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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 possibility of functionalization for specific applications. Graphene and its derivatives, such as
graphene oxide and reduced graphene oxide, demonstrate controversial toxicity properties 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 biocompatibility are being examined. An empirical force field potential (AMBER03) 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 surface in a vacuum. The obtained results are in excellent agreement with previously
published ab initio 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 explicit solvent with physiological conditions was performed. This D-domain contains
the hidden (not expressed to the solvent) motifs (PI 7190-202 and P2 7377-395, and
specifically P2-C portion 7383-395) that were experimentally found to be responsible
for attracting inflammatory cells through CDllb/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 fibrinogen 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 potentially pro-inflammatory surface, and cannot be used directly (without alterations)
for biomedical purposes. A better understanding of the molecular mechanisms underlying 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
1.1.1

Patients’ needs in advanced biomaterials
Orthopaedic implants ^uld 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. Inflammation 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 implant 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 (rejection) costs million dollars annually [8]. In addition, the patient may experience
morbidity and discomfort that lead to changes in his/her living arrangements (immobility) . 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 revisions 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. Biomaterials must accommodate specific chemical demands of the biological environment in
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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 mechanical 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
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sensitive to geometrical factors. In general, metals may lead to an adverse mechanism, ’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 contact 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 [2ff-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
4

[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
1.2.1

Inflammatory-mediated implant loss
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 ability of medical device to function (perform) with appropriate host response. General
criteria for biocompatibility is absence of immunogenicity, carcinogenicity and toxicity. The tests on biocompatibility and host response can be determined by implant
surface assessment through calculating the number of inflammatory cells at the surface and in surrounding tissue, by measuring thickness of fibrous capsule, and cells
apoptosis. At the atomistic level biomolecules and cells together with intrinsic properties of the chosen biomaterial determine biocompatibility as well as longevity of
implants [36]. Recently, it was noticed that biocompatible characteristics of the materials are directly linked to the surface hydrophobicility (unfavourable water-surface
interactions): the more hydrophobic surface, poorer blood compatible properties it
expresses [37-40].
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1.2.2

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

The human immune system consists of innate (native) and adaptive (acquired) immunity [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 cytokines (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 implant 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
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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 (CDllb/CD18) (Fig. 1.2.2)
[46-54].
Intensity and duration of inflammatory reactions depend on physical and chemical properties of the biomaterial [55]. Emigration of leukocytes (neutrophils) leads to
phagocytosis, release of enzymes, activation of neutrophils and macrophages. Phagocytosis includes foreign body recognition, neutrophil attachment, engulfment, and
degradation. The neutrophils and macrophages are found to have cell membrane receptors for proteins participating in opsonization processes. Opsonization is a process
by which pathogens are bound to opsonin proteins, and therefore altered, so they become ready to be engulfed by phagocytes [56]. The CR3 (Mac-1) or CDllb/CD18 is a
monocyte adhesion receptor responsible for triggering acute inflammation [57]. Neutrophils (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 proteins, danger signal molecules such as cytokines and chemokynes (chemoattractant
c3Tokines), 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 migration 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 integrins promoting macrophage recruitment. Overall, cytokines that are produced by
tissue macrophages increase vascular diameter, increase blood flow leading to inflammation 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 CDllb/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, proliferation of blood vessels, and connective tissue [21]. Macrophages are phagocytic
cells that engulf pathogens and destroy them [59]. The macrophage response is influenced by foreign material properties. Discrepancy in size of foreign material and
macrophage cell causes fusion of macrophages into FBGCs leading to implant phagocytosis. Phagocytosis is a process when macrophages (phagocytes) engulf microorganisms or other cells and foreign particles in order to destroy them. If the biomaterial
possesses high blood complatible properties, the FBGCs are absent. Macrophages together 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 fibrosis is mediated by (TGF)-/? (transforming growth factor) [42]. TGF-/? is expressed
by macrophages. Extensive production of TGF-/? leads to collagen, fibrinonectin and
myofibroblasts production around implant. Myofibroblasts activate fibrotic tissue formation 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 CDllb/CD18 (Mac-1) integrin

Integrin is a cell surface receptor that mediates cell-extracellular matrix and intercellular interactions [68]. Integrins allow a cell to migrate and respond to the environment. Integrins consist of a and P subunits [69]. Monocytes, macrophages and
neutrophils express few of integrins. One of them is au//32 or Mac-1 (CDlib/CD 18)
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 CKM/A, immobilized fibrinogen binds to leukocytes through aM//?2 integrin and

10

activates leukocytes promoting a cascade of immune reactions leading to implant rejection [46, 48-54, 71-77]. In support of this, Hu et al. [47] found that CDllb and
CD 18 knockout mice failed to accumulate phagocytes (monocytes, macrophages) at
the surface of implant.

1.3
1.3.1

Factors controlling protein/surface interactions
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, lowdensity lipoprotein, high-density lipoprotein, immunoglobulins, complement C3, fibrinogen, and o;2-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 complete 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 depends 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 quality may be identified by chronic inflammation and fibrous capsule formation. Despite
a variety of existing artificial materials that can be used for manufacturing bioimplants, 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 characteristics 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 surface wettability, polarity, and pattern of the functional groups because the surface
12

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 {9) between a solid surface and liquid: a contact 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 wettability (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 significant 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 positions/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 investigate 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 balanced to contribute to the bone healing process.
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Figure 1.2: Both surface (polarity, wettability, morphology) and proteins (polarity,
composition, size, complexity) properties define outcome of their contact (Adapted
from Ref. [83]).
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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 woundhealing 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, soluble 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 (PI and P2) [48, 51-54, 75, 80, 92]. These PI 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 7 390-396 region that was replaced
with alanine amino acids [74]. As a result of in vivo experiment, modified fibrinogen 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 chemoattractants activate vasculature (increased permeability of blood vessels) and recruit
leukocytes and fibroblasts (connective tissue cells). Fibroblast cells then differentiate

16

into myofibroblasts resulting in fibrotic tissue and capsule around implant.
Fibrinogen is an amphiphilic molecule. Hence, it may overcome significant structural 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
1.4.1

Required implant surface properties
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
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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, osteoblasts (bone cells) may adhere to the material creating a new layer of bone tissue
[105, 106]. Therefore, enhancement of bone regeneration in tissue engineering applications can be achieved only for materials expressing adhesive properties [34, 107].
Osseointegration, a direct structural and functional connection between ordered, living 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 applications [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,

TT — TT

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 electrostatic 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 vitro cell tests, it is important to analyze cell morphology, adhesion, migration 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 benefit both patients and the health system. It is understood from the facts discussed
above, that performance and life expectancy of bone implants are crucially dependent 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 properties of the surface by examining protein-surface interactions using molecular dynamics 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 influencing biomaterial rejection. The long-term goals are to decrease morbidity, improve 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
AMBER03 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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Figure 1.3: Schematic view of the hypothesis: strength of protein adsorption and
degree of its conformational changes defines biomaterial bioadhesive as well as biocompatible properties.
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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 smallsized systems. For more detailed information, please refer to the cited references.

2.1
2.1.1

Fibrinogen structural details
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
NH^ 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 structure 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, ^-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 i and (i + 4) adjacent groups. In the /?-sheet structure, the chains are folded
in a zig-zag pattern. This structure is preserved by hydrogen bonds between backbones (or main peptide chains). The /^-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 polypeptide 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 quaternary 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
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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 eflFect is a
passive interaction between groups with hydrophobic properties causing them to aggregate 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 proteins 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 involved 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 nonbonded 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,

and 7) 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 infiuences 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 fibrinogen/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 complex biomolecule
consisting of more than 30,000 atoms. However, it can be cut into smaller units i.e.
functional fragments that maintain their natural properties. Fibrinogen D-domain is
an individual functional domain that contains PI and P2 hidden sites that bind to
phagocyte integrin Mac-l(CDllb/CD18) when exposed. Their exposure is directly
related to severity of inflammatory responses. The cryptic motifs are placed far apart
in the polypeptide chain, but appear to be close neighbours, antiparallel /? strands,
in a folded protein. Soluble fibrinogen does not cause unmasking of PI or P2 motifs.
Therefore, one can expect, that surfaces inducing significant exposure of PI and P2
might trigger maximal inflammatory reaction.
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2.2

Density functional theory

Density functional theory (DFT) is a computational tool for materials modelling
problems [136]. DFT is able to predict a great variety of molecular properties such
as molecular structures, vibrational frequencies, atomization energies, ionization energies, electric and magnetic properties. It is an approach to finding solutions to the
fundamental quantum-mechanical Schrodinger equation that describes the quantum
behaviour of atoms and molecules. In contrast to Newton’s equations, solution of
the Schrodinger equation does not provide unique trajectories, but only probabilistic
statements about the positions and impulses of the particles. All statements related
to a quantum mechanical system can be derived from the state function (or wave
function) ^ which is given as the solution of the Schrodinger equation.

2.2.1

Basics of quantum mechanics

The particles in quantum mechanics are described by the wave-function

^(R,t).

(2.1)

Instead of a defined position of the particle, there is a probability distribution
function of finding the particle at a particular position and time [137]

(2.2)

For each nucleus in the system, there are several electrons, therefore, the wavefunction depends on all the nuclei (7?N) ^-nd electronic (rN) coordinates with time
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4'(Ri,RN,ri,rN,t).

(2.3)

The wave function captures all the observable behaviour of the particle. To compute a particular property, the corresponding operator needs to be applied, the property is extracted as an observable. Time-dependent Schrodinger equation is the following

/f«'(R,t) = m;^^'(R,t).

(2.4)

CXL

The time-independent Schrodinger equation has the form

H^(R,r) = E^{R,r)

(2.5)

Here E is the energy eigenvalue, ^(i?, r) is the corresponding eigenstate or the
wave function.
The full Hamiltonian of the system consists of the sum of Coulomb electrostatic
interactions for all nuclei and electrons that is

H{R, r)

- T,(R) + Un(R) + Te(r) + Ue(r) + t/n-e(R, r)

or
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Here, ft is an angular momentum, eo is the vacuum permittivity, Z„ - the atomic
number of nucleus, Mn is nucleus mass at

and mo - electron mass at rest; K

and N are the numbers of nuclei and electrons in the system, respectively. The
first two terms describe kinetic and potential energies for nuclei, the third and forth
are corresponding energies for electrons interactions, and the last term represents
potential energy between electrons and nuclei [137].
The many-body wave-function is a non-trivial and cannot be solved directly.
Therefore, a few approximations and theories have been developed in order to find
solution for the complex Schrodinger equation [138].

One of them is the Born-

Oppenheimer approximation. According to this theory, the nuclei mass are much
more higher than electrons and as a result, nuclei move with lower velocities.
The Hamiltonian for time-independent Schrodinger equation consists of kinetic
energy for the electrons (for nuclei the velocities are zero because they are stationary)
and potential energy that is divided into two terms: potential energy of the electrons
that interact with the nuclei and electrons interacting with other electrons.
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i=\ n=l

j¥^i

Although now the quantum many-body equation is much simpler after applying
the Born-Oppenheimer approximation [139], it is still challenging to solve due to
the fact that locations of all electrons need to be defined to calculate the electronic
potential energy. A few methods on reducing this equation without significant affect
on the quality of the result exist. The Born-Oppenheimer approximation is usually
very useful, but it breaks down when two (or more) electronic states are close in
energy at particular nuclear geometries.
Hartree (1928) suggested to use electron density of the system instead of timeindependent electron interactions [140]. According to Hartree theorem, electron interacts with average electron density, not with every single electron i.e. mean-field
approximation.

(2.9)

UH =

Where, n(r) is the time averaged electron density of the system. The ground state
density for N electrons in the system is the following

Y,
N

n(r) =

i=l

As a result, the simplified Hamiltonian is expressed in the next equation
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(2-10)

HH =

Where,

TQ

7o(r) + UH Hr)] + Un-e(r, R)

(2.11)

represents the kinetic energy of a non-interacting electron gas (the

ground state density), Un-e is electron-nuclei potential. A set of orbitals that is a
solution to the Hartree-Fock equations are called self-consistent field orbitals [137].
In order to eliminate electron interactions with itself (as a part of averaged electron
density), the exchange potential was introduced into Hartree equation by Fock (1930)
[139]. This term modifies the self-interaction of electrons. Electron-electron repulsion
is included as an average effect. The electron repulsion felt by one electron is an
average potential field of all the others, assuming that their spatial distribution is
represented by orbitals, however, the electron correlation has been neglected. The
Hartree-Fock theorem limitation include the basic assumption that electrons move
independently in some average potential produced by all the electrons [137]. The
popular quantum-mechanical method that takes into account correlation of electrons
is density functional theory.
The density functional theory is an outcome of Hohenberg-Kohn method. Based
on the Hohenberg-Kohn theorems (1964) [137], the external potential is a unique
functional of the electron density and this functional has its minimum at the groundstate density [140]. In other words, if a three-dimensional electron density is defined,
the properties of the Eq. 2.5 can be calculated. The ground state energy functional
is
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^Un-e[i^M] = FHK[n{r)]-\-

J

n{r)Un-e{r) dr

£^[n(r)] = T[n{r)] + -E^[n(r)] + E^c[nir)] + Uext[n{r)]

(2.12)

(2.13)

Here, t4xt is an external potential due to atomic nuclei. However, the exact forms
of Tn and £’xc are not defined yet.
The Kohn-Sham method (1965) [137] is a practical procedure to get the ground
state electron density. It claims that instead of the many-body system of interacting
electrons, set of Kohn-Sham orbitals (i.e. wave functions) of non-interacting electrons
that move in an effective potential can be defined

HKS =

To(r)

+ UH + U,C

+ £/e.t(r)

(2.14)

Here, Uxc consists of t/x that is electron gas, and Uc (correlation energy potential). The exchange-correlation potential defines electron-electron interactions. The
exchange-correlation potential describes the effects of the Pauli principle and the
Coulomb potential beyond a pure electrostatic interaction of the electrons.

The

exchange-correlation potential is defined by the functional derivative

t/.. =

on

(2.15)

Self-consistent field theory algorithm starts with guessing a ground-state density,
than computing the Kohn-Sham potential, solving Kohn-Sham equations to obtain
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Kohn-Sham orbitals, and finally calculate density from the orbitals. If the result is
not converged, repeat an iterative procedure from computing Kohn-Sham potential
[139].
To sum up, the Kohn-Sham theory gives an accurate approximation for all terms
presented in Schrodinger equation, and it has become widely used approach (DFT)
for electronic structure calculations.

2.2.2

LDA and GGA exchange-correlation functionals

The exact functionals for exchange and correlation components are not defined. However, there are local density (LDA) and generalized gradient (GGA) approximations
that make it feasible to calculate. The LDA depends only on the density at the position where the functional is evaluated [139]. The LDA approximates the functionals
To (or the kinetic energy of a non-interacting electron gas) and Uxc (or exchangecorrelation) by the corresponding energies of a homogeneous electron gas of the same
local density.
The LDA has proven to be a useful approximation. The LDA is able to define
a variety of properties such as structure, vibrational frequencies, elastic moduli and
phase stability with an acceptable error. However, when computing binding energy
the LDA can have significant errors by overestimating the result [137].
GGA is also a local approximation, however, it also takes into account the gradient
of the density at the same position. In comparison to LDA, GGA gives a reasonable
binding and formation energy estimation. The GGA has been chosen for the calculations in this work because its ability to provide accurate bond lengths for small
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molecules.

2.2.3

Pseudopotentials

The Schrodinger equation can be further simplified by dividing electrons into valence
and inner core electrons. The electrons in the inner shells are strongly bound and
do not play a significant role in the chemical binding of atoms; they also partially
screen the nucleus, thus forming with the nucleus an almost inert core. It should
be noted that affinity properties are almost completely due to the valence electrons.
This statement claims that inner electrons can be ignored, thereby reducing the atom
to an ionic core that interacts with the valence electrons. A pseudopotential replaces
all-electron interaction by effective interaction (only that the valence electrons feel)

[1371.
2.2.4

Shortcomings of DFT

However, it needs to be emphasized that although DFT in principle is an exact theory,
its functional form is not defined yet. DFT has issues in defining band-gap and
neglects strong correlations. Also, DFT is computationally very intensive, therefore,
it is not capable to calculate systems with more than few hundreds of atoms as well
as for not more than few hundreds of picoseconds simulation time. For modelling
large systems, molecular dynamics method has been proved to be more useful.
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2.3

Molecular Dynamics (MD) simulations

Theoretical studies require the use of large-scale computer simulations. MD is able to
compute macroscopic behaviour of the system using microscopic inputs [141]. In MD,
atoms are approximated with mass and charge, and chemical bonds as springs. The
atoms in the system interact as classical particles through a potential energy function
moving according to Newton’s second law [142]. Velocities are often calculated using
the velocity Verlet algorithm [142].To run a MD simulation, initial positions ro(t = 0)
and velocities are assigned, and a short time step 6t is chosen. The forces acting on
each particle in the system are defined from Newton’s law of motion

Fi = rriiai

i = l,2, ...,N

(2.16)

Forces can be also determined as a gradient of the potential energy function:

Fi = -ViU

(2.17)

at this point the acceleration can be found from

-VjC/(ri, T2, ..., Vn) = rriin

Here

= (a:*,

(2.18)

Zi) is the vector of Cartesian coordinates of the i atom, n is the

corresponding acceleration, Fi is the vector of forces acting on the i atom, N is the
number of atoms, and V is an operator:
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-Vit/(ri,r2,

\dxi dyi dzi)

(2.19)

The acceleration allows the calculation of new positions of the particle ri^_i [143].
The position of the particle at time {t + 5t) can be determined by position at time t
and (t — St), and by the acceleration at time t. Controls for temperature and pressure
are applied at this point to keep required simulation conditions [144]. For more
details regarding thermodynamic ensembles please refer to the Sec. 2.3.3. After that,
the positions and velocities of the particles are updated [143]. The Verlet algorithm,
which is simple to implement, accurate and stable, can be explained by the following
equations:

ri{t + 6t) = ri{t) + Vi6t + ^a{t)5t^ +

+ 0{6t^)

(2.20)

Here a is acceleration, and b is a third derivative of r with respect to t

ri{t — St) = ri(t) — ViSt 4- ^a(t)St^ — ^b(t)St^ + 0(St'^)

(2.21)

ri(t + St) — 2ri{t) — nit — St) + a{t)St^ -t- 0(St^)

(2.22)

a(t) = -—VUir(t))

(2.23)

2

TTX
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D

Vi{t) =

nit + 5t) - Vi{t - St)
26t

(2.24)

According to velocity Verlet scheme, where positions, velocities and accelerations
at time t-\- At are obtained at time t in the following way:

ri{t - St) = ri{t) + Vi{t)St + ^a{t)5t^

St

a(t 4- St) =

1

m

VU{r(t + St))

A/

(2.25)

(2.26)

(2.27)

1

Vi{t + St) = Vi(t + y) + -a{t + St)St

(2.28)

The procedure has to be repeated until the set time is reached.
In classical MD method, the atom-centred point charges replace system of nuclei
and electrons. Unfortunately, most potential energy functions are not able to represent chemical reactions, due to its inability to break/create covalent bonds, which
limits the use of MD to non-reactive molecular systems. Despite this limitation,
MD is found to be an accurate and highly-successful approach for describing protein
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folding/unfolding processes [145]. This knowledge can be used for analysis of proteinsurface interactions [146], that are found to be critical in choosing of proper candidate material for biomedical applications. MD simulations are a powerful tool that
is frequently used to study both structural and dynamical properties of biomolecules.
In contrast to experiments, MD simulations are able to provide details on molecular mechanisms of biomolecule behaviour that are inaccessible by experimental tools
[147]. At the same time, MD simulations show a good quantitative agreement with
experimental results for macro parameters that can be measured.
Today’s research of materials for implants is based on trial-and-error method.
Instead, we propose to understand protein-surface interactions by using molecular
dynamics (MD) simulations to facilitate the design of materials exhibiting improved
biocorapatible and bioadhesive properties.
MD simulations of the adsorption behaviour of biomolecules at the surface of
graphene-based nanomaterials were conducted in this work.

2.3.1

Strengths and limitations of MD

One of the challenges of using MD simulations for protein folding/unfolding modelling
is that it requires a great amount of computational resources. Although, MD is
computationally much cheaper than DFT calculations, there is always a dilemma in
MD calculations between required accuracy and available computational power [148].
The smaller the size of the system, the better degree of freedom can be achieved.
MD also fails to reproduce any properties that involve electron transfer, for example,
electrochemistry. However, MD approach has been found to be a very popular and
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sophisticated tool allowing to understand the general proteins features and behaviour
that they exhibit under interactions with the substrates [149]. Accuracy of the MD
results depends on the quality of the potential energy function, also called a force
field.

2.3.2

Force fields

A force field is a mathematical equation that expresses the potential energy acting on
atom as a function of the positions of other atoms [150]. Force field-based methods
use higher level of approximation in comparison to ab initio (quantum-mechanical)
methods. Molecules are represented as set of atoms held together by harmonic, periodic and electrostatic forces. Parameters, such as bond lengths and angles, that are
necessary for force fields are derived from ab initio, semi-empirical quantum mechanical calculations, as well as from experimental data. The main goal of a force field is to
describe all interactions in classical terms. The forces are divided into intramolecular
(bonded) and intermolecular (non-bonded) forces operating in a molecular system.
As such force fields are simplified models, and their accuracy depends on the quality
of parameters from experiment and rigorous quantum-mechanical calculations.
A classical force field consists of internal (bonded) and external (non-bonded)
contributions (Fig. 2.2, Eq. 2.29).
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Coulomb

Figure 2.2: Schematic view of bonded and non-bonded forces acting between atoms
as an example for the amino acid phenylalanine. The colours refer to an oxygen atom
(red), carbon (blue), nitrogen (blue) and hydrogen (white). The bonded interactions
are represented by f/bond (depends on the distance between two bonded atoms), f/angie
(calculates based on the angle between three bonded atoms), f/dihedrai (is torsional
rotation of four atoms about a central bond) and t/improper (controls the planarity
of aromatic rings); the non-bonded interactions include t/couiomb (takes into account
electrostatic interactions) and C/LJ (is used to compute van der Waals term).
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Here, Teq., ^eq., Xeq. ^le stiuctuial parameters at equilibrium; K^, Ke,

are force

constants; n is number of particles, 7 is phase angle for torsional angle parameters, Vn
is torsional barrier height, ey is the Lennard-Jones well depth, e is the effective dielectric constant, ry is the distance between atoms i and j. The force field parameters for
bond length (req.), bond angles (^eq.)j torsional angles (Xeq.) are usually derived from
X-ray and neutron diffraction and high level ab initio calculations. The force constants are estimated using empirical functions. Interactions between pairs of atoms
(ij) separated by more than two bonds are defined by a sum of van der Waals and
electrostatic contributions, given by the Lennard-Jones (i?y^^ and Rf^ represent repulsion and attraction coefficients, respectively) and Coulomb (atomic partial charges:
Qi^j) functions.
The intramolecular forces hold atoms together to form molecules. Bonded contributions are presented by bond stretching, bond bending (angle), dihedral and improper terms between covalently bonded atoms. Bond stretching controls length of
covalent bonds. Bond angles keep angle between two bonds at equilibrium. Dihedral
term represents force between atoms separated by three bonds. Improper dihedral
term keeps the aromatic ring planar and rigid by considering bonds between four
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atoms. The intermolecular (non-bonded) terms describe forces between molecules.
Protein structural behaviour is affected by bonded force field parameters. However,
protein adsorption behaviour is dominated by non-bonded parameters such as van
der Waals and electrostatic interactions.
The Lennard-Jones potential accounts for repulsive interactions due to Pauli exclusion Principle as well as attractive van der Waals interactions for atom pairs [151,152].
The van der Waals interaction arises from the electrostatic interaction between two
fluctuating dipoles [153]. Although electrons tend to repel one another due to electrostatic interaction, their movements in the molecules are correlated. Motion of
electrons in neighbouring atoms create temporary dipoles of the same orientation, as
a result attractive interaction occurs.
Electrostatic interactions are calculated by using Coulomb potentials [154] (see
also Chapter 4 Sec. 4.3.2). In order to accurately calculate long-range Coulomb forces
in a simulated system, the Particle Mesh Ewald (PME) method was used in this work.
The general idea of PME technique is to describe the direct summation of interaction
energies between point particles by two summations such as a direct sum of the shortranged potential in real space (PME part) and a summation in Fourier space of the
long-ranged part. The electrostatic interaction energy of a system consisting of N
particles can be defined by the sum of the pairwise Coulomb interactions:
N-l N

®=

(2.30)
i=l j>i

Here g, is the charge of the i particle and ry the distance between the i and j
particles. The PME summation method re-expresses E as the sum of three potentials
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^

-^real “I" -^recipr

-^self

(2.31)

Here E^\j. is a summation over all pairs in real space, E^redpr is a summation in
reciprocal space and ^'seif is a corrective term that represents the self-energy of the
system, respectively [155]. Overall, PME is a sum of a finite number of terms, but this
sum converges faster than the Coulomb sum in the real space [156]. Therefore, the
same number of terms gives higher accuracy in the case of PME. It is always a finite
number of terms, which implies an effective cutoff on the Fourier space. PME gives
accurate results; however, PME is computationally expensive requiring Nlog{N) complexity for evaluating electrostatic energies and forces of large MD periodic systems
[157].
To prevent edge effects, boundary conditions were applied for each system in this
work. Periodic boundary conditions is when a simulation box is surrounded by infinite
number of its copies [158]. However, only atoms inside the main simulation cell are
explicitly considered.
A large number of force fields have been developed, which differ in the number of
bonded and/or non-bonded terms in Eq. 2.29, the exact functional form as well as the
force constants. For our purposes, AMBER03 force field was used for all calculations
presented in this dissertation. The justification will be discussed in Chapter 3.
The AMBER force field is one of the most widely-used force fields used for all-atom
MD simulations of protein behaviour [159, 160]. AMBER force field parameters are
derived from experimental as well as ab initio data [161,162]. The AMBER force field
is meant for simulations in explicit solvent. This force field is for amino acids and.
46

therefore, can maintain an accurate description of the simulated system providing
realistic protein-substrate, solute-substrate and protein-solute interactions. Other
popular force fields include CHARMM [163], OPLS [164], GROMOS [165].

2.3.3

Description of the water models in the force field

It should be noted that in order to get a realistic description of the system in MD, the
importance of the chosen water model and simulation conditions can not be underestimated. Water is known to have a profound effect on protein structure, function
and stability. The presence of physiological environment is extremely important in
modelling the behaviour of biomolecules because of desolvation effect that represents
competitive interactions between protein, solute and substrate. There are two types
of solvation schemes used in MD simulations: explicit and implicit water models. In
implicit models, solvent is represented as a continuous medium instead of individual
water molecules [166]. This is a simple, unphysical, but computationally efficient technique. However, explicit hydrogen bonds with water molecules are not accounted for
the implicit water model [167]. The second model includes water molecules explicitly.
The solvent molecules are described using empirical (based on fitted parameters) or
ah initio potentials. Although modelling of explicit solvent is computationally more
expensive, it gives a realistic physical picture of the system and more accurate results,
because it considers the molecular details of each solvent molecules and includes explicit solute-solvent interactions. Although implicit water model saves computational
simulation time, the explicit water model was chosen for protein behaviour description
in this work due to its ability to realistically reproduce solvent details and properties.
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The simple dielectric or implicit model for water, that does not account for its molecular nature, is not able to predict proper protein-surface interactions due to water
contribution at the interface. The explicit TIP3P [168] water model was used in this
work due to its ability to accurately reproduce thermodynamic properties of water
[167].

2.3.4

Thermodynamic ensembles

At each chosen time step, number of particles (N), pressure (P), temperature (T) or
energy (E) are calculated to control simulation. An ensemble is a large collection of
microscopically defined states of a system, with certain constant macroscopic properties. The monitoring is performed by implementation of thermodynamic ensembles
(set of configurations) called NVE, NVT and NPT. Biological systems are subjected
to constant pressure more than constant volume. Consequently, NPT ensembles are
realistic protein simulations. In this work, the NPT framework, an isobaric-isothermal
ensemble, was used, which means that the number of particles, pressure, and temperature are kept constant, while the scaling volume varies; temperature is changed
by modifying velocity of particles [144]. The NPT ensemble requires particles to interact with a thermostat and barostat. A barostat is a method when the pressure
is weakly coupled to a ’pressure bath’ and the volume is periodically rescaled. A
number of different barostat techniques exist for maintaining a target pressure by
adjusting the simulation volume. A thermostat is a tool that is used to modify the
Newtonian MD scheme with the purpose of generating a statistical ensemble at a
constant temperature in order to match experimental conditions.
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Velocities are described by Maxwell-Boltzmann distribution at a given temperature

Here, P is a probability that an atom i has a velocity u* at a temperature T;
is a Boltzmann constant. The aim is to adjust instantaneous temperature by scaling
all velocities. The instantaneous temperature can be calculated from the velocities
using the relation

=

i

(2.33)

Where, Tinst is an instantaneous temperature of the system, which fluctuates
according to the amount of thermal energy in the system at any particular time. The
rescaling of velocities continue until Tinst is equal to required T

(2.34)

Vi'

= Xvi

(2.35)

This is an isokinetic thermostat. Linear and angular velocities of the particles in
the system are multiplied at periodic intervals by a factor

T
Tinat
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(2.36)

Here, T is the set temperature, At is the integration time step,

TT

is called ’rise-

time’ of the thermostat that describes the strength of the coupling of the system to a
hypothetical heat bath. The larger r^, the longer it takes to achieve a given T after
an instantaneous change from some previous T. Repeatedly setting the instantaneous
temperature Tinst during the simulation and correcting particle velocities, the average
kinetic energy can be brought to the constant set point value.
Pressure coupling is usually introduced in the form of the Berendsen thermostat
and barostat [169] that rescales the system volume and the atoms coordinates within
the simulation box every time step. A global pressure is computed for all atoms.
Similarly, when the size of the simulation box is changed, all atoms are re-scaled to
new positions. Modifying the box size in one of the coordinate direction in every
step guarantees control of pressure during the simulation. In this work, Berendsen
barostat and thermostat [169] are used because they are efficient tools for bringing the
system to a desired temperature such as they are proven to be good in directing the
system close to equilibrium. The Berendsen barostat is analogous to the Berendsen
thermostat. The coordinates are scaled at each MD step

(2.37)

X

=

1-

{P - Pinstit))

—

(2.38)

where k ■= —is isothermal compressibility, and rp is relaxation time for
the coupling, Pinst is an instantaneous pressure of the system. The Berendsen method
drives the system pressure according to equation
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dt

= -(/> - Pinat(i))

Tp

(2.39)

To sum up, ensembles and thermo or barostats are methods to account for the
influence of temperature and pressure on atomic motions. Procedures for MD simulations performed in this work will be given in Chapter 3, 4 and 5.
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Chapter 3
Simple building blocks at the
surface of graphene: significance of
solvent and motifs termination
The first study of this thesis is a complete reproduction of the article published in
Journal of Chemical Physics by the author [170]. None of the work presented in
this and the following chapters is exclusively my work. The script utilized to run the
calculations was developed by me, and its basic concepts are described in the methods
chapter. I participated in system selection, performed the simulations, analyzed the
data, created the figures. This chapter provides a validation of the methodology
and uncover the significance of desolvation effect for the simulations of all of basic
biological molecules. The results presented in this chapter demonstrate that the
minimum requirement for protein-surface interactions based on adsorption of single
amino acids is to use terminated amino acids as they mimic polypeptide chain.
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Favorable adsorption of capped amino acids on
graphene substrate driven by desolvation effect
N. Dragneva, W. B. Floriano, D. Stauffer, R. C. Mawhinney, G. Fanchini, and
O. Rubel J. Chem. Phys., 139(174711), 2013

3.1

Abstract

The use of graphene-based nanomaterials is being explored in the context of various
biomedical applications. Here we performed a molecular dynamics simulation of individual amino acids on graphene utilizing an empirical force field potential (Amber03).
The accuracy of our force field method was verified by modelling the adsorption of
amino acids on graphene in vacuum. These results are in excellent agreement with
those calculated using ab initio methods. Our study shows that graphene exhibits
bioactive properties in spite of the fact that the interaction between graphene and
amino acids in a water environment is significantly weaker as compared to that in
vacuum. Furthermore, the adsorption characteristics of capped and uncapped amino
acids are significantly different from each other due to the desolvation eflPect. Finally,
we conclude that when assessing protein-surface interactions based on adsorption of
single amino acids, the minimum requirement is to use capped amino acids as they
mimic residues as part of a peptide chain.
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3.2

Introduction

Graphene or a single layer of graphite is considered a promising material for various applications in engineering and medicine [111]. Graphene is a flexible substrate
that can be functionalized with peptides, proteins, and small biomolecules [112, 114].
A detailed understanding of protein interaction with graphene may facilitate the
development of advanced biological applications such as biosensors for detection of
biomolecules [171-179] and living cells [125, 180], drug delivery systems [181], and
cell imaging [181-184]. In particular, an insight into molecular mechanisms of the
adsorption of plasma proteins on the biomaterial surfaces may help to understand
the reasons for foreign body reactions and implant rejection [44]. This is important
knowledge as the properties of implanted biomaterial defines safety of the medical device. In addition, the adsorption capacity of graphene oxide functionalized with RNA
can be utilized for self-assembling graphene flakes [185] and purifying contaminated
drinking water [186]. Therefore, modelling the interactions between graphene and
individual amino acids that constitute biomolecules can advance the development of
methods for noncovalent functionalization of graphene and its derivatives as well as
provide insight into bioactivity of graphene-based materials.
The very first theoretical studies of the interaction between amino acids and
graphene were performed in vacuum using density functional theory (DFT) with
local and semi-local exchange correlation functionals [187-189]. These methods underestimate the adsorption energy by a factor of 2 to 4 in comparison to results
obtained using post-Hartree-Fock methods, such as a second-order Mpller-Plesset
(MP2) [187, 189]. The reason for the discrepancy is that MP2 provides a more accu-
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rate assessment of the van der Waals interaction [187, 189]. These studies have shown
that the MP2 perturbation method is able to quantitatively capture the relevant interactions in graphene-amino acid systems.
One of the most comprehensive force field-based molecular dynamic studies of the
adsorption energies for 20 proteinogenic amino acids on a graphene sheet in vacuum
and aqueous environment was performed by Pandey et. al [190]. Their results for
adsorption energy in vacuum reproduce ab initio data [187, 189] with a 16% average
error. According to Pandey et. al [190], the adsorption energy of an amino acid
on graphene is minimally affected by the presence of water (the average change of
adsorption energy is less than 1%). However, the definition of adsorption energy used
in their work accounts only for the adsorbate-substrate interaction and excludes the
solvent contribution. In order for the solute to be considered bound to an interface,
a solutes association with the surface and surrounding solvent must be more energetically favorable than when the solute remains solvated in the bulk solution [191, 192].
Desolvation effects are a common phenomenon that governs molecular adsorption at
all solid-liquid interfaces. For instance, the affinity of oligopeptides for metal surfaces
changes from adsorption in the gas phase to desorption under aqueous conditions
[193]. Therefore, neglecting the desolvation effect can lead to a significant error in
estimation of binding energies between amino acids and surfaces in general.
Here a detailed theoretical study of the adsorption energies of the 20 proteinogenic
amino acids on graphene in vacuum and in explicit water using a force-field molecular
dynamics approach is reported. It is shown that the desolvation effect plays an important role in determining the amino acid - graphene interaction. When desolvation
is accounted for, the uncapped amino acids do not adhere to the graphene surface.
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Figure 3.1: Structure of optimized graphene sheet and initial position of Asparagine
before molecular dynamics.
which is evident from the fact that they all desorb (i.e., drift by more than 10 A away
from the surface) within the simulation time frame (40 ns). However, when a more
realistic capped amino acids model is used, they adsorb to the graphene surface even
when desolvation effects are incorporated.

3.3
3.3.1

Method
Graphene structure

A graphene sheet consisting of 720 carbon atoms was constructed with periodic
boundary conditions using experimental C-C distance of 1.418 A [194]. The structure
was minimized in vacuum and then kept fixed (Fig. 3.1).

3.3.2

Amino acid structure

The initial (zwitterionic) structures of the 20 genetically encoded amino acids were
imported from the YASARA [195] database. Two different forms of amino acids were
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b)

d)

Figure 3.2: Optimized structure of Phenylalanine on graphene in vacuum: uncapped
(a,b) and capped (c,d).
considered: capped and uncapped. The uncapped amino acids were used in their
zwitterionic form. In calculations of the capped amino acids, the N-terminal of each
amino acid was capped with an acetyl group, and the C-terminal was capped with a
N-methyl group (Fig. 3.2c and d).
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3.3.3

Molecular dynamics

Graphene and each of the 20 proteinogenic amino acids were placed in a simulation
cell with dimensions of 44.2 x 42.5 x 50 A^. The interaction of 20 amino acids and
graphene sheet in vacuum was modeled. Following Qin et. al [188], all 20 amino
acids were consecutively put on the top of graphene parallel to the surface because
this arrangement was found to be energetically more favorable. Molecular dynamics
NPT calculations were performed using the AmberOS force field [196] as implemented
in the YASARA package. The default cutoff radius of 7.86

A was used for dispersion

interactions. Long-range Coulomb forces were evaluated using a particle-mesh Ewald
approach. Periodic boundary conditions were applied in all directions. The simulation
time for molecular dynamics was 40 ns, which is sufficiently long to achieve equilibrium
as determined based on the stable values of the potential energies of amino-acidgraphene system. The simulations were performed using physiological pH (7.0), one
atmosphere pressure, body temperature (310 K), and the density of water 0.993 g/ml
that corresponds to the chosen pressure and temperature. TIP3P water model [168]
was used, which implies that the water molecules had a rigid geometry, but were
allowed to move in the cell. In order to make solvent parameters closer to human
blood, 0.9% of NaCl molecules were added to the cell. The simulation cell size was
constrained in the x and y directions, but was unconstrained in the z direction in
order to enable the constant pressure control.
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3.3.4

Bound and unbound states

In the calculations that represent the bound state of amino acids to graphene, the
carbon-a of amino acid was initially placed 3—4 A above the graphene sheet (Fig. 3.1)
and then allowed to relax freely. The unbound state is represented by the corresponding amino acid and the graphene each simulated individually under the same environment and conditions as their bound state. The adsorption energy was calculated
as the difference between the sum of the potential energies of the amino acid and
graphene in the bound and unbound state, respectively

-F'ads — (-^a.a. 4" •F'graphene)bound

(-F'a.a.)unbound

(-^graphene)unbound

(3.1)

Here the individual energies of amino acid and graphene include their interaction
with the surrounding environment (solvent and counterions). The angle brackets
(...) represent time averaged values
Tf5t

■

(E) =

(3-2)

i=l

calculated every 5t = 10 ps over the simulation time frame r = 40 ns. Here Ei
corresponds to a particular energy parameter at the simulation snapshot time i5t.
The average is obtained over 4000 snapshots. The accumulated statistics allows us to
determine the adsorption energy with the accuracy of ±0.007 eV, which is sufficient for
the purpose of our study and no further refinement of St is needed. The equilibration
period (approximately 50 ps) was included in the calculation of adsorption energies,
which had only minor impact on the final result for the adsorption energy (less than
the statistical error of ±0.007 eV). A negative value of Eg^s indicates that the solute
prefers binding to the surface.
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The adsorption energies are slightly sensitive (5% or less) to the chosen initial
position of the amino acid with respect to graphene in water. Therefore, two simulations, corresponding to different starting configurations, were performed for each
amino acid and the lowest adsorption energy value was selected for further analysis.

3.4

Results and discussion

To validate our method of calculation, adsorption energies of several uncapped amino
acids on graphene in vacuum were compared to the ab initio data reported by Rajesh
et. al [187] and Cazorla et. al [189] (Table 3.1). Our results for the adsorption
energy of uncapped amino acids are in good agreement (less than 6% deviation)
with ab initio calculations. AmberOS adsorption energies for capped amino acids are
within 28% average deviation from the previous molecular dynamics simulation using
Amber ff99SB by Qin et. al [188] (selected values are shown in Table 3.1). This
deviation is likely due to the differences in dihedral potentials and (p/^ backbone
torsions in Amber03 compared to Amber99SB. Dihedral potentials were fit to new
quantum mechanical calculations using a low-dielectric continuum model in Amber03
[196], whereas

backbone torsions were fit to ab initio calculations of tetrapeptides

in Amber99SB [162].
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Table 3.1: Adsorption energy (eV) of amino acids (capped and uncapped) and water
molecule on graphene sheet in vacuum calculated using empirical force fields.
Amino acid

Amber ff99SB^

Amber03^

Amber03^

MP2

(capped)

(uncapped)

(capped)

(uncapped)

GLY

-0.34

-0.41

-0.72

-0.38^

PHE

-0.78

-0.66

-0.84

-0.62^

TRP

-

1.01

-0.83

-0.79

-0.84®

TYR

-0.87

-0.72

-0.91

-0.76^

HIS

-0.73

-0.62

-0.51

-0.55®

Water molecule

-0.072®

-0.103^®
0.174^1

-

0.250^2

-

1 Ref. [190]
^This work
^This work
^Ref. [189]
^Ref. [187].
®Ref. [187].
7Ref. [187].
®Ref. [187].
®The corresponding experimental values are 0.105 ± 0.004 eV (Ref. [197]) and 0.097 ± 0.012 eV
(Ref. [198])
lORef. [199]
“Ref. [200]

i2Ref. [201]
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3.4.1

Capped vs. uncapped amino acids on graphene in vacuum

In order to mimic the behaviour of amino acids as a part of a peptide chain, the ends
of the amino acids were terminated with acetyl and methyl groups. The calculated
adsorption energies are presented in Fig. 3.3. Since the graphene sheet is neutral, the
van der Waals interaction is the main contributor to the adsorption energy followed
by Coulomb and bonding terms. Our results suggest that the interaction of capped
amino acids with graphene is stronger (with only few exceptions) in comparison to
uncapped amino acids. This trend can be attributed to a larger number of atoms in
the residue that contribute to the dispersion interaction with the graphene substrate.
Adsorption of small biomolecules on artificial surfaces is often studied using electronic structure methods, such as DFT or post Hartree-Fock techniques. These studies, although more accurate, require large computational resources. The difference
in CPU time performance can reach 12 orders of magnitude when comparing MP2
and force field total energy calculation for a medium size of the simulation system
(~100 atoms). Therefore, electronic structure calculations are often performed in a
gas phase, i.e. without explicit solvent. Particular examples include studies of the
adsorption of amino acids on quartz [202], nickel [203], silica [204], and hydroxyapatite [205]. Attempts to partly account for the solvent contribution by including
a limited number of solvent molecules (for instance, 8 water molecules when modelling peptide-hydroxyapatite interaction) are not able to give a realistic description of
biomolecule-surface interactions either [206]. Nevertheless, ab initio calculations provide an important benchmark for testing the accuracy of empirical potential molecular
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Figure 3.3: Adsorption energy of capped and uncapped amino acids to graphene in
vacuum. The amino acids are arranged according to their hydrophobicity index (from
most hydrophobic to most hydrophilic). In most cases, the adsorption energies for the
capped amino acids are higher in comparison to uncapped due to a larger number of
atoms in the residue that contribute to the dispersion interaction with the graphene.
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dynamics. Since the natural environment of plasma proteins is aqueous, it is important to investigate how the building blocks of proteins behave on graphene in explicit
water.

3.4.2

Capped amino acids on graphene in water

The next step is the simulation of capped amino acids on graphene in aqueous conditions. First, we tested the force-field by calculating the interaction between graphene
and water. For this purpose, a single water molecule was placed on the top of graphene
in vacuum. The obtained adsorption energy of —0.072 eV is in good agreement with
both ab initio calculations and experimental values (Table 3.1). Figure 3.4 compares
the adsorption energies for single amino acids on graphene in vacuum and in water.
The binding affinity of capped amino acids to graphene is reduced in the presence
of water on average by a factor of two. The lower values of adsorption energies in
aqueous environment can be attributed to a desolvation effect. We anticipate that desolvation effects will also play a profound role in determining the interaction between
proteins and graphene substrate as indicated by Camden et. al [207].
The analysis of individual contributions to the adsorption energy indicates that
in explicit water, the dispersion component of the amino-acid-graphene interactions
is partially compensated by the amino-acid-water interaction, which is not present
in vacuum. The adsorption energy consists of three main contributions: van der
Waals, electrostatic and bonding terms. The Coulomb component favors solvation of
amino acids and amounts to 30% of the dispersion contribution (on average). The
bonding terms show an opposite trend with an average magnitude of 15% relative to
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Figure 3.4: Adsorption energy of capped amino acids to graphene in water and in
vacuum. The adsorption energies for the capped amino acids in water are significantly
lower than that in vacuum because of the desolvation effect presented in aqueous
environment.
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the dispersion contribution. Therefore, the resultant adsorption energy for capped
amino acids in water is mostly governed by the change in the corresponding van der
Waals contribution. This contribution correlates with the molecular mass of amino
acids as shown in Fig. 3.5.
Our results are also in good agreement with adsorption energies calculated for
glycine tripeptides [207]. The adsorption energies of amino acids (as a part of tripeptides G-X-G) on graphene in water was reported very recently in Ref. [207]. When
the peptide was constructed from identical amino acids, such as glycine, the reported
binding energy of -0.33 eV per one glycine agrees well with our result of -0.36 eV
for the capped amino acids. The good agreement here is likely due to a minimal
distortion of the peptide chain since all amino acids are identical. However, the adsorption energy of other amino acids as a part of heterogeneous tripeptides are 2-3
times weaker than our data. For example, the adsorption energy of arginine (as a part
of G-R-G peptide) is found to be -0.45 eV compared to our result of -0.73 eV. The
reduced adhesion can be attributed to additional distortions of the peptide backbone
and need to be taken into account at the coarse-grained molecular dynamics level by
parametrized angle potentials [208].

3.4.3

Uncapped amino acids on graphene in water

The molecular dynamics trajectories (Fig. 3.6) indicate that uncapped amino acids
tend to float away from the surface by the distance more than van der Waals cutoff
radius. This behaviour is indicative of the weak binding affinity of uncapped amino
acids to graphene. For this reason, the potential energy for the bound state of un-
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vdW contribution to Eg^jg (eV)

Moiecuiar weight (g/moi)
Figure 3.5: The correlation between the amino acid atomic weight and the dispersion
(van der Waals) component of the adsorption energy. Results are shown for capped
amino acids in water. Larger amino acids exhibit a stronger dispersion interaction
with the substrate.
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Figure 3.6: Position of carbon-a atom in Leucine (capped/uncapped structure) on
graphene sheet in the simulation cell with water. The z-axis is perpendicular to the
graphene layer with the origin assigned to the graphene plane. The graph shows that
capped Leucine adsorbs to the surface and remains in the bound state during the
entire simulation time span. In contrast to that, the uncapped version of Leucine frequently desorbs from the surface, which indicates a weaker adhesion to the substrate.
This trend was also observed for the remaining 19 amino acids studied here.
capped amino acids was taken as the average energy during the time periods when
the amino acid stays at a distance closer than 4 A from the surface. It is the weak
retention of zwitterionic amino acids that justifies a relatively long simulation time of
40 ns used here in order to ensure that enough statistics is accumulated to represent
the bound state.
The reason for preferred solvation of the uncapped amino acid is likely their zwitterionic character. The charges at the terminals of the amino acid prefer the polar
water environment instead of the neutral surface of graphene. The interaction of un68

Figure 3.7; Adsorption energy of capped and uncapped amino acids to graphene in
water. The uncapped amino acids are unable to bind permanently to the surface
of graphene because of the stronger interaction (attractive Coulomb and dispersion
interaction of the amino acid) with water competing with the amino-acid-graphene
interaction.
capped amino acids with water facilitates increasing the solvent accessible surface area
of the zwitterionic dipole [209]. In this case, the attractive Coulomb and dispersion
interaction of the amino acid with water dominates over the dispersion component of
the amino-acid-graphene interaction. Capped amino acids exhibit an opposite trend,
i.e. they adhere to the surface during the entire simulation time (Fig. 3.6). As a result, the adsorption energy for capped amino acids is several times stronger than for
uncapped ones (see Fig. 3.7). No correlation is observed between adsorption energy
and hydrophobicity index of amino acids, as indicated in Fig. 3.7.
Finally we would like to note that at this level of modelling it is impossible to
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conclude on the role of 7r-electrons in the desorption of the uncapped amino acids
from graphene. Although force fields employed in molecular dynamics simulations
are capable of describing

TT-TT

interactions [210], a quadrupole charge distribution

responsible for 7r-interaction is not explicitly present in the empirical potential model.

3.5

Conclusions

The interaction energy of 20 proteinogenic amino acids and graphene were studied in
vacuum and explicit water using the YASARA molecular dynamics package and the
AmberOS force field. The proposed method of calculation was justified by comparing the adsorption energies for individual amino acids and single water molecule on
graphene with that obtained from first-principle calculations and experiments. Two
types of amino acids were modeled: uncapped (zwitterionic form) and capped. The
latter form mimics the behaviour of amino acids as a part of a protein and, therefore, provides a more realistic model for describing biomolecular interactions with
artificial substrates. Our results suggest that uncapped amino acids do not adsorb to
the graphene surface in aqueous environment due to their ionic nature (the average
adsorption energy is only —0.04 eV). In contrast, capped amino acids adsorb and
remain at the surface of graphene in explicit water. The average adsorption energy of
capped amino acids in water is twice lower than that in vacuum. This result can be
attributed to a desolvation effect, which is generally expected to reduce the affinity
of amino acids to a surface in the presence of solvents. We presume that the desolvation effect will play an important role in protein-graphene interaction studies. The
desolvation effect can be further enhanced at the interface between polar solvents and
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polar surfaces, such as graphene oxide.
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Chapter 4
Development of charge model for
graphene oxide, its interactions
with amino acids
This chapter is an exact reproduction of an article published in Journal of Chemical
Physics by Dennis Stauffer et al. [211]. With help of an undergraduate student, Dennis Stauffer, Coulomb potential to reproduce electrostatic potential with DFT was
calculated. The script for running the calculations was developed by me, and its basic
concepts are described in the methods chapter. I participated in system selection and
contributed about half of the data production, data analysis and graphics processing required for this study. This chapter emphasizes the development of an atomic
charge model for graphene oxide surface. In addition, it validates the methodology
for simulating residues interactions with a graphene oxide sheet.
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An atomic charge model for graphene oxide for
exploring its bioadhesive properties in explicit
water
D. Stauffer, N. Dragneva, W. B. Floriano, R. C, Mawhinney, G. Fanchini, S. French,
and O. Rubel J. Chem. Phys., 141(044705), 2014

4.1

Abstract

Graphene Oxide (GO) has been shown to exhibit properties that are useful in applications such as biomedical imaging, biological sensors and drug delivery. The binding
properties of biomolecules at the surface of GO can provide insight into the potential biocompatibility of GO. Here we assess the intrinsic affinity of amino acids to
GO by simulating their adsorption onto a GO surface. The simulation is done using
Amber03 force-field molecular dynamics in explicit water. The emphasis is placed on
developing an atomic charge model for GO. The adsorption energies are computed
using atomic charges obtained from an ab initio electrostatic potential based method.
The charges reported here are suitable for simulating peptide adsorption to GO.

4.2

Introduction

Properties of carbon-based nanomaterials in the context of biomedical applications
continue to be a subject of extensive research due to the biocompatibility of these
materials after functionalization [212]. Graphene-oxide (GO)—or graphene function73

alized with epoxy, hydroxyl, and carboxyl groups—has been shown to exhibit properties that are useful in applications such as biomedical imaging, biological sensors,
drug delivery, and biocompatible platforms for cell transfer and growth [90, 114, 213].
However, there is evidence of toxicity in cell-based as well as animal model studies
[112, 114, 214]. The ability of GO to trigger adverse reactions when in contact with
living tissue remains poorly understood [90]. In order to better assess the potential of GO in biomedical applications, it is useful to investigate its interactions with
biomolecules.
Experimental studies report favorable adsorption of individual amino acids, peptides, proteins, and more complex biomolecules on the surface of GO [176, 181, 215,
216]. The adsorption of seven peptides, ranging from 8 to 20 amino acids, to a GO
surface was studied experimentally [176] by determining the concentration change in
a solution before and after incubation with GO. Out of seven peptides tested, all
except two exhibited a high adsorption ratio. This behaviour is in line with the definition of bioadhesion proposed by Woodley et al. [102]: “Bioadhesion means the
adherence of molecules (bioadhesives) to biological surfaces. ... bioadhesion does
not normally involve the material forming covalent bonds with its target”. Another
evidence of GO-biomolecules interactions is provided by studying the quenching of
an intrinsic fluorescence of isolated amino acids (tryptophan and tyrosine), peptides
(amyloid peptide 40 (A/?4o) and human islet amyloid polypeptide (hlAPP)), and proteins (Bovine serum albumin (BSA) and human serum albumin (HSA)) [217]. The
observed quenching indicates binding interactions between GO and free amino acids
Trp and Tyr, the 40 amino acids A^4o (one Tyr, no Trp), the 37 amino acids hlAPP
(one Tyr, no Trp), BSA (two Trp), and HSA (one Trp). It was suggested that the
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quenching effect could result from

TT — TT

interactions between Trp/Tyr and GO, sim-

ilar to what is observed for Trp adsorption to graphene [187], and/or to changes in
peptide/protein conformation induced by the GO surface.
The molecular interactions of proteins with synthetic surfaces is a first step in
the process of the integration of biomaterials with tissue [218]. Since amino acids
are the building blocks of proteins, understanding their individual behaviour on the
surface can lead to a better understanding of the protein-surface interactions, and
may aid the development of strategies for investigating those interactions. Recent
studies showed progress in modelling the adsorption of amino acids and peptides to
graphene surfaces such as carbon nanotubes [187], boron-doped carbon nanotubes
[181], as well as calcium and hydrogen-doped graphene [189]. To the best of our
knowledge, the only available data examining the binding of individual amino acids
to GO are from an experimental study in which a mixture of all 20 amino acids was
incubated with GO, and the concentration changes of each amino acid were assessed
before and after incubation [176]. In this work, we simulate the adsorption of amino
acids to GO in order to analyze its potential biocompatibility.
However, a difficulty in the modelling of GO is related to the ambiguity of its
structure. Several models for the atomic structure of single hydroxyl or epoxy functional groups on the surface of GO have been proposed in literature. These models
include well-established parameters such as bond distances and angles [219-221] as
well as the density and spacial distribution of the functional groups [222]. In addition
to the structure, it is also important to provide atomic charges that most accurately
represent a GO surface in order to capture the electrostatic contributions to the interaction energy. The present work focuses on identifying an atomic charge model
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for GO that will provide the most consistent description for studying the interaction
between GO and biomolecules in their natural environment (water). First, a method
for the development of a charge model for GO based on analysis of the electrostatic
potential (ESP) is discussed. In the second part of the work, we report the results
of simulations of the adsorption of the 20 proteinogenic amino acids onto the surface
of GO using the atomic charges developed in this study. Simulations are performed
using a force-field molecular dynamics approach in an explicit aqueous environment.
The obtained adsorption energies are in line with the only available experimental
data [176] and consistent with other theoretically computed results [223, 224]. We
show that the binding affinity of amino acids to the GO surface is slightly greater
than to a pristine graphene surface. These results indicate that GO and graphene
may exhibit similar bioadhesive characteristics.

4.3
4.3.1

Method
First principle calculation of electrostatic potential

A layer of GO was constructed with 60 carbon atoms arranged in a honeycomb
pattern using an experimental value for the nearest-neighbor distance of 1.418 A [194],
resulting in a 12.280 x 12.762

block. Single epoxy and hydroxyl functional groups

were placed at the surface as illustrated in Fig. 4.1. Periodic boundary conditions
were applied in all three directions. GO layers were separated in the 2-direction by
adding a vacuum of 16

A.

The electronic structure calculations were performed in the framework of den-
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Figure 4.1: Structural model of (a) epoxy and (b) hydroxyl functional groups at the
surface of graphene used to determine point charges. Calculations of the electrostatic
potential were performed within the yellow plane passing through the centres of C-0C and C-O-H atoms in the case of epoxy and hydroxyl functional groups, respectively.
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sity functional theory (DFT) implemented in the ABINIT package [225, 226]. A
plane wave basis set with a cutoff energy of 30 Ha was used in conjunction with
Troullier-Martins pseudopotentials [227]. Perdew-Burke-Ernzerhof generalized gradient approximation was employed for the exchange-correlation functional [228]. The
reciprocal space was sampled with a single k-point. A special distribution of the
electrostatic potential was obtained by subtracting the exchange-correlation potential from the total Kohn-Sham potential. To confirm the completeness of the chosen
basis set, a convergence test was performed for the water molecule in vacuum by
computing its geometry, the electrostatic potential in the vicinity of the molecule,
and the dipole moment. Less than 1% variation was observed when comparing the
characteristics obtained using cutoff energies of 30 and 50 Ha.
The full relaxation of internal degrees of freedom was performed by minimizing
the Hellmann-Feynman forces acting on individual atoms below 5 x 10“^^ Ha/Bohr.
The obtained structure and geometry of the functional groups on the GO surface is
consistent with ab initio calculations reported elsewhere [220, 229].

4.3.2

Point charge model

The point charges for the functional groups of the GO surface were chosen to reproduce the electrostatic potential (ESP) calculated with DFT. This approach is known
in literature as the ESP charge model [230-237]. The Coulomb potential was calculated at grid points with a spacing of 0.05

A on a two-dimensional plane constructed

as shown in Fig. 4.1. The electrostatic potential at point r due to a point charge
distribution is evaluated as
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= E Aneo |Ri - r
Qi

(4.1)

i

where

£Q

is the permittivity of free space, qi and R* are the point charge and the

position vector of atom i, respectively.
A least-squares algorithm was employed to determine a set of charges that most
accurately reproduces the ESP within a region of interest [238, 239]. The region of
interest included grid points located at a distance ofl.5<i?<5A from atoms in the
functional group as well as bonded carbon atoms (Fig. 4.2, Fig. 4.3, Fig. 4.4). The
lower bound excluded points within the van der Waals radius of each functional group
atom [235]. It was also the shortest distance for non-bonded interactions between the
atoms of the amino acid and of the GO surface observed in our simulations. The
upper bound was the distance beyond which the Coulomb potential of the functional
group was less than 0.01 Ry/e [240]. The zero net charge imposed an additional
constraint

Qi = 0. Atomic charges were assigned only to atoms in a functional

group and carbon atoms directly bonded to the functional group. Other neighbouring
carbon atoms were given no charge, as it was found by Li et al. [241] that the charge
is mostly localized at the carbon atoms bridged to the oxygen atom. We assume that
the charge values of functional groups do not affect the charge values of neighboring
functional groups [119, 242]. The difference in charges for the functional groups
obtained with the two-dimensional model and with a three-dimensional model was
less than 5%. This difference can be considered negligible for the purpose of our
simulations. An identical procedure was used to calculate ESP point charges for a
single water molecule in vacuum.
All ESP charges were then scaled up by a factor of 1.5 in order to match the charges
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Figure 4.2: Electrostatic potential (Ry/e) calculated with DFT (solid contours) and
obtained from the ESP point charge model (dashed contours) for an epoxy functional
group. Contour lines are shown within the region of interest discussed in the text.
The shaded area depicts the excluded region with the proximity of less than 1.5
atoms.
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Figure 4.3: Electrostatic potential (Ry/e) calculated with DFT (solid contours) and
obtained from the ESP point charge model (dashed contours) for a hydroxyl functional
group. Contour lines are shown within the region of interest discussed in the text.
The shaded area depicts the excluded region with the proximity of less than 1.5
atoms.
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Figure 4.4: Electrostatic potential (Ry/e) calculated with DFT (solid contours) and
obtained from the ESP point charge model (dashed contours) for a water molecule.
Contour lines are shown within the region of interest discussed in the text. The
shaded area depicts the excluded region with the proximity of less than 1.5 A to
atoms.
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of the TIP3P water model (see Sec. 4.4.1), which is included in the Amber03 forcefield and accurately reproduces the dipole moment as well as other thermodynamic
properties of water [243-245]. This method was originally introduced in Ref. [231].
The charge correction accounts for the polarization effect of an aqueous environment
[230, 231, 234, 244], which leads to an increase in the experimental dipole moment of
liquid water as compared to its gaseous state [234, 246]. It is the scaled charge model
(abbreviated as SESP) that will be used later in the modelling of GO.

4.3.3

Graphene oxide structure

The GO structure used in the molecular dynamics simulation was a 38 x 50

section

of graphene functionalized with epoxy and hydroxyl groups. The model consisted of
a lattice of 768 carbon atoms with 96 hydroxyl and 60 epoxy groups distributed on
both sides of the surface. A carbon to oxygen atom ratio of 5:1 and a hydroxyl to
epoxy group ratio of 3:2 was chosen in accordance with the GO model proposed by
Bagri et al. [222]. The spatial distribution of the functional groups was also taken
from Bagri et al. [222]. The GO surface was built by repeating the unit cell shown
in Fig. 4.5. The initial geometry for the functional groups was based on the works of
Yan et. al. [229] and Xu et. al. [220]. The bond distance between carbon atoms was
initially set at 1.418
was 1.47

A

(Fig. 4.5). In the hydroxyl group, the initial C-0 bond length

A, the 0-H bond length was 0.98 A, and the C-O-H bond angle was

For the epoxy group, the C-0 bond distance was 1.44
was 63.9°.
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A,

107.9°.

and the C-O-C bond angle

b)
Figure 4.5: The unit cell of the GO surface used for the simulation (a) before and (b)
after minimization. The carbon atoms are shown in blue, the oxygen atoms in red,
and the hydrogen atoms in white. After minimization, the cell shows some distortion
due to the lengthening of the bond between the carbon atoms bound to the epoxy
groups. The positively charged hydrogen atoms in the hydroxyl groups cause them
to orient towards the negatively charged epoxy groups.
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4.3.4

Molecular dynamics simulation

GO and each of the 20 proteinogenic amino acids were placed in a simulation cell
with dimensions of 38 x 50 x 60 A^. Periodic boundary conditions were applied
in all directions. Each amino acid was placed on the GO surface and the resulting
system was energy-minimized in vacuum. This minimized structure was solvated with
explicit water and used as the starting configuration for MD simulations. To mimic
the behaviour of the amino acids as a part of a peptide chain, the ends of the amino
acids were terminated with acetyl and methyl groups, which is a recently proposed
procedure for modelling amino acids [170, 190]. All 20 amino acids were consecutively
placed on the top of GO with the longest axis parallel to the surface because this
arrangement was found to be energetically more favorable [188]. Molecular dynamics
NPT calculations were performed using the AmberOS force field [196] and the TIP3P
water model [168] as implemented in the YASARA package [195].
The simulations were carried out using the same methodology as in our previous
study [170]. The simulation time for molecular dynamics was 40 ns, which is sufficiently long to achieve equilibrium as determined by stable values for the potential
energy of the amino-acid-GO system. The simulations were performed using physiological parameters, such as 1 atm. pressure, body temperature (310 K), and the
standard sodium chloride concentration of blood (0.9%).
In the calculations that represent the bound state of the amino acids to GO, the
carbon-o; atom of the amino acid was initially placed 3 — 4

A above the GO sheet and

then the whole amino-acid-GO system was allowed to relax freely. The unbound state
is represented by the corresponding amino acid and GO each simulated individually
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in the same environment and under the same conditions as the bound state. The
adsorption energy was calculated as the difference between the sum of the potential
energies of the amino acid and GO in the bound and unbound states, respectively

-l^ads

(-^a.a. T £^Go)bound

(-^'a.a.)unbound

(-S'Go)unbound

Here the individual energies of the amino acid and GO include their interactions
with the surrounding environment (solvent and counterions). The angle brackets (...)
represent time averaged values obtained with the same method as in our previous
study [170].
The adsorption energies were sensitive (up to 10% variation) to the initial position
of the amino acid with respect to the GO surface. Therefore, a minimum of three
simulations, corresponding to different starting configurations, were performed for
each amino acid. The average of the adsorption energies of each amino acid over
multiple simulations was calculated. Additional simulations were performed when
needed to reduce the variation of the average adsorption energy to less than 0.05 eV.

4.4
4.4.1

Results
Atomic point charge model for graphene oxide

Since molecular dynamics simulations are strongly influenced by the choice of atomic
point charges [247], we present a rigorous method for determining the partial charges
of GO. The point charges calculated from ab initio electrostatic potential (ESP) are
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summarized in Table 4.1 along with the results obtained using alternative methods.
The atomic charge of —0.56e for the oxygen atom was found to best reproduce the
electrostatic potential in the vicinity of the water molecule. The point charge for
oxygen in the hydroxyl group has a lower value of —0.38e in comparison to that
in water. This result can be attributed to the higher electronegativity of carbon in
comparison to hydrogen. For to the same reason, the charge of oxygen in the epoxy
group is even weaker (—0.24e).
It should be noted that the point charge obtained for oxygen in water is about
15% weaker than other ab initio ESP charges reported in the literature [248] (see
Table 4.1). In order to elucidate the reason, we computed the dipole moment of a
water molecule using the ab initio electron density (not the point charges) in the
framework of the modern theory of polarization (Berry phase) [249]. The resulting
dipole moment of 1.83 D agrees well with the experimental value of 1.86 D for a water
molecule in the gas phase [250], which gives us confidence in the calculated electron
density and resulting potential. The discrepancy between ab initio ESP charges may
therefore be attributed to differences in the definition of the region of interest and
the distribution of sampling points (Sec. 4.3.2).
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Table 4.1: Partial charges (in units of the elementary charge) for the water molecule
as well as epoxy and hydroxyl groups of GO determined using various charge models.
Functional group

Atom

or molecule

Water molecule

Epoxy

Hydroxyl

Charge model
ESP

SESP

RESPi

Modified AMl-BCC 2

(this work)

(this work)

O

-0.56

-0.84

-

0.68

-0.834

H

4-0.28

-fO.42

+0.34

+0.417

O

-0.24

-0.36

-0.36

C

+0.12

+0.18

+0.18

O

-0.38

-0.57

-0.58

C

+0.12

+0.18

+0.16

H

+0.26

+0.39

+0.42

^ Based on ab initio (MP2/aug-cc-pV6Z) electrostatic potential in conjunction with the RESP
algorithm (Ref. [248])
^AMl-BCC charges corrected with known RESP charges for related functional groups Ref. [159,

160]
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In molecular dynamics simulations of molecular adsorption at the solid-liquid
interface, solute-solvent and substrate-solvent interactions play an important role
[191, 251]. Therefore, special care should be taken in choosing a mutually compatible
charge model for both solute and solvent. The YASARA software package with the
Amber03 force field was chosen for the simulations because of its accuracy in modelling
organic molecules in an aqueous environment [150]. This force field uses the TIP3P
water model, which is a non-polarizable three-point water model [168]. The partial
charges are fixed at the value of —0.834e for the oxygen atom (Table 4.1) and are
not affected by proximity to other molecules [230]. The increase in the charge value
relative to the gas phase is due to the polarization effect present in liquid water, which
is implicitly included in the TIP3P model [234]. However, the ESP-derived charges
for GO do not account for the charge increase due to polarization, which leads to an
underestimation of the strength of the electrostatic interactions at the solute-solvent
interface [244].
This inconsistency can be resolved by the use of linearly scaled atomic point
charges. The ESP-charges calculated in our work were scaled by a factor of 1.5 in
order to match the charges on the TIP3P water model. The scaling factor is the
ratio of the atomic charge on the oxygen atom of the TIP3P model (—0.834e) to the
atomic charge for the oxygen atom in a water molecule calculated by the method
described above (—0.56e). The scaled charges are listed in Table 4.1 under the SESP
charge model. The scaling accounts for the additional polarization induced by the
aqueous solution and ensures compatibility of the SESP atomic charges with the
TIP3P water model. The polarization effects are also implicitly built into the charges
employed by the AMBER force field for parametrization of amino acids. By applying
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the uniform scaling factor we essentially imply that identical elements with identical
hybridization (e.g., hydrogen in water and in the hydroxyl group) exhibit identical
atomic polarizability [252] resulting in a similar dipolar enhancement produced by
the polar solvent.
Finally, we ensure that the proposed charges for the GO surface are compatible
with the charge model that is used in our simulation to assign partial charges in unparameterized substrates. For this parametrization, YASARA relies on an

autoSMILES

program that uses the AMl-BCC algorithm [159] combined with known RESP charges
[238]. The use of AMl-BCC charges in conjunction with the TIP3P water model has
been show to accurately reproduce experimental values for hydration free energies of
certain compounds [253]. This approach also reproduces TIP3P charges for the water
molecule (Table 4.1). The atomic charges generated by the

autoSMILES

code are

listed in Table 4.1 under “Modified AMl-BCC”. Their close agreement with SESP
atomic charges gives us confidence in the compatibility of the charge models employed
for the solvent, solute, and surface in this study.

4.4.2

Adsorption of amino acids on graphene oxide

Once point charges were assigned to all functional groups, an energy minimization
for the GO surface was performed in vacuum. After minimization, the surface had
an undulating (sinusoidal) shape, which agrees with the model suggested by Tung et
al. [254]. This non-planar shape can be explained by the electrostatic interactions
between the functional groups attached to the surface as well as the change in coordination, from sp^ to sp^, for the carbons attached to the functional groups [255]. The
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bond distances and angles of the functional groups remained in good agreement with
values calculated with DFT [176, 220, 256]. By giving a three-dimensional computergenerated molecular model of GO and chemically converted graphene, the authors
suggest that the removal of the -OH and -COOH functionalities upon reduction of
GO restores the planar structure of the graphene surface.
Next, we simulated the adsorption of individual capped amino acids on the surface of GO in water. The corresponding average adsorption energies JS'ads for each 20
capped amino acids obtained with the SESP charges are shown in Fig. 4.6. The average adsorption energy values are also presented in the Table 4.2 in Sec. 4.7. Overall,
the adsorption of all amino acids on the surface of GO was energetically favorable,
which is indicative of bioadhesive properties of the GO substrate. The adsorption
energies of the amino acids on GO are 25% stronger (on average) in comparison to
their adsorption energies on graphene [170].
In order to better understand the origin of bioadhesive properties of GO, we split
Eads into two components: solute (Ea.a.)bound- (Ea.a.)unbound and surface (EGo)bound(EGo)unbound Contributions. The adsorption of amino acids on GO is primarily driven
by the favorable interaction energy of the solute with the surface and with the environment. The amino acid contributes more than half to the total binding energy,
as it is shown at the Fig. 4.8 in Sec. 4.7, and defined by the Eq. (5.1). Among various energy components (van der Waals, Coulomb, bond stretching, angle, dihedral,
and planarity), the van der Waals contribution prevails in the adsorption energy (see
Sec. 4.7 - Fig. 4.9). The van der Waals component correlates with the size of the
amino acid: the larger the amino acid, the stronger the dispersion contribution to
Eads [170, 224] (see Fig. 4.10 in Sec. 4.7). In contrast, the Coulomb component.
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Figure 4.6: Adsorption energies for 20 amino acids on the surface of GO calculated
with the SESP charge model. The amino acids are arranged according to their hydropathy index. The data represent average values over multiple simulation runs
with the grey error bars corresponding to minimum and maximum adsorption energies. In spite of the various adsorption strength, all amino acids remained bound to
the surface within 99.7% of the simulation time.
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which can be attributed to the presence of polar groups at the GO surface as well as
in the amino acids, favours solvation of amino acids and disfavours their binding to
the surface.

4.5

Discussion and comparison with experiments

Comparison of the binding affinity of amino acids to the GO surface with their binding
affinity to other biomaterials could provide further insight into the potential biocompatibility of GO. Materials such as gold and hydroxyapatite have been used in medical
and, particularly, in dental devices as coatings for biomedical implants [223, 224]. According to Pan et al. [223], B3LYP calculations show that glycine readily binds to
hydroxyapatite in water. Our results also show that amino acids favor binding to
the GO surface over remaining in water, indicating the potential for GO to exhibit
bioadhesive features similar to hydroxyapatite. In another study, Feng et al. [224]
calculated the adsorption energies of the twenty amino acids to a gold surface with
molecular dynamics using the CHARMM force field. The relative binding energies are
similar to our results, with stronger energies for large amino acids, such as arginine,
tryptophan, glutamine, methionine, asparagine, and tyrosine; and weaker energies for
amino acids with smaller side chains, such as threonine, glycine, and alanine [224].
The similarities in the adsorption behaviour of the amino acids to GO and to gold
suggest similar bioadhesive characteristics for the two surfaces.
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Figure 4.7: Correlation of adsorption energies of uncapped amino acids at the surface
of GO to the corresponding experimental adsorptive ratio [169]. Linear fit represents
a general trend. The dashed line shows the upper limit in the ratio of the non-bound
amino acids according to experimental results.
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4.5.1

Adsorption of individual amino acids

Experimental literature reporting a quantitative evaluation of amino acid - GO interactions is scarce. To the best of our knowledge, the most comprehensive study
was performed by Zhang et al. [176]. The authors examined the binding of twenty
uncapped amino acids to a GO surface by recording an adsorptive ratio, i.e., the ratio
of the concentration of each amino acid in solution before and after incubation with
the GO surface. A lower ratio for an individual amino acid indicates stronger binding
to the GO surface.
Figure 4.7 shows the correlation between our calculated adsorption energies for
uncapped amino acids and the experimental adsorptive ratios reported by Zhang
et al. [176]. The coefficient of determination for the linear regression fit to the data
in Fig. 4.7 is

= 0.50. This indicates that our model captures the general trend,

i.e., stronger adsorption energies correspond to lower experimental adsorptive ratios.
Approximately 50% of the variation in the data is not accounted for by the linear regression model. The experimental ratios for the 14 non-binding amino acids are close
to 1, whereas the adsorption energies calculated for the corresponding amino acids
in our simulations follow a continuous distribution. Comparison of the experimental
adsorptive ratios and our adsorption energies is also effected by structural differences
between the GO used experimentally by Zhang et al. [176] and the GO model in our
simulations.
The present work is focused on the modelling of a high-quality, idealized GO structure with epoxy and hydroxyl functional groups at the surface (Fig. 4.5). However,
structural defects (such as vacancies) can be present in experimental GO samples as
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governed by specifics of the production technique [257, 258]. In particular, carboxyl
groups, which decorate the edges of GO fragments, can also be present near vacancies within the basal plane [259]. These carboxyl groups are negatively charged and,
therefore, are highly reactive at physiological conditions. Experimentally [176], positively charged amino acids (Arg and Lys) exhibit the highest affinity to GO surface
followed by aromatic amino acids (Trp and Tyr). In our calculations, the protonated
residues favorably interact with the epoxy and hydroxyl groups at the surface. The
attractive electrostatic interaction with carboxyl groups present at defects and edges
of the surface would contribute further to the favorable binding between GO and
positively charged amino acids. GO-amino acid interactions are also influenced by
the density of functional groups on the GO surface. The graphene oxide used in the
experiment by Zhang et al. [176], which was produced by the modified Hummer’s
method [260], has a carbon to oxygen atomic ratio of 1.78:1 [261], compared to a C:0
atomic ratio of 5:1 in our GO structure [222]. By taking into account this difference
in the density of functional groups, as well as the effects of charged edges and/or
defects and the synergetic interactions of multiple types of amino acids present in the
solution, the agreement with experiment (Fig. 4.7) can potentially be improved.
The ability of biomolecules to cross-link carbon nanostructures is utilized for their
self-assembling [262]. The strength of such a link can also be used as an indirect
measure of substrate-biomolecule interaction. A recent experimental study by Ahn
et al. [263] examines the gelation of single layer sheets of GO induced by various groups
of amino acids, which provides a qualitative measure of amino acid-GO interactions.
Among six amino acids (Arg, Gly, Asn, Asp, Cys, Trp) tested experimentally, only
arginine induce gelation at pH = 7.5. It is arginine that shows the strongest affinity
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to GO surface among all 20 amino acids in our calculations (Fig. 4.6).

4.5.2

Interaction with peptides

The influence of defects on adsorption can be illustrated by the seven peptides studied
in Ref [176]. Two out of the 7 peptides studied have negative net charges at physiological conditions, and both of them have worse adsorption than neutral or positively
charged peptides. The observed weaker binding of negatively charged peptides is
presumably related to the mutual electrostatic repulsion between the peptides and
GO, which is also negatively charged due to defects as discussed above. One of these
peptides (ELAGAPPEPA), with a net charge of -2 at pH 7, showed no significant
adsorption onto GO, whereas another peptide (RRREEETEEE) with a net charge
of -3 exhibited weak binding. Although the behaviour of a peptide on a surface is
a function not only of its composition but, especially, of the particular sequence the
amino acids appear within the peptide, a simple composition analysis of these peptides may provide useful insights into their interactions with GO. Based on amino
acid composition and using our calculated adsorption energies for a pristine GO, average adsorption energies per amino acid can be estimated. This rough estimate of
peptide-GO interaction suggests that the second peptide interacts more strongly with
the surface (average adsorption energy per amino acid of —0.50 eV/residue) than the
first (—0.38 eV/residue), due to the presence of the positively charged amino acids
(Arg, R) which exhibit strong interactions with GO in our calculations even in the
absence of carboxyl defects.
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4.6

Conclusions

We present an atomic charge model for GO based on the ab initio electrostatic potential (ESP) of epoxy and hydroxyl functional groups at the surface of GO. The proposed
charge model is tailored to the TIP3P water model and includes polarization effects.
Molecular dynamics simulations with the AmberOS force field were performed in order
to assess the adsorption capacity of GO. The adsorption energies for 20 proteinogenic
amino acids on the surface of GO were calculated using the scaled ESP charge model
proposed above. The scaled ESP charges lead to the stable adsorption of amino acids
to the surface. The bioadhesive properties of GO are similar to that of gold, however
they can be weakened due to the presence of defects. Experimental evidence for the
binding affinity of peptides to GO supports our proposed charge model.

98

4.7

Appendix
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Figure 4.8: Partitioning of the strongest adsorption energies calculated with SESP
charge model for 20 amino acids on GO according to amino acid/GO contributions.
Amino acids contribute to more than 50% of the total adsorption energy.
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Figure 4.9: Individual components of the adsorption energies calculated with the
SESP charge model for 20 amino acids on GO surface. The van der Waals component
is a dominant component that favors adsorption at the surface and is governed by
the size of the amino acid. The Coulomb and dihedral components are weaker and
mostly reduce the binding energies.
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Figure 4.10: Correlation of the dispersion contributions to the adsorption energies of
20 amino acids to GO. Larger amino acids exhibit a stronger van der Waals attraction.
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Table 4.2: Average adsorption energies in eV for the capped and uncapped amino
acids at the surface of graphene oxide with a variation less than 0.05 eV.

Amino add name

Capped

He (I)

-

Val (V)

-

Leu (L)

-

Phe(F)

-

Cys(C)

-

Met (M)

-

Ala (A)

-

Gly (G)

-

Tlir (T)

-

Ser (S)

-

TVp(W)

-

TVrCY)

-

Pro (P)

-

His (H)

-

Uncapped

0.48

-

0.40

-

0.38

-

0.43

-

0.38

-

0.45

-

0.36

-

0.39

-

0.38

-

0.42

-

0.59

-

0.49

-

0.35

-

0.54

-

Hip*

0.31
0.13

0.36
0.40

0.35
0.34
0.17
0.24

0.17
0.29
0.46
0.49
0.31

0.35
0.40

-

Gbi (Q)

-

0.49

-

Asn (N)

-

Asp (D)

-

Glu (E)

-

Lys (K)

-

Arg (R)

-

0.46

0.45

-

0.48

-

0.47

-

0.46

-

0.62

-

0.37

0.29
0.40

0.55
0.80

^For the comparison to experimental data, the average adsorption energy for the uncapped
protonated histidine is also calculated and shown here.
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Chapter 5
Foreign body reaction puzzle:
fibrinogen adsorption onto
graphene surface
This chapter is dedicated to results on fibrinogen D-domain interaction with graphene
as well as poly (ethylene) glycol surfaces. It corresponds to a manuscript prepared for
publication by the author. The script used to perform the simulations was developed
by me, and its basic concepts are described in the methods chapter. I participated
in system selection, performed the simulations, analyzed and interpreted the data,
as well as created the figures. This chapter provides an overview of the analysis of
structural rearrangements of fibrinogen D-domain as a result of adsorption to highly
hydrophobic graphene surface. As a negative control, the interactions of the fibrinogen
D-domain with a hydrophilic poly (ethylene) glycol (PEG) surface was modelled and
simulated. The results presented in this chapter support a methodology to prelimi-
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nary investigate potential biocompatible properties of artificial surfaces that depend
on their wettability.

5.1

Abstract

Change in the conformation of blood proteins due to their binding to artificial surfaces
is the initial step in the chain of immunological reactions to foreign bodies. Despite
the large amount of experimental studies that have been performed on fibrinogen adsorption, a clear picture describing this complex process has eluded researchers thus
far. Developing a better understanding of the behaviour of bioactive fibrinogen motifs upon interaction with the surface may facilitate the design of advanced materials
with improved bio compatibility. This is especially important within the context of
medical implants. Here, we present results of the simulation of fibrinogen D-domain
adsorption onto a graphene surface. Graphene is an example of a highly hydrophobic
surface that is susceptible to non-specific protein binding. Results of molecular dynamics calculations in an explicit solvent show that the fibrinogen D-domain structure
undergoes significant reorganization of its initial conformation. The structural rearrangements are driven by non-covalent hydrophobic interactions between the protein
and graphene. The adsorption of the fragment to the graphene surface was found to
be stable and directly affected the secondary structure content of the D-domain, with
the subsequent exposure of the functional cryptic sites (PI 7190-202, P2 7377-395,
and P2-C portion 7383-395). The interaction of the D-domain to a well known biocompatible hydrophilic poly(ethylene) glycol surface was also simulated. The PEG
monolayer shows a resistance to the D-domain adsorption causing some secondary
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structure changes.

5.2

Introduction

The interactions between blood proteins and artificial surfaces have attracted much
attention recently due to their importance in medical applications. Fibrinogen is one
of the most abundant adhesive plasma proteins and is responsible for initiating foreign
body reactions, triggering a series of inflammatory and wound-healing responses.
Fibrinogen also participates in blood clot formation, which may be one of the reasons
for implant rejection [44, 49, 264]. Within a few nanoseconds after implantation,
plasma proteins diffuse to the surface of the implant and start to interact with the
surface [42, 81, 90, 265]. The conformational changes of the fibrinogen structure after
its adsorption to the surface may result in exposure of specific fragments, cryptic sites
PI and P2 [47, 266]. Their chain and residue range correspond to: PI 7190-202 and
P2 7377-395 (see Fig. 5.1). Immune cells adhere to bioactive sites that are exposed on
the adsorbed fibrinogen and promote a cascade of immune reactions [49, 58, 77, 81].
According to Ugarova et al. [53], changes in the structure of the segment PI (7I9O202), P2 (7377-395) and, specifically, the P2-C portion (7383-395) may lead to an
increase in fibrinogen binding to immune cells, which is mediated by a phagocyte
integrin Mac-1 (CDllb/CD18) [52, 76, 92, 267, 268].
Numerous experimental studies link the adsorption and structural changes of fibrinogen to the surface hydrophobicity. Hydrophobic surfaces (Fig. 5.2 (a)) promote
fibrinogen adsorption and significant irreversible reorganization of its secondary structure [86, 93-100, 135, 269-276]. In particularly, fibrinogen flattens with time on
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Figure 5.1: Fibrinogen structure (PDB code IFZA, front view).

The 7 chain is

depicted as ribbon as well as space-filled representation to show the location of hidden
binding sites that are found to be responsible for triggering foreign body reaction.
The colours refer to the D-domain (grey) and its cryptic motifs PI 7190-202 (red),
P2 7377-395 (green and yellow), and P2-C 7383-395 (yellow).

graphite [269], highly ordered pyrolytic graphite [99, 270], pure Ti [97, 135], nickel
titanium alloy [135], stainless steel [135, 271], poly-L-lysine coatings [269, 277] and
other self-assembled monolayers [272-274]. In contrast, similar studies report that the
adsorbed fibrinogen repels, adsorbs in reduced amount and preserves its dimensions
on hydrophilic surfaces including PEG [278-280], poly(methyl methacrylate) [275],
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mica [99, 100], titanium dioxide [86], and silicon dioxide [276]. In addition to changes
in the tertiary structure of fibrinogen, significant changes in its secondary structure
can be induced due to the interaction with hydrophobic surfaces [93-95]. In contrast,
fibrinogen adsorbed on hydrophilic surfaces tends to keep its secondary structure in
the native state [93, 96-98].
The experimental studies listed above consistently show that the degree of fibrinogen’s conformational changes is larger on hydrophobic surfaces. However, the experimental works provide limited molecular level information on the protein-surface
interactions. Better knowledge of the molecular mechanisms responsible for triggering
foreign body reactions can advance and guide the development of new surfaces with
combined biocompatible and bioadhesive properties.
Molecular dynamics (MD) simulations is an approach that explores details of protein interactions with a surface at the atomistic level. Attempts to understand the
protein-surface interactions have been made for different blood proteins. Shen et.
al [281] have modelled fibronectin (an extracellular matrix protein) adsorption onto
hydroxyapatite to show the correlation between its conformational change and rate
of bone cells adhesion. At the time of this writing, there was only one theoretical
study on the characterization of fibrinogen-surface interactions using MD simulation
method [282]. This study focused on investigating the effects of various types of surface hydrophobicities on their interactions with the 7-chain fragment of fibrinogen
(Fig. 5.1). Fibrinogen consists of 5,768 amino acids, 84 of them are included in the
7-chain [283]. Agashe et. al [282] found surface-induced rotational and translational
motions of the fragment. Their results show no major difference in the conformational
structure of the initial and final adsorbed state of the fragment. It should be noted
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that a detailed analysis of the structural changes in PI and P2 sites due to the adsorption to the hydrophobic surface is not provided. While this is the first comprehensive
MD simulation of the fibrinogen fragment adsorption on various surface chemistries,
their work does not show differences in the fragment adsorption behaviour at surfaces
with various hydrophobicity. This may be due to either insufficient simulation time
scale (only 5 ns) and/or the limited fragment size.
The size of whole fibrinogen molecule precludes its all-atom MD modelling in an
explicit solvent. The question arises as to what is the minimal size of fibrinogen fragment that captures its immune response characteristics. Several experimental studies
[47, 51-54, 76] of fibrinogen inflammatory binding sites were performed on a purified
D-domain (Fig. 5.1). These works indicated a paramount importance of the inaccessible binding sites in the recruitment of phagocytes during the inflammatory response.
The authors performed antigen-antibody tests as well as measured a concentration of
phagocytes accumulated on the surfaces that were pre-adsorbed with fibrinogen Ddomains. These studies also confirm fibrinogen D-domain as an individual functional
unit that may be used to investigate fibrinogen bioactive binding sites responsible for
biocompatible properties of a surface.
Graphene is one of the most widely investigated materials with a variety of potential biomedical applications [110, 112, 114]. Experimental studies show that graphene
can stimulate bone [284] and stem cell growth [125]. On the other hand, cytotoxicity
studies indicate that graphene causes cell apoptosis in macrophages [285, 286] as well
as size-, shape-, and concentration-dependent cytotoxicity in mast cells [215], erythrocytes, and fibroblasts [287]. Overall, the biocompatibility of graphene seems controversial [114, 128]. This may be due to the fact that graphene exhibits hydrophobic
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and/or hydrophilic properties depending on the production method as well as degree
of oxidation [110]. Pristine graphene is an example of highly hydrophobic surface
that according to multiple studies is supposed to induce significant conformational
changes on adsorbed proteins and, as a result, is a good model to investigate the
molecular mechanisms responsible for foreign body reactions.
In this study, all-atom MD simulations in explicit water is performed to model
fibrinogen D-domain/graphene interactions. The emphasis is placed on studying the
D-domain as a representative functional unit responsible for the foreign body immune
reaction. The calculations are performed using AMBER03 force field, which was
validated for biomolecule-graphene interactions in our previous studies [170, 211]
(see also Chapter 3,4). The temporal evolution of protein structural parameters is
analyzed over the time scale of 60 ns (unless otherwise specifically noted). The data
presented in the Results Sec. 5.4 for all D-domain positions at the surface of graphene
corresponds to 60 ns of the simulation time, while the ’perpendicular’ orientation of
the D-domain onto PEG self-assembled monolayer was simulated for 30 ns. Our
results provide insight into the protein’s affinity for the surface and the stability of
its structure on the graphene and PEG surfaces. These properties are related to the
biocompatible characteristics of graphene and PEG.
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5.3

Method

5.3.1

Simulated system

The model of graphene surface consisted of 10,944 carbon atoms arranged in a hexagonal structure with 1.418

A initial distance between bonded atoms [194]

(Fig. 5.2 (b)).

The initial structure of the D-domain of fibrinogen used in our MD simulations was
taken from Protein Data Bank (PDB identification code IFZA) as determined to
2.90

A

resolution using X-ray diffraction [283]. Spraggon et. al [283] showed that

the D-domain contains three tightly coiled together chains, a, ^ and 7, which are
107.72

A,

48.08

A

and 167.56

A

in length, respectively. It consists of a coiled-coil

and two homologous globular regions. The D-domain contains 734 amino acids: 87
residues in the a polypeptide chain (Valalll - Proo;195), 328 in the /3-chain (LyS/dl48
- Gln/3460), and the 319 amino acids in 7 polypeptide chain (Lys788 - Glu7396). As
previously mentioned, the crystal structure of fibrinogen consists of two D-domains
and one E-domain or 5,768 amino acids: 562 residues in the a-chain, 461 in the
/3-chain and 411 in the 7-chain [283]. In general, the globular structure of the Ddomain is 130
450

A

A long, which is about one-third of the whole fibrinogen structure with

length. Only coiled coil region in the D-domain consists of residues ValcKlll

- Seral60 (a-chain, 50 residues), Asp/3134 - Tyr/3192 (/d-chain, 59 residues), and
Lys788 - Gln7l34 (7-chain, 47 residues). Two-stranded parallel /3-sheet is formed
from ^ and 7-chains. There are 8 disulphide bonds present: 3 interchain and 5 intrachain [283]. The cryptic sites responsible for the binding to leukocyte integrin are
located within the 7-chain: PI (190-202: GWTVFQKRLDGSV), and P2-C (383-395:
TMKIIPFNRLTIG), and P2 (377-395: YSMKKTTMKIIPFNRLTIG). To complete
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the D-domain structure for simulation purposes, hydrogen atoms were added to the
structure taken from the PDB.
A simulation box of 176.84 x 161.65 x 250 A® with periodic boundary conditions
was chosen for graphene sheet based on the three-dimensional size of the D-domain
(130

A),

to allow for its free orientation while precluding interactions between the

periodic images (Fig. 5.2 (b)).
A PEG surface was modelled with 1,296 units arranged in a hexagonal pattern
(Fig. 5.2 (c,d)) [288, 289]. The size of the simulation box for PEG was set to 182.84 x
158.00

X

250 A^. The basic unit of PEG was taken from Ref. [290], and reduced

to 20 atoms: 5 carbons, 3 oxygens and 12 hydrogens. The shorter length of the
chain helped to save simulation time without compromising the quality of of Ddomain/PEG-monolayer interactions. It should be noted that in this model, only
upper hydroxyl groups played an active role through interactions with the D-domain.
An individual PEG chain was minimized in vacuum first. The multiple PEG chains
were organized in self-assembled monolayer by fixing of 12 atoms starting from the
bottom of the layer (Fig. 5.2 (b)). The remaining 6 atoms, including hydrophilic
hydroxyl groups, were allowed to move freely and interact with the D-domain (Fig. 5.2
(d)). The chains were placed in close-packed hexagonal arrangement with 4.97

A

length between carbon atoms (located at the bottom of the monolayer) that are close
neighbours (Fig. 5.2(c)) [288, 289]. All chains were parallel to each other and oriented
at 30 ° angle with respect to the surface normal (Fig. 5.2(d)) [288]. As a result, a
maximum hydroxyl group density on the surface interacting with the D-domain was
achieved. The surface thus modelled is highly hydrophilic (a contact angle about 0 °),
protein-resistant and biocompatible [291]. The PEG monolayer, an excellent example
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of protein-repelling or non-fouling surface, used in this study as a negative control
for a reference of biocompatible properties of the surface. It should be noted that
bioadhesive characteristics of the surface do include partial protein adsorption that
is not accompanied by its crucial structural changes.
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a>90°

0<9O°

hydrophilic surface
a)

A
1.418 A

b)

c)

Figure 5.2: Water droplet on hydrophobic vs hydrophilic surfaces (a): ^ is a contact
angle (see Sec. 1.3.1 for details); top view: hexagonal structure of graphene surface (b)
and PEG self-assembled monolayer (c); front view: two representative PEG chains
(d): yellow colour refers to fixed atoms, red is oxygen, blue is carbon, and white is
hydrogen.

113

5.3.2

Molecular dynamics simulation strategy

The graphene model was first minimized in vacuum, than an individual fibrinogen
D-domain was placed at the surface in three different orientations that correspond
to ’top’, ’side’ [274] and ’perpendicular’ positioning of the fragment with respect to
the surface (Fig. 5.3, Fig. 5.4, Fig. 5.5). As a negative control for the developed
methodology, the graphene layer was replaced by PEG, a highly hydrophilic (25°
contact angle) [292] synthetic polymer [293], and the simulation was repeated with
initial conditions identical to those used for the case of graphene surface. For PEG
monolayer, ’perpendicular’ orientation of D-domain was chosen (Fig. 5.7) because
according to experimental studies [274, 294], the density of adsorbed fibrinogen is 7
times higher for end-on in comparison to side-on orientation. Next, the minimization
procedure was repeated for D-domain/surface system in vacuum. The upper limit for
the initial contact distance between the domain and the surface was set at a single
distance within a range of 2.5-5.5

A.

This distance was chosen so that the most

energetically favorable interactions are included, while the fragment is still reasonably
far from being adsorbed to the surface. Single amino acids were already found to be
favourably interacting with the surface at 3
[170].
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A

distance (see Chapter 3 for details)

b)
Figure 5.3; Top orientation. Initial (a) and final (b) positions of the fibrinogen Ddomain on the surface of graphene after simulation time of 60 ns (front view). The
colours refer to the domain’s cryptic motifs PI 7190-202 (red), P2 7377-395 (green
and yellow), and P2-C portion 7383-395 (yellow). The initial distance between the
fragment and surface was set at 5 A. The fragment initially positioned at the ’top’
orientation adsorbs to the surface during the 60 ns simulation time.
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Figure 5.4: Side orientation. Initial (a) and final (b) of the fibrinogen D-domain on
the surface of graphene after simulation time of 60 ns (front view). The colours refer
to the domain’s cryptic motifs PI 7190-202 (red), P2 7377-395 (green and yellow),
and P2-C portion 7383-395 (yellow). The initial distance between the fragment and
surface was set at 3 A. The fragment initially positioned at the ’side’ orientation
adsorbs to the surface during the 60 ns simulation time.
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Figure 5.4: Side orientation. Initial (a) and final (b) of the fibrinogen D-domain on
the surface of graphene after simulation time of 60 ns (front view). The colours refer
to the domain’s cryptic motifs PI 7190-202 (red), P2 7377-395 (green and yellow),
and P2-C portion 7383-395 (yellow). The initial distance between the fragment and
surface was set at 3 A. The fragment initially positioned at the ’side’ orientation
adsorbs to the surface during the 60 ns simulation time.
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Figure 5.5; Perpendicular orientation.

Initial (a) and final (b) of the fibrinogen

D-domain on the surface of graphene after simulation time of 60 ns (front view).
The colours refer to the domain’s cryptic motifs PI 7190-202 (red), P2 7377-395
(green and yellow), and P2-C portion 7383-395 (yellow). The initial distance between
the fragment and surface was set at 5 A. The fragment initially positioned at the
’perpendicular’ orientation adsorbs to the surface during the 60 ns simulation time.
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Figure 5.6: Perpendicular orientation.

Final depicted as a ribbon (a) as well as

space-filled representation (b) of the fibrinogen D-domain on the surface of graphene
after simulation time of 60 ns (top view). The colours refer to the domain’s cryptic
motifs PI 7190-202 (red), P2 7377-395 (green and yellow), and P2-C portion 7383395 (yellow). The fragment initially positioned at the "perpendicular’ orientation
undergoes significant changes in its secondary structure following exposure of its
binding sites.
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For each initial geometry, energy minimization was performed in vacuum at OK
with a time step of 2 fs. Atom velocities were scaled down by a factor of 0.9 every
10th step until convergence was reached, i.e., the total energy improved by less than
0.05 kJ/mol per atom during 200 consecutive steps. Then the system was filled with
water while keeping the fragment and graphene geometry unchanged. After that, MD
simulation in explicit solvent was performed.
NPT simulations were performed under 1 atm pressure and body temperature
(310 K). To mimic physiological conditions, NaCl ions were added to the simulation
box with the standard sodium chloride concentration of blood (0.9%). The simulation time for molecular dynamics was 60 ns, which was found to be sufficiently long
to achieve equilibrium as determined by stable values for the potential energy of the
D-domain/graphene system. The D-domain onto PEG self-assembled monolayer was
simulated for 30 ns. All simulations were performed using YASARA simulation package [195] and with AMBER03 force field [196]. The simulations were carried out using
similar conditions as previously published studies [170, 211], with the Particle Mesh
Ewald algorithm [295] to treat long-range electrostatic interactions. The simulation
box was filled with 230110 TIP3P water molecules.
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b)
Figure 5.7: Perpendicular orientation. D-domain simulation at the surface of hydrophilic self-assembled monolayer of PEG: initial (a) and final (b) (after 30 ns of the
simulation). The initial distance between the fragment and surface was set at 5 A.
The domain tends to resist adsorption to the surface, which is in agreement with
experimental studies showing no adsorption of fibrinogen to the hydrophilic surfaces
in general, and PEG in particular [282, 283, 286, 308].
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5.3.3

Analysis of simulation results

To quantify the affinity of the fibrinogen fragment to the surface and the structural
changes resulting from its adsorption to graphene the following parameters, as described below, were computed: adsorption energy, radius of gyration, solvent accessible surface area, and root mean square deviation between initial (minimized in water)
and final (after 60 ns of simulation) structures. Energy and structural parameters
were calculated for snapshots taken every 10 ps, resulting in 6,000 snapshots for each
orientation of the fragment. The 6,000 data points were smoothed over 60 points
using a moving window average approach. The structure of the D-domain, after a
two-step energy-minimization (individually surface and D-domain/surface systems)
and before MD simulation was started, was taken as the initial (reference) structure.
For each orientation of the D-domain relative to graphene, ’top’, ’side’, and
’perpendicular’, the bound state corresponded to the D-domain/graphene system,
whereas the unbound (native) state is represented by the corresponding D-domain
and graphene surface each simulated individually in the same environment and under
the same conditions as the bound state (Fig. 5.3 - Fig. 5.6). The adsorption energy
was calculated as the difference between the total potential energies of the D-domain
and graphene in the bound and unbound states, respectively

-S'ads — (-^D-domain

T

-^^graphene)bound

(-F'D-domain)unbound

(-^graphene)unbound

(b*f)

Here the individual energies (E) of the D-domain and graphene energies include
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their interactions with the surrounding environment (water and counterions). The
energies were averaged over the last 20 ns of the simulation in order to exclude the
system equilibration period. A negative binding energy is indicative of the protein’s
affinity for the surface.
Radius of gyration {Rg) is a parameter that captures compactness of the protein
structure, and it is sensitive to its degree of folding/unfolding. Rg is defined as the
root mean square deviation in distances between each atom of the protein and the
protein center of mass [296, 297]

R.

/SL M|Ri - c|Er=i Mi

(5.2)

Here M refers to the atomic mass, R is a position vector of individual atoms, C
represents the position vector for the protein centre of mass and the summation index
runs up to the total number of atoms n in the protein. The radius of gyration was
calculated for the three D-domain adsorbed orientations as well as its unbound state.
To characterize conformational changes of the D-domain resulting from adsorption, the root mean square deviation (RMSD) between the conformer at a time t
and the initial (t — 0) conformer was calculated using the following formula

RMSD =

Efa, \Ri{t) - Ri(0)P
n

(5.3)

where Ri are the Cartesian atomic coordinates and n is the total number of atoms
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in the D-domain fragment. The RMSD is another test to assess changes in the
protein’s global structure over time. The general changes in the three D-domain
models were monitored computing RMSD values of the C-a atoms (in this case, n
in Eq. 5.3 refers to the number of only C-a atoms) compared to its initial structure
minimized in water.
The solvent accessible surface area [SASA) is the surface area of a protein that
is accessible to a surrounding solvent [298, 299]. It is computed numerically by first
tessellating the surface of the protein and then summing up the area of the created
polygons in A^. An atom contributes to SASA if the distance between it and the
water probe’s oxygen nucleus does not exceed the sum of the van der Waals radii
of the solute atom and the water probe [195]. Changes in SASA indicate whether
more or less exposure to solvent has occurred as consequence of the interactions with
the graphene/PEG surface, relative to the native state of the protein [300]. SASA
can be calculated for the whole D-domain fragment, for particular segments or for
individual residues. Thus, it can be used to assess if residues known to be involved
in molecular recognition by immune cells became exposed to solvent as a result of
surface adsorption.
Hydrogen interactions provide bonding network that facilitates protein folding.
Specifically, hydrogen bonds are responsible for maintaining secondary structure of
the protein such as a-helix and /3-sheet [301]. By analyzing the number of hydrogen
bonds within D-domain during the simulation, the degree of changes in its secondary
structure can be investigated, as a result, studying these weak bonds can lead to
a better understanding of protein/surface interactions and the influence of each on
the other. The number of hydrogen bonds was estimated using a hydrogen bonding
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energy cutoff of 6.25 kJ/mol, which is 25% of the optimum value 25 kj/mol (Eq. 5.4)
[195],

E'H_bond — 25 X

2.6 — max{Distanceii-A->
2.1)
_

X jS'cfl/eD.fj-A ^ »5*cfl/eH-A-x

(5.4)

Where the hydrogen bonding energy is a function of the hydrogen-acceptor distance (Distancen.A) in

A

as well as two scaling factors 5ca/eo-H-A and Scale^.A-x-

Here, Scale^-B-A depends on an angle formed between donor, hydrogen atom, and
acceptor. If the angle is within 0-100° range, Scalen-H-A is equal to zero, if the angle
is between 100 and 165°, 5ca/eD-H-A is between 0 and 1, and if the angle is 165-180°,
5co/eD-H-A is equal to 1. Another scaling factor, Scale^.A-x^ can be found from the
angle formed by hydrogen, acceptor, and atom covalently bound to the acceptor. If
the angle is within 0-85° range. Scales.A-X is equal to zero, if the angle is between 75
and 85°, Scale^.A-x is defined between 0 and 1, and if the angle is 85-180°, Scaleji.A-x
is equal to 1. The number of inter- and intra- hydrogen bonds are calculated between
initial and final D-domain, and within one D-domain i.e. between its a, P, and 7
chains.
Secondary structure content was defined by calculating the percentage of the protein’s current secondary structure such as cn-helix, /?-strand, turn and coil relatively
to the whole D-domain secondary structure taken as 100%. The detailed secondary
structure analysis (per residue) was calculated using the program DSSP [302, 303]
and it is presented as a table of each amino acid within D-domain that were encoded by colour depending on the type of secondary structure such as a-helix (pink).
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/9-extended strand (orange), bend (blue), /? bridge (purple), hydrogen-bonded turn
(green), G-helix (yellow), and undetermined/random coil (grey), respectively. The
analysis was performed for each D-domain orientation on graphene and PEG surfaces
every 20 ns of the simulation time.

5.4

Results

5.4.1

Convergence of the systems and stability of its reference point

MD simulation of fibrinogen D-domain in the absence of a graphene sheet under the
same conditions as other systems was performed to confirm stability of the individual D-domain in water. This system was used to get a reference fragment structure,
and was named ’unbound’ or native fragment state. The time-dependent structural
parameters calculated for the unbound state show constant values with minimal deviations (for example, see Fig. 5.9 - Fig. 5.13). The converging potential energies
for all the D-domain systems simulated indicate that the systems were equilibrated
(Fig. 5.8). Although the D-domain eventually desorbs from the PEG monolayer,
its potential energy includes protein-surface interactions that results in similar value
of the binding energy as for D-domain adsorbed at ’top’ and ’side’ orientations on
graphene.
The calculated binding energies for the adsorbed fibrinogen fragment can be found
in Table 5.1. The D-domain shows a consistent adsorption to graphene surface due to
hydrophobic interactions. According to Chapter 3 [170], the average binding energy

125

of a single amino acid to graphene sheet in aqueous environment is -0.35 eV or -36.42
kJ/mol. The D-domain contains 734 residues, it means that an estimated adsorption
energy for D-domain at the surface of graphene is about -26,730 kJ/mol. By taking
into account a complexity and composition of D-domain structure in comparison to
an individual amino acid, a stronger (more negative) than -26,730 kJ/mol interaction
should take place (Table 5.1).
Table 5.1: Average adsorption energies in kJ/mol for fibrinogen’s D-domain on the
surface of graphene with a deviation less than 15 kj/mol.

D-domain position

Adsorption energy (kJ/mol)

top

-36,518

side

-36,600

perpendicular

-47,412

For the unbound (native) system, slight deviations in RMSD of the D-domain
structure occurred in the first 12 ns of the simulation, but than the parameter remained steady with an averaged value of less than 3

A (Fig. 5.9, Fig. 5.10, Fig. 5.11).

This is in agreement with studies showing RMSD values between 2.0 and 4.0

A

for stable native protein states [304-308]. To better compare the results, the folded
(native) state of the D-domain simulated in water was used as a reference for our
calculations at each point during 60 ns of time evolution.
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Figure 5.8: Potential energies (kJ/mol) for individual D-domain fragment in water
in the absence of graphene or PEG surface (unbound), or in the presence of surface
with different starting orientations.

5.4.2

Analysis of structural changes

Changes in the protein structure were analyzed by calculating structural parameters
RMSD, SASA, radius of gyration and secondary structure content. These quantities
capture a general structural trend as well as specific changes in structure that result
from adsorption to the surface.
To investigate the hypothesis that the D-domain undergoes partial unfolding and
spreading in order to maximize the interaction with the hydrophobic graphene surface (Fig. 5.3, Fig. 5.4, Fig. 5.5, Fig. 5.6), the RMSD between unbound/native and
adsorbed structures of the D-domain every 1 ns for total 60 ns of simulation time was
obtained. RMSD shows a steady increase for the ’perpendicular’ orientation. Also,
RMSD fluctuates more for ’top' and ’side’ orientations of the fragment in comparison to its native state in water (in the absence of graphene). Obviously, RMSD
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parameter for D-domain ’perpendicular’ (end-on) configuration at the surface grows
markedly and steadily (Fig. 5.9, Fig. 5.10, Fig. 5.11). This increase essentially represents rearrangements in the D-domain structure, and more importantly, in the P2-C
motif (Fig. 5.11), which was found to play crucial role in the initiation of inflammatory responses to the substrates [53]. There is also a faster structural change for
D-domain in the ’side’ adsorptive position in comparison to ’top’ one, their RMSDs
end up in the range of 10 to 15

A at 60 ns.

The reasons for such D-domain behaviour

will be discussed in more details in Sec. 5.5.

Figure 5.9: Conformational changes of D-domain residues measured by C-a RMSD
upon adsorption onto the surface of graphene. The figure shows RMSD values relative to the initial, energy minimized, conformation from the beginning until the end
of simulations (60 ns).
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Figure 5.10: Conformational changes of D-domain residues measured for PI binding
sequence upon adsorption onto the surface of graphene. The figure shows RMSD
values relative to the initial, energy minimized, conformation from the beginning until
the end of simulations (60 ns).
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60

Figure 5.11: Conformational changes of D-domain residues measured for P2 binding
sequence upon adsorption onto the surface of graphene. The figure shows RMSD
values relative to the initial, energy minimized, conformation from the beginning until
the end of simulations (60 ns). RMSD shows a steady increase for the ’perpendicular’
orientation. Also, RMSD fluctuates more for ’top’ and ’side’ orientations of the
fragment in comparison to its native state in water (in the absence of graphene).
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The protein's structural rearrangements are usually accompanied by changes in
solvent accessible surface area (SASA) (Fig. 5.12). In the case of graphene, while
SASA for the unbound (native) state of the P2 sequence remains constant at approximately 100 ± 5

throughout the simulation, SASA for the ’side’ orientation

increases significantly starting after 30 ns of simulation time from 120 to 180 A^, i.e.
by 50%. This indicates solvent exposure which can be also observed in Fig. 5.4. In
comparison. Fig. 5.13 shows that for a PEG monolayer much less structural changes
in SASA value occurs for this sequence.

Figure 5.12: SASA of fibrinogen D-domain cryptic sites P2 at the surface of graphene.
The curves correspond to the ’top’ (black), ’side’ (red), and 'perpendicular’ (blue)
initial positions at the surface as well as fragment’s unbound state (bold cyan) that
represents its native structure.
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Figure 5.13: SASA of fibrinogen D-domain cryptic sites P2 interacting with PEG
monolayer. The curves correspond to the ’perpendicular’ (blue) initial positions at
the surface as well as fragment’s unbound state (bold cyan) that represents its native
structure.
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Table 5.2: Calculated structural parameters for the D-domain of fibrinogen adsorbed
to a surface of graphene, with standard deviations of less than 1%. The initial and
final stages correspond to ti=0 ns and tf—60 ns, respectively, otherwise it is specified.
Top

Position/State
initial

Parameter/Time
Tlie closest distance^

(A)

5.45

initial

2.46

2.96

2.41

Averaged over last 20 ns

Perpendicular

Side
final

final

initial

2.41

5.35

final

1,301.00 23,387.00

273.00

3,750.00

534.00

4,268.00

118.08

1,655.92

230.90

1,838.88

552.27

10,204.50

36.45

36.03

36.45

38.02

36.46

55.04

(A)

36.81

Potential Energy (kJ/mol)

-43,563

Averaged over last 20 ns

SASA P2 (A2)

99.36

-35,762

-42,701

-36,996
-36,707

148.96

180.624

100.33

-43,446

-21,253

101.91

164.46

125.40

178.24

141.34

6.90

8.85

32.94

Averaged over last 20 ns

6.98

8.61

26.17

20.34

Q-helix ^ (%)

22.63

/3-strand {%)

20.03

19.09

36.77

43.42

46.96

42.04

Averaged over last 20 ns
Turn (%)

17.82

10.63

1.21

1.85

20.50

3.40

37.91

55.16

10.04

17.53

25.56

1.91

106.97
2.87

24.32

26.73

2.91

27.09
21.22

0.13

37.91
35.97

14.71

20.98

1.17

22.35
21.44

39.03

56.40

11.86
1.18

102.36

0

4.69

43.55
17.82

11.54

Averaged over last 20 ns
/3-strand/turn (ratio)

21.08

19.14

19.66

13.57

-59,661
-60,200

100.76

11.84

23.99

21.50

Averaged over last 20 us
Coil (%)

23.48

24.94

Averaged over last 20 ns

-42,222

38.74

23.47

37.06
36.84

-20,819

RMSD P2 (A)

Averaged over last 20 ns

36.46

54.96

38.22

-36,696

final

2.12

Strength of hydrophobic contacts

Averaged over last 20 ns

initial

2.18

2.35

Hydrophobic interactions (tj=2ns)

Radius of gyration

Native (Unbound)^

13.43
13.26

1.44

1.66

reference D-domain structure from this work. The parameters are calculated for tf=60 ns.
^With respect to the distance between an atom from the D-domain and the graphene surface,
of secondary structure content taken the D-domain as 100%
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According to Fig. 5.14, all three D-domain orientations at the surface of graphene
demonstrate a consistent adsorption with an averaged closest distance from the surface about 2.4 A (Table 5.2). In contrast, self-assembled monolayer constructed of
PEG units shows less consistency in terms of distance to the hydrophobic D-domain
(Fig. 5.15, Table 5.3) with significantly increasing distance from 5.36 A to 36.90 A
during 30 ns of the simulation time.

Figure 5.14: The closest distance between D-domain and the surface of graphene
for three starting orientations during 60 ns of the simulation. The D-domain has a
consistent adsorption, as it is shown by maintained (constant) distance.
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Figure 5.15: The closest distance between D-domain and the surface of PEG for
’perpendicular’ orientation during 30 ns of the simulation. The D-domain repels from
the monolayer, as shown by the increasing distance between them.
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The radius of gyration analysis showed the most significant change in compactness
for D-domain on the surface of graphene with the starting ’perpendicular’ orientation
(Fig. 5.16, Table 5.2). In contrast, radius of gyration for the D-domain interacting
with PEG monolayer remains constant, within the same range as for the native state
i.e. 36.5-37.0

A

(Table 5.2, Table 5.3). The higher Rg results from spreading of the

protein at the surface, with consequent unfolding relative to the native structure.
This apparent unfolding will be discussed further in synergy with other structural
parameters below.
The percentage of conserved hydrogen bonds for ’perpendicular’ orientation within
D-domain is higher as a result of interactions with PEG monolayer in comparison to
graphene surface, 97% and 68%, respectively (Table 5.3, Table 5.4).
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Table 5.3: Calculated structural parameters for the D-domain of fibrinogen interacting
with PEG self-assembled monolayer. The initial and final stages correspond to ti=0 ns
and tf=30 ns, respectively.
Position/State

Perpendicular

Native (Unbound)^

Parameter/Time

initial

final

The closest distance® (A)

5.36

35.02

Radius of gyration (A)

36.43

Potential Energy (kJ/mol)
SASA P2 (A2)

initial

final

36.47

36.46

36.91

-43,444

-32,938

-42,222

-59,387

94.38

117.67

100.76

108.23

RMSD P2 (A)

2.92

8.02

a-helix ® (%)

22.35

25.88

24.32

27.02

/3-strand (%)

20.37

20.23

21.22

21.64

Coil (%)

38.33

39.88

39.03

36.02

Turn (%)

15.28

12.45

14.71

13.01

j8-strand/turn (ratio)

1.33

1.62

1.44

1.66

706.00

516.00

750.00

532.00

Hydrogen bonds within D-domain (intramolecular)
Adsorbed/native (ratio)

0.97

reference D-domain structure from this work. The number of hydrogen bonds are calculated for intramolecular or protein-protein (within three chains) interactions. The parameters are
calculated for tf=30 ns.
^With respect to the distance between an atom from the D-domain and the graphene surface,
of secondary structure content taken the D-domain as 100%
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Figure 5.16: Radius of gyration for D-domain at the surface of graphene for three
starting orientations during 60 ns of the simulation. The parameter indicates folding/unfolding changes in the protein by calculating its dimensions, presenting compactness and describing the general spread of the biomolecule over an area.

Graphene has a highly hydrophobic nature, with contact angle for a drop of water of 127° [309], which is much more than 90° (a contact angle higher than 90°)
indicative of hydrophobic properties of the surface) (Fig. 5.2 (a)) [310]. In contrast,
fibrinogen has amphipathic helices packed together in such a way that forms exposed hydrophobic surfaces (D-domains), and leaves hydrophobic regions buried in
its core (E domain). Therefore, one should expect hydrophobic interactions to be
the most significant contributor to the adsorption to graphene. Also, the number of
hydrophobic interactions between D-domain and graphene surface at the initial and
final stages of the simulation was calculated. For example, according to Fig. 5.14,
fibrinogen D-domain became to interact with the surface, but have not yet started to
rearrange at 2 ns simulation time (closest distance of D-domain from the surface is
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Figure 5.17: Radius of gyration for D-domain at the surface of PEG monolayer for
’perpendicular’ orientation during 30 ns of the simulation. The parameter indicates
no unfolding processes in the protein by presenting its maintained compactness.
about 2.5 A). The number of hydrophobic interactions between fibrinogen D-domain
and the surface for ’side’ and ’perpendicular’ positions within 7 A has been significantly increased from 534 and 1,301 interactions to 4,268 and 23,387 for 2 ns and
60 ns, respectively (Table 5.2). The strength of hydrophobic contacts is based on
knowledge-based potentials [311] in which each individual interaction can be scored
from 0 to 1 (unitless). In summary, during the 60 ns simulation time, the D-domain
attaches more tightly to the surface, for example, by exposing its hydrophobic helical
segments, therefore more hydrophobic bonds were created.
To quantify the secondary structure rearrangements of the D-domain after adsorption, the numbers of intermolecular (between chains) and within the whole D-domain
(includes both intermolecular (between chains) and also intramolecular (within chains))
hydrogen bonds were computed (Table 5.4). Fig. 5.18 illustrates the number of intermolecular hydrogen bonds within D-domain (count domain-domain interactions)
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before and after simulation. It highlights similar behaviour of two initial (’top’ and
’side’) positions of the fragment as a result of adsorption, as well as a considerably
reduced number of hydrogen bonds (about 1.5 times less) for adsorbed ’perpendicular’ orientation in comparison to its unbound state. It also should be noted that the
number of hydrogen bonds might be restored by the end of the simulation time, even
if there were changes in the fragment’s secondary structure. A slight difference in the
values for 0 ns simulation time is attributed to two-step minimization of each individual starting system (see Sec. 5.3 for details). The numbers of the intramolecular
hydrogen bonds between a, /3 and 7 chains of the D-domain were also determined
(Fig. 5.19, Fig. 5.20). Although the average number of the intramolecular hydrogen
bonds for adsorbed positions as well as reference state remain at the same range, there
is sharper fluctuations for the systems with D-domain bound to a graphene sheet as
well as decreased values for ’perpendicular’ system in comparison to the unbound
state.
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Table 5.4: Number of hydrogen bonds for the D-domain of fibrinogen adsorbed to a
graphene surface (includes both intermolecular (between chains) and also intramolecular (within three chains) interactions) with standard deviation less than 1%. The
initial and final stages correspond to t\=0 ns and if=60 ns, respectively, otherwise it
is specified.
Position/State

Top

Side

Perpendiculax

Native (Unbound)’

Parameter/Time

initial

final

initial

final

initial

final

initial

final

Hydrogen bonds within D-domain (intramolecular)

744.00

500.00

737.00

513.00

734.00

390.00

750.00

575.00

Adsorbed/native (ratio)

•••

0.87

Hydrogen bonds (a and ;8-chains) (intermolecular)

19.0

10.0

19.0

14.0

Averaged over last 20 ns

•••

11.17

Hydrogen bonds (a and 7-chains) (intermolecular)

6.0

4.0

Averaged over last 20 ns

•••

4.00

Hydrogen bonds {j3 and 7-chains) (intermolecular)

19.0

10.0

Averaged over last 20 ns

12.06

’^A reference D-domain structure from this work.
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Figure 5.18: Number of the total intra- and interchain hydrogen bonds between
different chains of the D-domain before and after the simulation was completed.
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Figure 5.19: Number of hydrogen bonds between a. and /5 chains of D-domain unbound (native) as well as with the ’top’, ’side’ and ’perpendicular’ orientations to the
graphene surface during 60 ns of the simulation.
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Figure 5.20: Number of hydrogen bonds between /5 and 7 chains of D-domain unbound (native) as well as with the ’top’, ’side’ and ’perpendicular’ orientations to the
graphene surface during 60 ns of the simulation.

In support of D-domain adsorption and structural changes of PI, P2, and specifically P2-C portion, the secondary structure of the fibrinogen was partially destroyed
and graphene surface shows selective protection for some a-helices, /^-strands, turns
and coils (see Fig. 5.21 - Fig. 5.24).
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Figure 5.21; Secondary structure content (%) (o;-helix) of fibrinogen D-domain at the
surface of graphene. The curves correspond to the ’top’ (black), ’side’ (red), ’perpendicular’ (blue) systems as well as fragment’s unbound state (cyan) that represents its
native structure.
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Figure 5.22: Secondary structure content (%) (/9-strand) of fibrinogen D-domain at
the surface of graphene. The curves correspond to the ’top’ (black), ’side’ (red), ’perpendicular’ (blue) systems as well as fragment’s unbound state (cyan) that represents
its native structure.
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Figure 5.23: Secondary structure content (%) (coil) of fibrinogen D-domain at the
surface of graphene. The curves correspond to the ’top’ (black), ’side’ (red), and ’perpendicular’ (blue) systems as well as fragment’s unbound state (cyan) that represents
its native structure.
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Figure 5.24: Secondary structure content (%) (turn) of fibrinogen D-domain at the
surface of graphene. The curves correspond to the ’top’ (black), ’side’ (red), and ’perpendicular’ (blue) systems as well as fragment’s unbound state (cyan) that represents
its native structure.
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Hydrophobic interactions between the D-domain and graphene surface may be a
reason for breakdown in the protein’s secondary structure. Fig. 5.21 - Fig. 5.24 show
changes (%) in secondary structure content of D-domain during simulation. Some
interesting trends are observed in these figures. Unfolding of the adsorbed D-domain
occurred as a result of ’top’ and ’side’ (or side-on position) adsorption, as can be seen
from Fig. 5.21 - Fig. 5.24. However, the most crucial changes are found to be for
’perpendicular’ position. The secondary structure content of the fragment, a-helices,
^-strands is retained almost completely in water (native state), indicating that the
native structure of D-domain was preserved concurring with Fig. 5.21, Fig. 5.22,
Fig. 5.23, Fig. 5.24. However, during the simulation some portions of the a-helices
(Fig. 5.21) and ^-strands (Fig. 5.22) disappear. The corresponding strands retain
some helicoidal feature. In general, /5-strands are hydrophobic and less robust against
unfolding than their counterparts, a-helices. There is a slight decrease in a-helix
content for hydrophobic surfaces in agreement with comprehensive experimental study
conducted by Tunc et. al [94] and by Sivaraman et. al [312].
Also, based on Fig. 5.9, Fig. 5.11 and experimental work by Wang et. al [95], hydrophobic graphene surface causes fast, consistent and strong adsorption (within first
10 ns of the simulation time (Fig. 5.14)) of the D-domain oriented in ’top’ and ’side’
positions. We hypothesize that the D-domain undergoes only moderate secondary
structure changes because it ends up in a favourable orientation finding its energy
minimum.
The results for 30 ns of simulation time show that perpendicularly-oriented fibrinogen D-domain does not adsorb to the surface consisted of self-assembled PEG-chains
(Fig. 5.7). This result is in agreement with Burchenal et. al [313] that found de149

creased fibrinogen adsorption to a surface coated with PEG, which is considered as
a promising biocompatible material [288, 289, 292, 314-316]. Evan [294] suggested
that the reason for protein’s resistance to adsorb to PEG is due to the fact that water molecules hydrate PEG units creating a hydration shell through hydrogen bonds.
Although there is some loss in hydrogen bonding for D-domain interacting with PEG
monolayer (Table 5.3). There is conservation of the D-domain secondary structure as
a results of their interactions (Fig. 5.25, Fig. 5.26, Fig. 5.27, Fig. 5.28).

Figure 5.25: Secondary structure content (%) (a-helix) of fibrinogen D-domain on the
PEG monolayer. The curves correspond to the ‘perpendicular’ (blue) and D-domain’s
unbound (native) structure (cyan).
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Figure 5.26: Secondary structure content (%) (/3-strand) of fibrinogen D-domain on
the PEG monolayer. The curves correspond to the ’perpendicular’ (blue) and Ddomain’s unbound (native) structure (cyan).

Figure 5.27: Secondary structure content (%) (coil) of fibrinogen D-domain on the
PEG monolayer. The curves correspond to the ’perpendicular’ (blue) and D-domain’s
unbound (native) structure (cyan).

151

Figure 5.28: Secondary structure content (%) (turn) of fibrinogen D-domain at the
PEG monolayer. The curves correspond to the ’perpendicular’ (blue) and D-domain’s
unbound (native) structure (cyan).
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To obtain additional information on the deformation (reorganization) of the Ddomain at the surface of graphene as well as PEG monolayer, D-domain secondary
structure content by residue with respect to the native protein structure was analyzed (see Sec. 5.7: Fig. 5.31 - Fig. 5.35). In particular, the secondary structure
content for PI and P2 cryptic sites for both cases, adsorption onto graphene and
resistance to PEG, were summarized in Fig. 5.29 and Fig. 5.30. It can be seen from
Fig. 5.29 (a) that PI binding sequence conserves fully its secondary structure within
unbound (native) D-domain as well as D-domain adsorbed to the graphene surface
with side-on (top and side) orientations analyzed every 20 ns of the simulation period. However, at 60 ns of simulation time, there is a complete damage of secondary
structure of the PI motif when D-domain is oriented perpendicularly (end-on) to
the graphene sheet. Specifically, the PI sequence looses its /^-extended strand and
bend. On the contrary, the secondary structure of the PI sequence within D-domain
perpendicularly oriented to PEG self-assembled monolayer maintains its secondary
structure absolutely (Fig. 5.29(b)). The same trend can be noticed for P2 (or P2-C)
cryptic sequence (Fig. 5.30(a,b)). Only slight deviations in the secondary structure
for P2 (or P2-C) motif within D-domain bound to the graphene substrate with ’top’
and ’side’ orientations are found such as some damage of hydrogen-bonded turns
and bends (Fig. 5.30(a)). Similarly to PI, P2 (P2-C) sequence undergoes the most
significant structural changes (damage of the /^-extended strand) when D-domain is
perpendicularly adsorbed to the graphene surface. For the P2 (P2-C) site as a part
of D-domain with end-on (perpendicular) orientation to the PEG monolayer, there
is a quite good maintenance of the secondary structure (Fig. 5.30(b)). For the entire D-domain, the amount of residual secondary structure also differs for graphene
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and PEG substrates: a significant maintained population of a-helices is shown for
D-domain as a result of interactions with PEG monolayer (Sec. 5.7: Fig. 5.35), while
the a-helices of D-domain are found to be unstable on the graphene surface (Sec. 5.7:
Fig. 5.31 - Fig. 5.33).
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Figure 5.29: Secondary structure content per residue of PI portion of fibrinogen
D-domain at the surface of graphene (a) and PEG monolayer (b). The colours refer to /^-extended strand (orange), bend (blue), hydrogen-bonded turn (green), and
undetermined/random coil (grey).
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Figure 5.30: Secondary structure content per residue of P2 and its P2-C (TMKIIPFNRLTIG) portion (a bold box) of fibrinogen D-domain at the surface of graphene
(a) and PEG monolayer (b). The colours refer to /3-extended strand (orange), bend
(blue), /3 bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and undetermined/random coil (grey), respectively.
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5.5
5.5.1

Discussion and comparison with experiments
Adsorption-induced fibrinogen structural changes

The ability of accessible bioactive motifs (hidden sites) of fibrinogen to bind and,
consequently, activate wide range of immune cells was previously shown [266]. These
inflammatory mechanisms and processes are discussed in detail in Chapter 1, subsection 1.2. Particularly, peptide sequences PI and P2 within fibrinogen D-domain were
found to interact with a leukocyte integrin au^2 (Mac-1) [52, 75, 76, 92, 267, 268, 317].
The P2-C portion of P2 sequence [268, 317, 318] is recognized by both the OLM and

^2

subunits, whereas PI is recognized by only the au subunit. Most importantly. Flick
et. al [74] proved that P2-C portion 7 390-396 is very specific because when it was
modified by an alanine mutation, the protein failed to trigger adhesion of immune
cells containing CDllb/CD18 integrin, as well as failed to promote clotting fibrous
formation.
A previous report of MD simulations of fibrinogen 7-chain (5 ns of time scale,
GROMACS (v.

3.1.4) MD simulation package, GROMACS force field) on self-

assembled monolayers showed no significant structural changes for the protein fragment [282]. The authors also suggested that some substantial rotational and translational motions of the 7-chain as a result of interactions with the surface may occur.
However, probably because of the short simulation time or the size of the fibrinogen fragment, these conclusions were not able to demonstrate a direct link between
surface chemistry/wettability, degree of protein structural changes, inaccessible sites
behaviour and biocompatibility. In comparison, the obtained results are for longer
simulation time (60 ns). Also, the specificity of the hidden sequences makes it excit-
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ing to monitor their behaviour as a result of the entire D-domain adsorption to the
hydrophobic graphene.
As it is shown in Fig. 5.4 (b), Fig. 5.5 (b) and Fig. 5.6, there is an evident protein
conformational changes upon adsorption to graphene surface that is also supported
by structural analysis data. The ’side’ and ’perpendicular’ initial positions of Ddomain demonstrate some changes of RMSD parameters. Although in the primary
peptide chain (according to amino acids order in the primary protein structure),
the PI 7190-202 and P2 7377-395 motifs are located further apart of each other,
these sites appear to be close packed neighbours representing antiparallel ^ strands
(Fig. 5.1). Consequently, changes in an accessibility of one motif may affect another,
and as result, their interaction with leukocyte Mac-1 integrin.
Under physiological conditions, graphene surface adsorbs proteins due to hydrophobic interactions. Electrostatic interactions between protein-graphene do not
affect interactions because of neutral nature of graphene. The strength of D-domaingraphene interactions can be explained by weak surface-water interactions that are not
able to overcome multiple hydrophobic non-bonded attraction for protein-substrate.
Water is repelled from highly hydrophobic pure graphene surface because formation
of interface is energetically unfavorable. For the hydrophilic surfaces, the protein is
supposed to be screened from the surface by a high density water layer and desorbs.
Adsorption versus desorption behaviour is pre-determined by interplay between all
participants in the system, such as protein, surface and solute contributions. We have
found that solvent interactions at the hydrophobic graphene surface restructure the
fibrinogen D-domain, and contribute to the adsorption energy (Table 5.1). Number of
hydrogen bonds between the adsorbate and the graphene surface changes due to con158

formational rearrangements that the fragment undergoes. The adsorption is mostly
driven by van der Waals interactions. The non-polar residues and aromatic residues
of D-domain may adsorb to the surface of graphene due to van der Waals

(TT — TT

stacking) interactions (see Chapter 3). This is in agreement with experimental work
by F. Sharifi et al. [319], who showed a close linear correlation with the van der Waals
contributions of the adsorption energies of different amino acids with graphene. The
reason for the sharp rise in the number of hydrophobic interactions is that surfaces
with the greatest number of carbons will have the strongest hydrophobic interactions.
These observations are in line with Ta et. al [99], who proposed that fibrinogen binds
to the graphite hydrophobically through the D-domains (weak adsorption on mica and
strong featuring significant structural changes for highly ordered pyrolytic graphite).
The obtained results show that adsorbed fibrinogen fragment is not fully unfolded
as a result of adsorption to hydrophobic graphene surface, it strongly conserves partially ordered secondary structure for all but one starting orientation. The percent
(%) of secondary structure content crucially changes for ’perpendicular’ orientation,
and the obtained results show decreased /?-strand/turn ratios caused by D-domain
adsorption to graphene surface in contrast to PEG monolayer (Table 5.2, Table 5.3).
This result is consistent with experimental findings by Steiner et. al [320]. The
authors investigated fibrinogen adsorption on hydrophobic and hydrophilic silicon
surfaces. Based on their findings, they concluded that lower /?-strand/turn ratios
appear on hydrophobic surfaces and higher ratios for hydrophilic surfaces. In our
results, the amount of ^-strand is much higher for PEG in comparison to graphene
surface, in agreement with Steiner et. al [320], who showed increasing amount of
^-strand for fibrinogen at the hydrophilic silicon surface.
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The detailed analysis of the secondary structure content for the D-domain with
’top’ and ’side’ orientations adsorbed to graphene surface shows very little changes in
the content of extended /^-strand and a-helices (see Sec. 5.7: Fig. 5.31, Fig. 5.32). The
local structure of the PI and P2 sites remained unchanged as a result of interaction
with graphene sheet. The changes on the secondary structure content for the entire
D-domain at the PEG monolayer are small and related only to the unfolding of a few
extended /d-strands regions (see Sec. 5.7: Fig. 5.35). The PI and P2 sites conserve
their structure during D-domain interactions with hydrophilic PEG monolayer. The
same is true for D-domain secondary structure in water (Fig. 5.34). However, the
’perpendicular’ orientation of the D-domain on the hydrophobic graphene surface
shows significant secondary structure changes in the helical (coiled-coil) part of the
D-domain as well as its PI, P2 binding sites (Sec. 5.7: Fig. 5.33).
An experimental work by Desroches et. al [321] found that fibrinogen a-helix
structure undergoes small structural changes upon adsorption to a stainless steel surface with a contact angle about 61°, while /?-sheet decreases and turn increases more
significantly. According to Berg’s limit, this surface is considered to be more hydrophobic than hydrophilic i.e. it will be able to cause protein structural changes.
The secondary structural parameters obtained by Desroches et. al [321] for fibrinogen adsorbed to a stainless steel are in agreement with our findings for graphene
surface (Table 5.2).
In this work, an assumption is made that D-domain dominantly interacts only
with the surface/monolayer, the interactions with other proteins/biomolecules are
not considered. As it is shown in the literature, the increased fibrinogen concentration leads to its end-on (’perpendicular’) orientation as a result of adsorption to the
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surface [81, 274]. The density of adsorbed fibrinogen is 7 times higher for end-on
in comparison to side-on orientation [274, 294]. It should be noted that the surface
promotes an immunological response if the density of adsorbed fibrinogen is at least
10 ng/cm^ [294, 322]. This fact suggests that graphene, because it leads to stable
’perpendicular’ adsorption of fibrinogen, may possess non-biocompatible properties.
Moreover, according to the obtained results, ’perpendicular’ orientation shows the
most significant surface-dependent conformational changes, in comparison to side-on
(’top’, ’side’) positions, that can cause binding to leukocyte Mac-1 integrin, and consequently, trigger cascade of immune reaction and inflammation. In this work the
interactions of a single D-domain adsorbing to the graphene surface is modelled. It
is capable to mimic the behaviour of a protein surrounded and supported by other
proteins (taking into account the required concentration) due to the difference in
time scale for the cooperative adsorption kinetics of group of interacting proteins
(few minutes) and an adsorption kinetics for an individual protein (few nanoseconds)
used in this work. As a result, the D-domain perpendicularly placed on the surface
of graphene shows no migration over the surface during 60 ns of the simulation time,
and this is consistent with experimental works by Santore et al. [274] and by Rabe
et. al [81] for group of fibrinogens that have vertical orientation as most favourable.
The obtained results confirm stabilizing protein-surface interactions on highly hydrophobic graphene (i.e. positive control) surface, and resistant properties to strongly
hydrophilic PEG (negative control) surface. The binding energies and closest distances are consistent with experimental observations [97, 99, 135, 269-274, 277] where
fibrinogen is stabilized by adsorption onto hydrophobic surfaces. Also the degree of
biocompatibility as well as protein binding strength to the PEG may depend on the
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density of PEG chains and other factors.
To summarize, according to Table 5.2, perpendicularly-oriented D-domain undergoes the most crucial conformational changes upon adsorption to pure graphene
surface, while PEG shows no effect on the structure of the D-domain (Table 5.3).
Simulation time range of 60 ns may not be enough to observe the final adsorption
state following total protein unfolding because in average, the unfolding process takes
a few minutes, however, the general trend can be explored using MD simulations.
Further investigations on the exact confirmations of binding sites, as a result of fibrinogen adsorption to non-biocompatible surface, relative to its ability to promote
immune cells reaction need to be done.
For the purposes of orthopaedic applications, design of the material that could
be able to selectively adsorb fibrinogen is beneficial. For example, natural killer
cells (leukocytes) express Mac-1 receptor [323-325] and recruit mesenchymal stromal
cells that differentiate into osteoblasts (bone repair/regeneration), at the same time
natural killer cell adhesion does not lead to cytokine secretion. Also, Almeida et. al
[326] reported that adhesion of natural killer cells is higher on materials with adsorbed
fibrinogen.

5.6

Conclusions

In addition to experimental techniques investigating foreign body reaction, substantial
advances in computational methods and analysis have been made recently. Most
importantly, experimental methods have difficulties to determine complex molecular
structures and mechanisms. Although the processes including protein folding and
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unfolding occur at the time scale that is more than a few nanoseconds, it is possible
to get important knowledge related to conformational changes of adsorbed to the
surface protein using the MD simulations.
Performance of an implanted device is affected by the dynamics and specificity of
blood proteins. The adsorbed proteins treat a coating layer on the implant surface and
can be recognized as a trigger for biological responses to foreign materials. Both the
properties of the proteins as well as of the surface define the probability of the immune
response. Therefore, the detailed knowledge of the processes accompanying protein
adsorption is essential to model the surface of the implant that will be compatible
with living tissue.
Although the exact mechanism behind the changes in fibrinogen cryptic sites’
activity is not defined in literature, advances in computational biochemistry tools have
greatly assisted in the study of fibrinogen adsorption behaviour. The literature on
fibrinogen conformational assessment (particularly, PI and P2 inaccessible bioactive
sites analysis) is both broad and deep; however, it does not provide understanding of
the mechanisms leading to deteriorated biocompatibility.
In the present paper, the simulations provide an important insight into understanding protein-hydrophobic (graphene) and protein-hydrophilic (for example, PEG)
interactions, that cannot be identified by experiments. In this study, the adsorption
dynamics of a D-domain fibrinogen model onto graphene surface was investigated by
MD simulations. Our results also demonstrate the utility of AMBER03 force field for
protein-artificial surface interaction description. The obtained quantitative structural
information on the conformational changes of D-domain after adsorption to graphene
sheet includes RMSD, SASA, secondary structure content (%) as well as other valu163

able parameters were also calculated. Also, fibrinogen as a potent pro-inflammatory
mediator in determining the extent of local and general inflammation as well as its
unique structural properties have been discussed. Overall, the results indicate that
surface chemistry plays a crucial role in the conformational changes that protein undergoes upon adsorption on an inorganic (synthetic, artificial) surface. This work
contributes towards development of theoretical approaches to assessment the biocompatibility of synthetic materials. The ultimate goal of designing surfaces should
be focused on controlling fibrinogen adsorption behaviour, and as a result, biological
response.
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5.7

Appendix

Detailed secondary structure content per residue for each of the simulation orientation
such as ’top’, ’side’, ’perpendicular’ at the surface of graphene, ’perpendicular’ at the
PEG monolayer as well as native state is presented in the following figures: Fig. 5.31 Fig. 5.34. The rows correspond to a D-domain crystal structure, its structure at 0 ns,
20 ns, 40 ns, and 60 ns of the simulation time, respectively. For a PEG monolayer
there is a D-domain crystal structure, its structure at 0 ns, 20 ns and 30 ns of the
simulation time. For each of the orientation, outlined in black fragments correspond
to the most significant changes in the secondary structure content of the D-domain
such as unfolding of the a-helix and/or ^-extended strand; while the outlined in red
fragments are PI 7190-202 and P2 7377-395 binding sites.
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Figure 5.31: Secondary structure content per residue for D-domain at the surface
of graphene (top position) every 20 ns period during 60 ns of the simulation time.
The colours correspond to a-helix (pink), /3-extended strand (orange), bend (blue),
(3 bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and undetermined/random coil (grey), respectively.
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Figure 5.32: Secondary structure content per residue for D-domain at the surface
of graphene (side position) every 20 ns period during 60 ns of the simulation time.
The colours correspond to a-helix (pink), /3-extended strand (orange), bend (blue),
/5 bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and undetermined/random coil (grey), respectively.
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Figure 5.32: Continued. Secondary structure content per residue for D-domain at
the surface of graphene (side position) every 20 ns period during 60 ns of the simulation time. The colours correspond to o-helix (pink), ^d-extended strand (orange),
bend (blue), (3 bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and
undetermined/random coil (grey), respectively.
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Figure 5.33: Secondary structure content per residue for D-domain at the surface
of graphene (perpendicular position) every 20 ns period during 60 ns of the simulation time. The colours correspond to a-helix (pink), /5-extended strand (orange),
bend (blue), ^ bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and
undetermined/random coil (grey), respectively.
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Figure 5.35:

Secondary structure content per residue for D-domain at the PEG

monolayer (perpendicular position) every 20 ns period during 60 ns of the simulation time.

The colours correspond to o;-helix (pink), /3-extended strand (orange),

bend (blue), (3 bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and
undetermined/random coil (grey), respectively.
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Figure 5.35: Continued. Secondary structure content per residue for D-domain at
the PEG monolayer (perpendicular position) every 20 ns period during 60 ns of the
simulation time. The colours correspond to a-helix (pink), /^-extended strand (orange), bend (blue), /3 bridge (purple), hydrogen-bonded turn (green), G-helix (yellow), and undetermined/random coil (grey), respectively.
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Chapter 6
Conclusions and future work
Although experimental studies on protein adsorption have been described in the literature, they are not able to provide details on biocompatibility molecular mechanisms,
and explain how adverse reactions can be prevented. Therefore, the goal in research of
materials for orthopaedic purposes has to be shifted from understanding the adsorption properties of unmodified materials to intelligent design of materials to mediate
the adsorption process.
As it was discussed in the Chapter 1, biomaterials should not only be tolerant to
the living tissue, but also enhance bone cell growth participating in healing processes.
To perform the rational design of materials used for production of biomedical implant
devices, the fibrinogen adhesion to the surface should be guided.
With increasing computer performance, however, this issue will certainly be possible to address. Chapters 3-5 now allow to address this issue by understanding
molecular mechanisms that happen at the fibrinogen/graphene surface interface. The
atomistic details of the interactions that determine plasma protein affinity modes on
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surfaces with high hydrophobicity were studied. The results of this work propose
that graphene is potentially pro-inflammatory surface, and cannot be used directly
(without alterations) for biomedical purposes. The results also help in understanding
the role of surface wettability and structure in controlling fibrinogen interactions with
biomaterial as well as offer insight into the fundamental processes that occur when
proteins contact an artificial surface. The developed methodology can be applied for
other surfaces that potentially may be used as biomaterials in orthopaedic devices.
It is also important to determine adhesion behaviour between proteins and surfaces
because of proteins’ ability to activate cells functionality.
The ideal biomaterial must stimulate very precise non-immunologic reactions to
proteins and cells by using adhesive (for bone cells attachment and growth) and nonadhesive (for selective fibrinogen binding) regions. It is possible that a surface could
be designed to adsorb the fibrinogen in a manner to prevent cryptic sites from being
exposed. This can be achieved by using surface chemistry to control (guide) adsorbed
fibrinogen to desired orientations.
Although the research is still in the early stages, it has a potential to sophisticate
the quality of existing implants by understanding molecular mechanisms of proteinimplant surface interactions in an aqueous environment. Future work will be focused
on modulating immune response by modifying surface properties. Fibrinogen adsorption behaviour can be investigated as a function of surface chemistry (by covalently
adding hydroxyl, carboxyl, amine, methyl and phosphate groups) of graphene-based
nano materials using AMBER03 force field. The next step in this project will be
to simulate graphene oxide surface interacting with fibrinogen fragment. Graphene
properties may modulate the ability of tightly adsorbed fibrinogen fragment to inter177

act with complement cells. The graphene oxide hydrophilic properties could increase
the long-term effectiveness of orthopaedic devices by interfering with the initial phase
of implant rejection (fibrinogen adsorption).
The perfect material should affect normal immune cell function such that they
promote healing and implant integration while sustaining specific implant function.
The modulating of biomaterials on their effects on both acquired and innate immune
responses as a component of biocompatibility assessment needs to be done. Alteration
of material surface properties either passively via physico-chemical features or actively
with molecules or matrices designed to systematically target cell behaviour will be
performed. The aim is to increase mineralization of osteoblasts, prevent infiammation
responses, reduce to possible minimum thickness of fibrous capsule and fibrinogen
adsorption.
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