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Adsorption of BMP-2 on hydrophobic gold and hydrophilic silicon nitride is studied using molecular
dynamics simulations. The wetting behavior of the dissolution media directly guided the protein-
substrate interaction, impacting the protein adsorption. The saline solution restricted the movement of
the protein on gold, limiting adsorption to hydrophobic and charged residues while preserving the sec-
ondary structure. Stronger adsorption occurred on silicon nitride where the protein had more flexibility
to interact with the surface leading to the disruption of b-sheet structures in two orientations. This
research contributes to the understanding of BMP-2 adsorption behavior in four orthogonal orientations
with medically relevant materials.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Protein adsorption onto substrates is an important phe-
nomenon in biotechnology due to its influence in the biocompati-
bility of implants and the effectiveness of engineered tissue
scaffolds for cellular differentiation and proliferation [1,2]. The
protein-substrate interactions are vital in preserving the biological
response of the proteins [3]. The properties of the substrate sur-
face, including wetting properties, crystal orientation, and topol-
ogy, regulate the final conformation and bioactivity of the
adsorbed protein [4]. Protein structure can change from its native
state to an unfolded configuration depending on the surface char-
acteristics, which can lead to partial denaturation of the protein
[3,5].

Bone morphogenetic protein-2 (BMP-2) is an essential protein
for bone formation and restoration because of its potential to pro-
mote differentiation and proliferation of osteoblasts [6]. BMP-2
combined with standard methods for bone repair can reduce the
healing time and risk of rejection, allowing savings in the treat-
ment cost. However, its use for clinical procedures requires the
protein to be incorporated in a carrier agent without significant
conformational changes to maintain its bioactivity [7]. For the
effective bone development, BMP-2 adsorption on the implant sur-
face must be stable and occur exclusively on the implant site. Also,
the protein must interact with its receptors to activate signaling
cascades, inducing osteoblasts proliferation [3]. Partial denatura-
tion of the protein can occur if the binding to the surface is too
strong which directly affects the protein bioactivity. Therefore, a
balance between steady adsorption on the substrate and conserva-
tion of protein activity must be achieved [3]. BMP delivery at the
affected site relies on media pH, substrate porosity, temperature,
the salt concentration of the solute, and the interaction between
substrate and protein [8]. Therefore, its retention depends if the
growth factor is immobilized on the substrate during manufactur-
ing or absorbed into the substrate [8].

The interaction between protein and substrate at the nanoscale
depends on different surface parameters, including chemical com-
position, charge, topography, and hydrophilicity, which influence
protein conformation, adsorption, and bioactivity [9]. Proteins
interact with a substrate through intramolecular bonds, including
hydrophobic interactions, ionic bonds, and charge transfer.
Hydrophilicity of substrates is a critical parameter for the adsorp-
tion of proteins. Usually, hydrophilic surfaces adsorb fewer pro-
teins than hydrophobic [10]. However, protein adsorption also
depends on the properties of the amino acids that form a protein.
Amino acids are classified as charged, polar and hydrophobic.
Charged residues are highly exposed to solvents, often forming salt
bridges which influence the stability of proteins [11]. Hydrophobic
amino acids residues tend to adsorb on hydrophobic substrates,
whereas polar residues on hydrophilic substrates [10].

Different substrate materials with medical relevance, such as
gold [12], graphite [3,13], and hydroxyapatite [9,14] have been
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studied to understand their interaction with proteins. In recent
years, a new class of materials which include silicon nitride [15]
and silicon dioxide [16] have been used for orthopedic applications
due to their improved biocompatibility. Gold has been widely used
as a substrate material because of its optical, magnetic, and chem-
ical properties, with applications in biological imaging, drug deliv-
ery system and biosensors [12]. Silicon nitride has been used in
spinal surgery for bone fusion and to extend the durability of pros-
thetic hip and knee joints [15]. However, the interaction of proteins
with these materials needs further exploration for their effective
implementation in clinical settings.

Molecular modeling can be used to visualize better, understand
and predict the interaction between proteins and material surfaces
to control cellular function [1,2]. Studies of 3D protein structures
are essential to understanding the BMP-2 release kinetics for
orthopedic applications [17]. The benefits of BMPs in the regener-
ation of bone tissue are well-known and studied in the medical
field [18–20]. However, the effective release of this protein at
tissue-implant interface needs further investigation. Understand-
ing how ambient conditions affect the release kinetics of BMP-2
on different substrate materials and morphologies will progress
the field of orthopedics. Successful coatings of BMP-2 on implants
might reduce the cases of rejection and avoid infections, signifi-
cantly reducing the recovery time of bone and cartilage injuries
[6]. Current clinical practices employ BMP-2 growth factors at
implant site with mixed results [21]. Growth factors are typically
sensitive to ambient in vivo environments and susceptible to
denaturation [22]. Also, prolonged retention is required to main-
tain the properties of growth factors in the cells, artificial scaffolds,
or extracellular matrix [23]. Thus, it is critical that the molecular
mechanisms for the adsorption kinetics and bioactivity of BMP-2
Fig. 1. Initial orientations of BMP-2 on hydrophobic gold (same orientations considere
represented in pink and b-sheets in yellow. (For interpretation of the references to colo
be studied to direct cell-specific differentiation and proliferation.
Our research group implements MD simulations to investigate
BMP-2 growth factor in four initial orientations concerning sub-
strate materials based on their varying wetting behaviors. The
hydrophobic and hydrophilic characteristics are represented by
gold and silicon nitride (Si3N4) substrate materials, respectively.

2. Methods

The MD simulations were performed on a 64-bit Linux platform
(Fedora 21) with two graphical processing units (GPUs) from NVI-
DIA� Corporation (K40 and K20, with 2880 and 2496 cores, respec-
tively). Nanoscale Molecular Dynamics (NAMD) source code
version 2.11 was implemented to execute the simulations with
CHARMM27 force field [24]. Visual Molecular Dynamics (VMD)
platform was used to create the molecular models and analyze
the results [25]. The Theoretical and Computational Biophysics
Group at Beckman Institute for Advanced Science and Technology
at the University of Illinois at Urbana-Champaign developed both
NAMD and visual MDs [25].

A BMP-2 protein representation (PDB: 3BMP) was obtained
from the RCSB Protein Data Bank [26]. The BMP-2 molecule con-
sisted of 1641 atoms, with 1664 bonds, at 2.7 Å resolution. An
explicit TIP3P water model was used to solvate the protein in a
minimumwater sphere [27], and then, sodium chloride (NaCl) ions
were added using VMD plugin at a concentration of 0.15 mol/L.
This solvated aqueous protein model consisted of a 6.5 nm droplet
with 13,863 atoms. Non-bulk models have been successfully used
to study protein conformation [3,5,28].

For modeling the interaction of the substrate with the droplets,
the solvated protein was placed tangent on the center of a flat
d for silicon nitride). Protein is represented using secondary structure, a-helix is
r in this figure legend, the reader is referred to the web version of this article.)
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substrate. The initial orientation of the protein influences the
protein-surface interactions due to the special characteristics
(hydrophobic, hydrophilic and charged) [29] of the amino acids
that form the BMP-2. For this reason, we considered four different
initial orientations of the protein, two side-on and two end-on (see
Fig. 1). Gold and silicon nitride substrates were constructed using
VMD plugin with dimensions of 200 � 200 � 20 Å and 320 � 200
� 20 Å, respectively.

The bonded and non-bonded parameters for water molecules
and protein were obtained from the CHARMM force fields [30].
The non-bonded force field parameters used in the simulations
for gold were rij = 3.694 Å and eij = �0.163 kJ/mol [31], and for sil-
icon nitride rij(Si) = 4.270 Å, eij(Si) = �1.297 kJ/mol, rij(N) = 3.995
Å, and eij(N) = �0.795 kJ/mol [32].
Fig. 2. Side view of droplets spreading over time. Protein (side-on A orientation) is rep
shown in red, polar in yellow, and hydrophobic in blue. (For interpretation of the refere
article.)
All simulations were minimized for 0.2 ns and performed for 20
ns with a 2 fs integration time step. Data were recorded every 0.1
ns. The cutoff distance for Van der Waals interactions was 12 Å.
Periodic boundary condition was applied for x- and y- directions.
The systems were simulated at a constant temperature of 310 K
using Langevin temperature control [33]. All the atoms in the sub-
strate were fixed.

3. Results and discussion

The effects of the protein orientations and substrate materials
on the protein adsorption were evaluated over time. Fig. 2 shows
the side-on A orientation on gold and silicon nitride substrates
with equilibrium contact angles of 121� [34,35] and 35� [36,37]
resented according to the characteristics of the residues; charged amino acids are
nces to color in this figure legend, the reader is referred to the web version of this
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representing hydrophobic and hydrophilic interactions, respec-
tively. The wetting behavior of the substrates directly affects the
behavior of the protein along with the presence of salt ions, which
can create a barrier that prevents adsorption. In hydrophobic gold,
the solvent restricted the movement of the protein avoiding the
contact of most residues with the substrate, and only a few charged
and hydrophobic residues could adsorb.

On the contrary, simulations using hydrophilic silicon nitride
allowed the protein to have a stronger interaction with the sub-
strate. This is because the solvent pulled the protein towards the
substrate during the spreading phase, allowing a higher number
of protein atoms to be available for adsorption. These findings con-
tradict the fact that hydrophobic materials usually tend to adsorb
more proteins and hydrophilic materials have a certain resistance
to protein adsorption [10]. This contrary behavior might be related
to the presence of a dissolution media which has a high influence
on protein adsorption. Polar amino acids in the protein are
attracted to the water molecules, which prevents the protein from
having some of its charged and hydrophobic residues to interact
with the gold substrate. On the other hand, protein adsorption is
highly favorable on silicon nitride because the solvent allows the
protein to spread out more on the surface, making more residues
available to adsorb. Thus, the adsorption of protein is a function
of the three-way interaction between the protein, the dissolution
media (NaCl 0.15 mol/L water) and the substrate.

The structural stability of the protein models was evaluated
using the root-mean-square-deviation (RMSD) of the atomic coor-
Fig. 3. Root-mean-square-deviation as a function of time
dinates. For the models simulated on hydrophobic gold, the initial
orientation influenced the average values of RMSD, presenting
fluctuations in the values (see Fig. 3(a)). In the models simulated
with hydrophilic silicon nitride, only small changes occurred on
the RMSD values and equilibration was reached for all the orienta-
tions at approximately 3 ns (see Fig. 3(b)).

According to Utesch et al. [3], the adsorption of BMP-2 onto the
surface of the substrate can be measured by the adsorption energy.
This can be quantified as the number of contacts, which is the
number of atoms in a residue that are within 5 Å of the substrate.
Protein adsorption energy was measured by the non-bonded inter-
action energies. These include both the Van der Waals and electro-
static energies of the interaction between protein and substrate.
The strength of interaction depends on the type of interaction
forces. Van der Waals interactions are very weak (energy less than
50 kJ/mol) while electrostatic interactions are strong (energy
higher than 100 kJ/mol) [38].

The adsorption of BMP-2 on gold is significantly different from
the adsorption on silicon nitride. In all simulations using gold as a
substrate, the electrostatic energy is zero, and the adsorption
energy corresponds only to the Van der Waals energy, confirming
that interactions between protein and gold are usually weak [12].
For these simulations, BMP-2 adsorption occurred within less than
2 ns for side-on B and end-on B. Simulation with end-on A initial
orientation took the longest time to initiate adsorption (14 ns).
However, adsorption was stronger as compared to other simula-
tions (see Fig. 4(a)). On almost all systems, except end-on A
for protein models on (a) gold and (b) silicon nitride.



Fig. 4. Adsorption energy of protein with (a) gold and (b) silicon nitride substrate.
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orientation, the protein adsorbed with a perpendicular orientation
towards the surface, which was influenced by the arrangement of
salt ions during the simulations. For the simulations performed
with hydrophilic silicon nitride, similar adsorption behavior
occurred for all initial orientations considered. All simulations sta-
bilize at 5 ns but stronger adsorption occurred for side-on A and B
(see Fig. 4(b)). The water molecules formed a layer between pro-
tein and surface. This is consistent with findings for hydrophilic
substrates where proteins do not have direct contact with the sur-
face and are involved in a constrained water layer [39]. According
to Kyriakides [40], even though the arrangement of water mole-
cules on the surface of a hydrophilic substrate can be a barrier to
protein adsorption, charge interactions and conformational
changes of the protein can promote adsorption processes due to
favorable energetic changes.

The radius of gyration of the BMP-2 was calculated to analyze
the compaction level that occurred in its structure during each
simulation. This measure was used to evaluate the protein unfold-
ing behavior. For the simulations performed on gold, all the orien-
tations presented similar compaction behavior, preserving the
initial structure (see Fig. 5(a)). This might be related with the fact
that the solvent restrained the movement of the protein on the
gold substrate. The end-on A configuration had less flexibility for
spreading which explains its late adsorption behavior. For the sim-
ulations performed using silicon nitride as a substrate, the initial
orientation influences the unfolding behavior of the protein. Simu-
lations performed with side-on A configuration spread completely
forming a layer on the substrate (Fig. 5(b)). This is evident with its
high radius of gyration and corresponding highest adsorption
energy (�1500 kJ/mol). The end-on A configuration presented
steady secondary structures with lower values of radius of gyration
on both Si3N4 and gold substrates. This behavior confirms that the
end-on A orientation has less flexibility for unfolding on the
substrates.

Protein denaturation was evaluated by comparing the sec-
ondary structure of each configuration between the initial and
final conformation. Denaturation disrupts the a-helix and
b-sheet structures transforming them into a random coil state
[41]. Higher conformational changes in the secondary structures
occurred for the simulations performed on silicon nitride as
compared to gold (see Table 1). The silicon nitride substrate
had minimal changes to the a-helix structures in most of the
simulations. Side-on B and end-on B configurations had signifi-
cant losses of b-sheet structure. This loss of secondary structure
is in agreement with a similar MD study of protein adsorption
conducted by Mücksch et al. [4]. They revealed that the hydro-
philic substrate greatly disturbed the secondary structure of
the streptavidin protein as compared to the hydrophobic sub-
strate. Based on this partially denatured protein structure on sil-
icon nitride substrate, cascading interactions with Type I and
Type II cell receptors seem unlikely. Thus, we conclude that
the side-on B and end-on B orientations in a BMP-2 monomer
configuration may not be suitable for coating a hydrophilic
substrate such as silicon nitride.



Fig. 5. Evolution of the radius of gyration of BMP-2 over time for simulations performed on (a) gold and (b) silicon nitride.

Table 1
Initial and final secondary structure of BMP-2 on gold and silicon nitride substrates.

SS Initial structure (%) After 20 ns (%)

Gold Silicon nitride

Side-on A Side-on B End-on A End-on B Side-on A Side-on B End-on A End-on B

a-helix 10.38 11.32 12.26 10.38 11.32 9.43 14.15 7.55 10.38
310-helix 0.00 0.00 2.83 0.00 0.00 0.00 2.83 2.83 6.60
b-sheet 44.34 40.57 44.34 44.34 42.45 42.45 31.13 41.51 32.08
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Figs. 6 and 7 show the number of contacts between residue
atoms and substrate within a distance of 5 Å. Residues were
selected based on their higher contributions to the adsorption
behavior with the substrate. For hydrophobic gold, most of the
adsorbed residues were charged or hydrophobic. The side-on A ori-
entation had at most 99 atoms in a residue contacting the sub-
strate, which was the highest number for the gold substrate.
Different VAL and LEU residue chains adsorbed in all orientations
simulated. Fig. 7 shows that a higher number of residue atoms
adsorbed on hydrophilic silicon nitride, reaching 219 atoms for
end-on A orientation. The residues with greater number of contacts
(greater than 120) were mostly charged, including ARG, GLU, and
LYS. The other adsorbed amino acids included different residues,
both polar and hydrophobic.

For the gold substrate, the solvent interfered with the
adsorption phenomena and only hydrophobic and charged resi-
dues that were exposed on the surface of the drop adsorbed
on the surface. Consequently, contributing to the weaker
adsorption on gold as compared to silicon nitride. Moreover,
the non-wetting hydrophobic drop restricted the movement
of the protein, thereby preserving its secondary structure in
all orientations on the gold substrate. The side-on orientations
for both substrates had more atoms interacting with the sur-
face. Hydrophobic LEU100, VAL98, and LEU90 were the main
residues adsorbing on the surface in side-on A orientation,
while charged LYS73 and hydrophobic VAL63, VAL67 and
VAL70 adsorbed in side-on B orientation (see Fig. 8). Charged
LYS97 strongly adsorbs at 4 ns, but desorbed after 6 ns. This
confirms the fact that hydrophobic amino acid residues tend
to adsorb on hydrophobic substrate [10]. The cysteine knot
structure was retained providing structural stability for the
BMP-2 monomer without its hydrophobic core [42]. Both the



Fig. 6. Number of contacts between residue atoms and gold substrate during 20 ns simulations.
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wrist and knuckle epitopes were conserved after the adsorp-
tion of BMP-2 on gold providing signaling pathways to Type
I and Type II receptors, respectively [43]. These receptors
activate a signaling cascade within the cell through the SMAD
pathway initiating chondrogenesis towards bone morphogenesis
[44,45].



Fig. 7. Number of contacts between residue atoms and silicon nitride substrate during 20 ns simulations.
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Charged amino acids ARG9 and LYS97, and hydrophobic
LEU10 are responsible for the stronger interaction with
silicon nitride for the side-on A orientation. In the case of
end-on orientation, the main interactions were contributed
by charged amino acids ARG9, LYS11, and LYS101, and polar
ASN59 (see Fig. 9).



Fig. 8. Dominant residues that are within 5 Å of the gold surface.

Fig. 9. Dominant residues that are within 5 Å of the silicon nitride surface.
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4. Conclusion

This paper investigates the adsorption behavior of BMP-2 with
four initial orientations on hydrophobic gold and hydrophilic
silicon nitride. For all the simulations performed on gold, the
water molecules constrained the movement of the protein within
the drop restricting protein adsorption with the substrate. All the
orientations of BMP-2 had their protein secondary structure
preserved on the gold substrate. However, only weak Van der
Waals interactions occurred, with mostly charged and hydropho-
bic residues which lay on the periphery of the drop surface. On
most systems simulated, except end-on A, the protein adsorbed
with a perpendicular orientation towards the surface, which
was influenced by the arrangement of salt ions during the
simulations.

On the silicon nitride substrate, strong adsorption occurred
exclusively without direct contact between protein and surface
via intermittent water layers. This strong adsorption is related to
charge interactions and conformational change of the protein.
The initial orientation of the protein strongly influenced the
adsorption behavior. Simulations starting with side-on B and
end-on B had at least three residues with more than 150 atoms
adsorbing on the surface. This resulted in significant disruption
of the b-sheet structures. Side-on A and End-on A also had strong
binding to the Si3N4 surface and conserved their secondary struc-
ture. This might be related to the fact that only one residue
(ARG9) had more than 150 atoms adsorbing on the surface.

End-on A orientation had less flexibility for spreading on both
materials, with lower values of radius of gyration, which explains
the late adsorption behavior on gold (after 14 ns). On silicon
nitride, adsorption energy was lower with this orientation as com-
pared to side-on A, which had the highest radius of gyration. Even
with high values of radius of gyration (around 20.5 Å), this system
with side-on A initial orientation had most of its secondary struc-
ture preserved.

BMP-2 adsorption is a strong function of the three-way inter-
action between the protein, the dissolution media, and the sub-
strate. The salt ions play a vital role in the adsorption
phenomenon. The dissolution media limited the adsorption on
gold due to the high interaction of polar residues in the protein
with the water molecules. The side-on A and end-on A orienta-
tions had strong adsorption with the silicon nitride without dis-
ruptions to their secondary structure. This research lays the
foundation for identifying combinations of appropriate BMP-2
orientations with hydrophobic and hydrophilic substrates for
medical applications.
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