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INTRODUCTION

S
ingle-walled carbon nanotubes (SWNTs) are hollow

cylinders formed by seamlessly wrapping a single gra-

phene sheet. They are characterized by a pair of inte-

gers (n,m) called the chiral vector which is the gra-

phene sheet translation vector defining the axial direc-

tion of the nanotube; the nanotube diameter d is given by the

formula d ¼ [3(n2 + nm + m2)]1/2(dcc/p) where dcc is the car-
bon–carbon bond length.1 Because of their extraordinary elec-

trical and mechanical properties, SWNTs are thought to have

many potential applications in biological systems, electronic

devices, and energy conservation devices.2 Unfortunately, car-

bon nanotubes are extremely hydrophobic which leads to

uncontrolled SWNT aggregation. This makes it difficult to

purify and separate SWNTs, and hence difficult to assemble

them into useful structures. Thus, extensive studies have been

focused on dispersing SWNTs in aqueous solution and increas-

ing their water solubility, with the end goal of preparing con-

trolled dispersions for subsequent manipulation.
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ABSTRACT:

Single-walled carbon nanotubes (SWNTs) have unique

properties and are projected to have a major impact in

nanoscale electronics, materials science, and

nanomedicine. Yet, these potential applications are

hindered by the need for sample purification to separate

SWNTs from each other and from metallic catalyst and

amorphous carbon present in as-synthesized samples.

Common purification strategies involve dispersing

SWNTs as individual tubes in aqueous solution. Towards

this end, a designed helical peptide was shown to be

excellent at dispersing SWNTs. However, the molecular

details of the peptide-SWNTand peptide-peptide

interactions await elucidation. Here we explore these

molecular interactions using fully atomistic molecular

dynamics simulations of peptide-wrapped SWNTs. We

characterize the interactions by measuring the aromatic

residue-to-SWNT surface distance, the peptide

amphiphilicity, the peptide-SWNT crossing angle, the

peptide-SWNT contact area, the peptide helix axis-to-

axis distance, and the inter-peptide hydrogen bonding.

We find that the peptides collectively tilt with respect to

the SWNT long axis, are a-helical, and form interpeptide

hydrogen bonds through their lysine and glutamate

residues, which helps to stabilize the multipeptide/SWNT

complex. All hydrophobic residues interact with the

SWNT and are sequestered from water. The picture that

emerges from this study gives insight into subsequent

peptide design. # 2009 Wiley Periodicals, Inc.
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Different methods exist towards this goal, which can

broadly be classified into techniques which either covalently

or noncovalently modify the SWNT surface.3,4 Covalent

modifications provide functionalized SWNTs in which vari-

ous functional groups are attached to the SWNTs through,

for example, esterification, amidation, or carboxylation. Sun

et al. showed the potential biological application of SWNTs

by chemically attaching proteins to nanotubes via amidation

and generating what they called ‘‘immuno carbon nano-

tubes.’’5–7 One major disadvantage of covalent modification

is that the electronic properties of the SWNTs can be strongly

disrupted by a high degree of functionalization.

In contrast, the noncovalent modification of SWNTs,

which can be achieved by using surfactants or polymers, con-

serves the intrinsic sp2 hybridization and conjugation of the

nanotube atoms and prevents any disruption to the SWNT

electronic structure. These molecules interact with SWNTs

through nonbonding interactions and are not chemically

attached to the nanotube. Unlike the covalently bound case,

the resulting complexes are generally unstable to external

perturbations such as dilution.8–12 One of the most impor-

tant nonbonding interactions is the aromatic p-p (p-stack-
ing) interaction. Chen et al. functionalized SWNTs by using

amphiphilic molecules with pyrene at one end to interact

with the SWNT side wall through the p-stacking interac-

tion.13 Deoxyribonucleic acid (DNA) has also been studied

both experimentally and computationally for its ability to

disperse and separate SWNTs through the p-stacking interac-
tion between SWNTs and DNA bases.14–16 Other studies on

buckyball-specific antibodies also revealed the importance of

having aromatic residues, such as tryptophan, phenylalanine,

and tyrosine, at the proposed C60 binding site.
17–19

To prepare SWNTs for possible biological applications

and to have good noncovalent functionalization, Dieckmann

et al. designed a 29-residue peptide, named nano-1, which

can fold into an amphiphilic a-helical conformation, interact

with the aromatic surface of SWNTs, and disperse them in

aqueous solution.20–23 The nano-1 peptide has four heptad-

residue repeats, denoted (a,b,c,d,e,f,g)4, with valine (Val) at

the a position and phenylalanine (Phe) at the d position. The

a and d positions form the hydrophobic face of the a-helix,
whereas the b,c,e,f,g positions are occupied by hydrophilic

residues.20,24 From circular dichroism (CD) data, nano-1

shows high a-helical content in aqueous solution in the pres-

ence of SWNTs.20 Raman spectroscopic studies showed

major shifts in the peaks corresponding to the radial breath-

ing modes of the nanotubes, suggesting the SWNTs are

wrapped by the peptide in aqueous solution. Atomic force

microscopy (AFM) experiments showed that nano-1 dis-

perses SWNTs with a diameter range from 0.7 nm to

3.3 nm.23 Transmission electron microscopy (TEM) images

showed that the peptide helix/SWNT crossing angle ranges

from 108 to 208.21 By altering the number of heptad-residue

repeats and the number of Phe residues, it was found that

peptides with fewer Phe residues had a decreased ability to

disperse SWNTs, suggesting that nano-1 mainly uses Phe res-

idues to interact with the SWNT side wall through the p-
stacking effect.22 However, due to instrumental limitations,

the peptide/SWNT samples for the microscopy studies were

dehydrated before imaging.20–23 It is not clear if the resulting

picture of molecular interactions gives insight into the aque-

ous solution structure. Thus, in this study, we use computer

simulations to study the interaction between the nano-1

peptide and SWNTs in aqueous solution.

The a-helical conformation of nano-1 is amphiphilic and

hence should be disfavored for an isolated peptide in aqueous

solution. Experimental data has shown that, in aqueous solu-

tion, nano-1 self-associates into three helix bundles (Ortiz, A.,

Ph.D. Thesis, The Univeristy of Texas at Dallas, 2008). Thus, in

the presence of SWNTs, the peptide self-association is in com-

petition with the peptide/SWNT association. One could ask

whether the peptide acquires an a-helical conformation before

or after the peptide adsorbs on the SWNT surface. A similar

question was addressed by Nymeyer et al. using replica

exchange molecular dynamics (MD) techniques for the case of

a short helical peptide inserting into a lipid bilayer.25 Unfortu-

nately, such a study requires formidable computational resour-

ces; we have therefore chosen to focus our attention on the

structural and dynamical properties of the preformed peptide/

SWNT complex. In a previous study, we used fully atomistic

molecular dynamics simulations to investigate a single nano-1

peptide at three different water/hydrophobic interfaces: water/

oil, water/graphite, and water/SWNT.26 It was demonstrated

that the a-helical peptide uses its amphiphilic character opti-

mally at the water/SWNT interface. However, nano-1 was

designed not only to form an amphiphilic a-helix at the water/
SWNT interface, but also to participate in hydrogen bonding

(H-bonding) with adjacent peptides through glutamate (Glu)

and lysine (Lys) residues.20,27 In this study, we extend our previ-

ous work to focus on peptide–peptide interactions and their

role in stabilizing nano-1 - SWNT dispersions.

It has been suggested from molecular mechanics modeling

that an (8,8) SWNT is stabilized by a bundle of six nano-1

peptides.20 In this study, we performed MD simulations of a

six peptide bundle around an (8,8) SWNT (hereafter referred

to as a hexamer/(8,8) SWNT complex) and, separately, a five

peptide bundle around a (6,6) SWNT (hereafter referred to

as a pentamer/(6,6) SWNT complex) to examine the pep-

tide–peptide interactions and their effect on the peptide-

nanotube conformation.
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METHODS
All the molecular dynamics simulations in this study were carried
out using the program NAMD version 2.6b28 with the CHARMM31
force field.17,29–31 All of the simulations were performed with the
isothermal-isobaric (NPT) ensemble at 300 K and 1 atm. Periodic
boundary conditions were used in all three dimensions. The pres-
sure was controlled using the Nosé-Hoover Langevin piston
method, and the temperature was maintained by Langevin dynam-
ics. A time step of 2 fs was used to integrate the equations of
motion. The nonbonded interactions were calculated every time
step, and full electrostatic interactions were calculated every two
time steps. The SHAKE/RATTLE algorithm was used to constrain
the bonds between hydrogen atoms and heavy atoms at their equi-
librium values.32,33 The water model used for all systems is the
TIP3P model.34 System coordinates were saved every 10 ps during
each simulation for subsequent data analysis.

For MD simulations, the starting peptide coordinates of
the amino acid sequence E(VEAFEKK)(VAAFESK)(VQAFEKK)
(VEAFEHG) were generated in a perfect a-helical conformation
with the backbone dihedral angles F ¼ "658 and C ¼ "408, as
reported in our previous study.26 The nanotubes used in this
studywere (6,6) and (8,8) SWNTs with 80 cell replications. The
nanotube setup followed our previous study26: the long axis of
the nanotube was immobilized on the x-axis by adding an addi-
tional elastic force, with a 1 kcal/mol/Å2 force constant and the

nanotube radius as the equilibrium distance, to the nanotube car-
bon atoms to prevent the nanotube from bending or tilting away
from the x-axis. The periodic boundary conditions create an
effectively infinitely long nanotube to avoid end effects and to
focus attention on studying the peptide interactions with non-
defective SWNT side walls.

Previous molecular mechanics modeling suggested a stable
nano-1 peptide/SWNT complex where an (8,8) SWNTwith a radius
of 5.4 Å was surrounded by six nano-1 peptides.20 Here, a similar
system was studied using MD simulation: an (8,8) SWNT was
ensheathed by six nano-1 peptides labeled as P0, P1, P2, P3, P4, and
P5. Each peptide center of mass was equally spaced and placed 9 Å
away from the SWNT surface. We chose to study a single multipep-
tide layer with zero vertical offset (along the SWNT long axis)
between the peptides. Other alignments (offsets) are possible, and
in reality likely, but their study would require using two or more
layers so that the offsets interdigitate; this would involve a prohibi-
tively large system size (more than double the *210,000 atoms con-
stituting the hexamer/(8,8) SWNT system). The choice of offset
would not be expected to affect the peptide-peptide interactions,
hence the results we report for the single layer system should be rep-
resentative of the general case. The resulting system was then sol-
vated in a 198.8 Å 3 108.5 Å 3 106.0 Å box with 67,470 water mol-
ecules as displayed in Figure 1C. A 30-ns simulation was conducted
on this system.

FIGURE 1 Snapshots from MD simulations for pentamer/(6,6) SWNT (A and B) and hexamer/
(8,8) SWNT (C and D) systems. A and C illustrate the initial conformations, whereas B and D illus-
trate the final conformations after 33 ns of simulation for pentamer/(6,6) SWNTand 30 ns of simu-
lation for the hexamer/(8,8) SWNT system, respectively. The upper panels display views perpendic-
ular to the SWNT long axis, and the lower panels display perspectives along the SWNT long axis.
SWNTs are represented using the vdWmodel, and peptide backbones are visualized using ribbons.
Side chains are shown with a stick model, where Phe and Val residues are emphasized using thicker
lines colored in purple and tan, respectively. Water molecules have been removed for clarity. The
images are created using the VMD package.37 The peptides are marked as P0 (blue), P1 (red), P2
(gray), P3 (orange), and P4 (yellow) for both systems, and in addition P5 (tan) for the hexamer/
(8,8) SWNT system. The P1 peptide in (D) has slightly unfolded at its C-terminus and uses its His
residue to interact with the SWNT sidewall.
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A pentamer/(6,6) SWNT system was also studied for comparison
to the above hexamer/(8,8) SWNT system and with our earlier study
on a single nano-1/(6,6) SWNT complex.26 Five peptides were
judged to optimally wrap a (6,6) SWNT because the aromatic ring
center of the Phe sidechains have been shown to be *3.5 Å away
from the nanotube surface.26 We can assume that the six peptides
surround the (8,8) nanotube at a distance of about 8.9 Å (3.5 Å +
5.4 Å, the radius of the (8,8) SWNT) which gives a circumference of
55.9 Å; thus, each nano-1 peptide occupies approximately an arc
length of 9.3 Å. Applying these values to the (6,6) SWNTwith a 4.1
Å radius, we estimated that five peptides could wrap a (6,6) SWNT.
Thus, in this study five peptides, labeled as P0, P1, P2, P3, and P4,
were equally spaced around a (6,6) SWNT in an analogous manner
to the hexamer system. The system was then solvated by 64,371
water molecules in a 198.8 Å 3 104.5 Å 3 105.5 Å box as displayed
in Figure 1A. The system was simulated for 33 ns. Both the
pentamer and hexamer systems were considered to have reached
equilibrium when the peptide a-helicities and the root-mean-square
deviations of the peptide backbones with respect to the initial
conformations were converged.

To characterize the conformational changes of the peptide, the
a-helical content of the peptide was calculated based on the Lifson-
Roig model,35 where residue i is marked a-helical only if its dihedral
angle pair (Fi, Ci) and those of the two adjacent residues [(Fi"1,
Ci"1) and (Fi+1, Ci+1)] lie in the region F ¼ "65 6 358 and C ¼
"37 6 308. Thus, for the 29 residue nano-1 peptide with N-termi-
nal acetylation and C-terminal amidation, the maximum number of
residues that can be marked a-helical is 27. The a-helicity of the
peptide was calculated by counting the number of a-helical residues
and dividing by 27, resulting in a value between zero and one.

The crossing angle is defined as the angle between the a-helix
axis and the nanotube long axis. The a-helix axis is defined based
on Kahn’s method in which a partial axis is defined by four resi-
dues.36 Hence, 26 partial axes can be found for nano-1. The axis of
the entire helix is calculated through a linear least squares method
accounting for all partial axes.

The distances between each pair of peptides were studied to
characterize the peptide–peptide interactions. The peptide–peptide
distance was defined as the distance between the two helix axes in
the plane perpendicular to the SWNT long axis passing through the
center of mass of all the peptides.

The contact area between the protein and the SWNT was calcu-
lated as:

Acontact ¼
1
2
ðAprotein þ ANT " AallÞ

where Aprotein is the molecular surface area for the entire protein,
ANT is the corresponding quantity for the nanotube, and Aall is the
surface area of the protein-nanotube complex. The molecular sur-
face areas were calculated using the program MSMS.37 The ratio of
Acontact to Aprotein was calculated to describe the degree of contact.

The distances between the centers of the aromatic rings of the
Phe sidechains and the surface of the nanotube were analyzed to
characterize the p-p stacking orientation of the Phe residues
with respect to the nanotube sidewall. The Phe-to-SWNT distance
dPhe-SWNT was calculated by subtracting the SWNT radius from the
‘‘Phe ring center to SWNT long axis’’ distance.26

The number of H-bonds formed between adjacent peptides were
counted to characterize the peptide-peptide interaction inside the

multi- nano-1/SWNT complexes. We defined an H-bond by the fol-
lowing criterion: given a heteroatom A attached to an H-atom and
another heteroatom B not bonded to A, an H-bond is formed only
if the distance between two heavy atoms is smaller than 4 Å and the
A-H-B angle is smaller than 308.38

RESULTS AND DISCUSSION

Peptide Conformation in the
Multipeptide/SWNT Complexes
The pentamer/(6,6) SWNT and hexamer/(8,8) SWNT com-

plexes were set up to be as comparable as possible by using

the same arc length of contact with the nanotube for each

peptide (see Methods). However, the difference in diameter

between the two SWNTs results in a different packing tight-

ness between the two peptide-wrapped systems. This differ-

ence clearly manifests itself in the data presented below.

After 30 ns of MD simulation, both the pentamer/(6,6)

SWNT complex and the hexamer/(8,8) SWNT complex have

reached equilibrium; representative snapshots of the penta-

mer system are shown in Figures 1A and 1B, and of the hex-

amer system in Figures 1C and 1D. H-bonds are formed

between adjacent peptides which help to stabilize the multi-

peptide/SWNT complexes. All peptides remain a-helical and
form interpeptide H-bonds through their Lys and Glu resi-

dues; all hydrophobic residues interact with the SWNT and

are sequestered from water. The peptides in both complexes

collectively tilt from an initially parallel alignment with the

SWNT long axis (see Figure 1). In the hexamer/(8,8) SWNT

complex, the P1 peptide has slightly unfolded at its C-termi-

nus due to terminal fraying and uses residue His28 to inter-

act with the SWNT sidewall suggesting a favorable interac-

tion between the imidazole side chain and the SWNT side

wall.

The a-helicity analysis is shown in Figure 2. For the penta-

mer/(6,6) SWNT complex, the helicities of all five peptides

are &90% which is similar to the single peptide/(6,6) SWNT

system of our previous study.26 For the hexamer/(8,8) SWNT

complex, the P1 peptide slightly unfolds at its C-terminus

from 5 to 20 ns of the simulation, but then subsequently

refolds. The interaction between the P1 His28 residue with

the SWNT sidewall decreases the overall a-helicity of the P1

peptide to *85%. The P1 peptide partial unfolding slightly

modifies the packing of the hexamer which stabilizes the

structure of the other peptides (they now have less room

than before P1 unfolded). In the pentamer/(6,6) SWNT

complex, the variation of the peptide a-helicities with time is

smaller than in the hexamer/(8,8) SWNT complex.

The crossing angle of the peptides in the pentamer/(6,6)

SWNT system ranges from 118 to 168 after the first 10 ns of
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the simulation as shown in Figure 3A. All five peptides have

similar crossing angle values, with a mean of *138. This
indicates that all peptides adopted similar conformations

and formed a symmetrical pentamer/(6,6) SWNT complex.

Figure 3B illustrates the crossing angles for the hexamer/

(8,8) SWNT complex. The angle for each peptide is around

138 after 10 ns simulation, but has a larger variation than in

the pentamer/(6,6) SWNT system. From both the a-helicity
and crossing angle analyses, larger fluctuations are observed

in the hexamer/(8,8) SWNT system than in the pentamer/

(6,6) SWNT system. This implies that the peptides in the

hexamer/(8,8) SWNT complex are not as tightly packed as in

the pentamer/(6,6) SWNT complex.

Figure 4 illustrates the comparison of the average crossing

angles of both multipeptide/SWNT systems and the crossing

angle of a single nano-1 peptide/(6,6) SWNT complex.26 The

crossing angle in the single peptide system has a much wider

angle distribution from 58 to 258 than the narrow angle dis-

tribution of 118 to 178 for both the pentamer/(6,6) SWNT

and hexamer/(8,8) SWNT complexes. For both multipeptide

systems, the most probable angle is 138, which is different

from the most probable angle of 178 for the single peptide

system.26 For all three systems, the most probable angles are

consistent with the crossing angle range of 108 to 208 from

experimental data.21 The peptide–peptide interactions limit

the peptide’s motion on the SWNT, which suppresses the

crossing angle thermal fluctuations. The shift in the most

probable crossing angle suggests that the interpeptide inter-

actions are significant. Nonetheless, the overall angle distri-

butions of the multipeptide systems fall inside the distribu-

tion range of the single peptide system, suggesting that the

interpeptide interactions do not destabilize the peptide-

SWNT interactions.

Peptide–Peptide Interactions in the
Multipeptide/SWNT Complexes
Figure 5 illustrates the axis-to-axis distances of each pair of

adjacent a-helical peptides in the multipeptide/SWNT com-

FIGURE 2 The a-helicity for each nano-1 peptide in (A) penta-
mer/(6,6) SWNT and (B) hexamer/(8,8) SWNT systems as a func-
tion of time. The peptides retain a high a-helical content in both
systems. In the hexamer/(8,8) SWNT system, the a-helicity decrease
of P1 during 5 to 20 ns is due to the C-terminal fraying and interac-
tion with the SWNTusing the His residue. The peptides are marked
as P0 (blue), P1 (red), P2 (black), P3 (orange), and P4 (green dash)
for both systems, and in addition P5 (purple) for the hexamer/(8,8)
SWNT system.

FIGURE 3 The crossing angle formed between the peptide helical
axis and the SWNT long axis in the (A) pentamer/(6,6) SWNT and
(B) hexamer/(8,8) SWNT systems as a function of time. The pepti-
des are colored as in Figure 2.
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plexes. These distances are about 12.5 6 0.5 Å for the penta-

mer/(6,6) SWNT complex. For the hexamer/(8,8) SWNT

complex, the axis–axis distances are*12.5 Å 6 1.0 Å, except

for the P1-P2 distance which was smaller at about 11 Å due

to C-terminal fraying of the P1 peptide. Comparing the two

systems, the distances in the pentamer system have less varia-

tion across peptide pairs than in the hexamer system, consist-

ent with the a-helicity and crossing angle analysis.

The peptide-SWNT contact area analysis for both multi-

peptide/SWNT systems are illustrated in Figure 6. The con-

tact ratios for the pentamer/(6,6) SWNT system are *15%,

which is consistent with the single peptide/(6,6) SWNT sys-

tem.26 In the hexamer/(8,8) SWNT complex, the contact

ratios for the peptides are also *15% except for P1 which

has a 17% contact ratio because of the increased contact

between His28 and SWNT through the imidazole side chain.

The contact area of each peptide in the multipeptide/SWNT

complex has as much contact with the SWNT as in the single

peptide system, suggesting that the multipeptide complex

does not compromise the ability of each peptide to interact

fully with the SWNT.

Figure 7 displays the distribution of the Phe-to-SWNT

distance in both multipeptide systems. The distance distribu-

tions for both systems are similar, narrow, unimodal, and

peaked at 3.5 Å, indicating that all Phe residues adopt parallel

p-stacking conformations against the SWNT aromatic sur-

face, consistent with our observations for the single peptide

system.26

The peptides are observed to interact with each other and

form interpeptide H-bonds, which help to stabilize the mul-

tipeptide/SWNT complexes. As shown in Figure 8, the total

number of H-bonds in the hexamer/(8,8) SWNT complex is

very similar to that of the pentamer/(6,6) SWNT complex,

despite the increased number of peptides. Moreover, during

the 10–20 ns interval, the number of H-bonds in the penta-

mer system is actually higher than in the hexamer system.

However, if we focus on the solvation environment of the

two multipeptide systems, we find almost no difference.

FIGURE 4 (A) Comparison of the crossing angle of a single
nano-1/(6,6) SWNT complex (black) from our previous work26

with the average crossing angle of the pentamer/(6,6) SWNT com-
plex (thick orange), and the hexamer/(8,8) SWNT complex (blue).
(B) Crossing angle distributions of the single nano-1/(6,6) SWNT
complex from 21 to 48 ns (black), the pentamer/(6,6) SWNT com-
plex from 12 to 33 ns (thick orange), and the hexamer/(8,8) SWNT
complex from 12 to 30 ns (blue).

FIGURE 5 The peptide helical axis-to-axis distance for adjacent
peptide pairs in the (A) pentamer/(6,6) SWNT and (B) hexamer/
(8,8) SWNT systems as a function of time. The peptide pairs are
marked as P0-P1 (blue), P1-P2 (red), P2-P3 (black), P3-P4
(orange), P4-P0 for the pentamer system or P4-P5 for the hexamer
system (green dash), and P5-P0 (purple) for the hexamer system.
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Namely, comparing the two systems, (1) the SWNT is

completely desolvated in the peptide-coated region, (2) the

average number of H-bonds per peptide with water is very

similar, and (3) the average number of water molecules

between adjacent peptide pairs is very similar (data not

shown).

In summary, from the conformational analysis, axis–axis

distance data, contact area analysis and H-bond analysis, it is

clear that the peptide conformations and the peptide–pep-

tide distances fluctuate more in the hexamer/(8,8) SWNT

system than in the pentamer/(6,6) SWNT system. These

results strongly suggests that five nano-1 peptides can pack

more tightly around a (6,6) SWNT than six nano-1 peptides

around an (8,8) SWNT.

CONCLUSIONS
After 30 ns of simulation, both the pentamer/(6,6) SWNT

complex and the hexamer/(8,8) SWNT complex have

reached equilibrium. The amphiphilic peptides collectively

tilt over the first 10 ns of the simulations from an initially

parallel alignment to strongly interact with each other and to

completely shield the SWNT from contact with water. All

peptides remain a-helical and form inter-peptide H-bonds

through their Lys and Glu residues, which helps to stabilize

the multipeptide/SWNT complex. All hydrophobic residues

interact with SWNTand are sequestered from water.

The Phe-to-SWNT distance distribution is narrow, unim-

odal, and peaked at 3.5 Å, indicating that all Phe adopt paral-

lel p-stacking conformations and have strong interactions

with SWNT; this corroborates our previous study26 which

established that the Phe residues play a dominant role in the

peptide-SWNT interactions.

The single peptide/(6,6) SWNT system has a crossing

angle distribution from 58 to 258, which is much wider than

the narrow angle distribution of 118 to 178 for both the

FIGURE 6 The ratio of the contact areas between the peptides
and the SWNT surface vs. the total peptide surface area for the (A)
pentamer/(6,6) SWNT and (B) hexamer/(8,8) SWNT systems as a
function of time. The peptides are colored as in Figure 2.

FIGURE 7 The distributions of the distance between the Phe aro-
matic ring centers and the SWNT surface for the pentamer/(6,6)
SWNT complex (black) and the hexamer/(8,8) SWNT complex (red).

FIGURE 8 The total number of H-bonds formed between the
peptide sidechains within the pentamer/(6,6) SWNT complex
(black) and the hexamer/(8,8) SWNT complex (red).
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pentamer/(6,6) SWNT and hexamer/(8,8) SWNT complexes.

The most probable angle for the single peptide system is 178
which is different from the most probable angle of 138 for

the multipeptide systems. The peptide–peptide interactions

limit the peptide’s motion on the SWNT, which suppresses

the crossing angle thermal fluctuations. The shift in the most

probable crossing angle suggests that the interpeptide inter-

actions are significant. But the overall angle distributions of

the multi-peptide systems fall inside the distribution range of

the single peptide system, showing that the interpeptide

interactions do not destabilize the peptide-SWNT interac-

tions. For all the systems studied, the most probable crossing

angle is consistent with the crossing angle range of 108 to 208
from experimental data. Note, however, that the systems

studied here included solvent molecules, whereas the experi-

mental data is obtained from dehydrated samples.

Combining all of the data analysis, it is clear that the pep-

tide conformations and the peptide–peptide distances fluctuate

more in the hexamer/(8,8) SWNT system. This strongly sug-

gests that five nano-1 peptides can pack more tightly around a

(6,6) SWNT than six nano-1 peptides on an (8,8) SWNT. The

contact area analysis shows that the peptides in the multipep-

tide/SWNT complexes have as much contact with the SWNT

as in the single peptide system, suggesting that the multipep-

tide complexes do not compromise the ability of each peptide

to interact with SWNT. This again supports the notion that

nano-1 is an excellent dispersal agent for SWNTs.
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