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Nanomaterials are good candidates for the design of novel components with biomedical applications.
For example, nano-patterned substrates may be used to immobilize protein molecules in order to
integrate them in biosensing units. Here, we perform long MD simulations (up to 200 ns) using an
explicit solvent and physiological ion concentrations to characterize the adsorption of bovine serum
albumin (BSA) onto a nano-patterned graphite substrate. We have studied the effect of the orientation
and step size on the protein adsorption and final conformation. Our results show that the protein is
stable, with small changes in the protein secondary structure that are confined to the contact area
and reveal the influence of nano-structuring on the spontaneous adsorption, protein-surface binding
energies, and protein mobility. Although van der Waals (vdW) interactions play a dominant role,
our simulations reveal the important role played by the hydrophobic lipid-binding sites of the BSA
molecule in the adsorption process. The complex structure of these sites, that incorporate residues
with different hydrophobic character, and their flexibility are crucial to understand the influence of
the ion concentration and protein orientation in the different steps of the adsorption process. Our
study provides useful information for the molecular engineering of components that require the
immobilization of biomolecules and the preservation of their biological activity. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4984037]

I. INTRODUCTION

Biocompatible nanomaterials have attracted great attention in the bioengineering and biotechnology fields due to
their use in the design of novel components with biomedical
applications.1–7 Some of these components require the immobilization of biomolecules onto substrates that preserve their
biological activity. Although well-ordered nano-patterned
surfaces already form part of bioassays and biosensors,8,9
new artificially produced nano-patterned substrates are under
intense investigation4 since substrate properties can be tuned
by patterning. Scanning probe microscopy (SPM) studies4
have shown that step edges, where a higher chemical reactivity
is expected, are indeed preferential sites for protein adsorption.
Thus, an increase in the surface roughness provides more surface area for protein adsorption and anchorage. Furthermore,
due to this enhanced interaction, surface nano-patterns with
the same size or smaller than the adsorbates (e.g., in the range
of 3–15 nm common to most blood proteins10 ) could induce a
controlled change in the protein conformation.
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Nano-patterned substrates made of carbon-based materials, such as graphene layers, are good candidates in the design
of novel components for biomedical applications. The unique
properties of graphene have already made it a promising material for many applications, including electronic devices, energy
storage, and nanocomposites. The formation of well-ordered
nano-patterned graphite substrates is now possible thanks to
low-cost patterning methods.8,9 Furthermore, the ability of
graphene layers to be biofunctionalized has been tested in
numerous biotechnological applications such as biomoleculeassisted exfoliation and dispersion of graphene and other
two-dimensional materials,11,12 building adaptable or multifunctional bioplatforms,13 measuring biological entities, and
electrical stimulation of cells.14–18
Computer simulations are nowadays an essential tool to
explore very complex phenomena on material science and biosystems and to understand and extract quantitative information
from experimental results.19–22 In particular, protein/substrate
interactions have been extensively explored with molecular
dynamics (MD) simulations.22–32 MD simulations provide
insight into the atomistic mechanisms involved in the adsorption process. In the case of nano-patterning, they offer a
way to discriminate among the properties emerging from the
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substrate topography (size and shape) from those associated
with the chemical composition.
MD simulations of the adsorption of biological molecules
on stepped graphite substrates, which can be easily modeled by the stacking of few graphene layers, open the way
to explore the influence of surface nano-patterns on protein
adsorption and the resulting structural changes. This study is
not only relevant for the fundamental understanding of the
protein adsorption process but also has possible technological
implications due to the growing use of graphene in biological
and biomedical applications.3,14,15,33–38
Bovine serum albumin (BSA), one of the most abundant
protein in blood serum,39 is an ideal candidate for this MD
study. Serum albumins have been used for many years as a
model protein in biophysical, biochemical, and physicochemical studies.40,41 The human serum albumin (HSA) acts as a
molecular transport via nonspecific interactions for hydrophobic ligands such as fatty acids, steroids, anaesthetics, and
other specific compounds present in the human blood plasma.
Although the HSA is a more important protein in medical studies to understand the protein-surface affinity, BSA is widely
used as a model protein in SPM experiments to study specifically molecular adsorption and mobility.41–43 BSA is characterized by its low cost availability, possessing a structure,
and binding properties very similar to the HSA. Furthermore,
BSA is believed to be the first constituent to be adsorbed onto
surfaces exposed to a biological media.1 Given that platelets
(which are able to trigger nonspecific immune responses such
as inflammation and thrombosis which preclude the rejection
of an implant) can adhere to adsorbed albumin only if albumin
undergoes more than a 34% loss in its α-helical content,7,44
it is of paramount importance to determine how a common
feature present in graphite surfaces such as steps affects the
degree of unfolding of this protein.
Here, we perform long MD simulations (up to 200 ns)
using an explicit solvent and physiological ion concentrations to characterize the initial steps of BSA adsorption onto
a nano-patterned graphite substrate. We have considered two
different protein orientations and stepped graphite substrates
with different number of graphene layers in order to study
the effect of the orientation and step size on the protein
adsorption and final conformation. This work is based on
our previous study of the adsorption of BSA on a graphene
bilayer,45 where we showed, contrary to previous studies using
implicit solvent methods,22–28 that free adsorption takes place
on two different orientations with minor structural rearrangements. A recent experimental work,11 carried out by leading research groups from Manchester, was able to solve the
contradictions in the reported biocompatibility of graphenerelated systems. Their findings support our previous observations,45 experimentally confirming that albumin retains its
structure once it is adsorbed on graphene. Now, we explore
how the adsorption on this hydrophobic surface is affected
by the ion concentration and the substrate nano-structure,
paying particular attention to the spontaneous character of
the adsorption process. We follow the changes in the protein conformation, looking closely to the evolution of the
protein secondary structure that plays a fundamental role in
the BSA biological activity. We also explore the influence
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of nano-structuring on the protein-surface contact area and
binding energies and the implications for protein mobility.
Our results show that the protein is stable, with small changes
in the protein secondary structure that are mostly located in
the contact area. Although van der Waals (vdW) interactions
play a dominant role, our simulations reveal the important
role played by the hydrophobic lipid-binding sites of the BSA
molecule in the adsorption process. The complex structure of
these sites, that incorporate residues with different hydrophobic character, and their flexibility are crucial to understand
the influence of the ion concentration and protein orientation
in the different steps of the adsorption process. We believe
that this extensive MD simulation study of protein adsorption
on nano-patterned substrates under physiological conditions
brings relevant information for the design of novel biomedical
devices.
The rest of the paper is organized as follows: in Sec. II,
we describe the computational method along with the simulation elements (substrate, protein, and solvent). Section. III
presents the simulations for the different orientations and step
sizes, including the binding energy, the contact area, the evolution of the protein secondary structure, and the distribution
of residues around the protein-substrate contact area. Based on
these results, we discuss the influence of ion concentration and
nano-patterning on the adsorption process in Sec. IV. Finally,
in Sec. V, we summarize the main messages of this study.
II. METHODS
A. Graphite substrates

Flat and stepped graphite substrates were considered to
study their effect upon protein adsorption and conformation.
An ordinary flat graphite substrate was compared with two
stepped graphite substrates of specific heights. All substrates
were constructed by the stacking of graphene layers in an
A-B-A configuration.
The first substrate was a flat surface (labeled as “G0”)
made by stacking three equally sized graphene layers of
16 × 16 nm2 , as shown in Fig. 1(a). The G3 substrate [Fig.
1(b)] is a system consisting of two (16 × 16 nm2 ) stacked
graphene layers plus three smaller (8 × 16 nm2 ) graphene
layers on top. The G5 substrate [Fig. 1(c)] is a system consisting of two (16 × 16 nm2 ) stacked graphene layers plus five
smaller (8 × 16 nm2 ) graphene layers on top. The G3 and G5
substrates have step heights of around 10.20 Å and 17.00 Å,
respectively.
The presence of a rigid bulk substrate was modeled by
restraining the motion of all atoms belonging to the bottommost graphene layer.45 In order to model graphene, we used
the OPLS (Optimized Potentials for Liquid Simulations) aromatic carbon force field present on the AMBER (Assisted
Model Building with Energy Refinement) generalized force
field.46 This force field is known to properly describe biological systems47 and accurately reproduce graphene mechanical
and hydration properties.48 Furthermore recent joint experimental and theoretical work 20,49 showed that this force field is
capable of not only correctly characterizing the adsorption process of a large protein (antibody) onto a graphene surface but
also to properly describe the graphene tribological properties.
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FIG. 1. [(a)–(c)] A schematic view of graphite substrates: (a) G0: a flat surface constructed by three stacked graphene layers; (b) G3: a surface with a three
graphene layer step height; and (c) G5: a surface with a five graphene layer step height. [(d)–(f)] Top and side views of the graphite substrates with the BSA
molecule in orientation 1 (BSA-1): (d) G0; (e) G3; and (f) G5. In each case, the BSA center of mass (x and y coordinates) is located exactly above the geometrical
center of the lowest graphene layer. The initial distance between the uppermost graphene layer and the BSA atom closest to the surface is 10 Å.

At last, it is worthwhile mentioning that by modeling the
substrates as above mentioned, one is able to mimic nanopatterned substrates. This follows from the fact that nowadays,
the minimum separation distance between consecutive steps
in nano-patterned substrates ranges 10-30 nm.9,50,51 Since
in our simulations the largest graphene layers had a size of
16 × 16 nm2 , it is safe to assume that the conclusions drawn
from our work could be extended to nano-patterned surfaces
with a periodicity equal or above 16 nm.
B. Biological molecule: Bovine serum albumin (BSA)

The BSA molecule has a molecular weight of approximately 67 kDa and its secondary structure is essentially constituted by α-helix (>73%). The X-ray crystallographic structure
of BSA dimer was obtained from the protein data bank 52 with
the PDB code 4f5s.40 We then extracted the atomic coordinates of one BSA monomer and discarded the second BSA
monomer as well as the polyethylene glycol (PEG) ligand.
Protons were added to the protein structure according to the
calculated ionization states53 of its titratable groups at a pH of
7.4, resulting in a net-charge of 12 e. This selection of the pH
value is in accordance with the blood pH54 and with the pH of
a FITC-BSA-M199-HEPES standard set used in BSA protein
mobility experiments.55 The AMBER ff99SB force field56,57
was used in order to model the properties of the BSA molecule.
As all the other albumins, BSA is composed of three structurally similar domains, i.e., Domain 1 (D1), Domain 2 (D2),
and Domain 3 (D3), each composed by two sub-domains, thus
totaling six subdomains.40,45 To make the analysis more clear,
as in Refs. 58 and 59, here we consider that the BSA molecule
is composed of two fragments, A and B, whose interface is held
together by both hydrophobic and salt-bridge interactions.59
In Fig. 2(a), we show the A and B fragments of BSA colored in gray and blue, respectively. The fragment B of the
molecule contains a hydrophobic lipid-binding pocket, which
is surrounded by α-helices identified in Fig. 2(a) by a red
cylindrical-helix representation.

C. BSA/graphite systems

We simulate the BSA adsorption over graphite along two
distinct orientations that have been considered in previous
studies.45,60 The choice of these two orientations45 is motivated by the position of the Sudlow sites (DSs): the two main
sites responsible for drug binding.40 In the BSA-2 orientation,
corresponding to the O2 orientation in Ref. 45 [see Fig. 2(b)],
the DSs are far away from the surface, while in BSA-1 orientation [Fig. 2(c)], rotated by approximately 180° with respect
to BSA-2 around an axis parallel to the graphene layers, these
sites are close to it. The BSA-1 orientation not only allows us to
bring the two sites as close as possible to the surface but it also
exposes the bottom part of these pockets to the surface. Since
these pockets are mostly composed of hydrophobic residues,
this particular configuration might enhance the BSA adsorption process. The BSA-2 orientation positions the DSs away
from the surface, thus attempting to mitigate the role played
by these sites during the adsorption process.
It is important to stress that BSA-1 and BSA-2 orientations were chosen so as to understand how BSA key binding sites40,45 affect and are affected by the adsorption to
stepped surfaces. Although our simulations seem to indicate
that the final adsorption configurations are stable, it could be
that they are locked in meta-stable states. In order to determine what would be the most stable adsorption orientation,
one should use instead advanced sampling methods such as
parallel-tempering-Monte Carlo61 or metadynamics62 simulations. Alternatively, Zhou and co-workers have developed a
method based on the concept of the hydrophobic dipole63,64
that allows us to guess the most probable orientation by which
a small protein may be adsorbed onto hydrophobic surfaces.
This is an interesting idea and we have applied it to the two
adsorption orientations considered in our study. Although this
approach would suggest BSA-1 to be more stable than BSA-2
(in agreement with our results), still BSA-1 does not completely fulfill the rule that the hydrophobic dipole should be
perpendicular to the substrate.63,64 We suspect that this result
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Three of them, corresponding to the BSA-1 case, are shown
in Figs. 1(d)–1(f). The initial distance between the uppermost
graphene layer and the BSA atom closest to the surface is
10 Å. This distance guarantees a negligible protein-substrate
interaction during the initial MD stages.
D. Solvation method

Despite the elevated computational cost, protein/substrate
interactions are best described through the use of explicit solvent simulations.45 Therefore each BSA/substrate system was
solvated in a cubic box filled with water molecules represented
by the TIP3P model.65 This water model not only describes the
interaction of water with proteins but also graphene’s wetting
properties.22 We have used periodic boundary conditions with
a cubic unit cell that extends 20 Å above the protein in the
direction normal to the surface. The unit cell has been filled up
with water molecules placed in such a way that the minimum
solute–water distance is 1 Å. To account for proper physiological conditions, we have included salt ions in a concentration
of 140 mM Na+ and Cl (the total number of Na+ and Cl
ions ranges from 704 to 778, depending on the studied system), plus additional 12 Na+ counter-ions for overall charge
neutrality.
E. Molecular simulations

We used the AMBER12 software suite56 with NVIDIA
GPU (Graphics processing unit) acceleration.57,66 Simulations
were performed with periodic boundary conditions and particle mesh Ewald (with standard defaults and a real-space
cutoff of 10 Å) was used to account for long-range electrostatic interactions. Van der Waals contacts were truncated at
the real-space cutoff. The SHAKE algorithm was used to constrain bonds containing hydrogen, thus allowing us to use an
integration step of 2 fs. Coordinates were saved every 1000
steps. A constant temperature of 300 K was ensured in all
the simulations by means of a Langevin thermostat. For the
MD simulations performed in the NTP ensemble, a Berendsen
barostat was used to keep the pressure constant at 1 atm.
F. Protein adsorption protocol
FIG. 2. (a) The structure of the BSA molecule, showing the A and B fragments
of the BSA molecule (colored in gray and blue, respectively) and the center
of mass positions for the A (CMA) and B (CMB) fragments and for the
whole molecule (CM). The positions of the hydrophobic lipid-binding pocket,
located in fragment B, and the surrounding α-helices are highlighted with red
cylinders. (b) The BSA molecule in adsorption orientation 1 (labeled BSA-1).
(c) BSA molecule in adsorption orientation 2 (labeled BSA-2). BSA-2 can be
obtained by rotating approximately 180° the BSA-1 configuration around an
axis parallel to the graphene layers.

is related to the size of BSA and more specifically to its complex structure that includes a combination of many large and
small hydrophobic and hydrophilic patches.40,45
After the initial protein structure preparation, the BSA
molecule was placed on top of each substrate in the two different orientations with its center of mass exactly above the
geometrical center of the lowest graphene layer. The combination of the three substrates (G0, G3, and G5) with two
orientations (BSA-1 and BSA-2) results in 6 different systems.

Our simulation protocol is composed of 4 main stages:
(1) energy minimization to prevent steric clashes arising from
the system preparation; (2) thermalization process in which
the temperature and pressure are kept constant at 300 K and
1 atm during 1 ns of simulation; (3) a 10 ns NVT simulation
in which the protein (freely or forced, see below) is adsorbed
over the surface; and (4) once BSA has reached (freely or
forced) the surface, a ultra-long MD stage of up to 120 ns in
a NVT ensemble is carried out for all the 6 protein-substrate
configurations here considered.
In the third stage of the MD simulation protocol, we
noticed that, in some cases, the protein-surface interaction
was not strong enough to induce a spontaneous adsorption of
BSA onto the substrate. For these configurations, we enhanced
the diffusion/adsorption process by employing Steered MD
(SMD) simulations to approach the protein until it gently
touched the substrate. The SMD protocol consisted in moving
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towards the surface a selected group of atoms at a constant velocity of 2.5 Å/ns via a harmonic restrain (with
k = 50 kcal/mol). As the protein-substrate distance has in fact
grown during the previous 10 ns of free MD, the SMD is
applied during 4 ns in order to bring the protein and substrate
into contact. This restrain is only applied to the alpha carbons
belonging to 16 cysteine residues evenly distributed over the
protein. The disulfide bonds formed between cysteine residues
play an important role in the protein stability and, therefore,
by selecting this group of atoms, we assured that no structural
changes are induced due to the SMD simulation.
While for all the protein/surface configurations, we found
that 120 ns of equilibration time sufficed to converge the structural parameters of the molecule [root-mean-square-distance
(RMSD), the radius of gyration tensor (RGT), the contact surface area (CSA), and the total energy and its components];
for the G3 substrate, after this simulation time, some of these
quantities were not fully converged. Therefore, for this particular case, we performed additional MD simulation thus totaling
200 ns of equilibration time.
G. Data analysis

In order to fully characterize the protein-surface adsorption process, we have used CPPTRAJ tools the AMBER package.67 The evolution of the contact surface area (CSA) between
the protein/substrate was calculated using the following definition:
CSA(t) =

1
(SASAP (t) + SASAS (t) − SASAP−S (t)),
2

(1)

where the time dependent solvent-accessible-surface-area
SASA(t)68 was calculated for protein [SASAP (t)], substrate
[SASAS (t)], and protein-substrate [SASAP S (t)]. In addition,
the analysis of the changes of the BSA secondary structure upon adsorption was performed (for the different final
adsorbed configurations) using the DSSP (Define Secondary
Structure of Proteins) online software.69,70
In order to gather quantitative information about the influence of the substrate morphology on the BSA binding, we
followed the evolution of the van der Waals (vdW) interaction of the protein, the substrate, and the combined system.
As the graphene substrates are not charged, the only interactions between the protein and substrate will be entropic
ones (hydrophilic forces) and vdW interactions. In our previous work,45 we found for BSA adsorption to flat graphene
that the adsorption free energy was dominated by the vdW
interaction, with entropic effects contributing only 16% of
the free energy difference between two different adsorption
orientations.45 Therefore we expect that the time evolution
P−S
of the vdW interaction protein-surface, EvdW
(t) will allow us
to provide a rough estimate of the binding energies for each
of the systems considered here. This quantity is determined
using
P−S
total
P
S
EvdW
(t) = EvdW
(t) − EvdW
(t) − EvdW
(t),

(2)

total (t) stands for the vdW energy of the combined prowhere EvdW
P (t) and E S (t) are the vdW
tein/substrate system, and EvdW
vdW

energies of the isolated protein and substrate, respectively.
These energies are computed from the protein and substrate
structures extracted for each time step from our MD simulations and do not include the interaction with the water
molecules. Although only the sum of all energy contribuP−S
tions is a true state function, EvdW
(t) has been shown to be
useful to understand the protein adsorption and desorption
dynamics.71
III. RESULTS
A. BSA-1 and BSA-2 adsorption onto G0

We have first studied the adsorption process of BSA-1 and
BSA-2 onto G0. Atomic structures after 1 ns of the thermalization process are shown in Figs. 3(a) and 3(b). During the
first 10 ns of the molecular dynamics (MD) simulation, we
observed that the BSA-1 molecule did not move towards the
flat surface [Fig. 3(c)]. This behavior seems to indicate that the
protein/substrate interaction is very weak at ionic concentrations (i.e., 140 mM of NaCl) that correspond to physiological
conditions. Note that in the MD simulations for BSA and other
proteins that we have performed so far,20,45 we have always
found a spontaneous and prompt adsorption to graphene. In
order to enhance the adsorption process of the BSA-1/G0 system, we have used 4 ns SMD simulations in order to gently
approach the protein to the substrate, as outlined in Sec. II.
Figure S1 in the supplementary material shows the BSA-1
structures before and after the application of the SMD. From
this point, we have removed the restrains and continued with
free MD simulations for a total time of 120 ns. On the other
hand, the BSA-2 molecule has spontaneously adsorbed onto
the substrate by the B fragment [Fig. 3(d)], which contains the
hydrophobic lipid-binding pocket.
To characterize the BSA position with respect to the substrate, we have determined the time evolution of the center
of mass (CM) of the molecule and its two fragments (A and
B) measured from the topmost graphene layer. Figure 3(e)
(BSA-1) and Fig. 3(f) (BSA-2) show the Z coordinates of the
three centers of mass (CMZ), the full molecule (CMBSA),
the A fragment (CMA), and the B fragment (CMB). For the
BSA-1/G0 system, the center of mass of the molecule moved
upwards during the first 10 ns of the MD simulation, reflecting
a weak repulsive interaction. When the SMD procedure was
applied, the molecule gently made contact with the substrate.
After the forced adsorption procedure ended, the B fragment
remained adsorbed for the remaining simulation time with its
center of mass located at a distance of nearly 2 nm from the
topmost graphene layer of the substrate [Fig. 3(e)]. The A fragment was not adsorbed, showing a fluctuating behavior in the
aqueous solution. For the BSA-2/G0 case, the center of mass
of the molecule moved spontaneously towards the flat substrate during the first 10 ns of the MD simulation. Similarly
to the BSA-1/G0 system, the B fragment was the molecular
region adsorbed to the surface, with its center of mass positioned roughly at the same distance as in the BSA-1/G0 case,
while the A fragment was not adsorbed and remained oscillating in the aqueous solution. After 120 ns, both configurations,
BSA-1 [Figs. 3(g) and 3(i)] and BSA-2 [Figs. 3(h) and 3(j)],
remained adsorbed onto the flat substrate by the B fragment.
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FIG. 3. Top row: snapshots of BSA-1 orientation over G0 substrate taken (a) after initial energy optimization and 1 ns of MD thermalization; (c) after 10 ns of the
MD simulation; (g) and (f) after 120 ns of the MD simulation in side and top views, respectively. Second row: snapshots of BSA-2 orientation over G0 substrate
taken (b) after initial energy optimization and 1 ns of MD thermalization; (d) after 10 ns of the MD simulation; (h) and (j) after 120 ns of the MD simulation in
side and top views, respectively. Third row: (e) and (f) evolution of BSA-1 and BSA-2, respectively, Z coordinate of the center of mass corresponding to the full
molecule (gray line), the A fragment (black line), and the B fragment (blue line).

B. BSA-1 and BSA-2 adsorption onto G3

The adsorption process of BSA-1 and BSA-2 has been
also studied on the G3 stepped graphite substrate, with a step
height slightly larger than 10 Å. Atomic structures after 1 ns
of the thermalization process are shown in Figs. 4(a) and 4(b).
At variance with the adsorption on the flat G0 substrate, BSA
readily adsorbed to the stepped substrate in both orientations
during the first 10 ns of the simulation [Figs. 4(c) and 4(d)].
Therefore, the behavior of the BSA-1/G3 system was strikingly different to the BSA-1/G0 system. Also differently, in the
BSA-1/G3 system, both A and B fragments of the molecule
were strongly adsorbed to the upper terrace of the step, as
shown in the plots of the time evolution of the center of mass
of the molecule and its two fragments [Fig. 4(e)] measured
from the topmost graphene layer. During the following 120 ns
of the MD simulation, the final positions of the three centers
of mass (full molecule, A, and B fragments) evolved similarly
until they reached values of approximately 2 nm. The final
configuration for the BSA-1/G3 system [see Figs. 4(g) and
4(i)] confirmed that the BSA molecule was fully adsorbed.

In the BSA-2/G3 system, only the B fragment was
adsorbed as in the BSA-2/G0 case. For both G3 and G0 substrates, the hydrophobic lipid-binding pocket of the fragment
B approached the hydrophobic surface. However, the binding
seems to be weaker in the BSA-2/G3 case, as shown by the
final position of the center of mass of the fragment B, located
at 2.7 nm from the topmost graphene layer [Fig. 4(f)]. The
fragment A was not adsorbed and remained fluctuating in the
aqueous solution [see Figs. 4(h) and 4(j)].
C. BSA-1 and BSA-2 adsorption onto G5

Finally, the adsorption processes of BSA-1 and BSA-2
have been studied on the G5 stepped graphite substrates with
a step height close to 17 Å. Atomic structures after 1 ns
of the thermalization process are shown in Figs. 5(a) and
5(b). As in the G3 substrate, in both orientations (BSA-1 and
BSA-2), BSA is spontaneously adsorbed to the upper part
of the step by the B fragment (containing the hydrophobic
lipid-binding pocket) during the first 10 ns of MD [Figs. 5(c)
and 5(d)]. In general, the BSA-2/G5 system behaves rather
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FIG. 4. Top row: snapshots of BSA-1 orientation over G3 substrate taken (a) after initial energy optimization and 1 ns of MD thermalization; (c) after 10 ns of the
MD simulation; (g) and (f) after 120 ns of the MD simulation in side and top views, respectively. Second row: snapshots of BSA-2 orientation over G3 substrate
taken (b) after initial energy optimization and 1 ns of MD thermalization; (d) after 10 ns of the MD simulation; (h) and (j) after 120 ns of the MD simulation in
side and top views, respectively. Third row: (e) and (f) evolution of BSA-1 and BSA-2, respectively, Z coordinate of the center of mass corresponding to the full
molecule (gray line), the A fragment (black line), and the B fragment (blue line).

similarly to the BSA-2/G3 system. However, in BSA-1/G5
case, the molecule/substrate interaction seems to be weaker
than the BSA-1/G3 system, as only the B fragment is attached
to the substrate. This attachment is clearly illustrated by the
z coordinate of the center of mass of the molecule and its B
fragment [Figs. 5(e) and 5(f)]. Subsequent MD evolution up
to 120 ns [Figs. 5(g) and 5(j)] showed that the BSA molecule
remained attached to the substrate by the B fragment whereas
the A fragment oscillated in the aqueous solution. Interestingly,
the top views in Figs. 5(i) and 5(j) reveal a relatively large
displacement along the step-edge direction, this shift being
especially evident in the BSA-2/G5 case. This point will be
addressed in Sec. IV.
We also followed the evolution and stability of the BSA
configuration for the six surface-protein systems under study
by measuring (1) the root-mean-square-displacement (RMSD)
and (2) the radius of the gyration tensor (RGT)-component parallel and perpendicular to the substrate of the α-carbon atoms
of the protein. Figures S2–S4 of the supplementary material
display plots of the RGT and the RMSD. RGT shows that,

except for the BSA-1/G3 where both A and B fragments are
adsorbed, the BSA molecule is enlarged in the direction perpendicular to the substrate due to the adsorption of just the
B fragment and the up and down oscillatory motion of the
non-adsorbed A fragment.
D. Contact surface areas and binding energies

Figures 6(a) and 6(b) show the time evolution of the
contact surface area (CSA) for the six systems under consideration. The initial growth of the CSA for all the cases
except BSA-1/G0 reflects that the adsorption process takes
place spontaneously. In the BSA-1/G0 system, CSA starts to
increase after the application of the SMD protocol. Final CSA
values, with the exception of the BSA-1/G3 system, seem to
be controlled by the protein adsorption orientation and are
rather independent of the substrate morphology. CSA values
for BSA-1 (in the 600–800 Å2 range) are larger than those
for BSA-2 (400–600 Å2 range). The departure of the CSA
for the BSA-1/G3 system from the general pattern is due
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FIG. 5. Top row: snapshots of BSA-1 orientation over G5 substrate taken (a) after initial energy optimization and 1 ns of MD thermalization; (c) after 10 ns of the
MD simulation; (g) and (f) after 120 ns of the MD simulation in side and top views, respectively. Second row: snapshots of BSA-2 orientation over G5 substrate
taken (b) after initial energy optimization and 1 ns of MD thermalization; (d) after 10 ns of the MD simulation; (h) and (j) after 120 ns of the MD simulation in
side and top views, respectively. Third row: (e) and (f) evolution of BSA-1 and BSA-2, respectively, Z coordinate of the center of mass corresponding to the full
molecule (gray line), the A fragment (black line), and the B fragment (blue line).

to the fact that the BSA molecule slightly unfolds until the
fragment A enters into contact with the lower part of the surface
step.
In order to confirm whether the BSA-1/G3 and BSA2/G3 configurations corresponded to equilibrium states, we
have extended the MD simulations up to 200 ns for both
systems. The final BSA-1/G3 and BSA-2/G3 configurations
after 200 ns show no further structural modifications [compare Fig. 7 with Figs. 4(g) and 4(h) corresponding to 120 ns]
and no further changes in CSA (Fig. S5 of the supplementary
material). Therefore, the increasing CSA values observed in
BSA-1/G3 at the end of 120 ns come from the adsorption of
both fragments, A and B of the BSA molecule, onto the stepped
substrate, which significantly enhanced the CSA compared
with the processes observed for the G0 and G5 substrates.
Binding energies, calculated from Eq. (2), for the
six molecule/substrate systems under study are plotted in
Figs. 6(c) and 6(d). BSA-1 systems [Fig. 6(c)] present binding
energy values in the range of 200–300 kcal/mol, higher than
those found for BSA-2 systems [Fig. 6(d)] which are in the

100–200 kcal/mol range. A plot of the binding energy versus
CSA values reveals a linear correlation between both quantities (Fig. S6 of the supplementary material), with slope values
for all systems ranging from 26.7 to 33.6 kcal/mol nm2 with
a standard deviation of 2.4 kcal/mol nm2 . This correlation is
consistent with the stronger binding energy found for the BSA1/G3 system (300 kcal/mol) associated with the larger CSA
[Fig. 6(a)].
E. Protein mobility

Information about the influence of the substrate morphology on the protein mobility can be gathered from the
squared displacement (SD) of its center of mass (CM)

2
during the simulations, ∆R2 (t, t0 ) = R̄cm (t) − R̄cm (t0 ) , with
t 0 = 0, the starting time of the MD run. Figure 8 shows the
contribution to ∆R2 (t, t0 ) from the three coordinate directions during the whole simulation, including the equilibration
and forced/spontaneous adsorption stages, for the two adsorption orientations on the three different substrates. The CM
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FIG. 6. Time evolution, during the 120
ns of the MD simulation, of the contact
surface area (CSA) as calculated from
Eq. (1) (left column) and binding energies as calculated from Eq. (2) (right
column), for the two orientations of the
BSA molecule: BSA-1, top row, and
BSA-2, bottom row. The G0, G3, and
G5 graphite substrates were considered.

trajectories for all systems are shown in Fig. S7 of the supplementary material. For the flat G0 substrate, the three contributions on the x, y, and z directions are small and seem to be
independent of the protein orientation [Figs. 8(a) and 8(b)]. In
the case of the G3 substrate, ∆R2 (t, t0 ) values are only slightly
increased [Figs. 8(c) and 8(d)].
The SD evolution dramatically changed for the BSA
adsorption onto the G5 substrate where a clear increase in

the SD was observed along the direction parallel to the step
edge (y axis), as shown in Figs. 8(e) and 8(f). In the BSA1/G5 system, the SD grows linearly during the first 40 ns of
the MD run, when CSA values were below 600 Å2 , decreases
during the next 10 ns, and oscillates in the 7-15 nm2 range
for t > 50 ns, where CSA stabilizes around 750 Å2 . The BSA2/G5 system displayed a roughly linear increase in the value
of the y contribution to ∆R2 (t, t0 ) during the first 90 ns of MD,

FIG. 7. (a) Side and (b) front views of the BSA-1/G3
system after 200 ns of the MD simulation. (c) and (d) for
the BSA-2/G3 system.
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FIG. 8. Square Displacement (SD) of the X, Y, and Z coordinates of the Center of Mass (CM) for both BSA orientations, BSA-1 (top row) and BSA-2 (bottom
row) onto the G0, G3, and G5 graphite substrates.

corresponding to CSA values below 400 Å2 , continued growing for later times, and seemed to stabilize in the last stages
of the simulation. Thus, in all of the cases, we observed that
a stable adsorption configuration (i.e., constant CSA) leads to
a reduction or a stabilization of the SD. Nevertheless, the G5
surface stands out, as the fluctuations of the SD (i.e., back-andforth movement along the step edge) are much higher than in
the other substrates.
F. Protein conformation: Secondary structure
and residue distribution at the contact area

The native BSA secondary structure is mainly composed
of α-helix (73.8%), loops, bends and turns (13.2%), and
some randomly oriented structures identified as random coils
(13.0%). The secondary structure was analyzed using the set
of atomic coordinates of BSA obtained at the end of the simulation for the six systems that we have studied. The results
of this analysis are shown in Table I, where they are compared with those corresponding to the BSA structure obtained
at the end of the thermalization stage. The important message
is that a relatively small loss of α-helix content (from 7% to
15%) can be observed for all the cases. Table I shows that αhelix structures were transformed into other structures, such
as a smaller diameter helix (310 and π-helix), loops and turns,
and random coils. Visual inspection shows that these changes
in secondary structure are mostly located in the contact area,
in agreement with other works.12,20,29,32,45,72 The BSA-1/G0
system, where an SMD simulation was used to force adsorption, presented the largest loss of α-helix content (from 66.9%
after the thermalization stage to 57.0% after 120 ns), but the
difference is very small compared to the other substrates and
orientations.

We also checked for significant rearrangements in the distribution of hydrophobic and hydrophilic amino-acid residues
in the contact area due to the protein-substrate interaction. In
particular, we examined the distribution of negatively (GLU
and ASP) and positively (HIS, ARG, and LYS) charged aminoacid residues of the BSA molecule near the CSA. Figure 9
depicts the amino-acid residue distribution for the final configurations of the six systems, as seen from the graphite surface,
in the volume defined by the topmost graphene layer and
an horizontal plane located 1 nm above it. We did not find
any marked preference of charged amino-acid residues to distribute over the graphite surface. This seems to be consistent
with the fact that although the BSA molecule is negatively
charged at the pH value of 7.4 considered in our simulations, the substrate is a neutral graphite slab whose carbon
atoms have no partial charge. Furthermore, we confirmed the
presence of both hydrophilic and hydrophobic amino-acids
(displayed in gray in Fig. 9), as expected from the protein initial
TABLE I. Secondary structure percentage content after 120 ns of the MD
simulation for both BSA orientations (BSA-1 and BSA-2) adsorbed onto three
graphite substrates G0, G3, and G5.

System
BSA after therm.
BSA–1/G0
BSA–2/G0
BSA–1/G3
BSA–2/G3
BSA–1/G5
BSA–2/G5

α-helix

310 and
π-helix

Loops and
turns

Random
coils

66.9
57.0
62.3
60.9
59.7
58.8
61.1

2.92
5.7
4.0
3.4
5.8
5.5
3.8

17.84
23.2
20.9
23.2
21.4
22.0
22.5

12.35
14.2
12.9
12.5
13.0
13.7
12.7
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FIG. 9. Aminoacid distribution for the final protein adsorption configurations, as seen from the graphite surface, in the volume defined by the topmost graphene
layer and an horizontal plane located 1 nm above it. The G0, G3, and G5 graphite substrates (columns) and the two BSA orientations (BSA-1, top row, BSA-2,
bottom row) were considered. Negatively and positively charged residues are depicted in red and blue, respectively, while hydrophobic amino-acids are displayed
in gray. Partial charges are assigned in accordance with the calculated ionization states of the titratable groups.

conformation, where active parts like the DSs present a
combination of residues with different character.
IV. DISCUSSION

In Sec. III, we have presented the characterization of the
adsorption process of BSA with two different orientations
(BSA-1 and BSA-2) onto flat (G0) and stepped graphite substrates (G3 and G5). Based on these results as well as the ones
presented in Ref. 45, we discuss now the influence of environmental conditions (such as the ion concentration) and the
substrate morphology on the adsorption process.
A. Effect of the ionic concentration

Starting with the adsorption on the flat G0 substrate, we
found that BSA-2 was readily adsorbed during the initial 10 ns
of the simulation [see Fig. 3(f)]. On the contrary, BSA-1 did
not spontaneously approach to the substrate, and a steered MD
(SMD) simulation was necessary to bring the protein and substrate into contact [Fig. 3(e)]. This behavior differs from the
one found in our previous simulations for this system,45 where,
instead of the physiological conditions used here by the inclusion of salt ions (Na+ , Cl ) in a concentration of 140 mM plus
the additional 12 Na+ counter-ions for overall charge neutrality, we simulated pure water conditions (including only the
Na+ ions needed for charge neutrality). In that case, both orientations are spontaneously adsorbed on the substrate. This
clearly shows the influence of the ion concentration on the
adsorption on hydrophobic surfaces. Furthermore, not only
the initial stages but also the final adsorption structures are
affected by the ion concentration, as shown by the comparison

of the corresponding CSA values: 7.6 (5.0) nm2 for BSA-1
(BSA-2) under physiological conditions versus 9.2 (5.3) nm2
for the free MD at 0 mM.
In a previous work,45 we have shown that under neutralizing salt conditions (i.e., 0 mM), BSA DSs play a relevant role
in the adsorption process. For BSA-1 orientation, the vicinity of these sites to the surface favors the initial adsorption
to graphene and leads to a more strongly bound adsorption
configuration. In Ref. 45, this behavior was explained via two
different mechanisms: their hydrophobic nature and their flexibility. The former arises from the fact that DSs contain a large
number of hydrophobic amino-acids40 which promote the initial adsorption to a hydrophobic surface such as graphite if
BSA orientation is favorable. As for the high flexibility of
DSs,40,45 they lead to a stronger final adsorption since they
can better accommodate necessary deformations arising from
the adsorption process. In contrast, for BSA-2 orientation, DSs
are as farther away from the surface as possible as shown in
Fig. 10. Therefore the effect of DSs on the adsorption along
BSA-2 orientation (be it under physiological conditions considered here or with 0 mM of salt concentration considered
in Ref. 45) is negligible, and BSA-2 adsorbs mainly in a
non-specific manner to the substrate, i.e., mostly through
van-der-Waals (vdW) forces.
Here, i.e., at physiological salt concentrations, we systematically observe (for G0, G3, and G5) that final adsorption
energies and contact areas of BSA-1 are significantly larger
than the ones obtained for BSA-2 (see Fig. 6). This difference
indicates that the vicinity of DSs to the substrate stabilizes
the final adsorption configuration both at 140 mM and 0 mM
salt concentrations. In order to understand how DSs affect
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FIG. 10. Hydrophobic and hydrophilic amino-acid
residue distribution for the Sudlow sites (DSs) on the
BSA-1 (top row) and BSA-2 (bottom row) orientations.
On the left column, we represent their structure under
pure water conditions (0 mM), and on the right column, we represent their structure at physiological conditions (140 mM). The right column images correspond
to the protein structure right before the application of
the forced adsorption protocol. Hydrophobic/hydrophilic
amino-acid residues are colored in accordance with
their hydrophobicity index:75 very hydrophilic, neutral,
hydrophobic, and very hydrophobic residues are colored
in red, orange, cyan, and dark blue, respectively. The DSs
are highlighted by the green and yellow transparent surfaces. Under physiological conditions, the protein shields
the strongly hydrophobic residue (in dark blue) at the
bottom left while exposing the hydrophilic ones around
it.

the initial stages of adsorption, we resort to their flexibility
and hydrophobicity. In Fig. S8 of the supplementary material, we represent the DS2 structure at 0 mM and at 140 mM,
while BSA is in solution. A careful inspection of Fig. S8
allows us to see that DSs adopt a more compact structure at
0 mM than at 140 mM. The opening of DSs at 140 mM is
allowed by the random coils present in the pocket (acting as
hinges) and promotes the outward movement of hydrophilic
amino-acids. This can be better seen in Fig. 10, where, by
looking at the bottom left part of each DS, it is clear that
the protein shields the strongly hydrophobic residues (in dark
blue) while exposing the hydrophilic ones around it. Therefore, at variance with the previous work,45 where no salt was
present in the solution, here the increased flexibility of the
DSs is working against the initial adsorption to the surface.
The flexibility of DSs is allowing hydrophilic amino-acids to
move outward (see Fig. 10), thus creating an initial adsorption barrier. This barrier is felt by BSA-1 orientation by being
unable to adsorb freely in our dynamics at 140 mM, contrary to all the other cases. For BSA-2, as these sites are
pointing away from the surface (see Fig. 10), this rearrangement has little influence in the adsorption process. As a result,
BSA-2 adsorbs spontaneously in a non-specific manner, i.e.,
mostly through van-der-Waals (vdW) interactions, as shown in
Fig. 10.
Additionally, it is interesting to note that when comparing the contact areas of adsorption for the two cases, i.e.,
no salt (9.2/5.3 nm2 BSA-1/BSA-2) and 140 mM of NaCl
(7.6/5.0 nm2 BSA-1/BSA-2), we observe that the orientation
that is most affected by the ionic strength is BSA-1, which corroborates that this non-specific adsorption of BSA-2 is little
affected by the presence of salt in solution. Note that although
the same amino-acids rearrangement is occurring in stepped

surfaces (G3 and G5), BSA-1 is able to freely adsorb to the
substrate. In these cases, as shall be explained in detail in
Subsection. IV B, the substrate morphology provides an alternate mechanism of adsorption (see Fig. S9 of the supplementary material).
Previous works73,74 have shown that the ionic concentration [referred to as ionic strength (IS) in Ref. 73] has an
important effect on the adsorption of proteins to charged surfaces. There the authors report the surface-protein interaction
as a sum of vdW and electrostatic contributions. Therefore,
by controlling the ionic strength of the solution, one could
temper/enhance this interaction. Here our results indicate that
the ionic-strength (IS) may also affect the adsorption of a
hydrophilic protein (BSA, see Fig. S10 of the supplementary material) to a hydrophobic/uncharged substrate (graphite).
Although surprising, as explained above, these results can
be understood in terms of internal protein rearrangements
occurring mostly in its flexible regions.
B. Effect of surface morphology and hydrophobicity

As shown in Figs. 3–5, the surface morphology results
in a rich casuistry on the adsorption behavior of BSA. As
we increase the number of layers, i.e., going from G0 to
G5, the two key properties that might change are the protein substrate interaction and the morphology of the substrate.
Below we discuss how these two affect the adsorption and
which one is able to provide an explanation for the observed
casuistry.
1. Substrate hydrophobicity

The wetting behavior, i.e., the hydrophobicity, of supported multi-layered graphene was a matter of great controversy76,77 and only recently this has been solved for single
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(1LG) and double layered graphene (2LG) surfaces.78 In that
work, Munz et al.78 by using chemical force spectroscopy measurements demonstrated that the hydrophobicity of supported
graphene depended on the number of deposited layers. In particular, in air conditions, they observed that 1LG, 2LG, and
3LG showed an increasing hydrophobicity, with the biggest
difference observed between the 1LG and 2LG. Additionally,
in conditions where the tip and the surface were fully embedded in water, they have again observed the same trend, i.e.,
2LG was more hydrophobic (higher adhesion force) than 1LG.
Nevertheless, due to the small amount of 3LG, they could not
determine if the increasing hydrophobicity trend observed in
air conditions for 3LG also applied in the full water embedding
scenario.
In order to make a contact between our simulations and the
force spectroscopy experiments in Ref. 78, one should consider
the water affinity of BSA as a whole. BSA is a charged protein, whose surface amino-acids are mostly hydrophilic (see
Fig. S10 of the supplementary material). In fact, BSA is a
blood plasma protein (thus water soluble, i.e., hydrophilic)
that works as a carrier of hydrophobic molecules in the blood
stream (see Ref. 45 and references therein). Therefore, as a
whole, BSA behaves as a hydrophilic protein, probing the
interaction with the substrate in essentially the same way as the
hydrophilic tip used in the force spectroscopy experiments in
Ref. 78. Munz et al. (Fig. 2(b) in Ref. 78) observed a decrease
in the adhesion of the hydrophilic tip with increasing surface
hydrophobicity (1LG → 2LG → 3LG). Thus, in our case, an
increase in the surface hydrophobic character should lead to
a decrease in the BSA binding energy. When we compute the
ratio between the binding energy and contact area (see Fig. S6
of the supplementary material), we observe that it decreases
as we increase the number of graphene layers for both BSA
orientations. Although one should take this observation with
care, given the dispersion on the energy values, this trend is
robust and seems to indicate that the increasing number of layers (G0 → G3 → G5) leads to an increasing hydrophobicity,
in agreement with Munz et al.78
However, the trend described above is a minor effect (less
than a 10% change in the binding energy/contact area ratio).
This, together with its systematic character, cannot explain
alone the rich behavior observed in our simulations. Assuming
an increasing hydrophobicity from G0 to G5, we should expect
a systematic decrease in the total binding energies. What we
obtained (see Fig. 6) are very similar adsorption energies and
contact areas for each of the orientations in all the different
substrates. In all of the BSA-1 final adsorption configurations,
the hydrophobic pockets are adsorbed to the substrate, what
seems to be consistent with the total binding energies and the
binding energy/contact area ratio being larger for this orientation. Thus, although the trend of increasing hydrophobicity
is present, we cannot explain cases like BSA-1/G3, where the
contact area and binding energy are larger than BSA-1/G5.
2. Substrate morphology

Below we carefully discuss how the surface morphology
affects the adsorption of each protein fragment (A and B) in
the two different orientations (BSA-2 and BSA-1).
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In BSA-2, the Sudlow sites are far away from the substrate and play a negligible contribution to the adsorption of
the protein as shown in Fig. 10. A close inspection of Figs.
3–5 indicates that the final distance to the substrate of the
fragment A is 4.2, 4.6, and 4.7 nm for the G0, G3, and G5
substrates, respectively. Therefore, we can distinguish two different regimes: one where the non-adsorbed A-fragment is
closer to the surface (G0) and another where it is farther away
from it (G3 and G3). The substrate morphology seems to be
the key to understand this difference. Note that, in G3 and
G5, the A-fragment is the one that is hanging over the step.
Figures. 3–5 show that BSA-2 systematically adsorbs nonspecifically (i.e., by means of vdW forces) to the substrate via
the B-fragment. This happens because of a very hydrophobic
amino-acid located in a very flexible region near the substrate
that promptly adsorbs to it (see Fig. S11 of the supplementary material). Once this region is anchored, the adsorption
process proceeds through non-specific protein-substrate vdW
interactions, first, by better adsorbing B-fragment and then the
A-fragment follows (see Figs. 3–5). In the case of G3 and G5,
the A-fragment has nowhere to anchor since it is at the edge
of the step, and thus it remains fluctuating in the solution. In
the G0 case, the A domain, after an initial transient where it
seems to have adsorbed to the surface, detaches at t = 60 ns
and remains so in the rest of the simulation. Nevertheless, its
vicinity to the substrate in the G0 case, and the associated vdW
interaction, makes it possible to stabilize its final adsorption
orientation on a somewhat closer configuration to the surface as
compared to G3 and G5 cases. Therefore, although hydrophobic forces do have a contribution, their role in the BSA-2
adsorption is not relevant and the results obtained for the BSA2 A-fragment can be understood solely in terms of the surface
morphology.
As for the BSA-2 fragment B, its final distance to the
substrate is 2.0, 2.7, and 2.5 nm for the G0, G3, and G5 substrates, respectively. Again, we can distinguish two different
regimes: one where the B-fragment is closer to the surface
(G0) and another case where it is farther away from it (G3
and G5). We can link these differences to the substrate morphology through the analysis of Figs. 3(f), 4(f), and 5(f). They
show that BSA-2 is clearly tilted in the stepped surfaces (G3
and G5) as compared to the flat G0 case. The extra “freedom” of the A-fragment in the G3 and G5 cases affects how
the adsorption of the B-fragment takes place: by tilting the
molecule, they induce a lift of the B-fragment as a whole
[see Figs. 4(f) and 5(f)]. In G3 and G5, the initial lack of
both non-specific vdW and hydrophobic interactions with the
surface results in a freely oscillating A-fragment, and this is
ultimately what also affects the adsorption of B-fragment. In
the G0 case, we observe that, as in G3 and G5, the B-fragment
is the one starting the adsorption process (see Fig. R5). Nevertheless, in this case, the vicinity of the A-fragment with the
surface leads to its adsorption via non-specific vdW interactions as explained above. As a result, the final adsorption
conformation on the G0 surface is flatter, i.e., not tilted, and
therefore the center of mass of the B-fragment is closer to the
substrate.
For BSA-1, the Sudlow sites are close to the surface (see
Fig. 10), and, as before, both their flexibility as well as their
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hydrophobic character play an important role in the adsorption
process. From Figs. 3–5, we determine the final distances to
the substrate of BSA-1 fragment A: 4.1, 2.1, and 3.5 nm for
the G0, G3, and G5 substrates, respectively. This seems to
indicate that the presence of steps allows the A-fragment to
come closer to the substrate. First we focus on the difference
between G0 and G3. While in the former, DSs adsorb in the
same plane, in the latter, DS2 (shown in yellow) adsorbs on the
top plane and DS1 (represented in green) adsorbs at the step
edge. Having started the adsorption in the B fragment (see Fig.
S9 of the supplementary material), the step edge is the only
place left where DS1 hydrophobic pocket can adsorb. Note
that this is also a place where the flexibility of DSs may be
exploited to enhance the adsorption. Driven by this process,
A-fragment adsorption followed with some of its amino-acids
adsorbed also to the bottom layer thus stabilizes this adsorption
configuration (see Fig. 4). Therefore, the difference in the final
distance to the center of masses of the A-fragment between G0
and G3 can be attributed to the surface morphology. As for the
G5 case, we think that the step height, and the resulting lack
of vdW interactions between the A-fragment and the bottom
surface, prevented a similar adsorption configuration as in G3
to happen, thus leaving the A floating in the solution.
As for the BSA-1 fragment B, we observe that, within
a deviation of 10%, its center of mass is located at 2 nm
from the substrate for all the cases (1.9, 1.8, and 2.2 nm
for the G0, G3, and G5). The smaller value reported for
G3 could be understood as a consequence of the adsorption of the A-fragment onto the bottom part of the substrate [see Fig. 4(g)] that took along with it the part of the
B-fragment.
C. Protein mobility

The substrate morphology seems to offer the possibility
to modify the protein mobility. While the G0 and G3 substrates rapidly anchored the BSA molecule [Figs. 8(a)–8(d)],
graphite substrates with higher steps (G5) seem to enhance the
protein diffusion in the direction parallel to the step edge in
the early stages of the adsorption process [Figs. 8(e) and 8(f)].
The protein orientation modulates this effect, as reflected in
the different behavior of BSA-1/G5 and BSA-2/G5 and also
in the displacements observed in the direction perpendicular
to the step for BSA-2 in the G0 and G3 substrates.
It is not easy to grasp the origin of this enhanced mobility.
Protein diffusion can be enhanced by decreasing the protein
concentration and increasing the salt concentration.79 Experiments for BSA inside a nanostructured substrate like a 100 kDa
Polyethersulfone (PES) membrane80 have determined a diffusion coefficient of 3.8 × 10 7 cm2 /s at an ionic condition
of 0.100M of KCl, pH of 6.8, and low protein concentration
(0.5 g/dm3 ). With all the precautions in the comparison, given
the limited number of simulations that we have performed, our
estimated diffusion coefficient in the direction parallel to the
step edge reproduces the correct order of magnitude, being
∼3 times larger. This further enhancement could be attributed,
following the experimental trend with concentration, to the
limit of an isolated molecule considered in our simulations.
Although the high mobility is not directly correlated with the
binding energy or the CSA, the effect seems to disappear once
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the final, stable adsorption configuration is reached. Thus, it
seems natural to link it with the reduced vdW interaction with
the lower terrace, but the back and forth displacements in the
direction perpendicular to the step for the G3 and G5 substrates (see Fig. S7 of the supplementary material) point out to
a more complex scenario. We speculate that the water configuration around the step may play a role. More simulations are
necessary to firmly substantiate this enhanced mobility and
to understand its origin, but our results suggest that stepped
surfaces may favor well-ordered protein adsorbed structures.
D. Protein conformation: Secondary structure
and residue distribution at the contact area

Changes in protein conformation upon adsorption are
critical to biosensing applications, as these conformational
changes may cause structural hindrances that impair the recognition efficiency of hydrophobic ligands.81 Our results clearly
show a very modest change in the secondary structure, irrespective of the orientation and the substrate morphology, in
agreement with both our previous works for a flat surface under
pure water conditions45 and with recent experimental findings.11 The losses in α–helical content are around 10%–15%
(7%-10%) for BSA-1 (BSA-2) orientations. These changes
are mostly confined to the contact area. There is no contradiction between these results and the common consideration
of BSA as a soft protein. Forced adsorption simulations of
BSA on this same substrate (Ref. 45) show that, by applying
an external force, one is able to significantly deform BSA.
However, the changes induced in BSA as a result of the free
adsorption were much less severe than the ones introduced by
the application of the force. Furthermore, once the external
force was removed, we observed45 a gradual slow increase in
the alpha-helical content of the protein. Therefore, our simulations indicate that although BSA is a soft protein, i.e., it
easily deforms by the action of an external load, its structure
seems to be quite resilient in a free adsorption process. For the
systems where the fragment A was not adsorbed, the exposed
domains preserved their structure and thus their functionality
upon adsorption. These findings support the possible biofunctionalization of graphene layers with albumin, in agreement
with what has been observed experimentally and theoretically
for the immunoglobulin-G.20
Finally, we address the contribution of different interactions to the protein adsorption. The observed non-preferential
distribution of charged amino-acid residues of the BSA
molecule in the contact area and the linear relation between
binding energy and CSA indicate that vdW interactions play a
dominant role. A recent MD study for the adsorption of bovine
fibrinogen (BFG) on graphene has reached the same conclusion.82 However, the differences in binding energy between
the two orientations found in our simulations point towards
a non-negligible contribution of hydrophobic forces. Orientations that expose DS or fatty-acid binding sites to the substrate
are more strongly bonded. The absence of a massive rearrangement of hydrophobic and hydrophilic residues observed
in our simulations may seem to rule out this contribution but
the effect is more subtle. These binding sites have a complex structure, biologically designed to bind certain specific
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molecules, and are located at very flexible zones of the protein, so they can open and close easily. They usually expose a
hydrophilic residue that captures the hydrophilic part of the
fatty acids, while, at the core, they have a bunch of very
hydrophobic amino-acids. These complex structures explain
why we found a mix of hydrophobic/hydrophilic amino-acids
in the contact. The flexibility is a key ingredient to understand our apparently contradicting results. This flexibility is
responsible for the structural changes of the DSs under physiological conditions, hiding (exposing) the hydrophobic(phylic)
residues, that prevent spontaneous adsorption for the BSA1/G0 system. On the other hand, it is this same flexibility that
allows those amino-acids to spread out, once the contact is
forced and water excluded, in order to increase the contact area
with a hydrophobic substrate like graphene. This larger contact area increases the vdW interaction, explaining the larger
adsorption energies for BSA-1 orientation, and contributes
to the binding with hydrophobic interactions that results in
different coefficients (between BSA-1 and BSA-2) for the
linear relation between the adsorption energy and contact
area.
V. CONCLUSIONS

We have studied the influence of the substrate morphology
on the adsorption of bovine serum albumin (BSA) with long
MD simulations (up to 200 ns) using the AMBER56 suite and
an explicit solvation method (TIP3P). In particular, to account
for different surface morphologies we have considered three
different substrates, i.e., flat graphite (G0) and two stepped
graphite surfaces (G3 and G5) with different step heights. In all
these substrates we studied the role played by the surface morphology on the BSA adsorption along two orientations where
the DS binding sites are exposed (BSA-1) or not (BSA-2) to the
substrate. The comparison of our MD simulations under physiological conditions with our previous work,45 performed under
pure water conditions, allows us to address the influence of the
ionic concentration in the adsorption process. The evolution
of the system and the final adsorption configuration have been
characterized through the analysis of the binding energies, contact surface areas (CSA), the RMSD of the center of mass of
the molecule, and the individual fragments along the MD trajectories. Additional information comes from the changes in
the secondary structure and the distribution of hydrophobic
and hydrophilic residues in the protein-substrate contact area.
Our results show that both the ion concentration and the
substrate morphology play a crucial role in the adsorption
process. Stepped substrates favor the spontaneous adsorption of the protein, while also seem to lead to an enhanced
protein mobility, particularly for the BSA-2 orientation. The
adsorption of the BSA-1 orientation on flat surfaces under
physiological conditions had to be gently forced through a
steered MD protocol, at variance with the results for pure
water, where both orientations are readily adsorbed. Our analysis confirm a very modest change in the protein secondary
structure irrespective of the orientation and the substrate morphology, in agreement with our previous results for a flat
surface under pure water conditions, with a small loss in the
α–helical content around 10%–15% (7%–10%) for BSA-1
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(BSA-2) orientations. These changes are essentially confined
to the contact area, supporting the possible biofunctionalization of graphene layers with albumin. Binding energies are
proportional to the contact area pointing towards a dominant
role of vdW interactions. However, the protein orientation
exposing the hydrophobic lipid-binding pocket to the substrate
shows systematic adsorption structures with larger contact
areas, stronger binding energies, and larger coefficients in the
linear relation between the contact area and adsorption energy.
These binding sites have a complex structure that includes both
hydrophilic and hydrophobic amino-acids and are located at
very flexible zones of the protein. This flexibility resolves the
apparent contradiction between these results and the behaviour
of the BSA-1 orientation in the first stages of the adsorption
on flat surfaces. Flexibility allows the structural changes of
the DSs under physiological conditions, hiding (exposing)
the hydrophobic(phylic) residues, that prevent spontaneous
adsorption for the BSA-1/G0 system. On the other hand, it
is this same flexibility that allows amino-acids to spread out,
once the contact is forced and water excluded, increasing the
contact area (and thus the vdW interaction) with a hydrophobic substrate like graphene and contributing to the binding with
hydrophobic interactions that result in different coefficients for
the linear relation between the adsorption energy and contact
area.
Due to the similarity between human serum albumin
(HSA) and the BSA, we expect the results obtained here to
apply also to the HSA molecule. We hope that our conclusions regarding the role of the ion concentration and surface
morphology will stirr more theoretical and experimental work
on the protein adsorption onto graphite stepped surfaces and
contribute with helpful insights to the design of biomolecular
sensors.
SUPPLEMENTARY MATERIAL

See supplementary material for the complete albumin
(BSA) adsorption study onto graphite stepped surfaces, snapshots of the configuration of the BSA-1 adsorption on the
G0 substrate, the time evolution of the contact surface area
(CSA) for BSA-1 on the G3 substrate; and for all the systems
studied, the time evolution of the parallel and perpendicular components of the radius of gyration tensor (RGT) and
the root-mean-square-distance (RMSD) of BSA, correlation
analysis between the binding energies and the contact surface area (CSA) between BSA and the substrates, and finally,
trajectories of the center of mass (CM) of BSA.
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