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ABSTRACT. Two of the main types of nanotubular 
architectures are the single-walled carbon nanotubes (SWCNTs) 
and the self-assembling cyclic peptide nanotubes (SCPNs). We 
here report the preparation of the dual composite resulting from 
the ordered combination of both tubular motifs. In the resulting 
architecture the SWCNTs can act as templates for the assembly 
of SCPNs that engage the carbon nanotubes noncovalently via 
pyrene “paddles”, each member of the resulting hybrid 
stabilizing the other in aqueous solution. The particular hybrids 
obtained in the present study formed highly ordered oriented 
arrays and display complementary properties such as electrical 
conductivity. Furthermore, a self-sorting of the cyclic peptides 
towards semiconducting rather than metallic SWCNTs is also 
observed in the aqueous dispersions. It is envisaged that a broad 
range of exploitable properties may be achieved and/or 
controlled by varying the cyclic peptide components of similar 
SWCNT/SCPN hybrids.  

 
� INTRODUCTION 

Hollow nanometric structures play diverse important roles in 
biology, nanotechnology and materials science.1 Examples 
include viral capsids, certain enzymes, ion channels, and the 
pores of ultrafine separation systems. Two of the main types of 
synthetic tubular nanometric structures are the single-wall 
carbon nanotubes (SWCNTs) and the self-assembled cyclic 
peptide nanotubes (SCPNs), which have similar dimensional 
features but different and complementary properties. Individual 
SWCNTs have extraordinary mechanical and electronic 
properties that depend on their diameter and chirality.2 However, 
the remarkable properties of carbon nanotubes (CNTs) are 
intrinsically limited by their synthetic and structural boundaries 
together with their low solubility and self-aggregation 
propensity. The prospective challenges for SWCNTs 
applications have boosted the creativity of worldwide 
researchers prompting many elegant approaches to exploit this 
novel nanomaterial.3-14 In addition to covalent chemistry,6,7 
non-covalent modification8 have arisen as a powerful strategy 
for SWCNT manipulation because they are reversible and they 
preserve the CNT structural integrity. Nevertheless, it is also 
feasible to fine-tune the properties of SWCNTs by using 
supramolecular approaches.8,9,10 SWCNTs are prepared as 
polydisperse mixtures, while many of the most ambitious 
proposals for their technological application require, or would be 
best implemented by, ordered arrays of CNTs with uniform 
characteristics.11 For example, CNT-based field effect transistors 
would ideally employ ordered arrays of exclusively 
semiconducting SWCNTs.11b Along these lines, current 

techniques for separating different CNTs species can benefit 
from their solubilization with surfactants, dyes or DNA.12-14 

SCPNs are supramolecular polymers formed by the stacking 
of appropriate cyclic peptides (CPs) via hydrogen bonds. 
Suitable CPs with alternating chirality in their amino acid 
sequence adopt a planar conformation in which the amino acid 
side chains radiate outwards from the peptide ring while the 
amide carbonyl and NH groups are oriented perpendicular to the 
peptide plane, allowing the formation of hydrogen bond 
networks. The straightforward synthesis of CPs, with complete 
control over CP ring diameter and side chain functionalization, 
are major advantages of this kind of nanotubes, which find 
applications ranging from ion separation to electroactive 
molecule templation and antimicrobial therapy.1,15-17  

The nanometric topological control of supramolecular 
ensembles of carbon nanotubes and the possible alignment of 
molecules of interest along the longitudinal axis of carbon 
nanotubes are mayor challenges for the development of novel 
hybrids with adjusted and improved properties. Along these lines, 
the preparation of carbon and peptide dual tubular materials 
might benefit from the particular different and complementary 
properties of both molecular entities. For example, in electrical 
responsive sensors the cyclic peptide ring might help in the 
alignment of any desired recognition moiety incorporated in the 
peptide sequence. We could even envisage the preparation of 
optimized ion channel templates or even donor-acceptor energy 
devices. Furthermore, biomedical applications of dual 
peptide/carbon nanotubes might benefit from peptide 
biocompatibility, influencing not only the solubilization of the 
carbon tube in biological media but also rendering novel and 
improved properties of the resulting amphiphilic dynamic 
structure. 

In this paper we report preparative synergies between 
SWCNTs and SCPNs. More specifically, we have designed CPs 
that engage CNTs noncovalently and thereby exploit them as a 
rigs for the assembly of the CPs into SCPNs. Attachment to the π 
surface of CNTs stabilizes the assembly of peptide nanotubes, 
and the hydrophilic side chains on the attached SCPNs in turn 
stabilize the CNTs in aqueous solution. This parallel “dual-tube” 
disposition should allow for the alignment (along the CNT) of 
molecules of interest that would be attached to the cyclic peptide 
ring or even facilitate possible double flow transport of different 
ions or molecules through the cavity of each nanotube.15,18 The 
SWCNT/SCPN hybrids obtained in this work also formed highly 
ordered oriented arrays when deposited on glass or mica. 
Furthermore, the general strategy described here for their 
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preparation will allow future exploration of dual tubular hybrids 
with specific features adjusted for particular functions. 

 
� RESULTS 

Design. With a view to engagement of CNTs, solubility in 
water, biocompatibility, and stability under physiological 
conditions, the CP employed was the amphiphilic α,γ-cyclic 
octapeptide cyclo-[(D-Arg-L-γ-Acp-D-Glu-L-γ-Acp-D-Lys(Pyr)- 
L-γ-Acp-D-Lys-)] (CP-1, Fig. 1a). In this CP, 3-aminocyclo-
pentanecarboxylic acid (γ-Acp)16b alternates with four 
α-residues. For engagement of CNTs through water-enhanced 
π-π interactions19-23 (Fig. 1b), one is a lysine residue bearing a 
pyrene “paddle”. Opposite this, an arginine favours both 
solubility in water and adhesion to an anionic hydrophilic 
surface such as mica (Fig. 1c). Between the Arg and Lys(Pyr) 
residues, a glutamate on one side and a lysine on the other 

facilitate the stacking of antiparallel oriented CPs through the 
formation of salt bridges. Such organization favours the 
formation of the pyrene excimer in solution (Fig. 1a) and also 
would facilitate that the pyrene residues of each CP alternatively 
wrap one of the faces of the carbon nanotube cylinder (Fig. 1b). 
It was envisaged that, once the CPs were attached to the CNT rig, 
their correct approximation and stacking would be easier than in 
solution, and that the CNT-CP interaction would lower the 
concomitant entropic barrier. The viability of the suggested 
binding model was confirmed, at the molecular level, by 
minimizing the proposed supramolecular structure by molecular 
mechanics simulation (Fig. S15). 
Preparation and characterization. CP-1 was obtained by 
Fmoc solid phase chemistry16 on trityl resin, with glutamate as 
the starting amino acid. After on solid support cyclization, the 
peptide was cleaved from the resin with trifluoroacetic acid, 
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Figure 1. Proposed model of coupling between SCPNs and SWCNTs, and representative TEM and AFM images. a) Structures of CP-1 and of a dimer 

that represents the minimal supramolecular entity of the corresponding SCPN. b) Plausible model of the coupling of CP-1 to CNTs, which is 

hypothesized as favouring the orderly association of CP-1 units in SCPNs. c) Plausible model of the attachment of SWCNT/SCPN hybrids to an anionic 

surface. d) TEM image of a SWCNT/SCPN hybrids after deposition from dispersion on a carbon holey grid. The white arrow indicates an SCPN-free 

segment of CNT, the black arrow a hybridized segment (scale bar 5 nm). e) AFM topographic image of dialyzed aqueous dispersions of SWCNT/SCPN 

hybrids deposited on mica (grade V-1 muscovite, scale bar 200 nm), arrows as in (d). f) AFM height profile along the longitudinal axis of a nanotube 

(red line). 
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purified by RP-HPLC, and characterized by 1H NMR, 
fluorescence and FTIR spectroscopy and atomic force 
microscopy (AFM). After HPLC purification the overall yield of 
the synthesis of cyclic peptide was 23 %. IR spectra showed 
intense bands at 1615 and 1537 cm-1 identified as amide I and 
amide II, respectively, corresponding to amide bonds involved in 
hydrogen bonded antiparallel β-sheets (Fig 2b, bottom trace). 
The amide A N-H stretching band at 3271 cm-1, confirmed the 
tight ring-to-ring stacked tubular structure24 with an average 
intersubunit distance of 4.70-4.75 Å. Vis-UV fluorescence 
spectra of aqueous solutions (Fig. 2a (�)) showed the typical 
features of the pyrene chromophore, and the pyrene excimer 
band at ~ 470 nm confirmed the association of CP monomers in 
solution. The concentration dependence of this band implies an 
association constant of around 103 M-1 for nanotube formation at 
pH 6. The putative tubular suprastructure was confirmed by 
AFM after deposition on mica of aqueous solutions of CP-1 
followed by rinsing with water. The AFM images showed 
horizontal fibrous structures with lengths of a few µm and 
diameters of 2.5-3.0 nm that are in keeping with those expected 

for a nanotube composed of the corresponding octapeptide rings 
(Fig. S4).16 

Sonication of purified SWCNTs in water in the presence of 
CP-1, followed by centrifugation, afforded stable aqueous 
dispersions of what, following deposition on holey grids, 
appeared in transmission electron microscopy (TEM) images as 
individual CNTs (Fig. S2). These CNTs were generally 
associated for at least part of their length with a layer of another 
material that was sensitive to the electron beam even at low 
temperatures (Fig. 1d, S3). The fragility of this apparent layer is 
consistent with a supramolecular polymer behaviour under 
stress25. Sonication and centrifugation of 0.4 mg of carbon 
nanotubes in 1 mL aqueous solution (200 µM CP-1) afforded a 
final concentration of dispersed carbon nanotubes of 0.008 mg 
mL-1 as calculated by using UV absorption (2% dispersion 
yield).12i The prepared suspensions were stable without special 
conditions at room temperature for more than 6 months without 
any observed flocculation. 

In these dispersions, UV absorption by the pyrene moiety was 
essentially the same as before sonication and centrifugation (Fig 
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Figure 2. Vis-UV, fluorescence emission and ATR-FTIR spectra, and AFM images and profiles, of SWCNT/SCPN hybrids. a) Normalized 
fluorescence emission spectra (λexc = 340 nm) of 200 µM CP-1 solution (�) and of SWCNT/SCPN dispersions dialysed for 0 h (�), 1h (�), 3 h (×), 6h 
(�), 12h (�) and 48 h (�). Note the increase and blue shift (by ∼ 8 nm) of the band around 470 nm due to pyrene exciplex. The inset shows a detail of 
the Vis-UV absorption spectra of samples diluted 10-fold with respect to those of the main figure. b) ATR-FTIR spectra of the same solutions and 
dispersions as in the main figure of (a). c) AFM topographic image and d) 3D profile of a CNT coupled for part of its length to an SCPN (scale bar 200 
nm). e) AFM height profiles along the transects shown in (c) through a SWCNT/SCPN segment ∼ 3.33 nm height (red), an unhybridized CNT segment 
∼ 1.26 nm height (green), and an SCPN/SWCNT/SCPN segment ∼ 5.74 nm height (blue). 
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2a, inset), showing that the total concentration of CP-1 was 
unchanged. By contrast, 90% of pyrene fluorescence emission 
was quenched (Fig. S1), reflecting interaction with CNTs. To 
remove the excess of CP, the SWCNT/SCPN dispersions were 
dialysed. During the first 12 h, fluorescence monitoring showed 
a relative increase and accompanying 8 nm blue shift of the 
470 nm emission band (Fig. 2a), an unambiguous indication of 
the formation of a charge-transfer excited state complex between 
pyrene and CNT.20,23 FTIR spectroscopy of the same dialyzed 
mixture showed the characteristic vibronic bands of the 
antiparallel type interaction of SCPNs (amide A, I and II) that 
confirms that CPs upon interaction with CNTs interact with each 
other to form the twin nanotubes (Fig. 2b). 

Following deposition of dialysed SWCNT/SCPN dispersions 
on mica and copious washing of the surface with Milli-Q water, 
AFM topographic imaging showed tubular structures lying 
horizontally on the substrate with heights that varied from one 
tube segment to another (4 to 6 nm average, Fig. S5, S9). In these 
images it was possible to identify individual SWCNTs whose 
diameter increased from 1 to 4 nm (Fig. 1e-f, 2c-d). The 4 nm 
height was consistent with a twin nanotube formed by a SWCNT 
and a SCPN whereas the higher 6 nm heights might correspond 
to a sandwich of one CNT between two peptide nanotubes (Fig. 

2c,e). The 3D topography images of these dispersions showed 
uniform and homogeneous tubular ensembles that matched well 
with the 3D profiles obtained from pure CP nanotubes (Fig. 2d, 
S8). On the other hand, control experiments with a simpler 
cationic pyrene analogue (Pyr-1, Scheme S1) clearly showed 
uncontrolled aggregation (Fig. S6). The importance of the CP-1 
arginine for adhesion of the SWCNT/SCPN hybrids to mica is 
highlighted by consideration of images obtained following 
deposition of CNTs solubilized with the anionic surfactant SDS, 
which, under the same conditions, showed only a small number 
of isolated nanotubes together with separate SDS aggregates 
(Fig. S7). 

AFM measurements in HybriD modeTM were also employed 
to acquire insights about the twin-tubes dispersions. In this 
measuring mode the tip-sample distance is modulated to the 
quasi-harmonic law and in each oscillatory cycle the tip-sample 
interactions change from non-contact to contact regime. The 
real-time recordings of cantilever deflection and current going 
through the conductive AFM tip are then used to acquire local 
topographic, mechanical and conductivity properties 
simultaneously (see supporting information, Fig. S17). The 
results of topography, conductivity and elasticity mapping of a 6 
hours dialyzed dispersion of SWCNT/SCPN is depicted in figure 
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Figure 3. AFM HybriD modeTM mapping of SWCNT/SCPN hybrids showing topography (a), conductivity (b), elasticity (c) and profiles along the 
highlighted dual-tube (d). a) Topography image of a hybrid dispersion showing nanotubes with average diameters between ∼ 4-6 nm and SWCNTs of ∼ 
1 nm that increased to 4 and 6 nm (scale bar in nm). b) Current mapping showing reduction of conductivity up to zero level in high height segments 
(scale bar in nA, bias potential applied between tip and sample was 1.5 V). c) Elasticity mapping showing the differences in tubular material elasticity 
(scale bar in a.u. can be calibrated in Pa, all images are 3.5 x 3.5 µm2) (the vertical scale bars are in nm, nA and a.u. respectively). d) Profiles along the 
tube longitudinal axis (white dotted line). 
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3. The topographic images in figure 3a showed the previously 
discussed average diameter distributions matching single and 
hybrid CNTs and, interestingly, the corresponding current map 
(Fig. 3b) showed reductions in the conductivity up to zero level 
in most of the high height segments. This lack of electrical 
conduction for the hybrid segments correlates quite well with the 
intrinsic higher resistivity of the peptidic tubes. The elasticity 
picture obtained from the real-time processing of cantilever 
deflection (Fig. 3c) confirmed that many of the high-height 
isolating tubes corresponded to a softer material (blue segments). 
In figure 3d we additionally illustrate the precise values of the 
profiles along a drawn line that tracks the longitudinal axis of 
one of this hybrid tubes (Fig. 3a dotted square). The topographic 
profile shows a single wall carbon nanotube which diameter 
(∼1.5 nm) increases up discontinuously to ∼3.5 nm. This 
recurrent profile is assigned to a single CNT bound to a peptide 
nanotube for part of its length. In the first segment (SWCNT) the 
conductivity between the AFM tip and sample remains constant 
at around 3 nA, however, when the tube diameter grows up, the 
current intensity drops to levels not distinguishable from the 
background. This type of picture, resembling an isolated 
molecular nanocable, was also achievable by spreading 
resistance AFM in contact mode (Fig. S10). The stiffness profile 
emphasizes the differences between similar dimensional 
materials with very different elastic modulus, being softer 
segments coincident with the high diameter and reduced 
conductivity sections and also consistent with the higher 
elasticity of a supramolecular nanotube attached to a carbon 
nanotube. 

To further characterize the coupled nanotubes, we have 
compared the Raman spectra of the lyophilized supernatant of 
SWCNT/CP-1 dispersions with those of as prepared CNTs 
(before mixing with CP-1) and with the precipitated CNTs 
obtained after the centrifugation step (Fig. S11 and S12). The 
minimal intensity of the D band in all these spectra confirmed 
that the structural integrity of the CNTs was well preserved 
during sonication and centrifugation. That CP-1 was also 
unaltered by these procedures was likewise confirmed by HPLC 
analysis. 

Alignment. Given that for many proposed applications of 
nanotubes it is desirable to align them with their axes all in the 
same direction,11, 26-28 we investigated whether SWCNT/SCPN 
hybrids were amenable to align over different surfaces. Rather 
than embark on the micropatterning of the substrate to ensure 
strict alignment, we looked for the formation of ordered domains 
of nanotubes upon evaporation of unpinned droplets of nanotube 
dispersion. To identify suitable conditions for ordered array 
deposition, we first worked with uncoupled SCPNs, which 
unlike SWCNT/SCPN hybrids (Fig. 4a,b) had the advantage of 
being observable by epifluorescence microscopy. Slow 
evaporation of 0.1-1.0 mM CP-1 solutions on standard 
microscopy slides consistently afforded large arrays of 
essentially parallel nanotubes (Figs. 4a and b, and S14). The 
arrays were most dense when evaporation was performed at low 
temperature (5°C) from relatively concentrated solutions in 1:1 
water/acetonitrile. In this fluorescence images we could confirm 
the topological defects typical of nematic liquid crystal arrays 
(Fig. S13, S14).27,28 The mediation of a liquid-crystalline phase 
is supported both by these defects and by the dependence on 
concentration and evaporation rate. No deposition of fibers 
occurred at pH 8-9, in consonance with the importance of ionic 
interactions in the self-assembly and deposition of SCPNs.29 
Unfortunately, the emission quenching in the SWCNT/SCPN 
dispersions inhibited the characterization of the aligned hybrids 
by epifluorescence (Fig. 4b inset). For examination by AFM 
techniques, the deposition of nanotube arrays from undialysed 
SWCNT/CP-1 mixtures was investigated using mica as 
substrate. Alignment was slightly more difficult to reproduce in 
mica than on glass, probably due to the strong interaction of 
SCPNs with the anionic mica surface, but was unmistakable 
when achieved (Figs. 4c-g). 3D topographic images showed the 
uniform profiles observed previously (cf. Figs. 2d and 4c), while 
the heights distribution between 1-4 nm suggested the presence 
of uncoupled CNTs and SCPNs as well as hybrids (Fig. 4f). That 
the deposited arrays did indeed contain CNTs as well as SCPNs 
was unambiguously confirmed by confocal Raman spectroscopy 
under 532 nm laser illumination. The characteristic shape of the 
CNT Raman spectrum was easily identified at multiple sites in a 
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Figure 4. Ordered nanotube arrays. a) Representative epifluorescence image of SCPNs deposited on a standard glass microscopy slide from a 500 µM 
solution of CP-1 in 1:1 H2O/CH3CN, pH ~ 2.5 (scale bar 10 µm). b) As for (a), but with deposition from a 100 µM solution of pH ~ 6-7 (scale bar 
20 µm). The inset shows the almost fluorescence quenched image obtained in the presence of CNTs. c) AFM 3D topographic image of aligned 
SWCNT/SCPN hybrids. d) AFM topographic image of aligned SWCNT/SCPN hybrids (scale bar 2 µm). e) Detail of (d). f) Height profile along the 
transect shown as a red line in (e). g) CNT Raman G band map of an array of SWCNT/SCPN hybrids on mica (scale bar 1 µm). 
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10 × 10 µm field, and a map of G band intensity showed 
uniformly oriented linear sources (Fig. 4g).  

To acquire further microscopic insights in the aligned tubular 
arrays we also measured the previously mentioned Hybrid 
ModeTM microscopy images in micas in which the oriented 
tubular networks were formed after slow evaporation of the 
solvent. We could discriminate the different nature of carbon, 
peptide and hybrid tubes (higher in topography) by the intrinsic 
higher elasticity of the supramolecular arrangements (Fig. S16). 
Selectivity for semiconducting SWCNTs The Raman 

spectra of pure CNT preparations that were obtained under 
illumination at 785 nm showed intense radial breathing modes 
(RBM) at 140-180 cm-1 (Fig. S12). Since the CNTs used in this 
study had diameters of 1.3-1.8 nm,30 as measured by TEM and/or 
resonant Raman scattering,31 these RBM peaks derived from 
metallic CNTs.31-33 The RBM lower intensity in the spectra of 
SWCNT/SCPN preparations (Fig. S12) therefore suggests that 
CP-1 attached preferentially to semiconducting CNTs. This 
hypothesis is further supported by the Lorentzian shape of the G 
band (Fig. S12),31 and by comparison of the near infrared 
absorption spectra of dispersions of SWCNTs in CP-1 and SDS 
solutions, in which the spectra of the SWCNT/SCPN dispersions 
showed greater absorbance at the semiconducting van Hove 
optical transitions S33 and S22 (Fig. 5). 

 
� DISCUSSION 

The objective of this study was to create and investigate 
hybrid double nanotube architectures resulting from the coupling 
of two of the most important nanotubular motifs: the SCPNs and 
the single-walled CNTs. The methodology involved the design 
and synthesis of cyclic peptide monomers capable of binding 
non-covalently to CNTs and to each other (to form the SCPN), 
and of maintaining the SWCNT/SCPN hybrid in aqueous 
solution. To exemplify the incorporation of additional 
capabilities, we also required the cyclic peptides to include a 
residue suitable for binding to an anionic solid surface. To fulfil 

these aims we used CPs in which D-α,γ-Acp alternated with 
hydrophilic L-α-amino acids, including an arginine orthogonal to 
a pyrene-bearing lysine. 

Stable dispersion of individual CNTs in solutions of these CPs 
was achieved by sonication followed by centrifugation. 
Evidence for the intended pyrene-CNT interaction emerged 
when progressive removal of free CP by dialysis suppressed the 
470 nm fluorescence band due to pyrene-pyrene excimers, 
thereby unmasking a band at shorter wavelengths attributable to 
a pyrene-CNT exciplex. At the same time, the ATR-FTIR 
spectra of samples of dialysed CNTs dispersions showed bands 
typical of hydrogen bonding between antiparallel flat CPs, thus 
confirming the formation of SCPNs. TEM images (Figs. 1d and 
S3) showed individualized CNTs associated for at least part of 
their length with a “coating”, the lability of which was coherent 
with its consisting of a supramolecular polymer such as a SCPN. 
Topographic AFM images of the same dispersions on mica 
revealed individual CNTs with heights that varied from 1 to 
4-6 nm along their length (Figs. 1e, 2c and S5), in consonance 
with the attachment of SWCNT/SCPN hybrids to the anionic 
mica surface via the cationic CP residues. The higher resistivity 
and softness of this hybridized segments also supports the 
presence of an isolating peptidic nanotubular coverage along the 
CNTs. The integrity of the CNT nanotubes in SWCNT/SCPN 
hybrids was supported by Raman spectroscopy.  

The slow evaporation of CP-1 solutions on glass resulted in 
the deposition of well-aligned arrays of SCPNs. The crucial 
importance of evaporation rate and cyclic peptide concentration 
in the orientation of our SCPNs suggested a convective flow 
oriented self-assembly of the peptide nanotubes at the 
liquid-solid-air interphase.27,28 A liquid-crystalline mechanism is 
reinforced in view of the appearance of topological defects 
typical of nematic liquid crystals (Fig. S14). Dispersions of 
SWCNT/SCPN hybrids afforded similar arrays on mica. 

The preference for semiconducting carbon nanotubes in the 
twin hybrids is not clear, although based on the recently 
described selectivity of SWCN sorting by aromatic (fluorenyl) 
polymers,34 we believe that the stabilization of a particular 
hybrid is derived from the relative orientation, distance and 
backbone rigidity of the SCPN. In our dual supramolecular 
hybrids the cyclic peptide scaffold and the aromatic pyrene 
moiety are responsible of the self-assembly (by hydrogen 
bonding) and of the carbon nanotube interaction (π-π) 
respectively. Thus, it is likely that peptide nanotube structure 
pre-organize pyrene moieties to stabilize or destabilize certain 
type of hybrids in solution depending on diameter, chirality and 
metallic character of the carbon nanotube. The finding that in the 
Raman spectra of SWCNT/SCPN hybrids the metallic RBM 
bands were much less intense than in those of pure CNT 
preparations, and comparison of the NIR spectra of CP-1- and 
SDS-dispersed CNTs (Fig. 4), suggest that CP-1 binds 
preferentially to semiconducting CNTs. The observed 
self-sorting towards semiconducting CNTs hybrids may derive 
from the regular spacing of CPs in the SCPNs being such as to 
favour the positioning of their pyrenes so as to maximize π-π 
interactions with the CNT that would depend on diameter, 
rolling vector and electronic properties of the CNT.34 

 

� CONCLUSION 

To sum up, we report the first preparation of double 
nanometric tubes consisting of coupled single-walled carbon 
nanotubes and cyclic peptide nanotubes. These hybrid structures 
are created as stable dispersions and their deposition in orderly 

 
Figure 5. Compiled NIR absorbance spectra of SWCNT/SCPN and 

SWCNT/SDS dispersions. Each spectrum shown is the average of four 

separate independently prepared dispersions. The metallic first-order 

van Hove optical transition (M11) is shown on a grey ground, the 

semiconducting second- and third-order optical transitions (S22, S33) 

on a yellow ground. The red line corresponds to CP-1 dispersions 
and the black line to SDS dispersions. 
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arrays is effortlessly achieved. The straightforward synthesis of 
the cyclic peptide scaffold, with complete control of diameter 
and functionalization, turns this methodology into an 
advantageous protocol for the alignment of target molecules at a 
controlled distance along the carbon nanotube longitudinal axis. 
The coupling of peptide and carbon nanotubes described here 
also offers a promising concept for the fabrication of 
short-circuits free conducting nanowires. The finding that those 
prepared in the present study were more likely to contain 
semiconducting than metallic CNTs invites the identification of 
CPs that optimize this selectivity and so facilitate 
SCPN-mediated separation of metallic and semiconducting 
CNTs after suitable work-up. It is also anticipated that 
appropriate functionalization of CPs may allow the controlled 
SCPN-mediated manipulation of SWCNTs in a variety of 
environments (e.g. on patterned surfaces), so enhancing their 
technological value. In the longer term, control of the behaviour 
of SCPNs via attached CNTs is another possibility. Our efforts 
in all these directions will be reported in due course. 

 
Full experimental details of synthesis and characterization (NMR, 

HPLC, MS, etc.), and further details of VisUV, NIR, fluorescence, 
Raman and AFM characterization, can be found online in the supporting 
information. 
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