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ABSTRACT: Changes in the conformation of blood proteins due to their binding to nonbiological surfaces is the initial step in
the chain of immunological reactions to foreign bodies. Despite the large number of experimental studies that have been
performed on fibrinogen adsorption to nonbiological surfaces, a clear picture describing this complex process has eluded
researchers to date. Developing a better understanding of the behavior of bioactive fibrinogen motifs upon their interaction with
surfaces may facilitate the design of advanced materials with improved biocompatibility. This is especially important within the
context of medical implants. Here we present results of explicit-solvent, all-atom MD simulations of the adsorption of the
fibrinogen D-domain onto a graphene surface and a poly(ethylene glycol) (PEG) surface. Our results are consistent with
experimental observations that interactions with PEG do not induce significant conformational changes on immune-reactive sites
present in the D-domain of fibrinogen. In contrast, our results indicate that significant conformational changes induced by
adsorption to graphene surfaces may occur under conditions that promote a high density of blood proteins on the surface. The
structural rearrangements observed on graphene directly affect the secondary structure content of the D-domain, with
consequent exposure of the recognition sites P1 (γ190−202) and P2 (γ377−395) and the subsite P2-C (γ383−395) involved in
immune response. Analysis of the structural parameters of the MD conformers was shown to accurately assess the
biocompatibility of the modeled surfaces.

1. INTRODUCTION

The interactions between blood proteins and nonbiological
surfaces have attracted much attention recently because of their
importance in blood-contacting medical devices such as bone
replacement implants.1,2 The demand for bone replacement has
been rising in the last few decades,3 and so has the need for
revision procedures due to implant failure. Implants tend to fail
for a variety of reasons, one of which is aseptic loosening due to
inflammation.4 Within seconds to hours after implantation,
plasma proteins diffuse to the surface of an implant and start to
interact with the surface.5 These interactions may trigger an

inflammatory response that ultimately leads to implant failure.
The degree of inflammatory response evoked, as well as other
important properties such as tissue integration, varies with the
type of material. Materials that exhibit low to no immunoge-
nicity, carcinogenicity, and toxicity are considered biocompat-
ible.6 The ability to predict biocompatibility on the basis of a
molecular-level description of the material’s structure and
interactions with blood components would greatly facilitate the
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design of novel implants. Toward this goal, we have chosen to
model the interactions of fibrinogen with two surfaces,
graphene and poly(ethylene glycol) (PEG).
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.7,8 Fibrinogen participates in the initiation of immune
reactions by activating inflammatory cells, whereas other blood
proteins regulate already triggered immune response.9 Fibri-
nogen also participates in blood clot formation, which is one of
the reasons for implant rejection.10−12 Conformational changes
in the structure of fibrinogen induced by adsorption to a surface
may result in exposure of specific recognition sites for cell-
surface receptors. Immune cells then adhere to these bioactive
sites, promoting a cascade of immune reactions.11,13−15 Soluble
fibrinogen was shown to be nonactive to immune cells, while
adsorbed and/or denatured fibrinogen participates in receptor-
induced cell binding.16 In particular, changes in the structure of
fibrinogen segments P1 (γ190−202) and P2 (γ377−395) and,
more specifically, the subsite P2-C (γ383−395) have been
shown to promote inflammatory reactions through binding to
immune cells mediated by a leukocyte integrin, Mac-1
(CD11b/CD18).17−22 Mac-1 is a key adhesion receptor that
controls leukocyte adhesion, migration, and immune and other
cellular functions. Binding of fibrinogen activates leukocytes
and promotes a cascade of immune reactions leading to implant
rejection.13,17,18,23−28 The role of the γ390−396 region in
fibrinogen-mediated immune response was confirmed by
mutating these amino acids to Ala, which resulted in no
adhesion to immune cells (leukocytes).24

Interactions of fibrinogen with a wide range of surfaces have
been studied both theoretically and experimentally. In general,
fibrinogen shows high affinity and undergoes significant
structural changes when adsorbed to hydrophobic surfaces29−32

in comparison with hydrophilic ones.30,33−35 In particular,
fibrinogen flattens over time on graphite,36 highly ordered
pyrolytic graphite,37,38 pure titanium,33,39 nickel−titanium
alloy,39 stainless steel,39,40 poly-L-lysine coatings36,41 and other
self-assembled monolayers.42,43 In contrast, similar studies have
reported that fibrinogen preserves its structure and shows little,
if any, adsorption to hydrophilic surfaces, including PEG,44−46

poly(methyl methacrylate),47 mica,38,48 titanium dioxide,49 and
silicon dioxide.50 The overall picture that has emerged from
these studies is that adsorption of fibrinogen to hydrophobic
surfaces induces changes at both tertiary and secondary
structure levels. In contrast, fibrinogen adsorbed on hydrophilic
surfaces tends to keep its native-state secondary structure.
Graphene is one of the most widely investigated materials

with a variety of potential biomedical applications.51−53

Experimental studies have shown that graphene can stimulate
bone54 and stem cell growth.55 On the other hand, cytotoxicity
studies have indicated that graphene causes cell apoptosis in
macrophages56,57 as well as size-, shape-, and concentration-
dependent cytotoxicity in mast cells,58 erythrocytes, and
fibroblasts.59 Overall, the biocompatibility of graphene seems
controversial.53,60This may be due to the fact that graphene
exhibits hydrophobic and/or hydrophilic properties depending
on the production method as well as the degree of oxidation.51

Pristine graphene is an example of a 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 molecular dynamics (MD) simulations
in explicit water were performed to model the molecular
interactions between the D-domain of fibrinogen and a
graphene sheet. The D-domain was chosen as a representative
functional unit responsible for the foreign body immune
reaction. As a control, we simulated the interactions between
the D-domain and a PEG surface. According to experimental
studies reported in the literature, fibrinogen is known to adsorb
and undergo conformational changes on hydrophobic surfaces
such as graphene but not on PEG, a hydrophilic sur-
face.36−38,44−46 Our results are consistent with experimental
observations and provide valuable insight into the stability of
the protein’s structure on the graphene and PEG surfaces.
Analysis of the structural properties of the MD conformers,
such as secondary structure content and solvent-accessible area,
was found to accurately assess the biocompatibilities of
graphene and PEG. The same approach may be applied to
assess the biocompatibilities of other materials.

2. METHODS
2.1. Simulated Systems. Fibrinogen. The three-dimen-

sional (3D) structure of human fibrinogen was taken from
Protein Data Bank (PDB) entry 1FZA, which corresponds to
an X-ray structure determined at 2.9 Å resolution.61 The
structure of fibrinogen consists of two sets of three polypeptide
chains (α, β, and γ) arranged into two globular-shaped D-
domains connected to a central rod-shaped E-domain (Figure
1).61 The D-domain contains 734 amino acids from the tightly

coiled together α, β, and γ chains: 87 from the α-chain amino
acids (Valα111−Proα195), 328 β-chain residues (Lysβ148−
Glnβ460), and 319 γ-chain amino acids (Lysγ88−Gluγ396).
The sites P1 and P2 and the subsite P2-C (Figure 1) involved
in the binding of the leukocyte integrin are located within the γ-
chain and correspond to the following amino acid ranges and
sequences: P1 (γ190−202: GWTVFQKRLDGSV), P2 (γ377−
395: YSMKKTTMKIIPFNRLTIG), and P2-C (γ383−395:

Figure 1. Fibrinogen structure (PDB entry 1FZA, front view). The γ
chain is depicted using both ribbon and space-filling representations to
show the location of hidden binding sites that are found to be
responsible for triggering the foreign body reaction. The colors refer to
the D-domain (gray), its immune cell recognition sites P1 γ190−202
(red) and P2 γ377−395 (green and yellow), and the subsite P2-C
γ383−395 (yellow).
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TMKIIPFNRLTIG). One D-domain fragment from the
fibrinogen structure was used in our simulations. Hydrogen
atoms were added to the structure. The graphene model was
first minimized in vacuum using the same procedure as
described in section 2.2 for the initial molecular systems.
Graphene Surface. A total of 10 944 carbon atoms were

arranged in a hexagonal structure with an initial distance of
1.418 Å between free bonded atoms (Figure 2A). A 176.84 Å ×

161.65 Å × 250 Å simulation box with periodic boundary
conditions was used for simulations on the graphene sheet. The
box size was based on the length of the D-domain (130 Å) to
allow for its free reorientation while precluding interactions
between the periodic images.
PEG Surface. The PEG surface model built in this work is

representative of high-density crystalline monolayers and is not
intended as a generalization of all PEGylated surfaces. A total of
1296 PEG units were arranged in a hexagonal pattern, as shown
in Figure 2b, using structural parameters obtained from the
literature.62,63 The size of the simulation box for PEG was set to
182.84 Å × 158.00 Å × 250 Å. The basic unit of PEG was taken
from the Heterocompound Information Centre (HIC-up),64

and reduced to 20 atoms: five carbons, three oxygens, and 12
hydrogens. The shorter length of the chain helped to save
simulation time without compromising the quality of the D-
domain−PEG-monolayer interactions. It should be noted that
in this model, only PEG’s upper hydroxyl groups (reactive
sites) played an active role in the interactions with the D-
domain. Other PEG atoms were limited in their ability to
participate in monolayer−protein interactions because of the
close-packed density of the PEG monolayer. An individual PEG
chain was first minimized in vacuum and then copied to
multiple PEG chains organized in a self-assembled monolayer
(Figure 2b), with 12 atoms in the bottom of the layer being
fixed (Figure 2c). The remaining six atoms, including
hydrophilic hydroxyl groups, were allowed to move freely and
interact with the D-domain during the MD simulations. The

PEG chains were placed in a close-packed hexagonal arrange-
ment with a distance of 4.97 Å between neighboring carbon
atoms. All of the chains were parallel to each other and oriented
at a 30° angle with respect to the surface normal (Figure 2c).
As a result, a maximum hydroxyl group density on the surface
interacting with the D-domain was achieved. The surface thus
modeled is expected to be highly hydrophilic, protein-resistant,
and biocompatible.65 The PEG monolayer was used in this
study as a reference biocompatible surface. It should be noted,
however, that PEG does display bioadhesive characteristics
experimentally, with partial protein adsorption that is not
accompanied by significant structural changes.66,67

2.2. Molecular Dynamics Simulations. Single fibrinogen
D-domains were placed on the graphene surface in three initial
orientations, corresponding to “top” (Figure 3a,b), “side”
(Figure 3c,d) and “perpendicular-1” (Figure 4a,b) positioning
with respect to the surface. Two additional (complementary)
quasi-perpendicular orientations, “perpendicular-2” (Figure
4c,d) and “perpendicular-3” (Figure 4e,f) with slightly different
angles with respect to the surface normal, were also evaluated
after analysis of the results for the perpendicular-1 orientation
revealed significant conformational changes not observed in the
other orientations. It should be noted that spread areas from
experimental adsorption of fibrinogen on hydrophobic and
hydrophilic surfaces indicate that fibrinogen initially adsorbs in
a combination of “end-on” (corresponding to our “perpendic-
ular”) and “side-on” (equivalent to our “top” and “side”)
orientations and that the contact area eventually increases on
hydrophobic surfaces but remains stable on hydrophilic
surfaces.68

For the PEG monolayer, a single fibrinogen D-domain was
oriented “perpendicular” to the surface for comparison with the
“perpendicular” orientations on graphene (Figure 5).
For all of the initial orientations, the D-domain was

positioned at a distance between 2.5 and 5.5 Å from the
surface, as measured from the closest atom of the D-domain.
This distance was chosen on the basis of MD simulation results
for single amino acids adsorbed on graphene, which were found
to be already favorably interacting with the surface at a distance
of 3 Å.69

Next, each D-domain/surface system was energy-minimized
in vacuum at 0 K 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., until the total energy improved less than 0.05
kJ/mol per atom during 200 consecutive steps. The system was
then filled with water molecules and reminimized while keeping
the D-domain and graphene geometries unchanged. After
energy minimization, an MD simulation at constant number of
particles, pressure, and temperature (NPT) in explicit water was
performed.
NPT simulations were performed under 1 atm pressure and

body temperature (310 K) conditions. To mimic physiological
conditions, NaCl ions were added to the simulation box at the
standard sodium chloride concentration of blood (0.9%). The
simulation time for molecular dynamics was 30 ns (PEG and
perpendicular-2 and -3 for graphene) or 60 ns (top, side, and
perpendicular-1 for graphene). For all of the systems,
equilibrium as determined by a stable value of the potential
energy was achieved after 15 ns of simulation, and a total
trajectory time of 30 ns was found to be sufficiently long to
capture structural changes in the equilibrated system. All of the
simulations were performed using the YASARA simulation
package70 with the AMBER03 force field.71 The simulations

Figure 2. Unit cells used to construct single-layer surfaces for the MD
simulations: (A) top view of hexagonal graphene; (B) top and (C) side
views of PEG. Atoms whose coordinates were kept fixed during the
MD simulations are shown in yellow. Carbon atoms are shown in
cyan, oxygen atoms in red, and hydrogen atoms in white.
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were carried out with the particle mesh Ewald algorithm as
implemented in YASARA to treat long-range electrostatic
interactions. The simulation box was filled with 230 110 TIP3P
water molecules.
2.3. Analysis of Simulation Results. The following

parameters were computed to quantify the affinity of a single
fibrinogen D-domain to the surface and the structural changes
resulting from its adsorption to graphene or PEG: adsorption
energy (Eads), radius of gyration (Rg), solvent-accessible surface
area (SASA), number of hydrogen bonds (HBs), secondary
structure content, and root-mean-square deviation (RMSD)
between the initial (minimized in water) and final (after 30 or

60 ns of MD simulation) structures. These quantities capture
general structural trends as well as specific changes in structure
that result from adsorption to the surface. Energy and structural
parameters were calculated for snapshots taken every 10 ps,
resulting in 6000 snapshots for each orientation of the D-
domain. The D-domain/surface structures after energy
minimization were used as the reference (initial) structures.
Averages were calculated excluding the first 20 ns of MD
simulations, after which the systems were considered to be
equilibrated.
For each orientation of the D-domain relative to graphene

(top, side, and perpendicular-1 through -3), 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. 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:

= + −

−

‐ ‐E E E E

E

( ) ( )

( )

ads D domain graphene bound D domain unbound

graphene unbound (1)

Here the individual energies (E) of the D-domain and graphene
include their interactions with the surrounding environment
(water and counterions). The energies were averaged excluding
the first 20 ns of MD simulations. A negative binding energy is
indicative of protein affinity for the surface.
To characterize conformational changes of the D-domain

throughout the MD trajectory, the RMSDs of the Cα atom
coordinates between the conformer at time t and the initial (t =
0) conformer were calculated.
The solvent-accessible surface area is the surface area of a

protein that is accessible to a surrounding solvent.72 SASAs can
be calculated for the whole D-domain fragment, for particular
segments of the D-domain, or for individual amino acids. Thus,
it can be used to assess the degree of solvent exposure of
residues known to be involved in molecular recognition by
immune cells as a result of surface adsorption. We calculated
SASAs using the program DSSP.73 In our analysis, Hydro-
phobic SASA refers to the sum of SASAs associated with
nonpolar and aromatic amino acids (A, I, L, V, F, W, and Y),
whereas Hydrophilic SASA corresponds to the contribution of
polar neutral and charged amino acids (N, C, Q, M, S, T, D, E,
H, K, and R).
The percentages of secondary structure (α-helix and β-

strand) relative to the total number of residues with assigned
secondary structure in the whole D-domain were calculated for
D-domain/surface MD conformers at every 20 ns of simulation
time. The detailed per-residue secondary structure analysis of
each structure was performed using the program DSSP,73 and
the results are presented as color-coded tables (Figure 6 and
Figures S2−S6 in the Supporting Information): α-helix (pink),
β-extended strand (orange), bend (blue), β-bridge (purple),
hydrogen-bonded turn (green), G-helix (yellow), and un-
determined/random coil (gray).
The radius of gyration (Rg) is a parameter that captures the

compactness of the protein structure, and it is sensitive to its
degree of folding/unfolding. Rg is defined as the root-mean-
square distance of the protein atoms from the protein center of
mass.74 The radius of gyration was calculated for the five
adsorbed orientations of the D-domain as well as its unbound
state.

Figure 3. (a, b) Top and (c, d) side orientations of the fibrinogen D-
domain on the surface of graphene (a, c) before and (b, d) after 60 ns
of MD simulation. The colors refer to the immune cell recognition
sites P1 γ190−202 (red) and P2 γ377−395 (green and yellow) and
the subsite P2-C γ383−395 (yellow). The initial distance between the
fragment and the surface was set between 2.5 and 5.5 Å.
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The closest distance to the surface was calculated over the
simulation time as the minimum distance between pairs of D-
domain and surface atoms.
Hydrogen bonding provides an interaction network that

facilitates protein folding. HBs between main-chain atoms are
responsible for maintaining a protein’s secondary structure,
such as an α-helix or a β-sheet, thus giving the protein a
characteristic shape. In addition, HBs between amino acid side
chains and between side-chain and main-chain atoms
contribute to the overall stability of the folded protein. Analysis
of the number of HBs within the D-domain over the simulation
time can provide valuable information on the degree of
structural changes induced by interactions with the surface.

3. RESULTS
3.1. Convergence of the Systems and Stability of the

Reference Point. The converging potential energies for all the
D-domain systems simulated indicated that the systems were
equilibrated after 15 ns of MD simulation (Figure S1).
MD simulation of the fibrinogen D-domain in the absence of

a surface was performed under the same conditions as the other
systems to confirm the stability of the individual D-domain
structure in water. This system was used to establish a reference
structure and was named the “unbound” or native state. The
time-dependent structural parameters calculated for the un-
bound state show stable values with minimal deviations
(Figures S7−S9). For the unbound state, the RMSD exhibited
slight deviations during the first 12 ns of simulation and

Figure 4. (a, b) Perpendicular-1, (c, d) perpendicular-2, and (e, f) perpendicular-3 orientations of the fibrinogen D-domain on the surface of
graphene (a, c, e) before and (b, d, f) after MD simulations. The colors refer to the immune cell recognition sites P1 γ190−202 (red) and P2 γ377−
395 (green and yellow) and the subsite P2-C γ383−395 (yellow). The initial distance between the fragment and the surface was set between 2.5 and
5.5 Å.
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stabilized after that, yielding an average of 2.73 Å. This is in

agreement with studies showing RMSD values between 2.0 and
4.0 Å for stable native protein states.75−77 Thus, we conclude

that the native structure of the D-domain fragment was stable

under the conditions of our MD simulations.

3.2. Binding Energies. The calculated adsorption energy
for each starting orientation of the fibrinogen D-domain on
each surface is shown in Table 1. The D-domain shows
consistent adsorption to the graphene surface. According to our
previous published results,69 the average energy for binding of a
single amino acid to a graphene sheet in an aqueous

Figure 5. Perpendicular orientation of the fibrinogen D-domain on the surface of PEG (a) before and (b) after 30 ns of MD simulation. The colors
refer to the immune cell recognition sites P1 γ190−202 (red) and P2 γ377−395 (green and yellow) and the subsite P2-C γ383−395 (yellow).

Figure 6. Secondary structure assignment per residue for immune cell recognition segments P1 γ190−202 and P2 γ377−395 (with results for subsite
P2-C γ383−395 enclosed in boxes) of the fibrinogen D-domain in the crystal structure (PDB entry 1FZA), in water (unbound), and at the surface of
graphene and PEG monolayers. Secondary structure assignments were determined by DSSP and are colored as follows: β-extended strand (orange),
hydrogen-bonded turn (green), G-helix (yellow), bend (blue), bridge (pink), and undetermined/random coil (gray). None of the amino acids in
these three regions were found to adopt an α-helical conformation.
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environment is −0.35 eV or −36.42 kJ/mol. We can use this
value to roughly estimate a value for the binding energy that
would correspond to an adsorbed state. The D-domain
contains 734 residues, yielding an estimated adsorption energy
of −27 000 kJ/mol for the D-domain at the surface of
graphene. One can expect that the adsorption of a structure
that is much more complex than a collection of single amino
acids will have an adsorption energy that is much better (lower)
that the value estimated on the basis of the number of amino

acids. On the basis of this assumption and the adsorption
energies presented in Table 1, the D-domain fragment adsorbs
to graphene regardless of initial orientation, whereas adsorption
to PEG (for which Eads is less than half of that for graphene) is
very weak at best. The adsorption to graphene is mostly driven
by van der Waals interactions, as indicated by the breakdown of
the potential energies (data not shown). The aromatic residues
of the D-domain interact favorably with the surface of graphene
as a result of π−π stacking interactions.69,78 Adsorption is
observed within the first 2 ns of simulation for all of the initial
orientations of fibrinogen on graphene. Hence, 5800 snapshots
out of 6000 correspond to a bound state of fibrinogen on
graphene. In contrast, fibrinogen on the PEG monolayer is
repelled after 6 ns, which leaves only the initial 600 snapshots
having the D-domain close enough to the surface to be
considered “bound”. Thus, the bound-state frequency for
fibrinogen on hydrophobic graphene is 97%, compared with 1%
on hydrophilic PEG.

3.3. Analysis of Structural Changes. To investigate the
hypothesis that the D-domain undergoes partial unfolding and
spreading in order to maximize the interaction with the
hydrophobic graphene surface, the RMSDs between the

Table 1. Average Adsorption Energies (Eads) for Fibrinogen’s
D-Domain on a Graphene Sheet and on a PEG Monolayera

surface D-domain initial orientation Eads (kJ/mol)b

graphene top −36518
side −36600
perpendicular-1 −47412
perpendicular-2 −41703
perpendicular-3 −42004

PEG perpendicular −15631
aThe averages were calculated excluding the first 20 ns of the MD
simulation. bThe uncertainty in Eads is ±15 kJ/mol.

Figure 7. Root-mean-square deviations (RMSDs) in Cα coordinates as functions of simulation time for the D-domain of fibrinogen on graphene
(left) and PEG (right) for the whole fragment (D) and for the segments P1 and P2. The figure shows RMSD values relative to the energy-minimized
initial conformation and follows the progression of the unbound (Unbound), top (Top), side (Side), and perpendicular-1 to -3 (Perp1, Perp2,
Perp3) initial orientations.
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unbound/native and adsorbed structures of the D-domain were
obtained as functions of the simulation time (Figure 7). The
RMSD values for the unbound conformer relative to the initial
one are very stable and show much less fluctuation than those
for any of the other systems simulated. The RMSDs for all
three perpendicular orientations show a sharp and steady
increase. This increase essentially represents rearrangements of
the P1 and P2 segments within the D-domain structure, as
indicated by the RMSD plots for P1 and P2 in Figure 7. There
is a larger structural change for the D-domain initially in the
side orientation in comparison with the top one. Both of these
orientations yield conformers with RMSDs of over 10 Å relative
to the initial ones after 60 ns of simulation. However, the
changes in RMSD are much less pronounced for these
orientations than for the perpendicular ones. The RMSD
trends for the side and top orientations on graphene are
comparable to that for fibrinogen on PEG, in which fibrinogen
was initially oriented perpendicular to the surface (Figure 7).
The protein’s structural rearrangements are usually accom-

panied by changes in solvent-accessible surface area. SASAs for
all of the residues in the D-domain and those in the P1 and P2
segments of the D-domain are listed in Tables 2 (fibrinogen on
graphene) and 3 (fibrinogen on PEG) for the initial and final
conformers of the MD trajectories. There is a small variation
(≥2.5% relative to unbound) in SASA for the initial
configurations due to the energy minimization procedure
prior to MD. Compared with the unbound state, the SASA for
the last MD conformer of the whole D-domain increases
between 11% and 76% on graphene, with the most dramatic
changes associated with the perpendicular orientations (76%,
44%, and 56%). The increases in SASA associated with
adsorption to graphene are even more dramatic for the P1 and
P2 fragments. While the fragment SASAs for the initial
conformer increase less than 20% relative to the unbound
case for all of the initial orientations, the SASA at the end of the

MD trajectory can reach as much as 4 times the unbound value.
This indicates enhanced exposure to solvent. On average, P1
changes the most (106%), compared with P2 (73%), P2-C

Table 2. Structural Parameters for the D-Domain of Unbound Fibrinogen and Fibrinogen in the Presence of a Graphene Sheet
before and after MD Simulation (“Initial” and “Final” Correspond to Conformers at t = 0 ns and t = 60 or 30 ns)

graphene

unbound top side perp-1a perp-2a perp-3a

parameter 0 ns 60 ns 0 ns 60 ns 0 ns 60 ns 0 ns 60 ns 0 ns 30 ns 0 ns 30 ns

Cα RMSD (Å)
D-domain 0.00 2.91 0.00 7.21 0.00 8.47 0.00 40.61 0.00 19.35 0.00 22.18
P1 0.00 2.81 0.00 6.23 0.00 9.53 0.00 32.54 0.00 10.92 0.00 16.72
P2 0.00 3.43 0.00 6.90 0.00 8.85 0.00 32.94 0.00 22.55 0.00 19.38
P2-C 0.00 3.36 0.00 13.76 0.00 13.17 0.00 39.09 0.00 20.40 0.00 19.58

SASA (Å2)
D-domain 29475 33762 29445 37529 29495 39710 29884 59279 29225 48655 30163 52624
P1 264 322 273 291 259 274 255 1378 254 577 254 796
P2 849 713 836 802 832 1067 768 1757 742 1146 755 1393
P2-C 651 572 628 630 626 792 572 1152 545 753 558 1105

%SSb

α-helix 24.32 27.02 22.63 26.17 23.48 20.34 23.47 13.57 22.63 20.50 22.62 20.79
β-strand 21.22 21.64 21.50 19.66 21.08 19.14 20.50 3.40 21.08 10.31 21.01 5.65
turn 14.71 13.01 17.82 10.63 17.82 10.04 17.53 25.56 18.38 15.27 18.29 16.12

β-strand/turn ratio 1.44 1.66 1.21 1.85 1.18 1.91 1.17 0.13 1.15 0.68 1.15 0.35
Rg (Å) 36.46 36.91 36.45 36.03 36.45 38.02 36.46 55.04 36.44 42.93 36.42 65.20
dsurface (Å)

c NA NA 5.45 2.46 2.96 2.41 5.35 2.12 2.80 2.36 2.72 2.43
NHB,D

d 750 532 744 500 737 513 734 390 718 407 709 412
HB ratioe NA NA 0.99 0.94 0.98 0.96 0.98 0.73 0.96 0.77 0.95 0.77
aperp = perpendicular. bPercent secondary structure relative to the total content. cClosest distance to the surface. dTotal number of intramolecular
HBs in the D-domain. eRatio of NHB,D for the adsorbed fibrinogen to NHB,D for unbound fibrinogen.

Table 3. Structural Parameters for the D-Domain of
Unbound Fibrinogen and Fibrinogen in the Presence of a
PEG Self-Assembled Monolayer before and after MD
Simulations (“Initial” and “Final” Correspond to
Conformers at t = 0 ns and t = 30 ns)

unbound PEG (perpa)

parameter 0 ns 60 ns 0 ns 30 ns

Cα RMSD (Å)
D-domain 0.00 2.91 0.00 9.20
P1 0.00 2.81 0.00 9.86
P2 0.00 3.43 0.00 8.02
P2-C 0.00 3.36 0.00 11.81

SASA (Å2)
D-domain 29475 33762 29038 36867
P1 264 322 252 255
P2 849 713 726 1029
P2-C 651 572 529 794

%SSb

α-helix 24.32 27.02 22.35 25.88
β-strand 21.22 21.64 20.37 20.23
turn 14.71 13.01 15.28 12.45

β-strand/turn ratio 1.44 1.66 1.33 1.62
Rg (Å) 36.46 36.91 36.43 36.47
dsurface (Å)

c NA NA 5.36 35.02
NHB,D

d 750 532 706 516
HB ratioe NA NA 0.94 0.97
aperp = perpendicular. bPercent secondary structure relative to the
total content. cClosest distance to the surface. dTotal number of
intramolecular HBs in the D-domain. eRatio of NHB,D for the adsorbed
fibrinogen to NHB,D for unbound fibrinogen.
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(55%), and the whole D-domain (41%). In comparison, the
variations in SASA at the end of the MD trajectory on the PEG
monolayer relative to the unbound state are 9%, 21%, 44%, and
39% for the whole D-domain, P1, P2, and P2-C, respectively.
In general, proteins native to aqueous environments have

higher SASAs for hydrophilic residues than hydrophobic ones.
Fibrinogen has amphipathic helices packed together in such a
way as to form buried hydrophobic domains with exposed
hydrophilic surfaces within the D-domain and hydrophilic
regions within the central E-domain. Graphene has a highly
hydrophobic nature, in contrast with fibrinogen. One would

expect that hydrophobic residues in the D-domain would
become more exposed upon interaction with graphene than
they would on PEG monolayer, a hydrophilic surface. To
investigate this hypothesis, we show in Figure 8 the SASAs of
hydrophobic and hydrophilic residues of the whole D-domain
and of the P1 and P2 segments for different initial orientations
of the D-domain on graphene (patterned bars). For
comparison, the SASAs for unbound fibrinogen (gray bars)
and for the initial perpendicular orientation of the D-domain on
PEG (white bars) are also shown in Figure 8. The hydrophobic
SASA (OSASA) is generally much smaller than the hydrophilic

Figure 8. Hydrophobic and hydrophilic solvent-accessible surface areas of the whole fibrinogen D-domain and the recognition sites P1 and P2 at the
surface of graphene (patterned bars) or PEG (white bars). The different patterned bars correspond to a single time point (30 ns or 60 ns) of the MD
trajectory for the initial orientations top (Top), side (Side), perpendicular-1 (Perp1), perpendicular-2 (Perp2), and perpendicular-3 (Perp3). The
unbound state (solid gray bars) represents the native (unbound) structure.
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counterpart (ISASA). For the whole D-domain on graphene,
both OSASA and ISASA increase, more markedly for the
perpendicular orientations. The 13-residue-long P1 gains
exposure of both hydrophobic and hydrophilic residues when
initially placed in a perpendicular orientation but not in the side
or top orientation. The most exposure of hydrophobic residues
upon adsorption to graphene is seen for the 19-residue-long P2,
consistent with this segment’s role in immune response. Very
minor changes in both OSASA and ISASA are observed for
adsorption to PEG, except for hydrophobic residues within P2,
which gain as much exposure upon adsorption to PEG as for
most of the initial conformations on graphene.
The radius of gyration analysis showed the most significant

change in compactness for the D-domain on the surface of
graphene with the starting perpendicular-1 orientation (Table
2). In contrast, Rg for the D-domain interacting with PEG
remained constant and within the same range as for the native
state, i.e., 36.5−37.0 Å (Table 3). The higher Rg results from
spreading of the protein on the surface, with consequent
unfolding relative to the native structure. This apparent
unfolding will be discussed further in synergy with other
structural parameters.
The adsorption energies (Table 1) and the post-MD

structures (Figures 3 and 4) indicate that all five D-domain
orientations adsorb to graphene. This is supported by closest
distances from the surface of less than 2.5 Å for all of the
orientations on graphene (Table 2). In contrast, the self-
assembled monolayer constructed of PEG repels the hydro-
phobic D-domain, as suggested by the adsorption energies
(Table 1), the post-MD structure (Figure 4), and the increased
separation between the protein and the surface, from 5.36 Å at
the beginning of the simulation to 36.90 Å after 30 ns of
simulation (Table 3).
The percentage of conserved hydrogen bonds within the D-

domain for the perpendicular orientation is higher as a result of
interactions with the PEG monolayer (97%; Table 3) in
comparison with the graphene surface (76% average; Table 2).
This contrast may be attributed to the difference in wettable
characteristics of these surfaces.
To assess structural stability of the D-domain after

adsorption, the total number of intramolecular hydrogen
bonds was computed for fibrinogen in water (unbound; Tables
2 and 3), on graphene (Table 2), and on PEG (Table 3) before
and after MD. There are considerable differences in the total
numbers of intramolecular hydrogen bonds for fibrinogen
before MD (initial) and after MD (final) for both surfaces in all
of the initial orientations simulated, including the unbound
state. This is the result of HB formation with surrounding water
molecules during the first 15 ns of simulation. The small
difference observed in the values for the initial (before MD)
conformers is attributed to the two-step minimization of each
individual starting orientation prior to MD. While the top and
side initial orientations of the D-domain preserve similar HB
contents, the numbers of HBs are considerably reduced (about
1.5 times less) for the adsorbed perpendicular orientations in
comparison with the unbound state for fibrinogen on graphene.
In contrast, fibrinogen on PEG with a starting perpendicular
orientation preserves similar numbers of hydrogen bonds as for
the unbound state and the side and top orientations on
graphene.
To obtain additional information on structural reorganization

of the D-domain induced by graphene as well as by PEG, the
secondary structure assignment by residue with respect to the

crystal structure of fibrinogen (PDB entry 1FZA) was analyzed
(Figures 6 and S2−S6). The analysis of secondary structure
content (Tables 2 and 3) suggests that adsorption of the D-
domain on graphene under conditions that favor a
perpendicular orientation relative to the surface induces
conformational changes with loss of secondary structure,
especially β-strands. For example, perpendicular-2 suffers a
reduction in α-helical content from 23% to 14%. The
orientations perpendicular-1 and perpendicular-3 undergo
decreased in β-strand content from 20% to 3% and 21% to
6%, respectively. In contrast, the secondary structure content
(α-helices and β-strands) of the D-domain is retained almost
completely in water (native state), indicating that the native
structure of the D-domain was preserved over the simulation
time. Loss of secondary structure within the segments P1, P2,
and P2-C (Figure 6) is observed only for one of the
perpendicular orientations on graphene. The perpendicular-1
orientation (Perp1) in Figure 6 loses its P1 and P2/P2-C β-
strands during the 60 ns of MD simulations relative to the
crystal structure of fibrinogen. There is one four-residue-long
region of the D-domain (Qγ350−Tγ353) that loses its
secondary structure in at least three of the five initial
orientations simulated on graphene but remains stable on
PEG and in the unbound state. This region is likely significant
for binding to graphene and should be further investigated
experimentally.
The results for 30 ns of simulation show that perpendicularly

oriented fibrinogen D-domain does not adsorb to the surface
consisting of self-assembled PEG chains (Figure 5 and Table
1). This result is in agreement with that of Burchenal et al.,79

who found decreased fibrinogen adsorption to a surface coated
with PEG. In addition, the D-domain on PEG retains its
secondary structure content (Table 3 and Figure 6). PEG is
considered a promising biocompatible material.62,63,80−83

Scott84 suggested that the protein’s resistance to adsorption
to PEG is due to the fact that water molecules hydrate PEG
units, creating a hydration shell through hydrogen bonds. In
our snapshots, the distribution of water molecules on PEG is
consistent with this model. Although there is some loss in
hydrogen bonding for the D-domain interacting with the PEG
monolayer (3%; Table 3), there is strong conservation of the
D-domain secondary structure as a result of their interactions
(Figures 6 and S2−S6).
The β-strand/turn ratios (Tables 2 and 3) are consistent with

the results of experimental investigations of fibrinogen
adsorption to hydrophobic and hydrophilic silicon surfaces by
Steiner et al.85 On the basis of those findings, the authors
concluded that hydrophobic surfaces are associated with lower
β-strand/turn ratios, whereas higher ratios are found for
hydrophilic surfaces. In our results, the amount of β-strand is
much higher for PEG in comparison with the graphene surface,
in agreement with the results of Steiner et al.,85 who found an
increased amount of β-strand for fibrinogen at the hydrophilic
silica surface.

4. DISCUSSION
4.1. Comparison to Similar Studies Reported in the

Literature. Few theoretical studies in the literature have
explored the adsorption of fibrinogen on hydrophobic
surfaces.29,86 A previous MD study of the fibrinogen γ-chain
on self-assembled monolayers showed no significant structural
changes for the protein fragment.86 The authors utilized a 5 ns
time scale with the GROMACS version 3.1.4 MD simulation
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package and the GROMACS force field. They suggested that
some substantial rotational and translational motions of the γ-
chain happen as a result of interactions with the surface.
However, probably because of the short simulation time or the
size of the fibrinogen fragment, no direct link between surface
chemistry/wettability, degree of protein structural changes,
inaccessibility to recognition sites, and biocompatibility was
established. In comparison, our results are for longer simulation
times (30−60 ns) and monitor key recognition sequences
within the D-domain of fibrinogen for structural changes that
may correlate to biocompatibility.
A recent theoretical work29 suggested that fibrinogen adsorbs

to the graphene surface quickly through interactions between
aromatic and nonaromatic amino acids and the surface. The
authors performed three independent 200 ns simulations for
each of two initial “parallel” orientations of fibrinogen on
graphene. Overall, our results are in agreement with their
findings that fibrinogen quickly adsorbs to graphene from
starting parallel orientations. However, our work provides
additional insights through the comprehensive analysis of
multiple orientations of the fibrinogen D-domain on the surface
of graphene as well as the comparison to PEG. While our
emphasis is on secondary structure and recognition sites
involved in immune response, Gu et al.29 analyzed the
contributions of individual amino acids to adsorption. They
found that basic residues (Arg and Lys) contribute significantly
to the adsorption energy through van der Waals (dispersion)
interactions. These results are in agreement with our previous
work on the adsorption of single amino acids on graphene.69

4.2. Adsorption-Induced Conformational Changes:
MD versus Experimental Results. Structural analysis of
the MD simulation snapshots indicates that the D-domain of
fibrinogen undergoes conformational changes upon adsorption
to the graphene surface. Although the segments implicated in
immune response, P1 γ190−202 and P2 γ377−395, are not
adjacent in the primary structure of fibrinogen, these segments
are close-packed neighbors in the three-dimensional structure,
representing antiparallel β-strands (Figure 1). Changes in
accessibility of one motif may affect the other and,
consequently, their interactions with leukocyte Mac-1 integrin.
The loss of secondary structure and increased solvent exposure
of hydrophobic and hydrophilic residues in P1 and hydrophilic
residues in P2 were found to be dependent on the initial
orientation of the D-domain on graphene. Our results suggest
that only under conditions that favor a perpendicular approach
to the surface do these segments unfold enough to expose the
recognition residues that are known to trigger immune
response. One such condition would be a high density of
fibrinogen molecules on the surface, which will be discussed in
a later subsection. Grazing-angle infrared spectroscopy indicates
that adsorption of fibrinogen to a hydrophobic surface is a
multistage process that takes place over a relatively long period
of time (1 h).30 A model for this process was suggested30 that
involves rapid initial adsorption with the protein’s long axis
parallel to the surface, followed by a rearrangement of the
protein in such a way that allows for additional fibrinogen
molecules to adsorb onto the surface during a second stage.
The authors suggested that a perpendicular orientation of
fibrinogen after the initial stage would favor the adsorption of
additional molecules because of increased hydrophobic
interactions between fibrinogen molecules aligned parallel to
each other. Although our MD simulations were not long
enough to represent this multistage process, our finding that

the adsorption of fibrinogen onto graphene is favorable for both
parallel and perpendicular arrangements supports this proposed
multistage model.
Experimentally, fibrinogen’s changes in overall secondary

structure content upon adsorption to hydrophobic surfaces
were found to be associated with van der Waals interactions.32

There is no intermolecular electrostatic contribution to the
protein−surface interaction energy because of the nonpolar,
uncharged nature of graphene. The strength of D-domain−
graphene interactions can be explained by weak surface water
interactions that are not able to overcome multiple hydro-
phobic nonbonded interactions between the protein and the
substrate. The formation of a water−graphene interface is
energetically unfavorable due to their hydrophilic/hydrophobic
natures. For hydrophilic surfaces, however, the protein is
shielded from the surface by a high-density water layer and
consequently desorbs. Our results suggest that intermolecular
interactions at the hydrophobic graphene surface restructure
the fibrinogen D-domain, contributing to a favorable adsorption
energy.
Our results suggest that adsorbed fibrinogen does not fully

unfold as a result of adsorption to the hydrophobic graphene
surface; it strongly conserves ordered secondary structures for
all but one starting orientation (perpendicular). The percentage
of secondary structure content relative to the native structure
shows a decrease of (extended) β-strand content, whereas the
α-helix content remains stable. The secondary structure content
trends for fibrinogen on graphene are in clear contrast to the
MD results for fibrinogen on the PEG monolayer, in which the
secondary structure content is strongly preserved. Experimen-
tally, fibrinogen adsorption to hydrophobic Si surfaces31 was
found to have little to no effect on the α-helical content relative
to the protein in the unbound state but to promote
considerable decrease in β-sheet content. Similar results were
obtained for fibrinogen adsorption to a stainless steel surface.87

The content of α-helices in fibrinogen relative to its native
structure was found to decrease slightly (7−8%), whereas the
content of β-sheets decreased more dramatically (15%) and the
content of β-turns increased.87 According to Berg’s limit,
stainless steel is considered to be more hydrophobic than
hydrophilic. Our results are thus consistent with these
experimental observations for α-helices and β-strands.31,87 It
should be noted, however, that the content of turns we
calculated includes all hydrogen-bonded turns, not only the β
type, precluding a direct comparison.
In summary, the structural parameters obtained from our

MD simulation snapshots are consistent with a considerable
body of experimental evidence that indicates favorable protein−
surface interactions on highly hydrophobic surfaces such as
graphene and weak interactions with hydrophilic surfaces such
as PEG.33,36−41,43,68,88

4.3. Limitations and Other Considerations. In this
work, an assumption was made that the D-domain predom-
inantly interacts with the surface/monolayer, and interactions
with other fibrinogen molecules or other proteins/biomolecules
were not considered. Another aspect that was not specifically
modeled is the density of fibrinogen molecules on the surface.
Immunological response seems to be observed when the
density of adsorbed fibrinogen is at least 10 ng/cm2.84,89 The
orientation of an elliptical protein on the surface can be
characterized as “side-on” or “end-on” depending on which axis,
long or short, is predominantly interacting with the surface.15

Increased protein density on the surface is expected to favor an
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initial “end-on” orientation, which we found to promote
conformational changes upon adsorption to the graphene
surface. Since conformational changes are associated with
exposure of Mac-1 integrin recognition sites and subsequent
immune response, our results are consistent with concen-
tration-dependent biocompatibility for graphene. It could be
argued that the absence of other fibrinogen molecules in the
simulations may have affected the degree of structural changes
induced in fibrinogen by adsorption to the surface. However,
the impact of intermolecular interactions on the current
simulations is expected to be negligible because of the
difference in the time scales for the cooperative adsorption
kinetics of a group of interacting proteins (a few minutes) and
the adsorption kinetics for an individual protein (a few
nanoseconds). Consistent with this argument, the D-domain
perpendicularly placed on the surface of graphene showed no
migration over the surface during the 60 ns of simulation.
The simulation time of 60 ns may not be enough to observe

a final adsorbed state that corresponds to total protein
unfolding because, on average, the unfolding process takes a
few minutes. In addition, the different end-point conformers
observed for the top, side, and perpendicular initial
conformations may be a result of the relatively short simulation
time. The different trajectories may converge to a common
end-point conformer given a long enough simulation time.
Nonetheless, general trends can be observed within the time
scale of our MD simulations.
The design of materials that selectively adsorb fibrinogen

may be desirable for the purpose of orthopedic applications.
Almeida and coauthors90 reported that adhesion of natural
killer cells is higher on materials with adsorbed fibrinogen.
Natural killer cells (leukocytes) express Mac-1 receptor91−93

and recruit mesenchymal stromal cells that differentiate into
osteoblasts responsible for bone repair/regeneration. Stimula-
tion of bone growth and regeneration is very desirable in bone
implant materials. At the same time, natural killer cell adhesion
does not lead to cytokine secretion and consequent
inflammatory response, which is also very desirable for bone
implants.

5. CONCLUSIONS
The ultimate goal of research in orthopedic applications is to
investigate a biomaterial that has an appropriate cellular
response due to its ability to provide bone tissue regeneration
function while not promoting the foreign body reaction. In
other words, the physicochemical properties of the synthetic
biomaterial need to be balanced to contribute to the bone
healing process. Therefore, detailed knowledge of the processes
accompanying protein adsorption is essential to model the
surface of the implant that will be compatible with living tissue.
In the present work, we have shown that MD simulations
provide important insights into the molecular mechanisms of
protein−hydrophobic (graphene) and protein−hydrophilic
(PEG) interactions that cannot be identified by experiments.
We have found that perpendicularly oriented D-domain

undergoes the most crucial conformational changes upon
adsorption to a pure graphene surface, while PEG shows no
effect on the structure of the D-domain. Our results indicate
that pristine graphene under conditions that promote a
perpendicular (“end-on”) orientation of fibrinogen is a pro-
inflammatory surface and therefore is not suitable for blood-
contacting biomedical devices. One such condition could be
exposure to high blood flow, resulting in a high density of blood

proteins (fibrinogen and others) on the surface. We speculate
that graphene oxide, a substrate with amphiphilic properties,
may present better biocompatibility characteristics than a pure
graphene layer. The presence of covalently attached polar
groups on the graphene oxide surface may lead to greater
structural stability of interacting fibrinogen than observed for
graphene in the molecular simulations.
The ideal material should affect normal immune cell function

in such a way that it promotes healing and implant integration,
but not inflammation, while sustaining specific implant
function. The development of computational models to assess
biocompatibility, such as the one presented in this article, will
enable the design of better materials for biomedical
applications.
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