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Lipid Nanotubes: A Unique Template To Create Diverse
One-Dimensional Nanostructures’
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Lipid molecules can self-assemble in liquid media into open-ended, hollow cylindrical structures, which
are composed of rolled-up bilayer membrane walls. The resultant lipid nanotubes (LNTs) have a few
unique properties, such as controllable diameters and length and finely functionalizable surfaces benefitting
template-synthesized one-dimensional (1-D) nanostructures, that no other individual templates possess.
The elegant hollow cylinders of the LNT can modulate the nucleation, growth, and deposition of inorganic
substances on their external and internal surfaces, in the hollow cylinder, and in the bilayer membrane
wall. Templating the LNTSs enables one to produce diverse 1-D nanostructures, such as nanotubes,

concentric tubular hybrids, complex helical architectures, and 1-D arrays of quantum dots.

1. Introduction

The fabrication of one-dimensional (1-D) nanostructures
is currently one of the most attractive subjects in nanoma-
terial fields.' In particular, the applicative needs for high-
aspect-ratio nanomaterials motivate the excellent fabrication
of mesoscopic nanodevices, such as nanotubes, nanowires,
nanorods, nanoribbons, and 1-D nanodot arrays. Such 1-D
nanostructures provide a good system to investigate electrical,
thermal, or mechanical properties that are produced as a
direct consequence of their size, shape, and reduced dimen-
sionality. An impressive variety of methodologies have been
developed to make the 1-D nanostructures, most of which
may be classified into so-called soft- and hard-template
syntheses.*” The soft-template method generates the 1-D
nanostructures usually in solutions that contain functional
surfactants or polymers directing the growth of certain crystal
faces of the materials. The hard-template method represents
a straightforward route resulting in 1-D nanostructures. In
this approach, the templates simply serve as scaffolds, where
different 1-D materials form by replication or nanocasting.
The advantage of the hard-template method is its ability to
produce complex 1-D nanostructures and facile control of
the composition and dimension. As the 1-D hard templates,
channels within porous membranes,® supramolecular struc-
tures that self-assembled from organic amphiphiles or block
copolymers,” biomolecules like DNA,'" protein microtu-
bules,'? and the tobacco mosaic virus'® have been widely
used so far. Lipid nanotubes (LNTs) are also becoming
promising templates that provide discrete, organic, tubular
assemblies made of an extremely large number of identical
lipid molecules.'!
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Figure 1. Formation mechanism of a LNT based on chiral molecular self-
assembly.

Lipid is the basic building block of biological membranes.
In liquid media, lipid molecules self-assemble into diverse
aggregate morphologies, depending on the molecular shape
and solution condition such as the lipid concentration,
electrolyte concentration, pH, and temperature.12 A limited
number of lipid molecules can self-assemble into open-ended,
hollow cylindrical structures, which are composed of rolled-
up bilayer membranes.'?® This potential architecture can be
considered one of the largest self-organized nonliving
structures yet observed. The LNT formation occurs com-
monly in two steps, as represented in Figure 1: (i) the
formation of intermediate bilayer ribbons in solutions through
the morphological change of vesicles in a cooling process
and (ii) coiling of the solid bilayer ribbon into an open helix,
which eventually closes to yield nanotubes by either widen-
ing of the tape width and maintenance of a constant helical
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pitch (Figure 1a) or shortening of the helical pitch of the
ribbon and maintenance of a constant tape width (Figure
1b)."! The driving force for the solid bilayer formation and
the subsequent coiling into the nanotube are chiral interac-
tions of constituent molecules, which force them to pack at
a nonzero angle with respect to their nearest neighbors in
the bilayer membranes. This situation leads to spontaneous
torsion and resultant coiling of the edges of the bilayer
membrane and eventually the formation of a cylindrical
hollow. Different from the common formation scheme of
the LNTs mentioned above, wedge-shaped bolaamphiphilic
molecules have a tendency to directly assemble into hollow
cylindrical structures without forming helically twisted or
coiled ribbons during the course of self-assembly.'*

The LNTs have a few unique properties benefitting
template-synthesized 1-D nanostructures that no other indi-
vidual templates possess: (1) Such tubular structures are of
interesting hydrophilic internal and external membrane
surfaces, in sharp contrast to carbon nanotubes. Furthermore,
one can provide asymmetrical inner and outer surfaces as
well as identical ones. Those advantages make them ideal
candidates for controlled release, chemical reaction, selective
filling of nanomaterials, and so on. (2) The diameters of the
LNTSs characteristically span the region between 10 and 1000
nm, and most of the inner diameters fall in the 10-200 nm
range. Neither top-down-type microfabrication procedures
nor any fabrication methods for both carbon nanotubes (1-10
nm)"® and molecular hollow cylinders such as cyclodextrin'®
and cyclic peptide nanotubes (<1 nm)'” can generate tubular
structures with these dimensions. The ability to precisely
control the inner and outer diameters, length, and wall
thickness in a wide range from several nanometers to
micrometers allows one to directly determine their suitability
for diverse technological applications.'*'3~2* Spector et al.
claimed that reducing the LNT membrane thickness may cut
the lipid material cost by at least 80% in practical applica-
tions.?* (3) Incorporation of desired functional groups into
lipid monomers allows the outer and inner surfaces of the
LNT to be functionalized and modified.'**< (4) The LNTs
can be easily manipulated, positioned, and aligned on diverse
substrates with various techniques including microextru-
sion,” microfluidic network,”®?” magnetic field,”®** and
biorecognition.*®

The LNTs can modulate the nucleation, growth, and
deposition of extensive sorts of inorganic substances. Tem-
plating the different parts (outer and inner surfaces, hollow
cylinders, and bilayer membrane walls) of the self-assembled
LNT architectures can produce a proliferation of 1-D
structures with potential applications, as summarized in
Figure 2 and Table 1. Uniform growth of size- and shape-
controlled nanodots (NDs) on the surfaces of the LNTs gives
rise to nanotubes with tunable functions (Figure 2, part 1).
Sol-gel reaction of inorganic substances on the outer and
inner surfaces may create both inorganic nanotubes and
concentric tubular hybrids (Figure 2, part 2). Crystallization
and deposition of functional NDs in the bilayer membrane
wall allows for the generation of a specific tubular nano-
composite (Figure 2, part 3). Utilization of the chiral packing
of lipid molecules in the LNTs allows for the formation of
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Figure 2. Schematic illustration for the various templating features of LNTSs:
(1) surface modification; (2) organic—inorganic hybrids; (3) crystallization
and/or deposition in bilayer membrane walls; (4) helical organization; (5)
confinement. The objects displayed in yellow indicate templated structures.

complexed helical organization of species (Figure 2, part 4).
Encapsulation of nanoobjects in the hollow cylinder of the
LNTs may produce their 1-D arrays (Figure 2, part 5). This
short review represents recent progress in the creation of
diversities of the LNT-templated 1-D nanostructures.

2. Functional Nanotubes by Templating of LNT
Surfaces

The early report that addressed the templating applications
of LNTs was carried out in Schnur’s research group. The
LNT derived from 1,2-bis(tricosa-10,12-diynoyl)-sn-glycero-
3-phosphatidylcholine, 1(8,9), acted as an excellent scaffold
to create metal nanotubes by coating the LNT with an elegant
electroless plating process. The electroless metallization
technique allows the nanotubes to be clad on the exterior
and interior surfaces with a uniform layer of metals.
Nonconductive surfaces undergo activation with Pd** and
Sn**, followed by immersion in a deposition bath that
comprises metal ions and reductant.’’ Changes in the
concentration of the plating solution and in the plating time
allow for control of the thickness of the metal layer, typically
ranging from 20 to 200 nm. The LNT can be metallized with
any metals capable of being plated. By plating on the LNT
an electrically conducting metal such as Cu®**? highly
electrically conducting nanotubes can be formed. Similarly,
by plating a magnetic metal such as Ni**, one can obtain
the nanotubes of low electrical conductivity but of high
magnetism. Plating of both an electrically conducting metal
and a magnetic metal with an overplating process, i.e.,
deposition of another metal on the initial metal coat, allows
the LNT to possess high electrical conductivity and high
magnetism.>® The hollow metal microcylinders thus produced
have potential applications in microwave®* and long-term
sustained-release systems in agriculture, environment, and
medicine.*
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Besides the electroless plating technique, Matsui et al.
utilized hydrogen bonding as an interactional force to
uniformly coat the peptidic LNT of bis(N-a-amidoglycylg-
lycine)-1,7-heptanedicarboxylate 2(7) with gold nanocrys-
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Table 1. LNT Templating and the Location for Diverse 1-D Nanostructures with Potential Applications

chemical phenomena location of occurrence

templated materials

applications

1. surface modification outer and inner surfaces

2. sol-gel reaction outer and inner surfaces

3. crystallization and Cds,> pt’
deposition
4. helical organization

bilayer membrane walls

outer and inner surfaces

5. confinement hollow cylinder

tals.*® That LNT was initially synthesized by our own
research group,’” proving to give vesicle-encapsulated mi-
crotubes. The gold nanocrystal capped with 11-mercaptoun-
decanoic acid [HS(CH,);0COOH] was mixed in an ethanol
solution with the LNT of 2(7). After the resulting solution
was aged overnight, they found that hydrogen bonding
between the amide groups of the LNT and the carboxylic
acid groups on the gold nanoparticle drives the nanocrystal
to deposit on the LNT surface. The same group also grew a
series of uniform and isotropic metal nanocrystals on the
LNT of 2(7) by immobilizing a “mineralizing peptide” on
the nanotubes.*® Those immobilized peptides with particular
sequences, having biological recognition toward specific
metal ions, are able to dominate nanoparticle nucleation and
phase stabilization. By varying the peptide conformations
and charge distributions sensitive to the pH and ion
concentrations of the growth solution, they succeeded in
controlling the size,*” shape,* packing density, particle-to-
particle distance,*' and phase structure of the coating
nanocrystals.** Coating the peptidic LNT, which possesses
a selected diameter comparable to the size of metal nano-
particles, gives a 1-D single-chain model of the nanopar-
ticle.*?

O H H O
Ho\n/\NJ\,ﬁY(CHz),,\[rr'«\)LN/\IrOH
O H o} 0 H O
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The tubular architectures of lipids can serve as templates
for mineral nucleation and deposition of inorganic nano-
structures. The deposition or coating of such inorganic
substances occurs concurrently at both the inner and outer
surfaces. Aluminum carbonate** and silica* that grow on
the nanotube of 1(8,9) result in continuous coating over the
entire nanotube surface. Mann and co-workers fabricated
magnetic and nonmagnetic iron oxides with a sugar-based
lipid galactocerebroside 3, doped with small amounts of an
anionic sulfated derivative 4.*° The incorporation of sulfate
into the neutral tubelike assemblies provides the microstruc-
ture with anionic sites for electrostatic binding of Fe’™
polyhydroxy cationic species, inducing the subsequent
nucleation of the iron oxides onto the LNT surface. Mann’s
group also reported a nanometer-thick, continuous coating
of a magnesium phyllo(organo)silicate clay containing a
covalently linked ethylenediaminopropyl moiety using self-
assembled nanotubes of 1(8,9) as templates.*” This report
was the first to address control of the deposition of organi-

31-33,39 : 31-33,39 36,4143
Cu, 1-33,39a Nl, 1 39b Au, 6,414 Ag,40 Zns42

aluminum carbonate,** silica,
silicate clay,*” Ti0,°'%" Ta,0s,”" V,05°!

Au,”? silica,”! Cu,”® Pd,”* CdS,”® Ppy,’®”” PEDOT,””
poly(aniline),”” streptavidin,”®"® ferritin’®

Fies0, 55591 Ay 548895 Ag8892 g 89
ferritin,'***>*% polymer beads,'*” DNA,'#¢

controlled release, sensor, nanocircuit,
etc.

photocatalysis, reinforcement of
materials, etc.

fluorescence tracer in biological
systems, catalysis, etc.

catalysts, helical sensors, optical
materials, springs and inductors
for microelectronic devices, etc.

nanochannel, metal nanowire, storage
nanovessel, nanoreactor, capacitor,
fundamental study of electrical
transport and optical phenomena, etc.

45,48-50,53,58 Fe"404 46
3 >

cally functionalized layer materials. Our own research group
explored a direct sol-gel replication based on the self-
assembled peptidic LNT of 5 with a single bilayer wall in
aqueous solutions.*® Conventional sol-gel reaction requires
active solution catalysts such as H" or OH™. However, the
weakly acidic and mildly catalytic lipid headgroup, with the
aid of a minimal amount of positive charges on the LNT
surface, cause the deprotonated silica precursor and tetracthyl
orthosilicate (TEOS) to be adsorbed on the LNT surface by
electrostatic force. The reaction mixture underwent subse-
quent hydrolysis and condensation in the absence of any
additional catalysts. After the adsorption process has reached
its isoelectric point, the template may lose its function as a
catalyst and the sol—gel reaction would almost end. The silica
nanotubes produced in this way have ultrathin walls of
approximately 8—15 nm, which contrast with thicker 30 nm
walls promoted in the presence of a small amount of OH™
as a base catalyst. A change in the ratio of the LNT to TEOS
allows us to control the wall thickness of the silica nanotubes
within as little as 4 nm precision.* It was found that the
diameter of the LNT of 5 decreases with the addition of
ethanol, which affects the nature of hydration layers sur-
rounding the bilayer of 5 and alters the spacing and packing
of the lipid headgroup.®® We utilized such solvent-sensitive
diameters to regulate the silica nanotube diameters in the
30—80 nm range, which depend on the amount of ethanol.
Sol-gel reaction using the peptidic nanotube of § as a
template was also feasible to synthesize transition-metal-
oxide nanotubes including titanium oxide, tantalum oxide,
and vanadium oxide.>' The reaction rate of the precursor of
the transition-metal oxide in hydrolysis and condensation is
about 5 orders of magnitude faster than that of the silica
precursor. Therefore, the aqueous LNT solution was frozen
in liquid nitrogen for a few seconds to slow the hydrolysis
rate of the metal precursors. The iced LNT possesses an
unfrozen water layer around the LNT surface. When the iced
LNT begins to melt, the ethanol solution of the precursors
would permeate into this unfrozen water layer. The positive
charge of the LNT promotes the adsorption of the inorganic
precursor onto the surface of the LNT. The precursor also
promotes the sol—gel reaction and leads to metal nanotubes
with smooth surfaces. However, the use of an iced neutral
LNT that self-assembled from N-(11-cis-octadecenoyl)-/3-
D-glucopyranosylamine (6) only produced metal nanorods
consisting of the metal nanoparticle aggregates.”® This
finding means that the sol-gel reaction is confined to the
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Figure 3. Schematic illustration (left) and the corresponding STEM images
(right) for the concentric tubular hybrids consisting of cylindrical layers of
(a) silica (shown in blue)—lipid (shown in yellow), (b) lipid—silica—lipid,
(c) silica—lipid—silica, and (d) silica—lipid—silica—lipid—silica, where the
lipid 6 self-assembles on silica nanotube templates. The STEM images were
reproduced with permission from ref 53. Copyright 2005 Royal Society of
Chemistry.

unfrozen water layer surrounding the LNT but does not occur
on the surface of the LNT because of the neutral surface
charge of the LNT of 6.
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3. Organic-Inorganic Tubular and Ribbon Hybrids

Organic—inorganic hybrids can show not only combined
properties of original components but also improved per-
formances not seen in original components. Therefore, such
nanocomposites act as important materials to build electrical
and optical nanodevices. While considerable work has
accomplished three-dimensional (3-D) bulky and two-
dimensional (2-D) hybrids, the fabrication of 1-D hybrid
materials is still difficult because of challenging techniques.
We yielded a variety of concentric tubular hybrids, consisting
of cylindrical layers of silica—lipid (Figure 3a), lipid—silica—
lipid (Figure 3b), silica—lipid—silica (Figure 3c), and silica—
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Figure 4. Schematic illustration (top) and STEM image (bottom) for the
LNTs of 8, where the CdS NDs are embedded all over the lipid bilayer
membranes. The STEM image was reproduced with permission from ref
54. Copyright 2007 Wiley-VCH.

lipid—silica—lipid—silica (Figure 3d), using self-assembly
of 6 on silica nanotube templates.” Self-assembly of 6 in
the interior nanospace of hollow cylindrical silica nanotubes
produced a hybrid nanotube consisting of two concentric
layers: one is silica and the another lipids. Doping of
(aminophenyl)-f3-D-glucopyranoside (7) into the lipid 6
induced concomitant self-assembly of lipid layers on both
the inner and outer surfaces of the silica nanotube, producing
hybrid nanotubes with concentric lipid—silica—lipid walls.
Subsequent sol—gel reaction using these lipid—silica—LNTs
as templates resulted in the formation of more complexed
hybrid nanotubes with a concentric five-layered structure of
silica—lipid—silica—lipid—silica. One can expect that these
kinds of hybrid tubular structures and hybridization methods
will be useful in a wide variety of applications.

Besides the surface and hollow cylinder of the LNT, the
bilayer membrane wall also serves as an embedding matrix
of NDs to form functional nanotubes. We have made
fluorescent nanotubes from a synthetic peptide lipid, the
sodium salt of 2-[2-(2-tetradecanamidoacetamido)ace-
tamido]acetic acid (8),°* which consists of CdS-embedded
bilayer membranes. The lipid 8 can self-assemble in aqueous
solutions into a hollow cylindrical structure in the presence
of proton (H") (H-LNT) or a series of transition-metal
cations (M-LNT).> As illustrated in Figure 4, coordination
of Cd** to two negatively charged COO™ groups of the lipid
8 allows it to form a Cd-complexed LNT (Cd-LNT). Upon
exposure to H,S vapor, the Cd*" in the Cd-LNT was released
as a result of competitive binding of the proton to the COO™
group, resulting in the formation of H-LNT. The released
Cd** subsequently reacted with S*~ to initiate CdS nuclei
and finally grew into the CdS NDs all over the lipid bilayer
membranes. The scanning transmission electron microscopy
(STEM) image reveals that the CdS NDs have an average
diameter of around 4—5 nm with narrow distribution and
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Figure 5. Schematic illustration of a helical silica—lipid ribbon nanocom-
posite with a coiled multilamellar architecture.

separate from one another without any aggregation. The
tubular nanocomposites clearly exhibited distinguishable
fluorescence originating from electronic transition of the CdS
NDs. The fluorescence is resistant to photobleaching com-
pared to other organic moiety-based fluorescence and enables
one to visualize for a long time and to trace the localization
in biological systems. The fluorescent CdS-LNT has proved
to successfully act as a supramolecular nanotube host to
encapsulate ferritin and gold nanoparticles, which are ap-
plicable for the delivery of biomolecules. Removal of the
organic moiety of the M-LNT by calcination in air allows
us to obtain diverse metal oxide nanotubes.”® Song et al.
produced a peptide nanotube of porous walls, which self-
assembled from the NH,—Phe—Phe—COOH peptide mol-
ecules,’® by simplifying Reches and Gazit’s method.>” The
pores allow an aqueous K,PtCl, solution to freely diffuse
into all regions within the bilayer membrane walls. The
addition of ascorbic acid results in the reduction of the metal
ion and subsequently the formation of small platinum
nanoparticles embedded in the nanotube walls. The Pt—peptide
nanocomposite has many potential applications, e.g., cataly-
sis, electronics, and optics.
'u-l Q O ®
\/\/\/\/\/\/\H/N\)J\N/\n/o Na
o} H O
8

A synergistic co-assembly process of 1(8,9) with TEOS
in ethanol forms a silica—lipid helical ribbon biphase, in
which the lipid bilayers were intercalated with thin sheets
of amorphous silica (Figure 5).°® Unlike conventional
template processes using the sol—gel reaction, hydrolysis and
condensation of TEOS by the acid catalyst were specifically
associated and coupled with the self-assembly of the lipid
molecules. This finding indicates that templating of the silica
helical nanostructure takes place even between lipid bilayers
and the co-assembly leads to stabilization of the metastable
ribbon.

4. Complex Helical Architectures by Tracing LNTs

One of the most impressive features with LNTs as
templates for the formation of inorganic nanostructures is
to produce helical architectures. Naturally occurring helices
are the most fascinating objects of interest in biology. They
are sometimes involved with chiral molecular configuration
(primary structure) and sometimes are featured by helical
chain conformation (secondary structure), helical molecular
assemblies (tertiary structure), and the chiral phase (quater-
nary structure).’® Striking DNA and RNA in nature self-
assemble into single-, double-, and triple-helical structures.
The functional inorganic materials of helical structures have
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Figure 6. TEM images of nanoparticle helices inside the nanotubes of 1(8,9)
(98%) and 9 (2%) after the PEI"/PSS/PEI"*/(45 nm SiO,) treatment. The
tube diameter was 1 um. Reproduced with permission from ref 71. Copyright
2000 American Chemical Society.

wide utilization as asymmetric reaction catalysts,®® helical
sensors,®! 62 optical materials,®>®* and so forth. However,
the 1-D inorganic structure with a helical sense is difficult
to fabricate artificially. Templating LNTs along with some
chiral organogel systems®>~°® is an effective route to creating
diverse inorganic helical structures. LNTs often exhibit
helical markings that wind around the cylinders,®® reminis-
cent of chiral self-assembly involving a helically coiled
ribbon structure as an intermediate. The lipid molecules
residing at the edge sites along the helical marking exhibit
a stronger chemical activity than those sited within the
lamellar bilayer sheets, probably because of the high surface
energy associated with the curved edges. This character
makes the helical seams much better candidates for adsorp-
tion of exterior objects than the other surface of the nanotube
and allows the adsorbed objects to trace the chemically
patterned organic surface for helical organization. Burkett
and Mann observed a clear helical pattern of gold nanopar-
ticles on the LNT of 1(8,9).70 They reduced HAuCl, in the
presence of the LNT. The obtained gold nanoparticles traced
the underlying helical ribbon edge of the nanotube and
organized along the longitudinal seam of the LNT. Beautiful
helices of SiO, nanoparticles were made in the interior of
the nanotubes of 1(8,/7), mixed with 2% of the charged lipid
9(8,9) (Figure 6).”' By the multistage layer-by-layer (LBL)
adsorption process of PEI"/PSS™/PEI" [PEI = poly(ethyl-
enimine) and PSS = poly(styrenesulfonate)] to induce
positive charge on the nanotubes,’” the negatively charged
Si0, nanoparticles of 45 nm are absorbed along a charged
line defect of the interior surface of the nanotubes. This
finding revealed that the charged lipids concentrate along
helical defect lines that are not otherwise visible and provide
anchoring points for the assembly of PEI"/PSS™/PEI/SiO, .
A metallic copper spiral/helical nanostructure was prepared
with the same LBL route combined with selectively elec-
troless metallization.”® Negatively charged nanoparticles of
a palladium catalyst bonded to the terminal cationic layer
of the PEI multilayer film and then initiated selective
template metallization of copper on nanoscale seams of the
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Figure 7. Time-resolved high-resolution field emission saccnning electron
microscopy images that show the formation of the helical array of CdS
nanoparticles on the LNT surface of 6 for (a) 3 h, (b) 5 h, and (c) 1 day.
Reproduced with permission from ref 75. Copyright 2006 American
Chemical Society.

LNT to form the helical nanostructure. The metal spiral
structures are potentially useful as springs or inductors for
microelectromechanical system devices and interlocking
reinforcements for composite materials. A helical array of
palladium nanoparticles was formed in the presence of the
helical ribbon, which self-assembled from a cholesterol
derivative doped with a diaminoethylene glycol moiety 10.”*
Adsorption of Pd" ions onto the edge sites of the helical
ribbon, followed by subsequent reduction with ascorbic acid,
gives rise to palladium nanoparticles tracing the helical edge
of the ribbon.
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Besides the helical patterns of metal, arrayed CdS NDs,
which locate helically on a chiral template of glycolipid
nanotubes consisting of the binary components 6 and 7, were
made by our own research group.”” The LNT of 6 was
functionalized by incorporation of 7 as an additive through
the binary self-assembly. This functionalization process
created active binding sites, which trace the chiral molecular
packing of the nanotube. At the initial stage, CdS selectively
nucleated and grew into nanoparticles on the LNT (Figure
7a). These nanoparticles connected one by one in a 1-D
pattern, twining the curved surface of the LNT scaffold, as
marked by solid arrows. The existence of a gap between the
sections (shown as dotted arrows) indicates that there are
many nucleation sites in the 1-D growth track along the LNT.
With reaction time, the discontinuous connection of the
nanoparticles evolved into chainlike and nanowire-like
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Figure 8. Illustration of the formation mechanism for the helical arrays of
CdS nanoparticles on the LNT surface of 6.

architectures along the scaffold (Figure 7b). After 1 day of
incubation, the helical array of the CdS nanoparticles on the
LNT formed (Figure 7c). On the basis of the theoretical
model for chiral self-assembly of LNTs,'"! we can deduce
that the nanotube structure from 6 has the molecular tilt
optimally oriented at an angle of 45°. Thus, it is expected
that 7 is also distributed in a helical fashion within the LNT
membrane, as shown in Figure 8. As a result, Cd*" will
helically nucleate on the surface of the functionalized LNT
through preferential affinity of Cd** to the amino group of
7. Interaction with S?~, slowly released by decomposition
of thioacetamide (TAA), allows the heterogeneous nucleation
of CdS along the surface of the LNT. An increase in the
incubation time promoted the growth of the nuclei into
nanoparticles and eventually the formation of chain- or
wirelike architecture helically twinning the LNT. The left-
handed helical sense of the CdS chains on the LNT suggests
the identical helical sense of the chiral molecular packing.

Because organic monomers often produce cationic inter-
mediates in their oxidative polymerization processes, the
edges/seams of the anionic LNTs can also direct the
polymerization of the monomers into helical polymers by
electrostatic attractive force. Pyrrole (py) was conducted to
chemically polymerize in the presence of the LNT of
1(8,9).”° The polymerization process exclusively occurred
on the edges (or seams) of the LNT. The cationic nuclei of
poly(pyrrole) (Ppy) initially formed in the solution and then
precipitated out from the solution. Ppy subsequently depos-
ited onto the lipid edges selectively, where the exposed
electron-rich acyl and acetylene groups may offer chemically
preferred sites for adsorption. Eventually, the polymerization
proceeds preferentially along the edges. The growing Ppy
strands exhibited long helical forms made up of coalesced
beads. Shinkai et al. created more elegant helical tapes and
intertwined helical structures of diverse conjugate polymers
including poly(ethylenedioxythiophene) (PEDOT), Ppy, and
poly(aniline) using lipid fibrous assemblies with helical
motifs as templates.”” The cationic intermediates, which were
produced by electro-oxidative or chemical-oxidative polym-
erization of these monomers, adsorbed onto the anionic lipid
assemblies 11 and 12 to trace the helical structures. Both
the right- and left-handed helical structures were produced
by a change in the hydrophilic headgroup of the lipid.
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The constituent molecules of LNTs generally have binding
affinity to biomolecules such as proteins. This renders LNTs
the ability to helically crystallize a wide variety of proteins.
Streptavidin bonded to a biotinylated LNT and spontaneously
assembled into ordered helical arrays at the nanotube
surface.”® These crystals exhibit regular order up to about
1.5 nm resolution. The tubular crystal is distinct in nature
from other tubular crystals of proteins and allows its 3-D
structure to be calculated from one single image by
Fourier—Bessel reconstruction methods.”® In addition, the
helical crystals of proteins can be transferred onto the grids
for electron microscopy more easily than 2-D crystals of
proteins can. The helical arrays of streptavidin further act
as functionalized supramolecular devices that bind a number
of biotinylated objects such as ferritin.°

5. 1-D ND Arrays Confined to LNT Hollow Cylinders

Nanoparticle synthesis in engineered organic micro- and
submicroreactors, such as vesicles, micelles, and polyelec-
trolyte capsules, has attracted gradually increasing attention.®!
LNT can provide a 1-D hollow cylindrical environment with
a high axial ratio, favoring the encapsulation and 1-D
confinement of appropriate nanostructures with dimensions
in the single-nanometer range.®** There are two general
paths to realize the 1-D arrangement of the NDs in the LNT,
as illustrated in Figure 9. In path I, when a lyophilized LNT
is dispersed into the aqueous solution containing liquid-
soluble NDs, the fluidic NDs may diffuse into the hollow
cylinder of the LNT driven via electrostatic absorption,
capillary force, and other interactions between LNT hosts
and loaded guests. Letelliner et al. observed the distribution
of charged magnetic nanoparticles around the nanotubes of
1(8,9).3* They used a single stage of treatment with magnetic
nanoparticles of maghemite iron oxide with a diameter of 7
nm. These particles carried either a positive or a negative
charge, depending on the pH. They found that the positively
charged particles entered into the interior of the nanotubes
and filled them uniformly. However, no negatively charged
particles entered the hollow cylinder at all. This finding
strongly suggests that the electrostatic interactions between
the nanotubes and particles are crucial for efficient prepara-
tion of magnetic nanotubes. Bacterial magnetic Fe;O4
nanocrystals were incorporated in the hollow cylinder of the
LNT of 2(7).% Compared to chemically produced Fe;Oy
nanocrystals, the bacterial magnetic nanocrystals have a
coating layer of proteins on their surface.3® The protein has
a particularly strong affinity toward the applied LNT,*’
facilitating contact of the bacterial magnetic nanocrystals onto
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Figure 9. Schematic illustration for the confined 1-D arrangement of NDs
and the subsequent formation of the nanowires by using a LNT as a ship-
in-bottle scaffold.

Figure 10. TEM image of the LNT encapsulating the (a) 1—3 nm and (b)
15—20 nm gold NDs into the hollow cylinder, which was produced along
path I. Reproduced with permission from ref 82. Copyright 2006 Wiley-
VCH.

the LNT surfaces. The bacterial magnetic nanocrystals
selectively deposited only to the interior at low concentrations
of nanocrystals and to the exterior surfaces of the nanotubes
at high concentrations. Such a linear chain of the loaded
magnetic nanoparticles introduces a uniaxial magnetic ani-
sotropy, not present in the magnetic particles or assemblies
commonly known. We recently designed a functional LNT
that possesses both a positively charged inner surface covered
with amino groups and a neutral outer surface with hydroxyl
groups.'*™® The LNT can selectively encapsulate anionic
latex beads of sulfate 20 nm in width, DNA, and ferritin
proteins in aqueous solutions in the inner hollow cylinder
via an electrostatic force. Irrespective of the absence of
charged surfaces on the LNT, we have succeeded in filling
gold nanoparticles into lyophilized LNTs of 6 that possess
both neutral surfaces and a vacant internal channel.*® To
remove the water volume inside the hollow cylinder, we
lyophilized the LNT in a vacuum, without damaging the
tubular morphologies, and then added the lyophilized LNT
into an aqueous solution of gold NDs to make the ND
penetrate the nanochannel. This route can allow us to
organize the size- and shape-dependent arrays of NDs. Figure
10 shows the remarkable size effect of the gold NDs in the
1-D organization profile in the LNT hollow cylinder. Gold
NDs 15-20 nm in width can align side-by-side along the
long axis of the LNT hollow 30-50 nm in width, whereas
relatively smaller nanoparticles of 1-3 nm width fill the LNT
hollow with close packing. Complete removal of the organic
LNT shell from the nanocomposite LNT—gold NDs by firing
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Figure 11. TEM images of the LNT encapsulating the gold NDs into the
hollow cylinder, which was produced along path II. Reproduced with
permission from ref 82. Copyright 2006 Wiley-VCH.

in air can allow the nanoparticles to remain confined and
eventually results in 1-D gold nanowires. The lyophilized
LNTs are also capable of loading other metals,®® semicon-
ductors,® ferritin,’® and magnetic crystals.91 Path II utilizes
the precursor solutions of the payload diffusing into the LNT,
followed by in situ formation of NDs in the nanochannels
of the LNT. Reches and Gazit performed the self-assembly
of the short peptide (NH,—Phe—Phe—COOH) into stable
nanotubes in an organic solution.”’ They loaded silver ions
into the hollow section of the peptide nanotube and subse-
quently reduced the silver ions into silver metal. Proteolysis
of the peptide moiety with a proteinase K enzyme results in
individual silver nanowires with diameters of 20 nm. They
also attached gold nanoparticles on the outer surface of the
silver-loaded peptide nanotube with an organic molecular
linker.”? The linker has a diphenylalanine motif, where one
end can interact with the peptide nanotube surface by weak
noncovalent bonds. The cysteine residue at the other end
can provide a reactive thiol group to bind gold nanoparticles
covalently. The attached gold nanoparticles then act to initiate
site-specific electroless deposition of more gold nanoparticles
over the peptide nanotube surfaces. This process leads to
the production of trilayered coaxial nanocables [metal (Ag)/
insulator (nanotube)/metal (Au)]. Such a coaxial geometry
may give rise to useful electromagnetic properties as capaci-
tors. We also loaded gold nanoparticles into the LNTs of 6
along path 1.2 We added the dried LNT powders to 20%
aqueous ethanolic solutions containing hydrogen tetrachlo-
roaurate (HAuCl,). This procedure allowed for the filling of
the solutions into the vacant LNT hollow by capillary action.
Eventually, confined photochemical reduction of Au™ to Au”
in the presence of small amounts of alcohol produced a well-
defined LNT filled with gold nanocrystals (Figure 11). Using
this strategy, we were also able to produce linear arrays of
CdS NDs. By filling a mixture solution of Cd** and TAA
into the LNT and upon resultant formation of CdS, we can
organize the CdS NDs along the inner channel of the LNT
of 6.

6. Outlook

Precise self-assembly of amphiphilic monomers can give
LNT architectures with well-defined morphologies, control-
lable dimensions, and designed surface properties. Templat-
ing of the LNTs is a promising route to making diverse 1-D
nanostructures. The current achievement of the templating
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method using LNTs has spurred intense and rapid progress
in the application. Both utilization of the molecular recogni-
tion ability of LNTs and the current development of a 3-D
manipulation technique will enable us to connect the tem-
plated 1-D nanostructures to external nanodevices in a
convenient and precise way in the near future.
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