design and
biomaterials have been made, implants tend to fail for a variety of reasons [2]. One of
the main clinical issues of hip implants is aseptic loosening due to inflammation. In-
flammation is a reaction of living tissue to local injury, and it is normally accompanied
by heat, redness, swelling and pain. According to the Canadian Joint Replacement
Registry in 2012-2013, aseptic loosening, the failure of the implant between an im-
plant and bone in the absence of infection [3, 4], is the most common complication
resulting in hip as well as knee revision surgeries. Hip revision surgeries have less

probability for successful outcomes in comparison to first replacement surgery [5].



The averaged revision burden is found to be 13% [6-8]. The revision procedure is
more complex, significantly invasive, and requires an increased recovery time (at the
hospital and at home) as well as health costs [9, 10]. The hip prosthesis failure (re-
jection) costs million dollars annually [8]. In addition, the patient may experience
morbidity and discomfort that lead to changes in his/her living arrangements (immo-
bility). It also should be noted that the revised hip prosthesis will be able to function
properly for a shorter time period in comparison with the first-time replacement (will
require replacement five years sooner than the original implant).

Other specific risks for hip revision surgery include infection and deep venous
thrombosis [11, 12]. However, what is more important, the length of the patients leg
probably will be changed as a result of the surgery [13], which may lead to patient
disability. Alberton et. al [1] show that the rate of prosthesis dislocations following
hip revision surgeries is 7.4% [14]. In the case of revision procedures, the dislocations
are more common because both bone and the attached tissue become weaker as a
result of previous surgery. The analyzed mortality rate for the hip revision surgeries
is averaged at 2.5% [8, 15-17]. Severe complications associated with hip and knee re-
visions include infection, aseptic loosening (22-26%) [8, 18], failure of osseointegration
(16-18%) and others [17].

The chronic inflammatory reaction leads to implant rejection resulting in bone
detachment and loss. Aseptic loosening can occur because of the poor biocompatible
properties of the material [19]. The biomaterial may be non-toxic and bioinert, but at
the same time trigger foreign body reaction. Beyond absence of toxicity and chemical
inertness, the biomaterial is required to promote bone adhesion and healing. Bioma-

terials must accommodate specific chemical demands of the biological environment in



order to not lead to implant rejection. Otherwise, it provokes the immune pathways
that result in the inflammatory reactions causing fibrous capsule formation. In this
way the body tries to wall off and isolate the implant (foreign body) from the rest of

the body by encapsulation.

1.1.2 Current state of existing biomaterials

The choice of material for orthopaedic applications has to satisfy several criteria such
as strength, hardness, resistance to corrosion, flexibility and non-toxicity. Metals, one
of the most popular material for implants, have been chosen for implantation purposes
primarily because of their high strength [20]. Although the majority of metals and
their alloys have been chosen in order to exhibit corrosion resistance, some of them
show adverse effects to their biological environment [21].

The currently acceptable alloys are based on titanium, cobalt and stainless steel
[22-24]. The stainless steel alloys show moderate mechanical properties such as lower
strength, decrease in ductility, and corrosion resistance with time [25]. This make
the stainless steel suitable only for short-term implants [21]. The wear resistance of
stainless steel is rather poor and this is the reason why the metal-on-metal pairs in
joints such as the hip fail. The reasons include high friction, large number of wear
debris particles that are produced which leads to a rapid aseptic loosening.

Despite lots of excellent properties of titanium and its alloys such as mechani-
cal strength, stiffness, toughness, and good corrosion resistance, their processing is
technically difficult. There is also a problem of allergy and toxicity for NiTi alloys

associated with the release of Ni ions [20]. The performance of titanium implants is



sensitive to geometrical factors. In general, metals may lead to an adverse mecha-
nism, 'metal allergy’, when the metal release ions that activate immune system. Other
negative effects include corrosion, wear, limited durability, and even carcinogenesis
[21].

Although polymer-based materials have a micro-structure and biodegradation rate
that can be precisely monitored by fabrication of scaffold polymer materials [26],
drawbacks of polymers include accelerated creep [27], poor stress corrosion and bone
attachment [28]. The use of polymer components leads to gaps and loss of con-
tact between the cement and the prosthesis and between the cement and the bone.
The difference in stiffness between the metallic prosthesis and the bone may induce
overstress or overstrain that may produce fractures in the cement and the release
of cement particles that by interacting with the surrounding tissues may induce an
inflammatory reaction.

Ceramics is found to be bioresorbable, however, the limitations in use of ceramics
is brittleness and poor adhesion to the substrate [29-31]. Ceramic materials also
suffer from early failures due to their low fracture toughness. Although highly porous
ceramics expose a larger surface to the environment, and have been developed in order
to promote bone ingrowth and to induce prosthesis stabilization, their compression
strength can be affected by aging. Hydroxyapatite, a calcium phosphate ceramic, fails
to coat orthopaedic implants by being too thick, unstable, and poorly adhesive to the
substrate [32, 33]. To overcome limitations of existing materials, advance materials
with biocompatible as well as bioadhesive characteristics should be investigated and
developed. The aim of research in orthopaedic biomaterials is to meet the required

characteristics for appropriate in vivo performance in order to minimize failure rate
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[20]. It is important to note that perfect incorporation (combination) of mechanical,
chemical, biocompatible, and bioadhesive properties is required for the successful
performance of orthopaedic application. Particularly, materials that have a potential
to enhance bone regeneration are of importance in applications for hip and knee repair

purposes [34].

1.2 Inflammatory-mediated implant loss

1.2.1 Definition of biocompatibility

Biocompatibility is an ability of medical device to cause no harmful physiological
effects to living tissues and cells [21, 35]. In other words, biocompatibility is an abil-
ity of medical device to function (perform) with appropriate host response. General
criteria for biocompatibility is absence of immunogenicity, carcinogenicity and toxic-
ity. The tests on biocompatibility and host response can be determined by implant
surface assessment through calculating the number of inflammatory cells at the sur-
face and in surrounding tissue, by measuring thickness of fibrous capsule, and cells
apoptosis. At the atomistic level biomolecules and cells together with intrinsic prop-
erties of the chosen biomaterial determine biocompatibility as well as longevity of
implants [36]. Recently, it was noticed that biocompatible characteristics of the ma-
terials are directly linked to the surface hydrophobicility (unfavourable water-surface
interactions): the more hydrophobic surface, poorer blood compatible properties it

expresses [37-40].



1.2.2 Foreign body reaction (FBR) of the host to the implant

The human immune system consists of innate (native) and adaptive (acquired) im-
munity [41]. Most of the currently used medical devices cause complications such as
adverse non-specific immune reactions that are found to be under control of innate
immunity [21]. Human body attempts to isolate (wall off) foreign material from the
rest of the tissue by activating the following defence mechanisms. The same as for the
foreign body, the activated macrophages try to phagocytose or engulf and degrade
foreign body material, but due to disparity in the size they stimulate release of cy-
tokines (proteins secreted by cells of innate immunity to regulate the cellular response)
promoting chronic inflammation and fibrosis until the capsule around an implant is
formed (this process is also called frustrated phagocytosis) [42]. At this point im-
plant rejection takes place. The implanted device made of non-biocompatible surface
may lead to the following processes: plasma protein adsorption, acute inflammation,
chronic inflammation, implant failure due to fibrous formation (encapsulation) [41].

Inflammation occurs through a cascade of reactions. Shortly after contact with the
surface, by default inactive phagocyte cells become active promoting differentiation
and proliferation of others [43]. The reactions are quickly spread. Blood/surface
interactions promote host response to biomaterial with insufficiently biocompatible
properties. The adsorbed proteins accompany initiation of inflammation and further
encapsulation. This is the first line of defence of the living organism that includes
blood proteins, cytokines, phagocytes (macrophages, neutrophils), and natural killer
cells [44].

Fibrinogen participates in the initiation of the immune reaction by activating the



inflammatory cells, while other blood proteins regulate already triggered immune
response [45]. In particular, fibrinogen has been shown to promote inflammatory
reactions through binding to phagocyte Mac-1 receptor (CD11b/CD18) (Fig. 1.2.2)
[46-54].

Intensity and duration of inflammatory reactions depend on physical and chemi-
cal properties of the biomaterial [55]. Emigration of leukocytes (neutrophils) leads to
phagocytosis, release of enzymes, activation of neutrophils and macrophages. Phago-
cytosis includes foreign body recognition, neutrophil attachment, engulfment, and
degradation. The neutrophils and macrophages are found to have cell membrane re-
ceptors for proteins participating in opsonization processes. Opsonization is a process
by which pathogens are bound to opsonin proteins, and therefore altered, so they be-
come ready to be engulfed by phagocytes [56]. The CR3 (Mac-1) or CD11b/CD18is a
monocyte adhesion receptor responsible for triggering acute inflammation [57]. Neu-
trophils (or polymorphonuclear leukocytes) are associated with acute inflammatory
response i.e. within first few minutes or days of implantation. Neutrophils become
hyperadherent by increase of Mac-1 integrin expression at the surface [41].

Acute inflammation is triggered by phagocytes that tend to release small pro-
teins, danger signal molecules such as cytokines and chemokynes (chemoattractant
cytokines), that attract more monocytes and neutrophils and allow plasma proteins
to defuse from the blood to the tissue [44]. The secreted chemoattractant cytokines
include IL-1 (interleukin), TNF-a (cytokine tumour necrosis factor), IL-8 and others
[42]. The IL-1 and TNF-a cause the endothelial cells of blood vessels near the site of
infection to express cellular adhesion molecules in order to attach and facilitate mi-

gration of leukocytes. Also, an increased vascular permeability leads to entry of other
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blood proteins and cells to tissues. In response to IL-8 release, leukocytes become
directed towards the implant site [41]. In other words, IL-8 activates leukocyte in-
tegrins promoting macrophage recruitment. Overall, cytokines that are produced by
tissue macrophages increase vascular diameter, increase blood flow leading to inflam-
mation that is accompanied by heat and redness [41]. As a result, the endothelium is
activated and, instead of being joined together, the endothelial cells lining the blood
vessel walls become separated, leading to an exit of fluid and proteins from the blood.
The endothelial cells express cell-adhesion molecules, bind circulating leukocytes (i.e.
neutrophils and monocytes) that migrate into tissue (extravasation) [58]. One of the
leukocyte integrins that is important for extravasation is CR3 (complement receptor
type 3, also known as CD11b/CD18 or Mac-1). All these changes are initiated by
the pro-inflammatory cytokines and chemokines produced by activated macrophages.
Monocytes than differentiate into tissue macrophages. IL-4 and IL-13 are inducers of
foreign body giant cell (FBGC) formation (macrophage fusion) [57).

Chronic inflammation is mediated by macrophages, monocytes, lymphocytes, pro-
liferation of blood vessels, and connective tissue [21]. Macrophages are phagocytic
cells that engulf pathogens and destroy them [59]. The macrophage response is in-
fluenced by foreign material properties. Discrepancy in size of foreign material and
macrophage cell causes fusion of macrophages into FBGCs leading to implant phago-
cytosis. Phagocytosis is a process when macrophages (phagocytes) engulf microor-
ganisms or other cells and foreign particles in order to destroy them. If the biomaterial
possesses high blood complatible properties, the FBGCs are absent. Macrophages to-
gether with FBGC products recruit fibroblasts [44]. Fibroblasts are connective tissue

cells that deposit new collagen, secrete extracellular matrix (rich in collagen and other

9



macromolecules). Fibroblast cells differentiate into myofibroblasts, fibrotic tissue and
capsule around implant [58]. Fibrous capsule is formed as a result of fibrosis which is
the formation of fibrous connective tissue in an organ or tissue. The induction of fi-
brosis is mediated by (TGF)-4 (transforming growth factor) [42]. TGF-3 is expressed
by macrophages. Extensive production of TGF-/ leads to collagen, fibrinonectin and
myofibroblasts production around implant. Myofibroblasts activate fibrotic tissue for-
mation that isolates implant [58]. Fibroblasts deposit collagen, promote angiogenesis
(growth of new vessels and capillaries from pre-existed ones) leading to encapsulation
of implant by fibrous layer [21].

Other biomaterial/surface interactions leading to triggering inflammation may
include complement system activation [21, 60-62], monocyte binding to fibrinogen
through toll-like receptor (TLR4) [63—67]. These mechanisms are not investigated in
this work due to the lack of experimental knowledge of specific molecular regions of

fibrinogen participating in ligand-integrin interactions.

1.2.3 Leukocyte CD11b/CD18 (Mac-1) integrin

Integrin is a cell surface receptor that mediates cell-extracellular matrix and inter-
cellular interactions [68]. Integrins allow a cell to migrate and respond to the envi-
ronment. Integrins consist of & and B subunits [69]. Monocytes, macrophages and
neutrophils express few of integrins. One of them is ap/B2 or Mac-1 (CD11b/CD18)
integrin [65, 70]. Mac-1 is a key adhesion receptor that controls leukocyte adhesion,
migration, immune and other cellular functions. Fibrinogen is one of the ligands

for a/Ba, immobilized fibrinogen binds to leukocytes through an/B; integrin and
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activates leukocytes promoting a cascade of immune reactions leading to implant re-
jection [46, 48-54, 71-77]. In support of this, Hu et al. [47] found that CD11b and
CD18 knockout mice failed to accumulate phagocytes (monocytes, macrophages) at

the surface of implant.

1.3 Factors controlling protein/surface interactions

1.3.1 Blood proteins adsorption

Shortly after implantation, the artificial surface of implanted material is covered by
adhered plasma proteins, these processes result in creating a new interface between
substrate and the blood [78]. The proteins primarily bound to the surface may
eventually leave due to competitive adsorption processes between plasma proteins
[21]. There are about 2,982 proteins present in the blood [79]. However, the surface
may be dominantly attracted by proteins with high concentration or ’the big twelve’
proteins: albumin, immunoglobulin G, al-antitrypsin, transferrin, haptoglobin, low-
density lipoprotein, high-density lipoprotein, immunoglobulins, complement C3, fib-
rinogen, and a2-macroglobulin, immunoglobulin M [62]. Early proteins leave the
surface to allow new ones to adhere. The tightly adsorbed proteins may undergo the
following changes: rearrangements, folding/unfolding states such as partial or com-
plete denaturation. Fibrinogen, one of the most abundant plasma proteins, will be
adsorbed to the surface creating a protein film that generates recognition patterns for
a variety of immune cells [80]. The cascade of immune reactions involve inflammatory

cells migration, adsorption, recognition, activation, engagement, and differentiation
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mechanisms [21] (see also Sec. 1.2 for details). The outcome of these processes de-
pends on the composition and conformation of protein layer formed at the artificial
biomaterial surface. The adsorbed protein layer affects functionality of the medical
implant as well as patient’s treatment time. The insufficient (poor) biomaterial qual-
ity may be identified by chronic inflammation and fibrous capsule formation. Despite
a variety of existing artificial materials that can be used for manufacturing bioim-
plants, it remains a challenge to find an ideal material with optimal properties. Some
of the available biomaterials tend to stimulate the adverse immune reactions as result
a of human body defence mechanisms.

The well-known artificial materials adsorb plasma proteins interacting with the
blood. This phenomenon occurs during the first few milliseconds of interaction and
continues until a saturation level of adsorbed layer is reached. Structural character-
istics of proteins in the formed layer are influenced by protein concentrations on the
one hand, and surface and protein chemical properties on the other [81]. These are
factors related to activation of immune cascade i.e. plasma proteins adsorption and
consequent immune cells attraction.

There are internal and external factors that affect protein/surface interactions
[81]. The external factors include conditions at which experiments with proteins are
usually performed such as temperature, pressure, pH level, concentration of dissolved
ions. Plasma proteins are biomolecules that, in order to function properly, require
physiological environment close to blood i.e. body temperature, atmospheric pressure,
and appropriate to blood sodium chloride concentration. Important internal factors
responsible for degree of proteins adsorption and formed layer composition are sur-

face wettability, polarity, and pattern of the functional groups because the surface
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mediates response to physiological environment [21, 62]. Depending on wettability
properties, surfaces are divided into hydrophobic (*water-fearing’) and hydrophilic
('water-loving’) (see Sec. 5: Fig. 5.2a). The degree of wettability of the surface is
defined by measuring a contact angle (#) between a solid surface and liquid: a con-
tact angle that is less than 90° corresponds to high wettability (a liquid droplet will
spread over a large surface area), and a large contact angle 90° indicates low wetta-
bility (fluid will form a compact liquid droplet on the surface minimizing its contacts)
(82].

The ability of the surface to adhere cells and proteins is pre-defined by the Berg
limit [83]. Surface becomes resistant to biomolecules when its contact angle is less
than 50— 60° [84]. It is a known fact that proteins have a tendency to undergo signifi-
cant conformational changes upon their binding to hydrophobic surface in contrast to
hydrophilic. The higher affinity to hydrophobic surface leads to more substitutional
structural changes in proteins. Also, the presence of covalently attached chemical
groups at the surface allows proteins, consisting of domains with different polarity,
reorient and reorganize themselves to find the most electrostatically favourable posi-
tions/conformations at the surface regions as it is shown in Fig. 1.2. It is important
to note that signalling immune cells react to the content and shape of the adsorbed
protein layer rather than to the implanted surface [81, 85].

Nowadays, the ultimate goal of research in orthopaedic applications is to investi-
gate biomaterials that have appropriate cellular responses due to its ability to provide
bone tissue regeneration function while not promoting foreign body reaction. In other
words, the physico-chemical properties of the synthetic biomaterial need to be bal-

anced to contribute to the bone healing process.
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1.3.2 Surface properties and Berg limit

It has been found that surface wettability is a one of the major factors related to
implant rejection. Specifically, blood proteins show a tight affinity to hydrophobic
and positively charged surfaces. For example, titanium dioxide is known to be a
widely-used biocompatible material. This can be explained by an oxide layer, which
normally covers titanium implants. Titanium dioxide is hydrophilic and polar surface,
it prefers to attract water molecules instead of proteins. Cacciafesta et al. [86] report
that fibrinogen does not adhere to titanium dioxide because both the protein and the
surface are negatively charged at physiological conditions. This causes electrostatic
repulsion. Although the inert behaviour of titanium and titanium alloys is a good
property, it does not interact with human tissues leading to controversial results on
cellular bone adhesion and attachment [87]. Although it is believed that titanium
dioxide coated with hydroxyapatite, a natural mineral formed of calcium apatite [88],
meets the bioadhesive as well as biocompatibility requirements of bone implant [87].
Both these materials have been found to mediate an expression of inflammatory cells
and lead to cell death [89]. Therefore, surface functionalized with different chemical
groups can either promote or prevent adverse immune reactions [90]. Appropriate
mixtures and patterns may facilitate material’s biocompatibility. One of the plasma
proteins, fibrinogen, has been shown to trigger adverse immune reactions due to its

structural changes after adsorption to artificial hydrophobic materials.
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1.3.3 Fibrinogen - main initiator of foreign body reaction

While the atomistic details of the interactions at the protein/surface interface remain
undefined, the conformational changes of adsorbed protein are found to be responsible
for initiating adverse immune reactions. Fibrinogen, a plasma protein, is a key factor
for foreign body reactions [21, 91]. On the one hand, the processes related to wound-
healing mechanisms force the fibrinogen to be hydrolyzed by thrombin (protease that
converts soluble fibrinogen into insoluble fibrin, coagulation factor) to fibrin. The
dense fibrin network is created and than detected by macrophages and neutrophils.
The fibrin network also promotes leukocyte adhesion [80]. On the other hand, solu-
ble fibrinogen was shown to be non-reactive to immune cells, while adsorbed and/or
denatured fibrinogen participates in cells binding [80]. Fibrinogen interactions with
the surface may cause conformational changes, structural changes of the previously
inaccessible binding motifs (P1 and P2) [48, 51-54, 75, 80, 92]. These P1 and P2
cryptic sites become biologically active when fibrinogen undergoes structural changes
as a result of adsorption to the surface. The specificity of cryptic sequences has been
identified by implementing mutation to fibrinogen v 390-396 region that was replaced
with alanine amino acids [74]. As a result of in vivo experiment, modified fibrino-
gen did not support adhesion of the previously proved immune cells (neutrophils,
macrophages), and as a result failed to trigger immune reaction.

The cryptic sequences bind to Mac-1 phagocyte integrin receptors, activate tissue
phagocytes that, consequently, release chemokines and cytokines [62]. The chemoat-
tractants activate vasculature (increased permeability of blood vessels) and recruit

leukocytes and fibroblasts (connective tissue cells). Fibroblast cells then differentiate
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into myofibroblasts resulting in fibrotic tissue and capsule around implant.
Fibrinogen is an amphiphilic molecule. Hence, it may overcome significant struc-
tural rearrangements if interactions between proteins and the surface are stronger
than internal bonds of protein (for example, hydrophobic and hydrogen bonds). This
plasma protein has been studied by theory and experiments for the interactions with
a wide range of surfaces. In general, fibrinogen shows a high affinity and significant
structural changes onto hydrophobic surfaces [93-95] in comparison to hydrophilic
[93, 96-98]. As it was mentioned before, human plasma contains a vast amount of
proteins that demonstrate a competitive behaviour. As a result, fibrinogen showing
slight adsorption to hydrophilic surface may be rapidly replaced (exchanged) by other
low-concentration proteins. Also it has been noticed that fibrinogen stays indifferent
to neutral and negatively charged substrates [86, 99, 100], in contrast to positively
charged surfaces. This behaviour is due to the fact that, under the physiological
conditions, fibrinogen is a negatively charged biomolecule and shows electrostatic

repulsion to similarly charged surfaces [101].

1.4 Required implant surface properties

1.4.1 Synergy of biocompatible and bioadhesive properties

Bioadhesion, or attraction of the molecules to the surface, plays a significant role
in design of orthopaedic devices. Bioadhesion can be specific and non-specific [102].
For the purposes of this work, non-specific bioadhesion is discussed. The non-specific

bioadhesion occurs through non-bonded interactions such as electrostatic, hydrogen

17



bonding, hydrophobic or van der Waals interactions. Non-fouling surfaces have been
extensively studied because of their ability to stay indifferent to proteins, they have
non-adsorptive properties. It is generally recognized that hydrophilic surfaces have a
potential to resist protein adhesion, hydrophobic surfaces tightly adsorb a monolayer
of plasma proteins, while non-fouling surfaces totally resist the adsorption of proteins
together with cells [103]. A strongly hydrophilic surface prevents the adsorption of
proteins at the same time reducing the adhesion of cells [104]. However, different
adhesion mechanisms of cells can lead to the tissue development. For example, os-
teoblasts (bone cells) may adhere to the material creating a new layer of bone tissue
[105, 106]. Therefore, enhancement of bone regeneration in tissue engineering appli-
cations can be achieved only for materials expressing adhesive properties [34, 107].
Osseointegration, a direct structural and functional connection between ordered, liv-
ing bone and the surface of a load-carrying implant [{108], being a very relevant issue
for the anchorage of implants in the surrounding bone, great effort is being made
in the design and optimization of bio-surfaces. The ideal material has to promote
osseointegration independently of bone quality and/or quality that is available at
the implant-tissue interface [109]. However, so far there is no material found to be

suitable equally for both biocompatible and bioadhesive requirements.

1.4.2 Graphene-based nanomaterials and its derivatives

Graphene has been intensively studied during the last decade for biomedical applica-
tions [110-112]. Graphene is a one atom thick nanomaterial that consists of carbon

atoms covalently bound and arranged in a hexagonal structure [113, 114]. In other
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words, graphene is a one layer of well-known graphite. Despite its simple structure,
this two-dimensional material has been shown to have lots of unique properties [115].
It has to be highlighted that pure graphene is a highly hydrophobic surface [116].
Also, graphene is chemically inert, however, m — 7 stacking elicits non-specific bind-
ing of molecules that have aromaticity such as most of organic molecules, for example.
Graphene shows the highest Young’s modulus among existing materials. Graphene
can also be easily functionalized with a variety of chemical groups [117-120]. One
of the specific cases of graphene functionalization is graphene oxide. Graphene oxide
(GO) [121], oxidized graphene with covalently attached epoxy, hydroxyl, and rarely
carbonyl groups, is a negatively charged amphiphile material, i.e. it demonstrates
both hydrophilic and hydrophobic properties. GO shows antibacterial properties, i.e.
it can be harmful to bacteria [122].

It needs to be emphasized that graphene topography is very simple. As a result it
can be easily produced without significant defects and impurities. Therefore, graphene
can work as an ideal model for adherent cells experiments, for example, to study
human osteoblasts (bone cells) [101, 123-125]. However, the interesting point here is
that graphene may work as a good example for bone regeneration applications due
to its ability to bind bone morphogenetic protein (BMP-2) that enhances osteogenic
differentiation [126]. Moreover, graphene accelerates multi-potent stromal cells (that
may differentiate in osteoblasts) differentiation even without growth factor, increases
calcium deposition, and has no affect on stem cells showing a stable growth and
differentiation [127].

On the other hand, the mechanism helping to kill bacteria (sharp graphene edges,

and highly reactive carboxyl groups of graphene oxide) may also express toxicity to
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normal human cells because graphene oxide damages cell membrane through elec-
trostatic interaction between negatively charged epoxy groups and positive lipids of
the cell membrane. Therefore, there are still lots of unresolved issues and questions
related to graphene. Graphene and its derivatives such as graphene oxide, reduced
graphene oxide demonstrate controversial toxicity properties in vitro as well as in vivo
[128]. For in witro cell tests, it is important to analyze cell morphology, adhesion, mi-
gration and proliferation at the surface. Bianco et al. [128] gives a comprehensive
review on cell and animal studies for investigating toxicity characteristics of graphene.
The obtained results show a dependence on the number of graphene layers, stiffness,
wettability, functionalization of the surface with chemical groups, dose and if defects
are present [128]. For example, accumulation of graphene in life-dependent organs
(spleen, kidney and brain) demonstrates dose-dependent toxicity. No standard assay
methods have been developed for graphene toxicity mainly because graphene is a
quite new material, and long-term effects take time to be monitored. In this work,
I examine the potential toxicity of graphene surface and summarize the biological

pathways contributing to its failure.

1.5 Hypothesis and objectives

There is an evident need in reducing the number of revision surgeries that would ben-
efit both patients and the health system. It is understood from the facts discussed
above, that performance and life expectancy of bone implants are crucially depen-
dent on the biomaterial biocompatible and bioadhesive characteristics. One solution

that can help to improve implant performance is to facilitate the design of advanced
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biomaterials by uncovering the biological mechanisms of biocompatibility and bone
healing (formation) that will find its application in clinical care.

The objective of this work is to investigate biocompatible and bioadhesive proper-
ties of the surface by examining protein-surface interactions using molecular dynam-
ics simulations (Fig. 1.3). The hypothesis of this work is that highly hydrophobic
graphene surface will lead to structural changes of fibrinogen cryptic sites hidden in
7-chain within D-domain due to tight protein adsorption. The molecular nature of
the solvent as well as realistic model for graphene surface will be taking into account.

The immediate research contribution is understanding molecular mechanisms in-
fluencing biomaterial rejection. The long-term goals are to decrease morbidity, im-
prove patient psychology, reduce revision surgery rate, recovery time and health care
costs.

This theoretical work is divided into six chapters. The first chapter gives an
introductory literature review on the current state of biomaterials used for orthopaedic
purposes, the immune and molecular mechanisms that were experimentally found to
be responsible for implant rejections. In Chapter 2, the methodological details as well
as theoretical background of the MD and DFT calculations are provided. In Chapter
3, the amino acids adsorption at the surface of graphene is examined by means of
AMBERO3 force field. The simulation results are linked to experimental and ab initio
results and demonstrate a distinct picture of desolvation effect as well as sequences
termination for biomolecule-surface simulations. As a prerequisite for the accurate
description of the fibrinogen adsorption processes, in Chapters 3-4, a method for the
simulation of the simple biomolecules (amino acids) at the surface of graphene and

graphene oxide is validated. Specifically, in Chapter 4, the charge model for graphene
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oxide was developed and verified. Finally, in Chapter 5, the adsorption behaviour
of fibrinogen D-domain at the surface of graphene and PEG monolayer is examined.
The dynamics of D-domain and its cryptic sites at the atomic level using extensive
MD simulations in explicit solvent were analyzed. The large size of this fragment (the
simulation system with explicit solvent comprised about 700,000 atoms) and the fact
that protein unfolding mechanisms may take few minutes to finish made this project

computationally quite challenging.
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Chapter 2

Methodology

This chapter outlines the methodological framework of this work. Subdivided into
sections, it comprises summaries of density functional theory and classical molecular
dynamics simulations. In order to validate the chosen molecular dynamics approach
for complex models, the quantum mechanical method results were obtained for small-

sized systems. For more detailed information, please refer to the cited references.

2.1 Fibrinogen structural details

2.1.1 Basics of protein structure

Proteins are long-chain polymers that consist of simple building blocks, amino acids,
bound to each other forming a polypeptide chain [129] (Fig. 2.1). There are 20 basic
amino acids that are categorized into several groups with respect to hydrophobic,
aromatic, polar, acidic or basic characteristics of their chemical structure as well as

their sizes. Each amino acid contains amino and carboxyl groups as well as a side
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chain that is unique. The carbon atom to which the variable side chain attaches is
called carbon-a. The ionization state of an amino acid is a function of surrounding
pH. Amino acids are in their zwitterionic (isoelectric) form at physiological pH (7.0).
pKa, the logarithmic measure of the acid dissociation constant, shows how acidic (or
not) a given hydrogen atom is in a molecule, while pH tells how acidic the solution is.
For example, when pH in physiological environment is 7.0, and is higher than pKa for
carboxyl group (in a range of 3 to 5), carboxyl group donates its proton and becomes
COO~. The same principle is applied for amino groups and ionizable side chains. As
a result, in this form the net charge on protein is equal to zero because COO~ and
NHY charge. The nomenclature of amino acids includes one-letter and three letter
codes [129].

The biological function of the protein depend on its structure. The primary struc-
ture of the protein is an order of amino acids covalently joined in polypeptide. It
defines main protein features. The polypeptide bonds are formed via a dehydration
synthesis reaction between the carboxyl group of the first amino acid with the amino
group of the second amino acid. According to secondary protein structures, a protein
consists of a-helices, B-pleated sheets pattern and turns. In an a-helix, the protein
chain is coiled like a spring or helix. The structure is maintained by hydrogen bonds
between ¢ and (i + 4) adjacent groups. In the S-sheet structure, the chains are folded
in a zig-zag pattern. This structure is preserved by hydrogen bonds between back-
bones (or main peptide chains). The [S-sheets can be parallel or antiparallel. The
tertiary protein structure is its 3-dimensional shape. The tertiary structure is created
by more than one protein domain - a compact and self-folding part of the polypep-

tide chain that represents a discreet structural and functional unit due to ionic, van
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Figure 2.1: Zoom into protein (fibrinogen): peptide and amino acid.

der Waals interactions as well as hydrogen and disulphide bonds [130]. The quater-
nary structure consists of more than two polypeptide chains. It is an association of
subunits: dimers, trimers.

If shape of the protein is significantly modified, its function is also disrupted.
Denaturation is a process that alters a protein shape through some form of external
stress (by heat, acid or alkali). The called 'native’ structure of a protein is the form
of a protein in an active state from a natural source. If the protein irreversibly loses
its structure, for example by unfolding, it loses the biological activity too.

A protein has size and shape as well as unique arrangement through hydrogen,
ionic, hydrophobic and disulfide interactions. Polypeptide chains contain numerous

proton donors and acceptors both in their backbone and in the side-chains of the

26



amino acids. The environment in which proteins are found also contains hydrogen
bond donors and acceptors such as water molecules. Hydrogen bonding, therefore,
occurs not only within and between polypeptide chains but with the surrounding
medium.

Water is a poor solvent for non-polar substances. The hydrophobic effect is a
passive interaction between groups with hydrophobic properties causing them to ag-
gregate and exclude water molecules. It is due to the self-assembly features of water
resulting from strong directional and complementary interactions between individual
water molecules. It controls the folding of proteins as well as leads to denaturation
of proteins at the hydrophobic biomaterial surface. Proteins are composed of amino
acids that may contain hydrophilic and hydrophobic side-groups. It is the nature of
the interaction of different side-groups with the aqueous environment that plays the
major role in shaping protein structure. The spontaneous folded state of globular pro-
teins is a reflection of a balance between the opposing energetics of hydrogen-bonding
between hydrophilic groups and the aqueous environment and the repulsion from the
aqueous environment by the hydrophobic side driving them into the interior.

Electrostatic forces are mainly of three types: charge-charge, charge-dipole and
dipole-dipole. Typical charge-charge interactions that favor protein folding are those
between oppositely charged side-groups. A substantial component of the energy in-
volved in protein folding is charge-dipole interactions. This refers to the interaction
of ionized side-groups of amino acids with the dipole of the water molecule. The
slight dipole moment that exist in the polar side-groups of amino acid also influences
their interaction with water. It is, therefore, understandable that the majority of the

amino acids found on the exterior surfaces of globular proteins contain charged or
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polar side-groups.

There are attractive van der Waals forces that control protein folding. Attractive
van der Waals forces correspond to the interactions among induced dipoles that arise
from fluctuations in the charge densities that occur between adjacent uncharged non-
bonded atoms. Although van der Waals forces are weak, relative to other forces
governing conformation such as electrostatic or hydrophobic interactions, it is the
huge number of such interactions that occur in large protein molecules that make
them significant to the folding of proteins. Based on the structure and solubility,

proteins can be grouped into three large classes: globular, membrane and fibrous.

2.1.2 Fibrinogen

Fibrinogen is a soluble fibrous protein that is synthesized in a liver [131] (Fig. 2.1).
It controls bleeding after injury by creating fibrin network (thrombus formation)
[132]. Fibrinogen is also responsible for initiation of acute inflammation, fibrous
capsule formation and implant rejection as a response to foreign material as mentioned
in Sec. 1.3.3 [92]. Fibrinogen’s main function is to identify and isolate the foreign
material surface in the body. It is a regulator of innate inflammatory response.
Fibrinogen is a dimer consisting of two sets of three chains (Aa, BS and +) that
are joined together by five disulphide bridges [92]. The chains consist of 610, 461,
and 411 amino acids, respectively [133]. The chains are coiled-coil together and create
two hydrophobic D-domains at the ends that are linked by a central hydrophilic E
domain. The fibrinogen is about 47.5 nm in length and 6.5 nm in diameter [134].

Upon convergence to fibrin, fibrinogen releases two fibrinopeptides (A, B), and par-
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ticipates in fibrin network formation binding of each other through specific regions in
D-domains [132].

Polarity and hydrophobicity of the surface influences fibrinogen’s structure. In
its natural state, fibrinogen has a trinodular structure. However, fibrinogen tends to
spread out on hydrophobic and positively charged surfaces in contrast to hydrophilic
and negative charged. As a result, fibrinogen’s geometric properties such as length,
width and height change [135]. This behaviour can be explained by strong fibrino-
gen/surface bonds that significantly dominate fibrinogen’s structural internal forces.
In support of this, fibrinogen has been found to adsorb for much shorter period of
time, low strength and adhesion forces to highly wettable surfaces in contrast to
poorly wettable [84].

In the framework of molecular dynamics, fibrinogen is a very comp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>