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ace curvature on amyloid-
b peptide adsorption for graphene†

Xiuhua Yin,a Baoyu Li,a Shengtang Liu,a Zonglin Gu,a Bo Zhoub and Zaixing Yang *a

The adsorption of amyloid-b peptide (Ab) onto graphene nanosheets with curvature at a neutral pH has

been studied by using molecular dynamics simulations in combination with umbrella sampling. We found

that Ab adsorbed onto graphene with distinct characteristics, causing the breakage of hydrogen bonds

which leads to its conformational change. Interestingly, the adsorption capacity of graphene's surface

varies significantly depending on its curvature, namely, the surface with negative curvature has a higher

probability to adsorb the Ab than the one with positive curvature. This phenomenon is further evidenced

by the binding energy between the complex of graphene and Ab derived from the potential of mean

force (PMF). The hydrophobic interactions and the direct dispersion interactions between the graphene

nanosheet and the Ab play a dominant role in the adsorption process. These findings indicate that not

only is the chemical composition an important factor but also the shape of the nanoparticle is important

in determining its interaction with proteins: the contacting surface curvature can lead to different

adsorption capability.
Introduction

Since the discovery of fullerene C60 in 1985,1 carbon nanotubes
(CNTs) in 1991,2 and graphene in 2004,3 carbon-based materials
have been intensively investigated due to their excellent
mechanical, optical, and electrical properties, which make
them ideal building blocks for future applications in areas as
diverse as environmental applications, electronics, energy, and
medicine among others.4–13

The interaction between nanomaterials and biomolecules is
essential to nanoparticle-based biotechnology and biomedical
applications, such as gene delivery, cellular imaging, nano-
toxicology, and biological experimental technology,14–19 since
this may bring some biosafety concerns. Recently, a great deal
of research attention has been paid to the adsorption of
proteins onto nanomaterials, particularly graphitic nano-
materials such as carbon nanotubes and fullerenes, both
experimentally and theoretically. It has been shown that these
adsorptions can affect both protein structures and functions.
For example, HP35 loses most of its native secondary and
tertiary structures aer the adsorption onto graphene.20 Single-
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wall carbon nanotubes (SWCNT) can plug into the hydrophobic
core of protein WW domains and occupy the proline-rich
binding motifs (PRM) active sites, preventing the regular
binding of the PRM ligand and thus disrupting the biological
function of the WW domain.21 The conformational and active
site changes of proteins aer adsorbing onto the SWCNT
surfaces have been investigated using atomic force microscope
and Fourier transform infrared spectroscopy.22 Also, it has been
found that proteins interacting with C60 generally have good
shape matching with C60 through their docking studies.23

Besides, the effects of graphene-based nanomaterials on the
structural and conformations of amyloid brils have been
extensively studied using both experimental and theoretical
methods.24–28

All the aforementioned studies have improved our under-
standing of the interaction between nanomaterial particularly
graphitic nanomaterials and biomolecules. Decade ago, exper-
imental results have demonstrated that SWCNTs with suitable
sizes and shapes are effective in blocking some biological
membrane ion channel.29 Very recent studies have showed that
protein adsorption onto the surface of carbon-based nano-
materials (CBNs) becomes more notable as the local curvature
of the CBNs decreases.30 However, it is unclear that how nega-
tive curvature of graphene's surface could affect the process of
protein adsorption. Thus, it is of interest to simulate the
interaction between protein and graphene with curvature and
indicate how the shape of the nanoparticle affects the process of
protein adsorbing onto graphene.

In this study, we take the complex of amyloid-b peptide (Ab)
and graphene nanosheet as the model to investigate the
This journal is © The Royal Society of Chemistry 2019
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adsorption of Ab onto graphene using large scale molecular
dynamics (MD) simulations. Our simulations show that Ab
adsorbed onto both graphene's surfaces with positive and
negative curvatures. Interestingly, we observed that there is
a big difference on the adsorption quantity based on the
curvature. We also conduct pulling simulations to calculate the
potential of mean force (PMF) along specic coordinates for
systems that contain the single b-sheet and graphene with
positive (negative) curvature to prole the binding energy. The
results of binding energy suggest that the surface of negative
curvature has a stronger adsorption capacity than the one of
positive curvature.

Models and methods

Molecular dynamics (MD) simulations in combination with
umbrella sampling (US)31 are widely used in computational
biophysics for the calculation of PMF along specic coordi-
nates.32–34 In this study, we constructed three systems, one for
performing molecular dynamics simulation and the other two
for running umbrella sampling.

Our rst system includes a Ab peptide and a graphene nano-
sheet (chirality (25, 25), 19.54 Å in length) with curvature. The b-
amyloid peptide contains 40 b-sheets and its initial crystal struc-
ture was prepared from the Protein Data Bank (PDB code: 3OW9)
and modeled by the OPLS-AA force eld.35 The model of graphene
nanosheet consists of 1216 carbon atoms, which was built using
the VMD36 (version 1.9.1) soware. The carbon atoms of the gra-
phene were modeled as uncharged Lennard-Jones particles with
a cross-section of sc–c ¼ 3.4 Å and a potential well depth of 3c–c ¼
0.36 kJ mol�1.37,38 In our simulation system, the graphene nano-
sheet was initially placed on top of the Ab peptide, with its long
edges set vertically to the plane of the Ab peptide (see Fig. 1). The
graphene nanosheet was restrained in all simulations and periodic
boundary conditions were applied in all three directions. The
TIP3P water model was used for the salvation, and 40 Cl� were
added into solution to neutralize the system. The nal complex
system size is 82 231 atoms. Then the solvated systems were
simulated using the GROMACS39,40 package soware (4.6.4). In the
simulation, the covalent bonds involving the H atoms were con-
strained by the LINCS algorithm, which allowed a time step of 2 fs.
The structural congurations were saved every 1 ps for subsequent
analysis. The van der Waals (vdW) interactions were handled with
Fig. 1 Side view (a) and top view (b) of the system in our simulation.
Here the graphene is shown in white stick and the Ab is shown in ice-
blue, Cl� ions are shown in pink spheres.

This journal is © The Royal Society of Chemistry 2019
the usual smooth cutoff with the cutoff distance set at 10 Å, while
the long-range electrostatic interactions were treated with the
particle-mesh Ewald method41 (PME) with a grid spacing of 1.2 Å.
Aer energy minimization, the complex systems were equilibrated
for 200 ps at a constant temperature of 310 K using V-rescale
thermostat.42 Three independent systems were performed to
simulate the adsorption process with each lasted up to 900 ns.
Visualizations and analysis were performed using the VMD so-
ware packages.

As for the two systems set up for umbrella sampling, they both
consist of one b-sheet and a graphene nanosheet. The graphene
nanosheet was derived from the structure used in the above
system but with shorter length in order to reduce the computa-
tional cost. The b-sheet was placed at the position close to the
negative and positive curvature surfaces. Aer a short MD simu-
lation, the structure and atom coordinates corresponding to the
time when the energy was equalized and lowest were taken and
used as the model for the pulling simulations. Aer conducting
umbrella sampling simulations by generating a series of cong-
urations along a reaction coordinate, biasing simulations were
carried out and used to extract the PMF. The potential of mean
force (PMF) of a single peptide being dissociated from protobril
was calculated by umbrella sampling. The reaction coordinate of
the PMF was dened as the distance between centroid of
a peptide to the curved graphene along the y-axis (ranges from 10
Å to 50 Å). A constant harmonic force of 2000 kJ mol�1 nm�2 was
applied on the peptide. The reaction path was divided into 30
windows with each simulating for 3 ns. The Weighted Histogram
Analysis Method43,44 (WHAM) was adopted to calculate the PMF.
All PMF proles were offset by its value at the distance of 50 Å,
where the PMF value reaches a plateau.

All three trajectories obtained from the simulations
demonstrate that the Ab peptide adsorbed onto both the
Fig. 2 Some representative snapshots of a typical trajectory at various
time points. The graphene is shown in white and the residues within 6
Å of graphene are shown in orange stick. The Ab peptides adsorbed
onto the internal and external surface are shown in lime and purple,
respectively, while the rest shown in ice-blue. Ions and water mole-
cules and are not displayed for clarity. Adsorbed peptides are labelled
with their phenylalanine residues shown in van der Waals spheres.

RSC Adv., 2019, 9, 10094–10099 | 10095
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internal and external surfaces of the graphene nanosheet
during the given simulation time. Fig. 2 shows some repre-
sentative snapshots of one typical example (run 1) at different
simulation times illustrating the adsorption process. Interest-
ingly, there is a conspicuous adsorption difference between the
internal and external surfaces of graphene, namely, the Ab
peptide adsorbed onto the internal surface with negative
curvature much more than the external one with positive
curvature. On the other hand, the phenylalanine (Phe) residues
of Ab peptides are rstly attached to the graphene, indicating p–
p stacking interaction between the two Phe residues and gra-
phene surface seems to play a driving role in the initial peptide
extracting process. Once extracted, besides the p–p stacking
interaction, the hydrophobic interactions between other
nonpolar residues (Leu/Val) of the peptide and the direct vdW
dispersion interactions between peptide with graphene surface
also contribute to the adsorption.

To further characterize this phenomenal difference of
adsorption caused by different surface curvatures, we
computed the contact numbers between the Ab peptide and
the internal and external surfaces of graphene (see Fig. 3) in
Fig. 3 (a–c) Time evolution of heavy atom contact number between A
three independent trajectories. (d) The backbone hydrogen-bond numb
simulation time.

10096 | RSC Adv., 2019, 9, 10094–10099
run 1. Here, a contact is counted if the distance between
a carbon atom in the graphene and a non-hydrogen atom in
the Ab peptide is less than 6 Å. During the rst 80 ns, both
contact numbers between the Ab peptide and the internal and
external surfaces of graphene increase only slightly. Then the
contact number between the peptide and the external surface
of graphene gradually increases to �80 from the period of �80
ns to �750 ns. Aer that, it grows a little more, to about 100
and stays there until the end of the simulation. However, the
contact number between the Ab peptide and the internal
surface of graphene behaves much different, it spikes up at
�80 ns and gradually increases to 180 at �750 ns. From then
on, it uctuates at that level for the remaining time. It is also
noteworthy that at the early graphene penetration stage (<80
ns), the backbone hydrogen bonds at the graphene inserting
position are considerably broken in all three independent
simulations, indicating a severe damage of the Ab bril in this
phase (Fig. 3d). Then, the decrease in the backbone hydrogen
bond number becomes mild, suggesting the destructive effect
of the graphene to the b-sheet structure of the Ab bril is
somewhat slowing down.
b and the graphene surface with positive and negative curvature from
er between all pairs of peptides within the Ab fibril as the function of

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 van der Waals energy between the Ab and graphene surface with positive and negative curvature as a function of simulation time from
three independent trajectories.
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In addition, we also computed the van der Waals interaction
energy between the Ab peptide and the internal and external
surfaces of graphene as shown in Fig. 4. Clearly, the van der
Waals interaction between the Ab peptide and the internal
surface of graphene is much stronger than the one between the
peptide and the external surface of graphene. So far, we
consider that the internal and external surface of graphene
nanosheet has different adsorption capacity is due to they have
diverse curvature (internal surface has negative curvature and
external surface has positive curvature).

In order to elucidate the difference on adsorption capacity
between the negative and positive curvature surfaces of the
graphene nanosheet, we conducted pulling simulations to
calculate the binding energy. The binding energy is derived
from the PMF, extracted from a series of umbrella sampling
simulations.45 Fig. 5 shows the free energy prole which
indicates clearly the binding between the negative curvature
surface and b-sheet (with binding energy at about
30 kcal mol�1) is stronger than the one between the positive
curvature surface and b-sheet (with binding energy at about
10 kcal mol�1). The results corresponds to the surface with
negative curvature has a higher probability than the surface
Fig. 5 The potential of mean force (PMF) along the reaction coordi-
nate defined as the distance between the b-sheet's and graphene's
centers of mass (COMs). The black and red arrows denote the direc-
tion of the force.

This journal is © The Royal Society of Chemistry 2019
with positive curvature to adsorb Ab. In addition to the
positive/negative curvature, the surface curvature size also
signicantly affects the peptide adsorption (Fig. S1†). More
specically, with the decreasing of the curvature size the
curved graphene behaves more and more similar to its at
graphene nano-sheet counterpart in the peptide-adsorption
behavior, which is in good consistent with some previous
literatures on the effect of nanomaterials curvature on the
adsorption of globular proteins.46,47

To investigate the detailed conformation of the contacting
surface curvature can lead to different adsorption mecha-
nisms, we put the graphene in the box lled with water and
calculated the water distribution aer the system reach
a stable state. We selected a 10 ns time period and calculated
the water distribution around the graphene. The results show
that the water density around the negative curvature surface
was a little higher than the positive curvature surface
(3.1 g cm�3 vs. 2.7 g cm�3, Fig. 6a and b). This shows that in
comparison to the positive curvature surface of graphene,
water molecule around the negative curvature surface has
a stronger vdW dispersion interaction with graphene. On the
other hand, we placed two water molecules inside and
outside the graphene to calculate theirs vdW interaction
energy with graphene. The results indicated that water
molecule around the concave surface has a stronger disper-
sion interaction energy (2.0 kcal mol�1) than that around the
convex surface of the graphene (1.3 kcal mol�1) (Fig. 6c). This
is reasonable. The curved geometry of graphene can makes
water molecule around the concave surface interacting more
carbon atoms than that around convex surface at the same
cutoff. For instance (Fig. 6d), when an atom is placed 3 Å away
from the concave surface of graphene, it can contacts 122
carbon atoms at 10 Å cutoff. However, at the same cutoff,
when an atom is placed 3 Å away from the convex surface of
graphene, it can only contacts 104 carbon atoms. Based on
these data, we can make clear that why the surface with
negative curvature has a higher probability to adsorb the Ab
than the one with positive curvature: in addition to the gra-
phene's hydrophobicity, the strong direct dispersion inter-
action can remarkably affects the peptide adsorption
process.
RSC Adv., 2019, 9, 10094–10099 | 10097
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Fig. 6 (a) Two-dimensional water density distrubution in the x–y plane, which is orthogonal to the long-axis of the curved graphene. (b) One-
dimensional water density along the y axis (normal to the graphene surface). (c) van der Waals interaction energy between the graphene and
a water molecule on the concave or convex sides of curved graphene. (d) Sketches to show the difference in the number of carbon atoms on the
graphene that within 10 Å of two atoms on the concave or convex sides of the graphene.
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Conclusion

In conclusion, molecular dynamics simulations have been
applied to study the process of Ab adsorbed onto graphene with
curvature. We found that the surface with negative curvature
has a stronger adsorption capacity than the one with positive
curvature. The binding energy between the complex of gra-
phene and Ab derived from the potential of mean force provides
strong evidences to explain this phenomenon. These ndings
indicate that not only the chemical composition but also the
shape of the nanoparticle is an important factor in determining
its interaction with proteins: the contacting surface curvature
can lead to different adsorption capability.
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