
Direct Sol-Gel Replication without Catalyst in an
Aqueous Gel System: From a Lipid Nanotube with a

Single Bilayer Wall to a Uniform Silica Hollow Cylinder
with an Ultrathin Wall

Q. Ji,†,§ R. Iwaura,‡ M. Kogiso,‡,§ J. H. Jung,§ K. Yoshida,‡ and T. Shimizu*,‡,§

Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai,
Tsukuba, Ibaraki 305-8571, Japan, Nanoarchitectonics Research Center (NARC),

National Institute of Advanced Industrial Science and Technology (AIST),
Tsukuba Central 5, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan, and
CREST, Japan Science and Technology Agency (JST), Tsukuba Central 4,

1-1-1 Higashi, Tsukuba, Ibaraki 305-8562, Japan

Received May 14, 2003. Revised Manuscript Received October 31, 2003

A combination of transmission electron microscopy (TEM) and atomic force microscopy
(AFM) revealed that a secondary ammonium hydrochloride of a peptidic lipid, in which an
L-prolyl-L-prolyl-L-proline fragment is coupled with an L-glutamate derivative carrying two
long alkyl chains, self-assembles in water to form nanotube structures consisting of a single
bilayer wall. Mixing an aqueous dispersion containing the lipid nanotubes with tetraethoxy-
silane (TEOS) led to slow gelation due to sol-gel condensation in the absence of solution
catalyst. TEM analysis of the aqueous gel phase, coupled with electron energy-loss
spectroscopy (EELS), revealed the presence of a high population of hybrid nanotube
architectures with a well-defined organic/inorganic interface. Lyophilization and subsequent
calcination of the aqueous gels produced silica nanotubes with uniform walls 8-nm thick.
The weakly acidic and mildly catalytic lipid headgroup is responsible for the characteristic
formation of the silica nanotubes. The minimal amount of positive charges on the surfaces
of the lipid nanotube also contributes to this mechanism. Thus, in an aqueous gel system,
the morphology of the lipid nanotube consisting of a single bilayer wall was replicated directly
into a silica nanotube with an ultrathin wall.

Introduction

Isolated tubular architectures with a nanometer-sized
hollow cavity have been receiving steadily growing
attention in natural science and materials science fields
from the viewpoint of their potential applications and
the continuing interest in fundamental phenomena
specific to a confined nanospace.1-6 The well-known
nanotube architectures to date include, for example,
biological microtubules based on the self-assembly of
tubulin proteins,7 physical carbon nanotubes that are
essentially rolled-up graphene sheets,1,4 and chemical
nanotube structures based on either one-dimensional
stacking of cyclic compounds5 or hollow-cylindrical

assembly of lipid bilayers.8-10 In particular, several
authors have published numerous works on morpho-
synthesis of pure silicas,11-14 among these silicas we can
refer to the recent development of a series of hollow
cylinders consisting of SiO2, TiO2, and VO2. Since the
first report by Nemetschek and Hofman in 1953,15 Baral
and Schoen,16 Mann et al.,17-19 Nakamura and Matsui,20

Adachi et al.,21-23 and Moreau et al.24 have documented
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stimulating work on silica nanotube fabrication. In
addition, Shinkai,25-31 Hanabusa,32,33 and their co-
workers have done extensive work on an intriguing
methodology of sol-gel reaction of metal alkoxide using
organogels as a template. Thus, surfactant-mediated or
organogel-templated fabrication of silica nanotubes has
gradually improved their size and shape uniformity as
defined by the inner and outer diameters, the wall
thickness, and the tube lengths.27

However, it should be noted here that neither of the
two methods can reproduce an exact copy through
current sol-gel processes. Typically, rod-shaped molec-
ular assemblies can produce tubular morphologies of
metal oxide.34 Similarly, the morphology of a helical
fiber, tubule, or double-helical rope could turn out to
be helical tubes,33 double-layered tubes,35 or double-
helical nanotubes,36 respectively. It is also important for
us to clarify the mechanism of the silica fabrication
during sol-gel condensation, which varies sensitively
depending on the experimental procedures.22,37 Here we
describe the duplication of a certain nanotube structure
from organomolecule-based to silica-based materials. In
other words, the present procedure can provide a way
for close reproduction of a nanotube shape by using
molecular assemblies as a template. We employed the
synthetic cationic lipid 1 (Scheme), which can self-
assemble into nanotube structures, in place of common
surfactants.21,38 We used only water as a reaction
solvent,39 which contained no active solution catalysts
such as H+, OH-, or benzylamine.37,39 Therefore, the

present methodology clearly differs from the so-called
surfactant-mediated system in aqueous media21 and
from the organogel-templated system in organic sol-
vent.25,27 A relatively low population of positive charges
and a very mildly catalytic site on the organic templates
are crucial for the formation of the characteristic nano-
tube having a smooth and ultrathin silica wall.

Experimental Section

Materials and General Methods. The peptidic lipid 140,41

consisting of tri-proline and glutamic acid dialkyl amide was
synthesized in a way similar to the method described previ-
ously.42 The molecular structure was determined by 1H NMR,
FT-IR, elemental analysis, and mass spectrometry. 1H NMR
spectra were recorded on a JEOL 600 spectrometer. For the
FT-IR measurement, a Jasco FT-IR-620 (resolution 4 cm-1)
was used. FAB-MS spectra were measured using a JEOL
DX303. XRD was measured with a Rigaku diffractometer
(Type 4037) using graded d-space elliptical side-by-side mul-
tilayer optics, monochromated Cu KR radiation (40 kV, 30 mA),
and an imaging plate (R-Axis IV). For the atomic force
microscopy (AFM) measurements, a droplet of an aqueous
dispersion containing nanotubes [lipid 1 ) 0.1% (w/v)] was
placed on a clean mica substrate and dried overnight at
atmospheric pressure in an electric desiccator. The morphology
and the cross-section profile were observed using a commercial
atomic force microscope (Digital Instruments, Inc., Nanoscope
IIIa).

TEM and SEM Measurement. For energy-filtering trans-
mission electron microscopy (EF-TEM), a droplet of the same
aqueous dispersion as used for the AFM measurement was
placed on a carbon-coated copper grid (400 mesh). The grid
was then dried under vacuum for 1 h. Unstained specimens
were examined with a Zeiss LEO 912 Omega, at an accelerat-
ing voltage of 120 kV. Scanning TEM (STEM) was also done
in a field emission scanning electron microscope (FE-SEM)
(Hitachi S-4800) in TEM mode at an accelerating voltage of
15 kV. For the STEM, negatively stained samples were
prepared with 2% (w/v) phosphotungstic acid. The pH was
adjusted to 7.5 with sodium hydroxide. A small amount of the
staining solution was applied to the copper grid and allowed
to dry at room temperature for 2 min. The staining solution
was then blotted off with filter paper, and the samples were
dried in a desiccator at room temperature for 2 days. FE-SEM
images were taken on a Hitachi S-4800. Electron energy-loss
spectroscopy (EELS) was also carried out with a Zeiss LEO
912 Omega, using an accelerating voltage of 120 kV on carbon
microgrids. Elemental maps were obtained by subtracting the
background intensities under core-loss edges using the three-
window technique.

Sol-Gel Process. Lipid 1 (5 mg) was dispersed in deionized
water (1 mL) at 50 °C for 5 min by ultrasonication (Branson
ultrasonicator model 1200, 47 Hz, 60 W). The obtained aqueous
dispersion was then allowed to gradually cool to room tem-
perature and to stand overnight at room temperature. To this
aqueous dispersion (0.1 mL) was added tetraethoxysilane
(TEOS, 5 mg) at room temperature. The fluid reaction mixture
was allowed to stand for 7 days, resulting in gelation. The
obtained aqueous gels were freeze-dried under vacuum (1 Pa)
at -80 °C for 24-48 h (freeze-dryer Eyela FDU-1200).

Results and Discussion

Gelation of Aqueous Dispersion. Lipid 1 was
dispersed in deionized water at 50 °C, which corre-
sponds to a temperature above the phase transition
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temperature (Tgl ) 32 °C) of the hydrated sample 1.42

We then observed the self-assembled morphologies of
lipid 1 using high-resolution TEM. EF-TEM images of
the unstained sample gave ribbonlike structures (minor
product) and tubular structures (major product) ap-
proximately 200-nm wide, although we could detect
them only at low black-white contrast (not shown).
STEM of the stained samples enabled us to observe
clearly the presence of hollow-cylinder structures. Fig-
ure 1 displays nanotube structures that encapsulated
the stain inside the tube. This finding is compatible with
the previous results,42 proving the formation of well-
defined tubular structures through molecular self-
assembly. However, in the present work, we were not
able to optimize the measurement conditions to evaluate
the wall thickness accurately by high-resolution TEM
analyses. X-ray diffraction (XRD) measurement of the
collected nanotubes displayed no remarkable reflection
peaks in the small-angle region, suggesting very thin
wall thickness for the nanotube membrane.

To characterize the thickness of the membrane wall,
we observed the lipid nanotube formed from 1 in air
using AFM.43 Figure 2 shows an AFM image (2 µm × 2
µm) of the self-assembled nanotube dried in air and its
cross-section profile. The height of the nanotube was
approximately 8.9 nm on average, corresponding to
twice the wall thickness. This finding means that the
wall thickness of the nanotube is 4.5 nm. The calculated
length of the extended molecule 1 was 2.8 nm by CPK
molecular modeling. Thus, all the structural analyses
allow us to conclude that the membrane wall of the self-
assembled lipid nanotube consists of a single bilayer
(Figure 2, lower), in which the lipid molecules are tilted
approximately 37° with respect to the plane normal to
the layer.

A sol-gel reaction with TEOS is unlikely to occur in
the aqueous dispersion in the absence of active solution
catalysts such as H+, OH-, or benzylamine. However,
the aqueous dispersion proved to slowly solidify over a

period of 7-10 days, eventually resulting in a gel phase.
Very interestingly, a TEM image clearly indicated that
the solidified gel is composed of abundant nanotube
assemblies with uniform size dimensions, i.e., 20-nm
wall thickness, 200-nm inner diameters, and 5-10-µm
tube length (Figure 3a). To get further insight into the
silica distribution in the wall of the organic/inorganic
hybrid nanotubes, we also performed elemental map-
ping of silicon (Si) and carbon (C) by means of EELS
analysis coupled with TEM measurements. Figure 3a
displays a zero-loss image (EF-TEM image), meaning
that incident electrons were scattered by atoms in an
elastic fashion. The Si map is shown in Figure 3b,
showing the inelastic loss energy of incident electrons
caused by the interaction with Si atoms surrounding
the organic template. For comparison, the C map is
shown in Figure 3c. In Figure 3b, we clearly see two
bright lines characteristic of Si mapping at the edge of
the hybridized nanotubes. This finding strongly sup-
ports the view that the gel formation is induced by
templating the organic assemblies and that the silica
has thereby been deposited on the surfaces of the
organic nanotubes.

Calcination of Xerogels. Unlike well-known one-
dimensional nanostructures consisting of organic/inor-
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1998, 32, 3260-3262.

Figure 1. STEM images of the self-assembled tubular
structures formed from the peptidic lipid 1 negatively stained
with phosphotungstate.

Figure 2. (upper) AFM image (2 µm × 2 µm) of a self-
assembled lipid nanotube of 1 and its cross-section profile
showing a height of 8.9 nm. (lower) Schematic illustration of
the cross section. The flat shape of the nanotube indicates the
absence of an aqueous compartment.
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ganic hybrids,16,20,25,37 the present lipid bilayer mem-
brane and the adsorbed silica layer were ultrathin
(thickness 4.5-8 nm). Accordingly, removal of the
organic template by calcination resulted in drastic
aggregation of silica structures or collapsed nanostruc-
tures. Therefore, we lyophilized the aqueous gel under
vacuum (1 Pa) for 24-48 h before calcination. The dried
material was very light, just like a white sponge.
Subsequent calcination of these freeze-dried xerogels
gave tubular silica morphologies with uniform shape
and size dimensions. Figure 4a shows an SEM image
indicating the presence of open-ended silica nanotubes
with ultrathin walls, as well as hollow cylinders. A TEM
image also proved the wall thickness to be approxi-
mately 8 nm. The ratio of the wall thickness to the
diameter of the hollow cylinder was approximately 1:25
(Figure 4b and c).

As can be seen in the TEM images (Figure 4b and c),
the presence of a silica double layer is not obvious,
although it should have appeared after sol-gel polym-
erization using a tubular structure as an organic
template. Though during the TEM measurement we did
observe a clear image of a double layer for the silica
nanotubes, the nanometer-sized spaces disappeared in
a few minutes, probably due to the ultrathin volume,

under the present experimental conditions. The 4.5-nm
wall thickness of the organic tubular template seems
to be too thin to maintain the templated interlayer
nanospace. To the best of our knowledge, the present
finding may be the first example of silica nanotube
fabrication based on templating an organic nanotube
with a wall thickness corresponding to a single bilayer.
Calcination, which is associated with heat treatment,
would generally cause shrinkage of the silica structure,
leading to a much greater decrease in nanospace thick-
ness. Both the thinness of the template and the shrink-
age of the resultant nanospace are thus responsible for
the apparent absence of the interlayer void between the
two silica layers.

Another strong piece of evidence for silica adsorption
onto the inner surfaces of the tubular template is
presented in Figure 4d, which displays a TEM image
of a silica nanotube possessing a hollow spherical
structure after calcination. On the basis of EELS, this
vesicle-like structure was found to be composed of Si,
proving it to be a transcribed product from the template.
Just like a vesicle-encapsulated microtube from a gly-
cylglycine bolaamphiphile,44 lipid 1 has also produced
vesicles encapsulated within the tubes. Although cal-
cination may have caused some shrinkage and damage

Figure 3. TEM images with electron energy-loss spectroscopy (EELS) of an organic/inorganic hybrid nanotube. (a) Zero-loss
image, (b) silicon component, and (c) carbon component before calcination.

Figure 4. (a) SEM and (b,c) TEM images of uniform silica nanotubes with ultrathin walls after calcination. (d) TEM image of
a silica sphere encapsulated in a silica nanotube.
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of the replicated Si structure, several Si vesicles have
remained intact within the nanotubes. This finding
clearly supports that adsorption of silica precursors also
takes place on the inner surfaces of the tubes.

Sol-Gel Reaction Mechanism. Generally, acid or
base solution catalysts play an indispensable role in
initiating and accelerating the hydrolysis of silica
precursors and the subsequent sol-gel condensation.45

In the present experiment, we added no definitive
solution catalysts to the aqueous medium. A similar
procedure has already been developed by Adachi et
al.,21,22 who employed common surfactants with a long

alkyl chain, like laurylamine, as a nucleation seed
rather than a template. It should be noted that the
present synthetic lipid 1 can self-assemble in water to
form a well-defined tubular structure that acts as a
nanotemplate. Furthermore, lipid 1 can not only dis-
tribute positive charges all over the surfaces of the
resultant organic nanotubes, but it can also function as
a very mild acid catalyst in weakly acidic pH conditions
(pH ) ∼4.8). These two conditions are very crucial and
very favorable for the minimal deposition of negatively
charged silica precursors. Figure 5 schematically il-
lustrates our proposed mechanism for replicating the
shape of lipid nanotubes into silica structures. A sol-
gel reaction proceeds in aqueous medium according to
“a surface-mediated mechanism”37 on the outer and
inner sides of the single bilayers. The minimal amount
of positive charges, due to the thin organic wall,
depresses the random accumulation of negatively charged
silica oligomers. We also found that the addition of a
small amount of OH- as a base catalyst (pH ) 9.6)
promoted the sol-gel reaction to yield well-defined
nanotubes of 30-nm wall thickness. This finding will be
strong evidence for this interpretation.

Conclusion

The shape of lipid nanotubes consisting of a single
bilayer membrane was successfully replicated into silica
nanotubes having an ultrathin wall 8 nm thick by a
direct sol-gel transcription method without solution
catalysts in an aqueous gel system. The minimal
amount of positive charges of the peptidic lipid on the
template not only serves as an adsorbing surface but
also has a mildly catalytic function. The newly devel-
oped method will certainly contribute to more precise
control of metal oxide nanostructures at the nanometer
level.
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Figure 5. Possible mechanism for the direct sol-gel replica-
tion in an aqueous gel system. (a) A lipid nanotube with a
single bilayer wall is formed from 1, (b) a minimum amount
of silica precursor is deposited onto the template surfaces due
to electrostatic interaction, (c) a silica nanotube with a void
the same size as the void in the organic template remains just
after calcination, and (d) the silica nanotube is aged to shrink
the interlayer void. Thus, a nanotube architecture with wall
thickness similar to that of the lipid nanotube can be exactly
reproduced with pure silica.
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