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ABSTRACT
Peptides are versatile molecules with applications spanning from biotechnology to
nanomedicine. They exhibit a good capability to unbundle carbon nanotubes (CNT) by
improving their solubility in water. Furthermore, they are a powerful drug delivery system since
they can easily be uptaked by living cells, and their high surface to volume ratio facilitates the
adsorption of molecules of different nature. Therefore, understanding the interaction mechanism
between peptides and CNT is important for designing novel therapeutically agents. In this paper,
the mechanisms of the adsorption of antimicrobial peptide Cecropin A – Magainin 2 (CA-MA)
on a graphene nanosheet (GNS) and on an ultra-short single-walled CNT are characterized using
molecular dynamics simulations. The results show that the peptide coats both GNS and CNT
surfaces through preferential contacts with aromatic side chains. The peptide packs compactly on
the carbon surfaces where the polar and functionalizable Lys side chains protrude into the bulk
solvent. It is shown that the adsorption is strongly correlated to a loss of the peptide helical
structure.

In the case of the CNT, the outer surface is significantly more accessible for

adsorption. Nevertheless when the outer surface is already covered by other peptides, a
spontaneous diffusion, via the amidated C-terminus, into the interior of the CNT was observed
within 150 ns of simulation time. We found that this spontaneous insertion into the CNT interior
can be controlled by the polarity of the entrance rim. For the positively charged CA-MA peptide
studied, hydrogenated and fluorinated rims, respectively, hinder and promote the insertion.
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INTRODUCTION
The allotriomorphic properties of carbon atoms results in nanomaterials of different shapes and
surface curvatures such as the cylindrical hollow carbon nanotubes (CNTs) and the planar
graphene nano-sheets (GNSs). These materials exhibit many unique properties, which make
them attractive for applications in the emerging field of nanomedicine. It has been shown that
CNTs can act as ion channel blockers1, artificial muscles2, sensors,3-4 as well as, drug-delivery
vehicles.5 In addition, grafting these materials with anchors that possess tailored properties can
create functional surfaces for specific applications. For example, it is possible to generate
antibacterial surfaces for medical use by coating the surface with antimicrobial peptides (AMP).
These AMPs are broadly distributed in different types of organisms playing an important role in,
both, the host defense system and the innate immunity.6-10 However, one of the major obstacles
to the use of CNTs and GNS in living systems is their poor solubility in water. In fact, they
usually form insoluble aggregates (bundles) which can evoke cytotoxic effects.11-15 Covalent16-17
or non-covalent18-20 surface modifications with biocompatible materials can help to solve this
problem. For this reason, a great effort is devoted to understand the adsorption mechanism of
biomolecules, such as peptides21 and nucleic acids,22 to carbon-based nanomaterial surfaces.
When covered with peptides, these carbon-based proteinaceous materials have the advantage that
their properties can be easily designed by incorporating different amino acids into the adsorbing
peptides. In addition, AMP peptides23-25 are potential alternatives to traditional antibiotics in the
battle against new drug resistant bacteria strains and cancers.26-27 Several structure-function
studies of different natural and artificial peptides have been performed to understand their
antimicrobial and anticancer properties.24, 28-29
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Two well-studied AMPs are the Cecropin A (CA) and the Magainin 2 (MA). CA is a 37 amino
acid antimicrobial peptide found in the hemolymph of Hyalophora cecropia pupae,6, 23, 25, 30-33
and MA is a 23 amino acid long peptide extracted from the skin of the African clawed frog,
Xenopus laevis.6, 9, 34-36 Both, CA and MA have strong lytic activities against Gram-positive and
Gram-negative bacteria without toxic effects for eukaryotic cells, such as human erythrocytes.6, 9,
30, 34

Among the different hybrid peptides derived from CA and MA peptides, the one composed

from residues 1-8 of CA and residues 1-12 of MA, resulting in the amino acid sequence:
KWKLFKKI-GIGKFLHSAKKF-CONH2, was found to exhibit a better antibacterial and
antitumor activities compared with those of the starting peptides.23-25, 28-29 This CA-MA chimeric
peptide can have potential use in preventing bacterial contamination of composite nanomaterial
or in drug delivery system using CNT as drug releasing nanocontainer or vectors.
For all these applications, it is important to understand the mechanism of adsorption of the
molecule on the surface and how the presence of solid surfaces affects the peptide conformation.
The structure of the CA-MA peptide in water solution without carboneous nanomaterials has
been investigated by Nuclear Magnetic Resonance (NMR) spectroscopy and Circular
Dichroism,24, 37 and recently in our group using Molecular dynamics (MD) simulations.38 MD
simulation is one of the most powerful methods to investigate with full atomic details the
structure and dynamics of biomolecules. Although several experimental and theoretical studies
on the interaction of peptides with CNT were reported in the literature,21, 39-45 none of them had
targeted the interaction of the CA-MA peptide with CNT or GNS.
In this paper, we used CA-MA as a model peptide to study by computer simulations the binding
mechanism of peptides to carboneous nanomaterials. In particular, we performed extensive MD
simulations of the peptide in aqueous solutions in the presence of either a SWCNT (10,10) or a
4

GNS of the same surface area as the SWCNT. The binding and absorption mechanism of the
peptides were studied at different peptide concentrations. We analysed the spontaneous diffusion
of the peptide into the SWCNT and the effect of atomic partial charges at the SWCNT edges on
the peptide-nanotube interaction.
METHODS
The coordinates of the hybrid peptide Cecropin A–Magainin 2 (CA-MA) were taken from the
Protein Data Bank (PDB), entry code 1D9J37. Its NMR structure and amino acid sequence is
shown in Figure 1. The dimension of the graphene sheets considered in this study was around
6.2x4.3 nm2. The SWCNTs were characterized by chiral indices of m=10 and n=10, resulting in
a diameter of approximately 1.3 nm, and a length of 6 nm. The –CH groups at the edges of the
GNS and SWCNT were modeled as united-atom sites each carrying zero charge unless otherwise
indicated. To model the non-bonded interactions within the CNT or GNS we used the following
carbon-carbon Lennard-Jones (LJ) parameters, εcc=0.4396 kJ mol-1 and σcc=0.3851 nm.46 The
interactions of these carbon-based materials with water was represented by the carbon-water LJ
parameters εco= 0.392 kJmol-1 and σco= 0.319 nm.47 The same parameters were adopted for the
united atom sites.
We also analyzed the effect of describing explicitly the hydrogen atoms on the rim of the
SWCNT. For the hydrogenated SWCNT, the LJ were set to zero and partial charges on hydrogen
and the corresponding bounded carbon atoms have been set to +0.1e and -0.1e, respectively, the
same values used on the CH atoms of aromatic rings in the GROMOS54a7 force field. These
values are in good agreement with those reported for SWCNT in the literature.48 We have also
analyzed the effect of a dipole inversion of the rim atoms by using a model in which the
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negatively charged fluorine atoms replace all rim hydrogens. In this case, we have opposite
partial charges of the hydrogenated SWCNT model. The C-F distance was set to 0.134 nm and
the LJ parameters were taken from the GROMOS54a7 library.49
For the peptide, the GROMOS54a7 force field49 parameters were used for modeling the atomic
interactions. The mixed LJ parameters for the interactions of the CNT/GNS carbon atoms with
the peptide atoms were calculated using the GROMOS combination rules.50 The Extended
Simple Point Charge (SPC/E) model of water was used in all the simulations.51

FIG. 1. Amino acid sequence and NMR structure (PDB-ID: 1D9J) of Cecropin A-Magainin 2 hybrid
peptide.

The systems were set up by placing four CA-MA peptides and one GNS or SWCNT in the center
of a cubic box with a length of 10 nm (see Figure 1S of SI). The remaining space was filled by
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stacking an equilibrated box of 216 water molecules, and by removing any water molecule
located within 0.25 nm from solute atoms. Chloride counter ions were added to keep the systems
neutral. In Table 1 the compositions of the two systems are summarized. In the same Table are
also reported three simulations (1PC, 1PCF and 1PCH) that have been performed starting from
the configurations of one CNT the peptide 3 at time 254 ns from the 4PC simulation. These
simulations have been solely used to study the effect of the rim functionalization on the entrance
of the peptide in the CNT.

MD Simulations protocol.

The LINCS algorithm52 had been applied in order to keep the

covalent bonds constrained during the simulations. The integration time step was chosen to be 2
fs. A temperature of 300 K was maintained by the Berendsen’s thermostat53 with a coupling time
of 0.1 ps, and an isotropic pressure of 1.0 bar was maintained by the Berendsen’s barostat53 with
a coupling time of 0.5 ps. The isothermal compressibility of 4.5x10-5 bar-1 was used for all the
simulations. Particle mesh Ewald (PME) method54 was applied for the long-range interactions
with a real space cutoff of 1.0 nm, and a Fourier mesh spacing of 0.12 nm. The LJ interactions
were calculated using a cutoff of 1.4 nm.
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TABLE I. Composition and simulation length for all the systems studied.
System*

No of Peptides

No of Water

No of Cl-

Time/ns

4PG

4

32211

32

350

4PC

4

32242

32

350

1PC

1

32644

8

100

1PCF

1

32627

8

100

1PCH

1

32627

8

100

* The numbers on the left side of the letter P indicate the number peptides in the simulation, C and G stand for CNT
and Graphene, and F and H for the one-side fluorinated and hydrogenated rim of the nanotube.

All the MD simulations and analyses of the trajectories were performed using the GROMACS
(version 4.5.5) software package.55-56 The program VMD57 was used to visualize the trajectories
and create the graphical representation of the molecules. The secondary structure analysis of the
peptides was performed using the DSSP method.58
The orientation of the side chain of the aromatics residues (Trp2, Phe5, Phe13, His15, Phe20)
with respect to the graphene was determined using the following procedure. The GNS of each
simulation frame was rotated and translated to fit its starting configuration, which was oriented
perpendicular to the Z-axis of the reference system. The transformation matrix used to fit the
graphene was also applied to the peptides. The normal vectors to the aromatic rings of the
aforementioned amino acids were calculated using the three co-planar atoms (for Trp C1, C2,
C3; for Phe, C1, C2, C2; for His, N1, C1, N2). Finally, the normal vector was used to
8

calculate the angle with the Z-axis, which range from 0o (or 180o) for parallel to the graphene
plane to 90o for perpendicular one. A similar approach was used to calculate the orientation with
respect to the SWCNT surface. In this case the nanotube from the simulations was fitted to the
starting one oriented parallel to the Z-axis of the system. In this case, aromatic rings parallel to
the SWCNT surface form an angle with the z-axis around 90 degrees whereas those which are
perpendicular form an angle around 0 degree (or 180 degrees).
The radius of gyration was calculated from the trace of the gyration tensor. Diagonalization of
the gyration tensor and ordering its principal moments (eigenvalues) such as
enable the calculation of the shape descriptors.59 The asphericity b is given by,
,
and the acylindricity c by
.
The -helix starting conformation is characterized by the following values Rg=1.1 nm, b=0.93
nm2, and c= 0.02 nm2.

RESULTS
Interactions of CA-MA Peptides with Graphene Nanosheet. The CA-MA peptide is to a large
extent positively charged. Out of the twenty residues of the peptide, eight (seven lysines and one
histidine) are positively charged without any negatively charged residues. Of the remaining
residues, nine have a hydrophobic character (F, A, L, I and W). Thus, the behavior of its
9

adsorption at a hydrophobic surface cannot be easily predicted. We monitored the dynamics of
its adsorption by calculating the distances between the peptide Cα atoms and the carbon atoms of
the GNS. Figure 2 displays this minimum distance for each peptide as a function of time.
Adsorption of peptides 1, 2 and 4 on one side of the graphene surface occurs in the first 10 ns of
simulation. However, it takes 50 ns more for peptide 3 to bind to the GNS. This delay was
because this peptide adsorbed at the farther face of the GNS and the extra time required for
adsorption reflects the larger distance it had to diffuse. Nevertheless in all cases, after the initial
adsorption, the peptides stayed in contact with the surface for the entire trajectory.
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FIG. 2. Minimum distances between the Cα atoms of each peptide and the graphene carbon atoms.

This confirms earlier reports that peptides and proteins are to some degree amphiphilic in the
sense that they would preferentially adsorbed at hydrophilic-hydrophobic interface than reside in
either of the bulk phases.60-62 This property is predominantly determined by the bare backbone of
the polypeptide chain and obviously can be altered by the identity of the side-chains.
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In Figure 3A the top view of the peptides configurations at the end of the simulation (350 ns) is
reported. The peptides are adsorbed on both sides of the GNS with three of them on one side and
the other on the opposite side. Therefore, peptide surface density on the populated side is 0.11
peptide/nm2 or 27 atoms/ nm2. It is likely that the migration of peptide 3 to the opposite face is
because the closer face was too crowded to accept its adsorption. In this case, we can predict the
saturation density of CA-MA hybrid peptide on graphene to be in the range 0.11-0.15
peptide/nm2 or 27-35 atoms/ nm2. All peptides have a similar average Cα-GNS surface distance
of 0.44 ± 0.03 nm indicating a nearly excluded volume contact with the graphene surface. In fact,
the three peptides residing on the same face cover most of the GNS surface with a compact
coating. The side chains of the aromatic amino acids (Trp2, Phe5, Phe13, His15, Phe20) tend to
establish the closest contacts with the surface by orienting their aromatic rings parallel to the
surface plane (see top panel of Figure S2). The distribution of their orientation with respect the
Z-axis of the reference system (oriented perpendicular to the graphene plane, see Methods) is
reported in the bottom panel of Figure 2S. With the exception of the polar His15, the Trp2 and
show distributions centered ~90o degrees.
Their packing interactions reduce the motions of the three peptides whereas the peptide on the
other side being less restricted has larger fluctuations in the backbone structure.
In Figure 3 B and C, the spatial density distribution calculated in the last 100 ns of the simulation
is reported. The upper surface with three peptides is highly corrugated. The side chains of charged
and polar residues (Lys) protrude into the solvent creating a corrugated pattern on the crowded side
of the graphene flake. In Figure S3 in SI, the averaged distance of the peptide atoms from the
graphene average plane are reported. The highest peaks observed in peptides 2, 3, 4 correspond to
the side chain protruding into the solvents as observed in the density map (Figure 3).
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FIG. 3. The four CA-MA peptides on the GNS surface. A) top view of the configuration at 350 ns, the
peptide are shown in ribbon representation. B), and C) lateral view and top (perspective) view of the spatial
density distribution of the peptides on the GNS surface. The average GNS conformation is reported as well.

They tower the surface extending for ~0.3 nm from the average position of the other peptide
atoms. The accessibility of the side chain could be very important for anchoring the coated GNS
surface to other molecules using, for example, polymeric linkers. The interaction of the peptides
with the hydrophobic surface affects the stability of their initial α-helical configuration. Figure
S4 in SI shows the change of the secondary structure of the four peptides during the simulation.
A substantial decrease in the α-helical content occurs within the first 10 ns for all peptides except
peptide 3. For the later, additional 50 ns are required to loose the alpha-helix structure. This
behavior correlates strongly with the adsorption behavior (see Figure 2). Thus, the adsorption of
13

the peptide to the hydrophobic surface induces a complete loss of its alpha-helical structure
(Figure 3A) and the formation of mainly random coil conformations. Concurrently to the loss of
secondary structure due to the adsorption process, the peptide increases significantly its radius of
gyration relative to the value in bulk water (for comparison the modeled full extended -stand
configuration of the peptide is characterized by Rg=2.1 nm, b=4.2 nm2, and c=0.08 nm2). This is
shown in Figures 4 and Figure S5 of SI, together with the shape descriptors, the asphericity and
acylindricity.

FIG. 4. From top to bottom panel: radius of gyration (in nm), asphericity (in nm2), and acylindricity
(in nm2) for the 4 peptides (different colored curves) in the 4PG simulation.
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At low density (thus, the case of peptide 3) the increase in the radius of gyration, as well as in the
value of the asphericity, is larger than at high density (peptides 1, 2 and 4) a behavior that, as
mentioned before, projects also on the local dynamics of the peptide. However at high density,
although the radius of gyration is not very large, the acylindricity is larger than at low density.
Nevertheless in all cases, the radius of gyration increases upon adsorption relative to the value in
solution. The reason for the augmentation of the radius of gyration is because the random coil
structure adopted upon adsorption is confined to the two-dimensional plane of the surface. The
changes in the secondary structure and radius of gyration are also correlated with the distance
from the surface (Figure S4 of SI).
Interaction of CA-MA with SWCNT. In Figure 5 the last configuration (after 350 ns) of each of
the four CA-MA peptides interacting with the SWCNT is shown. Peptides 1, 3 and 4 are
adsorbed on the nanotube’s outer surface, whereas peptide 2, for almost its entire length, is
inserted inside the CNT.
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FIG. 5. Top: Snapshots of the last configuration from different angles (two side-views and one top
view) of the 4PC simulation showing the arrangement of the four peptides (in ribbon) with the CNT
(water molecules are omitted for clarity). Bottom: The same configuration but peptides are shown in a
stick representation for a detailed view of the side chain orientations.

The process of adsorption of the four peptides was monitored by calculating the minimum
distance between the C atoms of each peptide and the carbon atoms of the CNT along the
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FIG. 6. Minimum distances between the C atoms in each peptide and the CNT surface.

For peptide 3 and 4, a rapid adsorption (distances smaller than 0.5 nm) occurs after few
nanoseconds. For peptide 1,3 and 4 the adsorption occur within 20 ns while for peptide 2 the
contact with one of the nanotube entrances occurs only after ~250 ns. In Figure 7, the average
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distances calculate in the last 100 ns of the simulations between CNT surface atoms and those of
the peptides are reported. The average distance for all atoms with 0.6 nm from the CNT surface
of peptide 1, 3 and 5 is 0.46 ± 0.06, and, for C atoms only, 0.44 ± 0.04 nm. The short distances
indicate that peptides, once adsorbed on the SWCNT, remain in close contacts for the rest of the
simulation. As shown in Figure 5, peptides tend to maximize their contact with the SWCNT
surface by wrapping their backbone around it in a helical conformation.

FIG. 7. The distances, averaged over the last 100 ns, of the 242 atoms of the peptides from the CNT
principal axis that passes through its center. The cyan bars delimitate the aromatic 5 residues.

The large peaks present in the graphs of the peptides 1 and 3 correspond to the side chains of the
Lys residues that remain exposed to the solvent (see Figure 5, bottom panel). This behavior is
consistent with the one observed for the peptides adsorbed on the GNS surface. The ionic layer
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produced by the charged side chains prevents peptide 2 to adsorb on the CNT outer surface
forcing it (as for the peptide 3 in the GNS simulation) to search other favorable binding regions
(namely the SWCNT internal surface). The peptide docking to the SWCNT rim required a time
2 orders of magnitude larger than the binding to the outer surface. The cyan bars indicate the
position of aromatics residues (in the order Trp2, Phe5, Phe13, His15, Phe20). Also in the case
of the SWCNT, the aromatic residues show a tendency to maximize their side chain contacts
with the SWCNT (Figure 5, bottom panel) although the curvature of the cylindrical shaped
SWCNT surface imposes an additional conformational constraint to the peptides. In Figure 8, the
orientation angles of the aromatic size chain with respect the SWCNT surface is reported. For
all the peptides (also the peptide 2 inside the SWCNT), the distributions of the normal to the
aromatic planes are centered in parallel (90o) or bended (75o or 110 o) orientation with respect the
SWCNT axis showing a high propensity for these hydrophobic groups to maximize their
contacts with the SWCNT surface.
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FIG. 8. Distribution of the angle between the normal to the plane of side chain aromatic residues and
the Z-axis of the reference system, obtained from the last 100 ns of 4PC simulation.

We analyzed the changes in the peptide secondary structure (SS) along the trajectories in order to
understand how the interaction with the CNT surface affects the initial peptide fold. Figure S6 of
SI reports the content of the SSs for the four peptides. A decrease in the initial -helical content
occurs already at the beginning of simulation (within 10 to 50 ns) for all the peptides. After 150
ns, a complete loss of the α-helical content is observed. For the rest of the simulation, the SSs
are characterized by the presence of β-strands and β-bridges distributed at different regions of the
peptide. However, as for the simulation with GNS, at the end of the simulation the peptides
adopt mostly random coil conformations. Thus, the behavior of the four peptides is quite similar
except for the case of peptide 2 where the insertion of the peptide into the CNT (at ~240 ns) is

20

correlated with an extended coil conformation for the intruding segment. It is worth noting that
the rate of the loss of secondary structure is slightly slower than for the case in which the
peptides interact with the planar GNS surface.

FIG. 9. From top to bottom panel: radius of gyration (in nm), asphericity (in nm2), and acylindricity
(in nm2) for the 4 peptides (different colored curves) in the 4PC simulation.

In Figure 9, the radii of gyration and the two shape descriptors of the four peptides in the
presence of the CNT are reported. Similar to the behavior of the peptides when they are adsorbed
on GNS, the value of their radius of gyration is much larger than in bulk. Again this is a result of
the loss of the globular folded conformation of the peptides and the adoption of a more extended
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structure that maximizes their binding to the CNT. By wrapping around the structure of the
carbon tube the values of the acylindricity parameter, c, are significantly smaller than those
obtained when the peptides are adsorbed on graphene. Nevertheless, the values of the asphericity
parameter are similar (see Figure 4 for comparison).

Diffusion of the Peptide Inside the CNT. In Figure S7 of SI, different stages of the insertion
process of peptide 2 into the CNT are shown. For clarity other peptides and water molecules are
omitted. The process is initiated by the penetration of the neutral C-terminal of the peptide at
~264 ns and proceeds for ~50 ns (until 315 ns). After this time, the N-terminal of the peptide
remains anchored to the outer surface of the CNT impeding further diffusion into the CNT for
the rest of the simulation. Thus, it seems that the bottleneck for the insertion process is the search
for the entrance to the nanotube interior by the C-terminal. Note that after the initial insertion, the
peptide proceeds to diffuse rapidly inside the nanotube penetrating ¾ (~4.5 nm) of the CNT
length (6 nm) in with an average speed of ~0.09 nm/ns or 0.3 residues/ns.

Effect of the charges on the CNT rim. The spontaneous insertion of peptide 2 occurred with the
united-atom model for the carbon atoms at the rim of the SWCNT having a zero partial charge.
However, in order to verify if this process occurs in the presence of explicitly charged atoms on
the rim of the SWCNT. QM calculations on SWCNT models (see methods) have shown the
presence of a partial charge distribution between the carbon and the bounded hydrogen atoms that
determine the formation of small dipoles around the rim of the SWCNT. Therefore, we have
analysed the effect of these dipoles on the peptide insertion mechanism by adding either hydrogen
or fluorine to atoms carbon on one end of the SWCNT (see Methods). We have kept the carbon
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atoms at the other end of the SWCNT as united carbon atoms. Hence, we have performed two new
simulations starting with the hydrogenated and fluorinated SWCNT (Table 1, 1PCH and 1PCF
simulations, respectively), and only peptide 2 in the same starting configuration as the one
obtained at 264 ns of the 4PC simulation (see Figure 6S). An additional simulation with the unitedatom SWCNT model was run as control.
In Figure 10 (A-C) five snapshots from each simulation describing the diffusion process of the
peptide inside the united-atom (Figure 10 A), fluorinated (Figure 10 B) and hydrogenated
SWCNT (Figure 10 C) are shown. The plots at the bottom of each figure and in the Figure 8S
represent the minimum distance between the C-α atom of residue F20 and the carbon atoms in
the top rim of the SWCNT along each simulation. The Figure shows that the insertion into the
SWCNT interior takes place in the case of the 1PC and 1PCF simulations but in the 1PCH one.
In both the case, the insertion takes place from the C-terminal region of the peptide. In this
region, two positively charged residues (-K18-K19-) are present. As mentioned above, there is a
free energy barrier for the C-terminal to find and enter the entrance rim. Therefore, the
negatively charged fluorine atoms are likely to reduce this barrier by favorably interacting with
the positively charged C-terminal regions of the peptide. A relatively low free energy barrier also
exists at the neutral rim of the united-atoms SWCNT due to the terminal F20. In both cases, the
peptide dock with the nanotube entrance in a short time (0.5 ns for the united-atoms and 0.8 ns
for the fluorinated one, top and middle graph of Figure 8S). The insertion of the peptide for 3 nm
inside the nanotube is two times faster for the united atoms than the fluorinated one (which can
be explained by the attraction of the negatively-charged rim to the positively charged residues).
However, peptide in the fluorinated one completes the insertion in a time 2.3 times faster (~29
ns) than the united atom (~66 ns). As shown in Figure 8S, in both cases, the insertion process
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occurs in three fast steps separated by intervals of no insertion (regions in cyan color in the
Figure 8S, top and middle panels). For the 1PC simulation, the approximate speeds in the three
insertion events are 0.2 nm/ns (1.5 residues/ns), 1.3 nm/ns (4.3 residues/ns) and 0.23 nm/ns (0.77
residues/ns), respectively. For the 1PCF simulation, the speeds are 0.12 nm/ns (0.4 residues/ns),
0.42 nm/ns (1.4 residue/ns) and 0.91 nm/ns (3 residues/ns), respectively. In both case, there is an
insertion event that occurs at the highest speed of 3-4 amino acids/ns. At the end of the
simulation (100 ns) the peptide is fully inserted inside the uncharged nanotube.
In Figure 10S of the Supporting Information, the distances between the C of the Lys1 and
Phe20 are reported for the three simulations. The peptide in the united atoms SWCNT has a
more extended conformation than in the fluorinated SWCNT in which N-terminal part of the
peptide remains outside of the nanotube (see last snapshots in Figure 10B). The N-terminal of the
peptide contains the two positively charged amino acids Lys1 and Lys3 that electrostatically
interact with the negatively charged fluorine atoms on the rim.
In contrast to the united-atom and the fluorinated SWCNTs, the peptide does not insert into the
nanotube with the explicit hydrogen atoms on the rim (see Figure 10C and the bottom plot of
Figure S8 of Supporting Information) but it only adsorbs on its surface. A possible explanation
of this behavior is related to the electrostatic repulsion between the hydrogen atoms on the
SWCNT rims and the positively charged resides present on the C-terminal part of the peptide.
The repulsive interactions raise the insertion free energy barrier preventing the peptide from
entering the nanotube and diverting it on the SWCNT surface. The distance between the Cterminal and the SWCNT rim atoms exhibits periodic oscillations (see bottom panel of Figure 8S
in Supporting Information). The peptide end–to-end distance in the last 80 ns of the simulation
do not show large variation from its average value of ~2.5 nm (Figure 9S), indicating that the
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peptide remain adsorbed on the outer surface of the SWCNT sliding back and forth on it surface
in the conformation shown in bottom panel of Figure 10. An oscillation period of 12.5 ns was
obtained from the discrete Fourier transform of the end-to-end distance (largest peak in the inset
of the Figure 9S).
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FIG. 10. Snapshots from the simulations showing the peptide diffusion into the SWCNT interior
with (A) united carbon atoms and (B) fluorinated rim at the edge closest to the peptide. In (C) the
SWCNT rim was hydrogenated, however, the peptide did not enter into the nanotube. The color
band plots below each set of snapshots show the distance between the C-terminal F20 (Cα atom) of
the peptide and the rim of the nanotube along the simulation. The color-coding of distances is
indicated in the legend on the bottom.

DISCUSSION AND CONCLUSIONS

MD simulations were performed to study the mechanism of interaction of hybrid antimicrobial
peptide CA-MA with a CNT (10,10) and a graphene nanosheet with the same surface area. The
MD results show that in both cases the CA-MA peptides adsorb to these carbon-based surfaces.
As the peptides approach the surface they lose completely their secondary structure. We have
recently shown that the same peptide in pure water tend to retain a stable secondary.38 Note that
in other cases, the loss of the alpha-helical content of the peptide upon adsorption onto a
hydrophobic surface can be accompanied by the formation of fibril aggregates as reported for the
amyloid beta (A) (1-42).63-64
The peptide residues that were found to bind closest to the graphene surface, are the aromatic
amino acids such as tryptophanes, phenylalanines and histidines, likely due to favorable direct
dispersive, as well as solvent-induced, interactions with the flat surface. This result is in
agreement with those obtained by Wang et al.21 In their scanning electron microscopy (SEM)
study, it was found that peptides displaying high affinity with the nanotube surface are rich with
histidine and tryptophan residues.21 In addition, MD simulations by Tomasio and Walsh39
demonstrated that the ability of tryptophan rich peptides to adsorb on carbon nano-surfaces is
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reduced when the large aromatic residue tryptophan is substituted by smaller aromatic residues
such as tyrosine or phenylalanine. Furthermore, our simulations indicate that the CA-MA
peptides expose most of the functionalizable Lys side-chains towards the aqueous solvents.
The protrusion is more evident in the SWCNT than in the GNS. This is likely a result of the
higher curvature of the CNT surface which renders the binding of the peptide to the surface
weaker and thereby facilitating the intrusion of the Lys residues into the aqueous solution.
In regard to the interaction with CNT, we find that the CA-MA peptide prefers first to adsorb at
the outer surface of the CNT and only when this surface is occupied does it insert into the tube
interior. As for the GNS, aromatic amino acids tend to gain dispersive interaction energy by
orienting their aromatics ring parallel to the surface. This effect was observed in previous
simulations of peptides39 or polymers65 with carbon surfaces.
Similar to the simulation with graphene also with the SWCNT, the adsorption induces unfolding.
This behavior is likely to depend on the radius of the CNT and the properties of the peptides. For
example, simulations by Trzaskowski et al.40 reported no change in secondary structure contents
of α-helix and β-hairpin model peptides when interacting with the outer and inner walls of CNTs.
In this case, the two SWCNTs considered were with chiral indices of (22,0) and (30,0).
Nevertheless when the peptide was covalently bonded to the nanotube via a linker, significant
changes in the secondary structure were observed. Sansom and coworkers42 also reported a
change in the alpha-helical content of a peptide when it adsorbs on CNT at low peptide
concentration. Zuo et al.44 in a study on the adsorption of protein Villin headpeace onto
graphene also reported secondary structure changes.
From the results obtained from our simulations, we cannot conclude that the binding of the
peptide to the GNS is stronger than to the CNT. However, does the shape of the surface make a
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difference to the extent of the unfolding? A study by Balamurugan et al.43 suggests that alphahelical peptides lose their structure more when adsorbed to GNS than to CNT because the former
has a smaller curvature. These results imply that the degree of unfolding increases for stronger
peptide-surface interaction energy. This is very reasonable, because favorable interactions of the
peptide with the surface can compensate for the loss of intra-peptide interactions in the folded
state.
The unfolded peptide chains maximize their contacts with the SWCNT surface by wrapping
around it. This adsorption mechanism was observed in linear block copolymer with hydrophobic
units,66 the presence of aromatics residues play an important role in SWCNT polymer binding.39,
67

In general, the non-covalent wrapping of carbon nanotubes by polymers plays an important

role as functional dispersants and has been recently extensively reviewed.68 For peptides, the
importance of aromatic amino acids in adsorption to SWCNT was experimentally investigated
using peptides of different composition.69 Peptides having higher content of Phe amino acids
have shown the larger tendency to disperse SWCNT in solution.69
In our simulation, we have also observed a spontaneous insertion of one of the 4 peptides into the
interior of the SWCNT. The insertion occurs only when the outer surface had already been
occupied by other peptides. The spontaneity of the process is possibly due to the strong peptidesurface interaction energy because inside the CNT the peptide loses significant amount of its
conformational entropy. The insertion occurs in a time scale of 30-60 ns at the highest speed of
3-4 amino acids/ns. Furthermore, we find that by modifying the electrostatic interactions
between the peptide and the nanotube rims, the encapsulation of the peptide into the nanotube
can be controlled.
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The insertion of a 17 amino acid long -helix peptide in armchair (14, 14) and a zigzag (24, 0)
SWCNT of diameters 1.88 nm and 1.90 nm, respectively was recently reported.70 Due to the
larger diameter of the SWCNT, the complete encapsulation of the peptide in the armchair
SWCNT is ~3 times faster than in our case, for the zigzag SWCNT they observed a trapping of
the peptide after 20 ns that could be due to the different structure of SWCNT rim. Similar to our
results, the peptide lost its secondary structure adopting a random conformation.
The conformation loss is also in agreement with other studies of α-helical peptides (in particular
a-helix forming peptides) confined inside SWCNT with diameters ranging from

0.15 to

0.35

nm.71-72 In all these studies, the peptides were confined in the nanotube and the spontaneous
encapsulation was not directly observed. Although other simulations did observe spontaneous
encapsulation of a large peptide into SWCNT, to the best of our knowledge, the nanotube in our
study has the smallest diameter.
The results of this study evidenced the tendency of the selected AMP peptide to non-covalently
absorb on and encapsulate into a small ultra-short SWCNT. These results could be of interest for
potential applications in nanotechnology, biotechnology and nanomedicine.73 For example, the
strong tendency of the peptide to coat the surface of the nanomaterial is already exploited for
enhancing the solubility of both GNS nano-sheets and SWCNT preventing their aggregation in
water.74-77 This strong interaction tendency could be exploited to create a peptide based noncovalent anchoring system. In this way, an active molecule could be attached to the anchoring
peptide by appropriate spacing at the peptide termini or or at the protruding amino acids (Lys and
Arg). Hence, providing an appropriate release mechanism on the linker molecule triggered, for
example, by temperature, pH, or chemical condition, it could be possible to build a smart drug
delivery system or an active surface. In the case of drug delivery systems, there is a demonstrated
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tendency of both SWCNT and GNS to cumulate inside cells increasing the peptide concentration
and thus enhancing its bactericide activity.78-80
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