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A general and easy way to fabricate highly ordered single wall carbon nanotube (SWNT)

superstructures with complex architectures is essential for various practical applications of SWNTs.

Here, we report for the first time the highly ordered self-assembled superstructures of negatively

charged SWNTs and cationic liposome complexes, which exhibit two kinds of superlattices of SWNTs,

a centered rectangular superlattice of SWNTs intercalated in a multilamellar structure, and an inverted

centered rectangular columnar packing with SWNTs at the centers of columns, depending on the

spontaneous curvature and surface charge density of the lipid monolayer. The results of this study can

provide a new route to fabricate highly ordered superlattices of SWNTs with new or enhanced

functionalities, utilizing biomolecular self-assembling behavior.
Introduction

Single wall carbon nanotubes (SWNTs) are one of the most

important materials in the field of nanotechnologies1–5 due to

their remarkable electrical, thermal and mechanical properties6–8

and provide a broad spectrum of potential applications.

Recently, the unique properties of SWNTs have generated great

interest because of their biological or biomedical applications as

well.9–16 Despite the extraordinary properties of SWNTs,

however, there are still many issues remaining to be resolved for

practical applications. One of the key issues is how to fabricate

highly controlled and ordered assembly of SWNTs with well-

defined morphology, regularity, and direction, which will

collectively enhance the physical properties of SWNTs. A great

deal of effort has been made to develop new routes to assemble

SWNTs into novel superstructures using methods such as solvent

evaporation,17 patterning substrates,18 mechanical stretching,19

shear flow,20 and applying an electrical field.21 The majority of

assembled SWNT superstructures achieved so far, however, have

been limited to simple ones such as preferentially oriented
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SWNTs on substrates or nematic SWNTs in bulk. Recently, a

new effort has been made to utilize the phase behavior of a block

copolymer system as a route to fabricate multi-dimensional

SWNT superstructures.22 However, general and easy ways of

fabricating highly ordered SWNT superstructures with complex

architectures have not been fully exploited yet.

In biological systems, a large variety of complex structures are

formed through cooperative self-assembly of various consti-

tuting biomolecules and components. Inspired by the novel self-

assembling behaviors in biological systems, fabrications of many

new nanostructured materials have been successfully demon-

strated. Recently, the DNA–lipid complex systems have been

extensively investigated, showing that they exhibit various

ordered superstructures such as intercalated lamellar or hexag-

onal structures through electrostatic interactions.23–27 Self-

assembling behavior of nanoparticles is highly dependent on

their dimensionality. Considering the one-dimensional nature of

DNA, the rich self-assembling behavior of a DNA–lipid complex

is highly inspiring in the search for a new route for highly ordered

superstructures of SWNTs which also have one-dimensional

nature. Recently, SWNTs have attracted intensive attention as

possible vehicles for drug delivery.28–35 Therefore, understanding

the interactions of SWNTs with lipid bilayers is of great interest

for biological or biomedical applications of SWNTs.

In this article, we report the highly ordered superstructures of

negatively charged SWNTs and cationic liposome (CL)

complexes, which exhibit two kinds of centered rectangular

columnar phases: an intercalated lamellar structure with a

centered rectangular columnar superlattice of SWNTs and an

inverted centered rectangular columnar packing with SWNTs at

the centers of columns. Here, the structures were controlled by

varying the spontaneous curvature and the surface charge

density of the lipid monolayer. To the best of our knowledge, this
Soft Matter, 2012, 8, 9073–9078 | 9073
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is the first demonstration of two-dimensional centered rectan-

gular arrays of SWNTs using molecular self-assembly.
Experimental

Materials

Dioleoyltrimethylammoniumpropane (DOTAP) and dioleoyl-

phosphatidylethanolamine (DOPE) were purchased from Avanti

Polar Lipids. Cetyltrimethylammonium hydroxide (CTAOH)

and 4-vinylbenzoic acid (VBA) were purchased from Aldrich.

Sodium 4-styrenesulfonate (NaSS) was purchased from Fluka.

Purified HiPco single wall carbon nanotubes (purity: >90 wt%)

were purchased from Carbon Nanotechnologies Inc. A water-

soluble free-radical initiator, VA-044 (2,20-azobis[2-(2-imidazo-

lin-2-yl)propane] dihydrochloride), was purchased from Wako

Chemicals. D2O (99.9% by mole deuterium enriched) was

purchased from Cambridge Isotope Laboratory. H2O was

purified using a Millipore Direct Q system immediately before

use. Cetyltrimethylammonium 4-vinylbenzoate (CTVB) was

synthesized through neutralization of VBA in the presence of a

slight stoichiometric excess of CTAOH followed by repeated

crystallization. Further details of the procedure are described

elsewhere.36
SAXS measurements

SAXS measurements were performed on the 4C1 beamline at the

Pohang Accelerator Laboratory (PAL), Republic of Korea,

where a W/B4C double multilayer monochromator delivered

monochromatic X-rays with a wavelength of 0.1608 nm and

wavelength spread Dl/l ¼ 0.01. A 2-dimensional CCD camera

(Mar CCD, Mar USA, Inc. CCD165) was used to collect the

scattered X-rays. Sample cells with a thickness of 0.8 mm were

used with a mica window and sealed with epoxy. The sample to

detector distance (SDD) was 1 m, covering the q range of 0.3

nm�1 < q < 3.6 nm�1, where q ¼ (4p/l)sin(q/2) is the magnitude

of the scattering vector and q is the scattering angle. The q range

was calibrated using SEBS (polystyrene-block-poly(ethylene-ran-

butylene)-block-polystyrene). All measurements were performed

at 25 �C.
Zeta potential measurements

Zeta potential measurements were carried out using a ZetaPlus

zeta potential analyzer (Brookhaven Instruments Corporation).

The zeta potential was calculated using Smoluchowski’s equa-

tion via the measurement of the eletrophoretic mobility.
DLS measurements

DLS measurements were carried out using a ZetaPlus particle

size analyzer (l ¼ 659 nm, scattering angle ¼ 90�, Brookhaven
Instruments Corporation).
Fig. 1 A schematic view of the interaction control between the p-

SWNT25 and CL. For the negatively charged p-SWNT25, the shell

thickness of the polymerized CTVB/NaSS monolayer and the SWNT

diameter are 2.0 nm and 1 nm, respectively.
UV-vis-NIR measurements

UV-vis-NIRmeasurements were carried out using a Lambda 750

(Perkin-Elmer Corporation) model spectrometer and 2 mm path

length quartz cells in D2O at room temperature.
9074 | Soft Matter, 2012, 8, 9073–9078
Atomic force microscopy (AFM) measurements

The AFM images were taken in tapping mode by using a

VEECO AFM instrument (Nanoman, SECPM). A p-SWNT25

dispersion was spin-coated on silicon wafers (at 4000 rpm for 1.5

min). To prepare samples of bare SWNTs, p-SWNT25 deposited

on silicon wafers was burned for 4 h at 330 �C to remove the

CTVB/NaSS layer absorbed on the SWNTs.
Results and discussion

The negatively charged and individually isolated functionalized

SWNTs (p-SWNT25) were prepared by dispersing SWNTs (2 mg

mL�1) in water using a cationic surfactant, cetyltrimethyl-

ammonium 4-vinylbenzoate (CTVB, 5 mg mL�1), which has

polymerizable counterions (VB�), and an anionic hydrotropic

salt, sodium styrenesulfonate (NaSS, 25 mol% relative to CTVB

concentration), which induces a negative surface charge of

p-SWNT25.36 The surfactant monolayer on the SWNT was

permanently fixed through in situ free radical copolymerization

of the counterions (VB� and SS�)36,37 (ESI†), followed by

ultracentrifugation (ca. 110 000g) and freeze drying37,38 (ESI†).

The UV-vis-NIR spectra of the p-SWNT25 dispersion in water

showed a sharp van Hove transition, which is typical for indi-

vidually isolated SWNT in solution39–44 (ESI†). The p-SWNT25

was very stable and highly re-dispersible in water by only a few

minutes of mild vortex mixing, even after harsh processing such

as freeze drying. Considering that the structure (diameter) of the

polymerized CTVB particle is not changed by adding the NaSS,36

the structure of p-SWNT25 is expected to be essentially the same

as that of p-SWNT (functionalized SWNTs fabricated in exactly

the same procedure as p-SWNT25, except that NaSS was not

added37,38); isolated SWNTs of an average diameter of 1.0 nm are

cylindrically encapsulated by polymerized surfactant monolayers

with a thickness of about 2.0 nm, resulting in a diameter of 5.0

nm for the p-SWNT25 (Fig. 1). The length of p-SWNT25 is also

similar to that of p-SWNT (ca. 500 nm). These were confirmed by

AFM measurements of p-SWNT25 (ESI†). The negative surface

charge density of p-SWNT25 was confirmed by zeta potential

measurement, resulting in �32.2 � 2.2 mV (ref. 45).

For a systematic control of interactions between SWNT

and lipids, which may allow the various phase behaviors of

SWNTs in a lipid matrix, a mixed CL system with different

spontaneous curvatures and surface charge densities of lipid
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 (a) L/S mass ratio and (b) SAXS intensities of p-SWNT25–CL

complexes at their isoelectric points. (c) Lattice parameters obtained from

SAXS analyses of the complexes. An intercalated centered rectangular

columnar superlattice of SWNTs (region I), a mixed phase (region II),

and an inverted centered rectangular columnar superstructure (region

III) are distinguished with colors.
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monolayers was considered. Therefore, two kinds of lipids,

dioleoyltrimethylammoniumpropane (DOTAP) and dio-

leoylphosphatidylethanolamine (DOPE) (which are univalent

cationic lipids with zero spontaneous curvature and zwitterionic

lipids with negative spontaneous curvature, respectively) were

used. CLs with different surface charge densities and sponta-

neous curvatures (25 mg mL�1) were prepared by extruding

various mixtures of DOTAP and DOPE (FDOPE ¼ 0.33, 0.5,

0.67, 0.75, 0.8, and 0.85, where FDOPE is the weight fraction:

DOPE/(DOTAP + DOPE)) through 200 nm Nuclepore filters.

As the fraction of DOPE in CL increases, the surface charge

density and spontaneous curvature of the lipid monolayer are

simultaneously controlled, which may induce a topological phase

transition of the complex as observed in the DNA–DOTAP/

DOPE complex.23 A conceptual idea of the interaction control of

a p-SWNT25–CL complex is shown in Fig. 1. The p-SWNT25

and CLs with various FDOPE were mixed in water under

different CL/p-SWNT25 mass ratios (L/S), maintaining a total

p-SWNT25 and CL concentration at 1.2 wt%. Dynamic light

scattering (DLS) and zeta potential measurements showed that

the p-SWNT25–CL mixtures formed large aggregates near the

isoelectric points where the sign of the zeta potential was inversed

(ESI†). As the FDOPE is increased, the L/S mass ratio at the

isoelectric points increases from 0.6 to 1.7 (Fig. 2a), since the

positive surface charge density of the CL decreases with FDOPE.

The self-assembly of p-SWNT25–CL complexes, which is

driven by the release of bound counterions as p-SWNT25s and

CLs compensate each other electrostatically,46–49 most strongly

occurred at their isoelectric points. Therefore, the structural

characterization of p-SWNT25–CL complexes was performed at

their isoelectric points. The structures of p-SWNT25–CL

complexes for different FDOPE were characterized by the small

angle X-ray scattering (SAXS) measurements (which were per-

formed at 25 �C using the 4C1 beamline at the Pohang Accel-

erator Laboratory, Korea). The p-SWNT25–CL complexes were

equilibrated for one day at room temperature before SAXS

measurements. All SAXS intensities of p-SWNT25–CL

complexes at their isoelectric points show very sharp peaks,

which indicate the formation of a highly ordered structure of p-

SWNT25–CL complexes (Fig. 2b). It should be noted that as the

FDOPE is increased from 0.33 to 0.85, the scattering patterns of

the complexes start to change at FDOPE ¼ 0.75, and are entirely

changed at FDOPE ¼ 0.8, indicating a topological phase transi-

tion of the p-SWNT25–CL complexes near FDOPE ¼ 0.75.

The scattering peaks of the p-SWNT25–CL complexes with

FDOPE ¼ 0.33, 0.5, and 0.67 at their isoelectric points can be

indexed using two different sets of the ordered structures. Four

peaks around q ¼ 0.6 nm�1, 1.2 nm�1, 1.8 nm�1, and 2.4 nm�1

(indicated by black arrows in Fig. 2b) can be indexed with (001),

(002), (003), and (004) Bragg reflections of a multilamellar

structure with repeat distances (dlam) of 10.3 nm, 10.5 nm, and

10.7 nm for FDOPE ¼ 0.33, 0.5, and 0.67 (Fig. 2c),50 respectively.

On the other hand, the other 2 peaks around q ¼ 1.27 nm�1 and

1.52 nm�1 (indicated by red arrows in Fig. 2b) can be indexed

with (1,1) and (1,3) Bragg reflections of the centered rectangular

columnar structure where the scattering peaks occur at

qhk ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh=aÞ2 þ ðk=bÞ2

q
(a and b are two-dimensional lattice

parameters). Here, the lattice parameter b is set to be 2dlam
This journal is ª The Royal Society of Chemistry 2012
(resulting in 20.6 nm, 21.0 nm, and 21.4 nm for FDOPE ¼ 0.33,

0.5, and 0.67, respectively) and the lattice parameter a is esti-

mated to be a constant of 5.1 nm (ref. 51) which is close to the

diameter of p-SWNT25 (Fig. 2c). The (0,2), (0,4), (0,6), and (0,8)

indices of the centered rectangular structure are then completely

overlapped with the (001), (002), (003), and (004) peaks of the

multilamellar structure (Fig. 2b), respectively. The systematic

absence of (h,k) peaks with h + k ¼ 2n + 1 such as (0,3), (0,5),

(1,2), (1,4), (0,7), and (1,6) in the accessible q range for this SAXS

experiment further supports the centered symmetry of the

lattice.52 Considering the lipid bilayer thickness (ca. 4 nm) (ref.

53) and the lamellar repeat distance (ca. 10.5 nm), the water gap

thickness of the multilamellar structure of the complex is ca. 6.5

nm, which is sufficient to accommodate one monolayer of

p-SWNT25. All the results, including the fact that the lattice

parameter b is equal to 2dlam, indicate that the p-SWNT25–CL

complexes with FDOPE ¼ 0.33, 0.5, and 0.67 form an intercalated

lamellar structure (in which the lipid bilayer and the p-SWNT25

monolayer alternate) with a centered rectangular symmetry of

p-SWNT25 arrays (Fig. 3a). Similar structures were observed in

the DNA–calcium–DPPC complex54 and the DNA–DMPC/

DMTAP complex.55 The interlayer interaction to form the
Soft Matter, 2012, 8, 9073–9078 | 9075
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Fig. 3 (a) Intercalated lamellar structure with a centered rectangular

columnar superlattice of p-SWNT25s. (b) Inverted centered rectangular

columnar packing with p-SWNT25s at their centers. The green and white

colors indicate DOTAP and DOPE, respectively.
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intercalated lamellar structure with a centered rectangular

symmetry of p-SWNT25s can be attributed to the synergetic

effects of local elastic bending deformation of the lipid

membrane and electrostatic repulsion across the membrane,

which may arise from the local demixing of the cationic DOTAP

and neutral DOPE lipid around the negatively charged p-

SWNT25.55 It should be noted that while the centered rectan-

gular phase of the DNA–DMPC/DMTAP complex is formed

only when lipids are in a gel phase, that of the p-SWNT25–CL

complex is formed when lipids are in a fluidic phase. It should be

also noted that, in the DNA–DOTAP/DOPE complex,23 the

centered rectangular symmetry of DNA distribution was not

observed even though a one-dimensional lattice of DNAs inter-

calated in a lamellar structure was formed. These differences may

be attributed to the high rigidity and straightness of p-SWNT25.

The domain size of the complex with FDOPE ¼ 0.5, which is

estimated from the full width at half-maximum of (1,3) reflection

using the Scherrer equation, is ca. 100 nm.

In the SAXS intensity of the p-SWNT25–CL complex with

FDOPE¼ 0.8 and 0.85 (at which the spontaneous curvature of the

lipid monolayer becomes more negative), the multilamellar peaks

completely disappeared and a new set of peaks appeared (indi-

cated by blue arrows in Fig. 2b), which indicates a topological

phase transition. The new scattering peaks can be indexed with

(1,1), (0,2), (2,0), (3,1) and (0,4) Bragg reflections of a centered

rectangular columnar packing, with systematically missing (h,k)

peaks with h + k ¼ 2n + 1. The lattice parameters a and b for

FDOPE ¼ 0.8 and 0.85 are a ¼ 8.1 nm and 8.4 nm and b ¼ 10.25

nm and 10.45 nm, respectively (Fig. 2c). The absence of lamellar

peaks and the enhanced negative spontaneous curvature of the

lipid monolayer at high FDOPE strongly support the transition

from the intercalated lamellar structure (with a centered rect-

angular symmetry of p-SWNT25 array) into an inverted centered

rectangular columnar packing with p-SWNT25 at the centers of

columns (Fig. 3b). This is in contrast to the DNA–DOTAP/

DOPE complex,23 where a phase transition from the intercalated

lamellar structure to an inverted hexagonal structure was

observed as the fraction of DOPE was increased. The peak

intensity of (1,1) reflection is fairly low or missing because the

form factor of the p-SWNT25–CL complex with FDOPE ¼ 0.8

and 0.85 along the ~q11 direction has a sharp dip near the

(1,1) reflection position. The domain size of the complex at
9076 | Soft Matter, 2012, 8, 9073–9078
FDOPE ¼ 0.85, which is estimated from the full width at

half-maximum of (0,2) reflection using the Scherrer equation, is

ca. 90 nm.

The topological transition from the intercalated lamellar to the

inverted hexagonal columnar phase has been explained in terms

of the interplay between electrostatic interaction and membrane

elastic interaction in the complex.23 While the attractive elec-

trostatic interactions between the negatively charged cylindrical

particles and the cationic lipids are expected to favor an inverted

hexagonal phase, it is opposed by the Helfrich elastic energy cost

of forming a cylindrical monolayer membrane around the

cylindrical particles:

F/A ¼ 0.5k(1/R�1/R0)
2

where k is the lipid monolayer rigidity, R is the radius of

curvature, and R0 is the spontaneous radius of curvature. It has

been shown that either decreasing the bending rigidity or the

difference between the curvature and the spontaneous curvature

of the lipid membrane can reduce the elastic bending energy cost

to form a cylindrical lipid monolayer around the cylindrical

particles. In our experiments, the bending energy cost was mainly

controlled by changing the spontaneous curvature of the lipid

membrane. While DOTAP has a zero spontaneous curvature

(1/RDOTAP
0 ¼ 0) that favors a flat membrane, the DOPE has a

negative spontaneous curvature (1/RDOPE
0 < 0) that favors an

inverted curved membrane. Therefore, as FDOPE increases, the

elastic energy cost to form an inverted cylindrical monolayer

around the p-SWNT25 is reduced, making the electrostatic

interaction more dominant. Therefore, it is expected that the

elastic bending energy cost decreases sufficiently to form a

cylindrical lipid monolayer around the p-SWNT25 at a certain

critical FDOPE (near FDOPE ¼ 0.75, Fig. 2b), inducing a topo-

logical phase transition.

Considering that p-SWNT25s are cylindrical particles, it is

unexpected that the p-SWNT25–CL complex adopts an inverted

centered rectangular columnar packing rather than an inverted

hexagonal columnar packing. This may be understood in terms

of the correlated effects of demixing and the different sponta-

neous curvatures of DOTAP and DOPE. The initial adsorption

of p-SWNT25 on the membrane may induce demixing of

DOTAP and DOPE due to electrostatic interaction between

cationic lipids (DOTAP) and anionic cylinders (p-SWNT25).

While DOTAP with a zero spontaneous curvature prefers a flat

membrane (along the a axis), DOPE with a negative spontaneous

curvature (�1/2.83 nm�1) (ref. 56) prefers an inverted curved

membrane (along the b axis), which may result in the anisotropic

pocket surrounding the p-SWNT25 (Fig. 3b). Furthermore, since

the thicknesses of the lipid headgroups are different (4.5 �A for

DOTAP57 and 8 �A for DOPE58) while their chain lengths are the

same, the thicknesses of the lipid headgroup region along the a

and b axes may have a disparity, further increasing the anisot-

ropy of the pocket surrounding the p-SWNT25. This anisotropy

may have induced the centered rectangular packing of the

p-SWNT25–CL complex rather than hexagonal packing. It is

worth noting that, in a previous study by Huang et al.,59 it was

reported that the DOPE/DOPC mixture shows a distorted

hexagonal phase due to lipid demixing (with a higher DOPE/

DOPC ratio at a higher curvature region).
This journal is ª The Royal Society of Chemistry 2012
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The scattering pattern of the p-SWNT25–CL complexes at

FDOPE ¼ 0.75 (where the scattering pattern started to change)

indicates that it is a mixed phase of the intercalated lamellar

structure with centered rectangular packing of p-SWNT25 and

the inverted centered rectangular columnar packing with

p-SWNT25 at the centers of columns. The peak indexing for

different structures are distinguished with different colors (black

for multilamellar, red for intercalated centered rectangular, and

blue for inverted centered rectangular packing). The lattice

parameters for each superstructure determined from SAXS

intensities are presented in Fig. 2c.

The L/S ratios are calculated from the p-SWNT25–CL super-

structures (determined from the SAXS measurements), resulting

inL/S¼ 0.52, 0.54, 0.55, 1.13, and 1.26 forFDOPE¼ 0.33, 0.5, 0.67,

0.8, and 0.85, respectively. In this calculation, it was assumed that

there were no defects in the superstructures. The calculated L/S

ratios are rather smaller than the initial composition ratios of

samples (L/S ¼ 0.6, 0.7, 0.9, 1.4, and 1.7 for FDOPE ¼ 0.33, 0.5,

0.67, 0.8, and 0.85, respectively), although the overall trends of the

twoL/S ratios are consistent with each other. The difference in the

L/S ratios may be attributed to the possible elastic membrane

deformation induced by p-SWNT25 (ref. 51) or the defects of

superstructures due to the length polydispersity of p-SWNT25,

which could not be considered in the calculation.

Conclusions

Negatively charged SWNTs and mixed cationic liposome

complexes at the isoelectric point exhibit two kinds of super-

lattices of SWNTs depending on the spontaneous curvature and

surface charge density of the lipid bilayer which are controlled by

the mixing ratio of DOPE and DOTAP. When the mixing ratio

of DOPE and DOTAP is low, the p-SWNT25–CL complex

forms a centered rectangular superlattice of SWNTs intercalated

in a multilamellar structure. As the lipid mixing ratio increases,

making the spontaneous curvature and surface charge density

of lipid bilayer more negative and smaller, respectively, the

p-SWNT25–CL complex transforms into an inverted centered

rectangular columnar packing with SWNTs at the centers of

columns. The results of this study may provide a new route to

fabricate highly ordered superlattices of SWNTs with new or

enhanced functionalities, utilizing biomolecular self-assembling

behavior. This may also provide a new insight into the interac-

tions of functionalized SWNTs in lipid membranes, which are

essential for the biological or biomedical applications of SWNTs

such as drug delivery.
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