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This review article focuses on the self-assembly of amphiphilic molecules into discrete, hollow cylindrical tubular
architectures (organic nanotubes). Research on nanotube formation from dumbbell-shaped peptide lipids, 1-O-glucopyr-
anoside and 1-N-glucopyranosylamide lipids, and wedge-shaped bolaamphiphilic glycolipids with carboxylic, amino, or
oligoglycine groups at one end has been outlined with their characteristic self-assembly. Finally, recent progress in mass
production, dimension control, and novel functions of organic nanotubes are described.

1. Introduction

Tobacco Mosaic Virus (TMV) is well-known as a typical
example of naturally occurring nanotubes, which forms a per-
fect tubular architecture featured by its hollow cylindrical mor-
phology and homogeneous dimensions.1 On self-organization
of TMV, RNA contributes a high-aspect-ratio core to template
the helical self-assembly of 2130 identical proteins, resulting
in a tubular assembly with definite dimensions (Figure 1a).
Bottom-up self-organization of protein molecules as building
blocks in this way produces a variety of virus morphologies in-
cluding spheres, rods, and tubes. On the other hand, top-down
microfabrication of semi-conductors will even now hardly fab-
ricate hollow cylindrical structures with diameters of less than
1mm. However, certain amphiphilic or self-assembling mole-
cules, whose structures are rationally designed, can self-assem-
ble into tubular morphologies in a way similar to TMV, and
yet without depending on templates.2–5 A large number of
nanotube objects including carbon and metal nanotubes are
currently obtainable based on not only one-dimensional
growth of a certain atom species,6–8 but also on formation us-
ing nanoporous templates.9,10 Formation of organic nanotubes
on the basis of molecular self-assembly differs from those
methodologies. Possible molecular shapes and spatial arrange-
ment of each functional group, and the local environment of
solvophilic and solvophobic moieties allow us to produce a
variety of discrete organic nanotubes, together with different
types of self-assembly strategy.2,11

We have been investigating the self-assembly behavior of
synthetic amphiphilic molecules that append sugar,12–18 pep-
tide,19–21 and nucleic acid moieties22–26 as hydrophilic head-
groups.27 Those structural components in nature are well-
known to form diverse and multiple hydrogen-bond networks.

Consequently, we developed unique one-dimensional struc-
tures including twisted or coiled nanofibers.12 We also demon-
strated dimension and morphology control of the nanofibers,
the elucidation of molecular packing, and novel functions spe-
cific to the nanostructures.23,28,29 Nano- and microtube forma-
tion with sugar- or peptide-based amphiphiles coincidentally
took place on the occasion of a large number of self-assem-
bling experiments.19,30 Very recently, advanced functional
organic nanotubes with different inner and outer surfaces
have been produced and exhibited unique encapsulation, trans-
port, and release properties of biomacromolecules as guests
(Figure 1b).31–33 Here we describe the effect of optimized
molecular structures as tube-forming compounds on the size
dimensions of resultant self-assembled nanotubes. We also
address the morphological control of the organic nanotubes
as well as the encapsulation behavior of guest molecules.

Figure 1. Schematic illustration for the self-assembly of
(a) a protein and (b) an amphiphilic molecule into TMV
and an organic nanotube, respectively.
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2. Self-Assembled Organic Nanotubes

2.1 Molecular Building Blocks for Nanotube Formation.
Both well-defined hollow cylinder structures with nm-scale di-
ameters and two opened ends are characteristic of discrete
nanotubular architectures consisting of molecules.2,11 Self-as-
sembling strategy for such organic nanotubes from molecules
may be classified into several categories, depending on a
variety of molecular shapes of molecular building blocks
(Figure 2). �-1,3-Glucan polysaccharides such as schizophyl-
lan and curdlan form a triple helix to give a one-dimensional
tubular structure in polar solvents like water (Figure 2a).34–36

This feature gives the first category of a nanotubular host that
can encapsulate carbon nanotubes,37 polyaniline,38 and diace-
tylene monomers.39 If cyclic molecules such as cyclic peptides
or cyclodextrin stack up and down with a shared central axis,
the resultant molecular assemblies should provide tubular ar-
chitectures (Figure 2b).40–44 Otherwise, dendron molecules
with a fan-like shape could form cyclic structures (rings)
stabilized by complementary intermolecular interactions.
The resultant rings can stack to give tubular morphologies
(Figure 2c).45–47 A unique advantage of these second and third
strategies is the ability to control inner and outer diameters
depending on the dimension of each cyclic molecule or ring.
Disadvantageously, one has to pay in this case precise atten-
tion to molecular design in order for the participating function-
al groups of the molecule to take appropriate orientation and
arrangement.11

On the other hand, hollow cylindrical or cochleated mono-
layer- or bilayer-membranes, consisting of polymer or low-
molecular weight amphiphiles, can shape the tubular architec-
tures (Figures 2d and 2e).2 It should be noted that these nano-
tubes possess high-aspect ratios (diameter-to-length ratios) up
to more than 104 and eventually provide well-dispersed fibrous
structures with well-defined dimensions in solutions. Typical
driving forces for the organization of such nanotubes are van
der Waals force between hydrophobic long chains, as well as
hydrogen bonds, coordination bonds, and �–� stacking be-
tween hydrophilic headgroups.

2.2 Formation Mechanism of Nanotubes from
Amphiphiles. Amphiphilic molecules can be designated as
self-assembling molecules that have both hydrophilic and hy-
drophobic moieties in the same molecule. When the amphi-

phile is dispersed in water, the resultant self-assembled mor-
phology should be predictable by a critical packing parameter
that means a size balance between the hydrophilic and hydro-
phobic regions.48 This guiding principle in molecular self-as-
sembly is in particular applicable when the long hydrocarbon
chain as a hydrophobic part is in a liquid crystalline state. In
connection with this theme, Kunitake’s and Fuhrhop’s research
groups have achieved pioneering and extensive studies of mo-
lecular assemblies.3,5,49 Consequently, they demonstrate exper-
imentally that not only molecular orientation but also strong
intermolecular interactions are critical to discuss the resultant
self-assembled morphologies.

Currently two different types of formation mechanism have
been reported to feature the tubular architectures that self-as-
semble from low-molecular-weight amphiphiles (Figure 3).2

When the aqueous dispersion of a chiral amphiphile is heated
to temperatures above its gel-to-liquid crystalline phase transi-
tion temperature (Tg{l), it produces spherical micellar or vesic-
ular assemblies of the amphiphiles. Gradual cooling of the
aqueous dispersion beyond the Tg{l value induces morpholog-
ical conversion from the spheres to coils with a definite hand-
edness, depending on the intrinsic chirality of the amphiphilic
molecule. Under these conditions, the molecular packing in a
fluid state changes into a solid. The resultant coiled ribbons
based on solid bilayer membranes slowly convert into tubular
structures in a few days up to several weeks while reducing
the pitch length of the ribbon or widening the ribbon width
(Figure 3a).50 Chiral molecular packing in the solid state is re-
sponsible for this formation mechanism.51,52 At almost the
same time in 1984, three independent research groups in the
USA and Japan first found the formation of lipid nanotubes
on the basis of this chiral molecular self-assembly.50,53,54

The self-assembled nanotube formation from the glucoside
and glucosamide lipids described later is based on this mech-
anism. The second growing mechanism of self-assembled

Figure 2. A variety of molecular building blocks that can
self-assemble to form tubular architectures. (a) Helical
chains, (b) rings, (c) dendrons, (d) block copolymers,
and (e) general amphiphiles.

Figure 3. Two different possible formation schemes for
self-assembled nanotubes. (a) Chiral molecular self-as-
sembly and (b) packing-directed self-assembly. Tg{l means
a gel-to-liquid crystalline phase transition temperature of
each amphiphile.
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nanotubes has been reported for a limited number of examples.
One of the characteristics is to lack the formation of intermedi-
ate chiral assemblies, producing directly tubular structures in a
single step (Figure 3b). Wedge-shaped amphiphiles are found
to undergo this packing-directed self-assembly to result in
nanotubes based on the unique molecular shape.31,55 The
details are shown in the Section 5.

3. Microtube Formation from Dumbbell-Shaped
Peptide Amphiphiles

Dumbbell-shaped peptide amphiphiles 1(n), 2(n), and 3–6
(Chart 1) with dicarboxylic acids at both ends were synthe-
sized, in which two oligopeptide moieties consisting of 1 to
3 amino residues as hydrophilic regions are connected cova-
lently to both ends of long alkyl chains.21 The self-assembly
of the sodium salt of 1(10) or 2(10) in weakly alkaline aqueous
solutions proved to produce tubular structures of 1–3mm in
outer diameter with closed ends.19 We found that the resultant
microtubes several hundred mm long encapsulate spherical
molecular assemblies inside the tubes (Figure 4a). The vesi-
cle-encapsulated microtubes displayed unique thermodynamic
and mechanical stability since the tubular morphologies are
still retained even at boiling temperatures or on sonication. De-
tailed FTIR and pH titration analyses showed that intralayer
and intermolecular hydrogen bonds between acid–anion termi-
nal carboxylic acids contribute to stabilize the bilayer mem-
brane wall of the microtubular structures (Figure 4b).21

High-resolution atomic force microscopy revealed that the
peptide headgroups pack in a distorted hexagonal fashion ar-
ranging parallel to the normal of the microtube membrane sur-
faces (Figure 4c).56 These findings are well compatible with
the view that the oligoglycine residues form so-called polygly-
cine II-type hydrogen-bond networks with the nearest neigh-
boring 6 molecules.20,57,58 On the other hand, the dumbbell-
shaped amphiphiles possessing the L-Val–L-Val residue as a
hydrophilic region, which forms typical �-sheet hydrogen

bonding, only self-assembled into nanofibers.59,60 It should
be noted that they never form tubular structures.

4. Single-Head–Single-Tail-Type Glycolipids

4.1 Nanotube Formation from 1-O-Glucoside Glyco-
lipids. A mixture of four 1-O-glucoside-type glycolipids
[7: 7a/7b/7c/7d, (5/50/16/29, w/w/w/w) (Chart 2)] were
synthesized by linking the glucose moiety as a hydrophilic re-
gion with a meta-substituted long chain phenol61 as a hydro-
phobic region, which is a main component of the renewable
plant-derived resource cashew nut shell liquid (CNSL).30 Re-
fluxing the aqueous dispersion of 7 at 100 �C for 1 h and sub-
sequent gradual cooling to room temperature resulted in the re-
producible formation of organic nanotubes through molecular
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Figure 4. (a) Dark-field optical micrograph of vesicle-en-
capsulated microtubes from 1(10). (b) Schematic illustra-
tion for the stabilization by intralayer and intermolecular
hydrogen bonds between acid–anion terminal carboxylic
acid. (c) A polyglycine II hydrogen-bond network.
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self-assembly.30 The dimensions of the resulting nanotubes are
40–50 and 10–15 nm in outer and inner diameters, respective-
ly. Although the inner diameters well correspond to those of
multi-wall carbon nanotubes (MW-CNT), those dimensions
give the smallest class of inner diameters among the lipid
nanotubes obtained so far.2 Powder X-ray diffraction (XRD)
analyses revealed that the membrane walls of the nanotubes
consist of 3–4 bilayer membranes of 3.1-nm thickness with
an interdigitated structure (Figure 5).

To clarify the self-assembly and thermodynamic properties
of each single component of 7, we carefully fractionated the
mixture of glycolipids 7 into constituting four components;
saturated 7a, monoene 7b, diene 7c, and triene 7d by medi-
um-pressure column chromatography.28 Tg{l of 7c and 7d
was found to be 17 and �25 �C, respectively, suggesting that
the resultant solid nanotubes at room temperature include no
glycolipids of 7c and 7d. These findings also indicate that
the monoene component 7b with a single cis double bond is
critical for 7 to self-assemble into tubular architectures. Then,
we investigated systematically the relationship between the
unsaturation degree in the hydrocarbon chains and the ability
of nanotube formation. For that purpose, we synthesized a se-
ries of novel glucopyranoside lipids 8–11 (Chart 3), which
possess para-substituted, unsaturated long-chain alkanoyl-
amino–phenol derivatives and eventually should give relative-
ly higher Tg{l values.

62 The number of the cis double bonds,
which were introduced into the oligomethylene chains, was
varied as 0, 1, 2, and 3. The increase in the introduction num-
ber of the cis double bonds caused more facile self-assembly
of the molecule into nanotubes.63 Thus, appropriate number
of cis double bonds is at least one critical structural factor to
self-assemble into nanotubes in high efficiency.

4.2 Nanotube Formation from 1-N-Glucosamide Glyco-
lipids. In order to obtain self-assembled organic nanotubes
exclusively with homogeneous dimensions, we attempted to
further optimize the molecular structure of glycolipids as
tube-forming amphiphiles. The phenol moiety of the glycoli-
pid component 7b was replaced with an amide linkage in order
to improve the relatively low Tg{l value (=41 �C) of 7b. We
thus designed and synthesized 1-N-glucosamide glycolipids
12–15 (Chart 4), in which the introduction position of the cis
double bond was varied from the C6 to C11 carbons in the tet-
radecanoyl chain.64 All the amphiphiles were easily synthe-
sized in two steps without protecting the hydroxy groups.

The self-assembling behavior of each 1-N-glucosamide glyco-
lipid was examined in aqueous solution. We also synthesized
the diene derivative 16 as well as saturated 17 (Chart 4).64

We added the solid powder of 12–17 into water and refluxed
the aqueous dispersion at 100 �C until the solution was trans-
parent. Cooling the aqueous dispersions caused self-assembly
of the glycolipids, producing nanotube structures only from
glycolipids 12, 13, and 14. In particular glycolipid 13 can give
organic nanotubes on self-assembly in almost 100% yields
(Figures 6a and 6b).64 The Tg{l values for the obtained glyco-
lipids increased in the order of 16 < 50 �C < 14 < 13 <
12 < 100 �C < 17. The value of 15 was not determined.
The CD spectra of each nanotube that self-assembled from
12, 13, and 14 showed negative Cotton effect around 234–
236 nm at temperatures below the Tg{l value of each. The
CD band intensity at 235 nm increased in the order of 14,
12, and 13 at 25 �C (Figure 6c). This order correlates well with
the tendency in uniformity of the outer diameters mentioned
below. This also suggests that the constituting molecules take
the most remarkable chiral packing in a solid state.52,65,66

4.3 Uniformity of Outer Diameters. We found that
through the self-assembly experiments of 12–17 both the num-
ber and incorporation position of the cis double bond have a

Figure 5. TEM image and plausible molecular packing
for the self-assembled lipid nanotube from the glycolipid
mixture 7.
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remarkable influence on the size-distribution of outer diame-
ters for the self-assembled organic nanotubes. Therefore, we
selected approximately 250 discrete organic nanotubes from
12, 13, and 14 in several TEM images to evaluate the average
values for the outer and inner diameters, and their standard de-
viations. Consequently, the glycolipid nanotubes of 13 gave
considerably homogeneous dimensions, of which the outer di-
ameter particularly shows the narrowest size distribution (aver-
age: 200 nm, standard deviation: 23 nm) among three organic
nanotubes from 12, 13, and 14.64 It has been reported experi-
mentally and theoretically that chiral amphiphiles tend to pack
at non-zero angles with nearest neighbors and eventually to re-
sult in coiled or tubular molecular assemblies.51,67,68 The CD
results mentioned above support that a bent structure of the
glycolipid 13 has a relatively stronger tendency to form chiral
molecular packing as compared with that of 12 and 14.66 The
nanotube structures thus form in such a way that the solid bi-
layer membranes coil into helical ribbons and subsequently the
helical pitch of the ribbon reduces or the helical ribbon width
widens (Figure 3a).

5. Nanotube Formation from Wedge-Shaped
Bolaamphiphilic Glycolipids

5.1 Wedge-Shaped Glycolipids with a Carboxylic Group
at One End. Most self-assembled organic nanotubes from
synthetic amphiphiles possess identical functional groups at in-
ner and outer surfaces, since most of tube-forming amphiphiles
form a bilayer structure with the same functionalities exposed
to an external environment.2 Wedge-shaped amphiphiles, in
which two hydrophilic moieties of different size are covalently
linked to the two ends of a hydrophobic spacer, possibly give
two types of polytype depending on the molecular packing of

symmetrical and unsymmetrical monolayer membranes.69 An
additional two types of polymorph depending on the stacking
motif of each monolayer membrane (head-to-head and head-
to-tail) result in at least four different types of monolayer
membranes (Figure 7). If one can construct only the unsym-
metrical monolayer membrane with a head-to-tail stacking ex-
clusively among the four types, one can provide organic nano-
tubes having inner and outer surfaces covered with different
functional groups.70 We started to synthesize wedge-shaped
amphiphiles 18(n) with a relatively large glucose moiety and
smaller carboxylic group at each end, which corresponds to
asymmetric single-chain bolaamphiphiles.71 The self-assembly
of the amphiphiles 18(n) with a variety of oligomethylene
chains produced a mixture of two types of nanotubes, which
have different outer diameters of approximately 30 and
200 nm.31 The obtained relatively smaller and larger nanotubes
are easily separable by conventional centrifugation (2000G,
30min at 15 �C) (Figure 8a). Powder X-ray analyses revealed
that the isolated smaller and larger nanotubes consist of at least
a single and three kinds of monolayer membrane motifs, re-
spectively. We succeeded in obtaining single crystal X-ray
structures for 18(12) and 19 (Chart 5).69,71 By using powder
XRD, we also analyzed carefully a number of self-assembled
nanotubes and nanotapes from a series of wedge-shaped am-
phiphiles. Taking all the obtained data into consideration, we
found a determinate rule that each molecular packing motif
can be predictable by the relationship between the long-range
periodicity (d) of monolayer membranes and the extended mo-
lecular length (L) evaluated from molecular modeling.31 The
obtained d values for the smaller nanotubes were almost equal
to L, showing that the MLM type is unsymmetrical with a
head-to-tail interface. Thus, the self-assembled nanotubes with
30-nm diameters from 18(14)–18(20) proved to be based on
the unsymmetrical monolayer membrane with a parallel mo-
lecular packing.

5.2 Precise Control of Inner Diameters. Depending on
the difference in the size of two terminal headgroups, the un-
symmetrical monolayer membrane of the wedge-shaped am-
phiphiles bends spontaneously and eventually results in tubular
morphologies. This packing-directed self-assembly is basically
characteristic of the wedge-shaped amphiphiles. Simple math-
ematical analyses using a simulated molecular packing model

Figure 6. (a) TEM and (b) SEM images for the self-assem-
bled lipid nanotubes from the glycolipid 13. (c) CD spec-
tra of the self-assembled lipid nanotubes from the glyco-
lipids 12, 13, 14, and 16 in water.

Figure 7. Four possible types of monolayer lipid mem-
branes (MLMs) from wedge-shaped bolaamphiphiles.
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allowed us to induce the eq 1, showing that the inner diameter
(D) is proportional to the molecular length (L) if the cross sec-
tion area (al and as) of the two headgroups remains constant.31

The D values of this type of nanotube should be controllable
by changing the molecular length (L), namely, the carbon
number of the oligomethylene spacers. The cross section area
(al and as) is obtainable from single crystal X-ray analyses
of the analogues as well as the areas per molecule in the
Langmuir–Blodget film. The molecular modeling enables us
to easily evaluate the molecular length (L).

D ¼ 2asL=ðal � asÞ ð1Þ

By putting all the related values into eq 1, we were able to
calculate the inner diameter (D) for each separated smaller
nanotube from the wedge-shaped bolaamphiphile 18(n)
(n ¼ 12, 14, 16, 18, and 20). We also depict histograms on
the basis of the experimentally obtained inner diameters for

250 nanotubes in the TEM images (Figure 8b).31 It should
be noted here that well developed penetration of the staining
reagent phosphotungstate into the hollow cylinder enables us
to directly measure the inner diameter. Except for 18(12),
the observed values indeed increased in line with eq 1 with in-
creasing spacer length of 18(14), 18(16), 18(18), and 18(20)
bolaamphiphiles. Furthermore, the observed values are in good
agreement with the calculated ones. These results indicate that
the unsymmetrical monolayer membranes actually form with a
head-to-tail motif in a way similar to the simulated molecular
packing model for the calculation. Consequently, we first dem-
onstrated that one can regulate the inner diameters of the self-
assembled nanotubes at intervals of 1.5 nm on average by
lengthening the oligomethylene spacer by two carbon atoms.

5.3 Wedge-Shaped Glycolipids with an Amino Group at
One End. Controlling the polymorphism of molecular pack-
ing proved to be actually difficult in the self-assembly of the
wedge-shaped glycolipids 18(n) since two types of organic
nanotubes with largely different outer diameters formed.31

We recently succeeded in the selective control of polymor-
phism by optimizing the spacer length of wedge-shaped bo-
laamphiphiles, leading to the formation of a single species of
organic nanotube based on an unsymmetrical monolayer mem-
brane with a head-to-tail stacking motif.32,55,72 A novel type of
wedge-shaped glycolipids 20(n) (Chart 6) were designed and
synthesized, in which ethylenediamine moiety was linked to
the carboxylic terminal of 18(n). The self-assembly of a
film-like solid of 20(n), which was obtained by evaporation
of the DMF solution, was observed to produce one-dimension-
al molecular assemblies, depending on the spacer length (n).32

Namely, the glycolipids 20(n) gave nanotubes and nanotapes
for n ¼ 18 and 20, and for n � 17, respectively (Figures 9a
and 9b, each left image). When the carbon number of the
spacer is n � 17, the CH2 scissoring band gives two sets of
IR bands ascribable to an orthorhombic perpendicular subcell
structure of alkyl chains (Figures 9a and 9b, each right figure).
In the case of n ¼ 18 and 20 a single IR band ascribable to tri-
clinic or monoclinic parallel subcell structure is observable.
Furthermore, the small angle XRD for each nanotube showed
a single reflection peak, supporting a lamellar structure based
on the monolayer membrane. In particular, we found that the
obtained long-range periodicity is slightly larger than the ex-
tended molecular length for n � 17, whereas shorter than those
for n ¼ 18 and 20 (Figure 10). These findings strongly support
that the resultant nanotubes from 20(18) and 20(20) consist of
unsymmetrical monolayer membranes with amino and glucose
groups at the inner and outer surfaces, respectively. In other
words, unique organic nanotubes with different inner and outer
surfaces turn out to be exclusively obtainable via optimized
self-assembly of rationally designed amphiphiles. It should
also be noted that by controlling the pH values of aqueous
dispersions during self-assembly we can obtain two types of
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Figure 8. (a) TEM image of the self-assembled lipid nano-
tubes from 18(16). (b) The histograms of inner diameters
observed for the self-assembled lipid nanotubes from
18(12), 18(14), 18(16), 18(18), and 18(20) from the top.
Calculated inner diameters based on a simulation are also
shown in parentheses.
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organic nanotubes independently with 20–25 and 70–80 nm
inner diameters.32

5.4 Wedge-Shaped Glycolipids with an Oligoglycine
Moiety at One End. To further stabilize unsymmetrical mono-
layer membranes by fixation of the participating molecules,
we attempted to examine the possibility of non-covalent stabi-

lization through the formation of a two-dimensional hydrogen-
bond network around the inner surfaces. Keeping this in mind,
we designed and synthesized wedge-shaped glycolipids
21(n;m) (Chart 7) that possess an oligoglycine (1–3 glycine
residues) moiety with a terminal amino group at one end and
a glucose moiety at the another end.73 The self-assembly be-
havior of 21(n;m) was found to strongly depend on the number
of glycine residues (m). With increasing the number of glycine
residues from m ¼ 1 to m ¼ 3, the self-assembled morpholo-
gies varied from nanofiber to nanotube architectures. The
CH deformation (1418 cm�1) and CH skeletal vibration IR
bands (1026 cm�1) attributable to polyglycine-II-type hydro-
gen-bond formation20,57,58 became remarkable in intensity for
the glycolipids 21(n; 3) with tri-glycine residues at one end.
These findings strongly support the structural stabilization of
the monolayer membranes by non-covalent hydrogen bonding.
In reality, the CH2 scissoring vibration band in FTIR gave a
single peak at 1473 cm�1, suggesting the formation of unsym-
metrical monolayer membrane. Detailed electron microscopic
observation revealed that the resultant nanotubes possess 7–
9 nm inner diameters and 3–4 nm thickness (Figure 11). To
the best of our knowledge, the present self-assembled organic
nanotube from 21(11,3) can be recognized as that with the
smallest inner diameters among the lipid nanotubes examined
so far by electron microscopy.2 Another unique characteristic
is to have a monolayer membrane as well.

6. Single-Head–Single-Tail-Type Peptide Amphiphiles

The self-assembly behavior of peptide bolaamphiphiles
1(n), 2(n), and 3–6 with carboxylic terminals has been describ-
ed in Section 3. We describe here the self-assembly in water of

Figure 9. STEM images and the CH2 scissoring IR bands
for (a) the self-assembled nanotapes and (b) nanotubes
from 20(n). The STEM images are shown for the nano-
tapes from 20(16) and 20(20), respectively.

Figure 10. (a) The monolayer membrane (MLM) stacking
periodicities (d) of the self-assembled nanotapes and
nanotubes, which were estimated by XRD, plotted against
the chain length of the oligomethylene spacer. The extend-
ed molecular length (L) of 20(n) is also plotted. (b) XRD
patterns of the self-assembled nanotapes and nanotubes
from the short chain 20(n) (n ¼ 12, 14, 16, and 17) and
long chain 20(n) (n ¼ 18 and 20), respectively.
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Figure 11. TEM image of the self-assembled lipid nano-
tubes from 21(11,3) and their possible molecular packing.
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the sodium salts of single-head–single-tail-type peptide amphi-
philes 22(n) (Chart 8), in which the glycylglycine residue is
linked to the carboxylic group of saturated fatty acids with dif-
ferent alkyl chain lengths. Just mixing the aqueous solution of
22(n) with diluted acetic acid or with those of transition-metal
cations that include copper(II) acetate, manganese(II) acetate,
or iron(III) chloride resulted in the perfect self-assembly of or-
ganic nanotubes at room temperature and under ambient con-
ditions.74 The outer and inner diameters of the resultant nano-
tubes can be regulated from 60 to 500 nm, and from 20 to
150 nm, respectively, strongly depending on the alkyl chain
length as well as the metal cations used. For example, the or-
ganic nanotubes that self-assembled from both 22(13) and di-
lute acetic acid solutions give dimension of 60–80 nm outer di-
ameters and 25–35 nm inner diameters. The combination of
22(13) with copper(II) acetate produces nanotubes of 100–
120 nm in outer diameter and 30–40 nm in inner diameter
(Figure 12).

Each peptide amphiphile forms lipid bilayer membranes
stabilized by a polyglycine II hydrogen-bond network20,57,58

among the glycine residues, which stack with 5–30 layers to
form the nanotube membrane wall. Furthermore, transition-
metal cations such as Cu2þ coordinate to the terminal carbox-
ylate anions of the amphiphile, producing a rare example of
nanotubes with alternatively stacked layers of both cations

and lipid bilayers (Figures 12b and 12c). It should also be
noteworthy that such hybrid nanotubes can function as a
self-template to fabricate metal or metal-oxide nanotubes by
chemical reduction or calcination since the transition-metal
cations distribute in cylindrical layers. In reality, calcination
of copper-coordinated organic nanotubes at 500 �C in air was
found to produce copper oxide nanotubes efficiently.74

7. Glycolipids with a Polymerizable Functional Group

To provide tolerance toward a variety of solvents and heat-
ing with organic nanotubes, we attempted to polymerize or-
ganic nanotubes by using the self-assembled molecular struc-
ture as a matrix. We started by synthesizing the glycolipid
23 (Chart 9) with a polymerizable diacetylenic functional
group in the middle of the hydrophobic chain. The glycolipid
23 self-assembled in water to give nanotube structures with
80–120 nm inner diameters before polymerization.75 The
XRD and FTIR analyses revealed that the molecules form an
unsymmetrical monolayer membrane with a head-to-tail stack-
ing motif, resulting in parallel molecular packing with a tilt an-
gle of 45�. These features of molecular packing were suitable
for topological polymerization of the diacetylenic groups. We
therefore tried to polymerize the diacetylenic groups in the re-
sultant nanotube matrix by irradiation of UV light to an aque-
ous dispersion of the nanotubes. Consequently, the dispersion
turned reddish purple, suggesting the formation of polydiace-
tylenes with the progress of polymerization (Figure 13). Dried
glycolipid nanotubes before polymerization melt at 145 �C,
whereas the polymerized nanotubes keep the tubular morphol-
ogy at temperatures below 190 �C. In addition, unpolymerized
organic nanotubes dissolve in water as monodispersed mole-
cules at 60 �C, whereas the polymerized nanotubes stably pre-
serve their morphologies even at 100 �C. Similar tolerance to-
ward solvents was also found for the polymerized nanotubes
from polymerizable 1-glucosamide glycolipid 24(n) (Chart 9),
in which the cis double bond in 12–14 was replaced with a di-
acetylenic group.76

8. Control of Self-Assembled Morphology and Length

8.1 Continuous Morphological Control from a Twist to
Tubes via Coils. Molecular organization with a variety of
molecular building blocks through self-assembly fabricates
not only nanometer scaled structures but also templates useful
for hybridization with metals, inorganic materials, and bioma-
terials.2,77–87 In other words the molecular self-assemblies,
with both high aspect ratios and well-regulated dimensions
of length, thickness, and diameter within a single nm, can tem-
plate sol–gel reaction of metal alkoxides. Therefore, if we can

Na O
N

N

O

O

O
(CH2)n-2

CH3

22(n)

H

H

Chart 8.

Figure 12. (a) TEM image of metal-coordinated lipid
nanotubes from 22(13) and (b,c) their possible molecular
packing.
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T. Shimizu Bull. Chem. Soc. Jpn. Vol. 81, No. 12 (2008) 1561



regulate the dimensions of the organic self-assemblies more
precisely and fabricate them, we could produce desirable inor-
ganic or hybridized nanomaterials with well-defined dimen-
sions, which merit application.87 We found that the saturated
7a and monoene 7b components self-assemble into twisted
ribbon and nanotube architectures, respectively.28,30 If both
components are ideally mixable and binary self-assembly in
any composition is possible, we could produce any one-dimen-
sional structure ranging from a twisted ribbon to tubular
morphology as desired. We therefore carried out the binary
self-assembly of 7a with 7b by continuously changing the mix-
ing compositions. Consequently, the resulting self-assembled
morphologies were able to be varied continuously in such a
fashion as from a twisted ribbon to tubes via a coiled ribbon
(Figure 14).28 These results mean that by optimizing the com-
position we can freely produce one-dimensional coiled ribbons
as desired.

8.2 Length Control. The technical need for length control
of organic nanotubes is great. It is however, still difficult to ac-
complish length control only by optimizing molecular struc-
tures such as the molecular backbone or the position of func-
tional groups. Instead, related research has so far attempted to
vary the solvent composition used for self-assembly, or to con-
trol the cooling rate around Tg{l on self-assembly.88 We ap-
plied gentle mechanical stirring to an aqueous dispersion con-
taining organic nanotubes by using a magnetic stirrer. As a re-
sult, stirring at 500 rpm for 6 h was demonstrated to successful-
ly reduce the intrinsic length of several hundred mm nanotubes
to 1–10mm.89 We found it a facile method to change the stir-
ring rate and time for uniform shortening of the nanotube
length.

9. Unique Properties and Encapsulation
Functions of Hollow Cylinders

The polarity of confined water in the hollow cylinder of the
self-assembled nanotubes from 7 proved to be relatively lower
by approximately 20% than that of bulk water, corresponding
to that of ethanol.90 The viscosity of the confined water shows

3–4 cP, corresponding to that of bulk water at �20 �C. That
value is 3–4 times as large as that of water at room tempera-
ture. Thus, the water in geometrically confined nanospace dis-
plays many unique properties different from general bulk wa-
ter.90,91 Furthermore, the self-assembled nanotubes from 13
displayed a novel function, encapsulating guest substances
with 10–50 nm dimensions into the nanochannel shaped by
the hollow cylinders. In particular, capillary action allows us
to effectively fill the nanotubes with, for example, gold nano-
particles (1–50 nm),92,93 cadmium sulfide (2–3 nm),87 magnet-
ite (ca. 10 nm),33 spherical protein Ferritin (12 nm),94 and
green fluorescent protein (GFP, 3� 4:5 nm) (Figure 15). We
have also reported that electrostatic interaction between the
guests and inner surfaces of the nanotubes is also critical to
promote the encapsulation of such guests without depending
on capillary force. For example, the self-assembled nanotubes
from 20(18) can possess positive charges in part on the inner
surfaces by protonation depending on the pH conditions of
the aqueous dispersion. We have demonstrated that such cat-
ionic nanotubes efficiently encapsulate negatively charged
anionic guests including polymer latex beads (20 nm), Ferritin
(Figure 16a), and double-stranded DNA (56mm long).32,55 In
contrast, the same nanotubes cannot load any positively
charged guests like DNA-binding protein from starved cells
(Dps, 9 nm) (Figure 16b). Conversely, anionic nanotubes
(i.d. = 20 nm) with negatively charged carboxylic acid which
self-assembled from 18(18), can encapsulate Dps (Figure 16c),
but not Ferritin (Figure 16d). Interestingly, when using the
self-assembled nanotube from 13 with no charges at any sur-
faces, we found that it can no longer encapsulate guests even
by mixing the nanotube and guest solutions. This finding con-
trasts remarkably with the view that it can do so by capillary
action. Very recently, we have succeeded in evaluating the
one-dimensional diffusion constant for gold nanoparticles

Figure 13. UV polymerization of 23 using a self-assem-
bled nanotube architecture as a reaction matrix.

Figure 14. TEM images and each schematic illustration for
the self-assembled twist from 7a, coil from 7b (after short
incubation), and tube morphologies from 7b (after long
incubation).
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(1.4 nm wide) and Ferritin that diffuse in the confined liquid-
phase nanochannel formed by organic nanotubes.32 The details
of the nano-bio applications of a variety of self-assembled
nanotubes are reviewed elsewhere.33

10. A Massive Production of Organic Nanotubes

It is of great interest to spread self-assembled organic nano-
tubes into our life through their industrialization. For that pur-
poses, we reconsidered the chemical structures of molecular
building blocks in terms of both cost decrease and high safety
of starting materials for synthesis. To put it concretely, we fo-
cused on the three molecules; the glycolipid 14, in which the
glucose moiety is connected to oleic acid via amide linkage,
as well as the peptide lipids 25(n) (n ¼ 12 and 14) (Chart 10),

in which glycylglycine moiety is coupled with lauric or myris-
tic acids via amide linkage. Interestingly, after self-assembly
of those molecules in alcoholic solvents such as ethanol, we
found that evaporation of the solvent for concentration leaves
tubular materials as powder solids.95 Depending on the molec-
ular structures used for self-assembly, the inner diameters were
found to range from 40 to 200 nm, outer diameters from 70 to
500 nm, and the length more than several mm. Since organic
solvents can well dissolve the tube-forming amphiphiles, one
can obtain the nanotubes in quantities thousands greater than
those when using the same volume of water (Figure 17). As
compared with self-assembly in water, it is completed in a sin-
gle step and produces organic nanotubes in a short time. We
can produce more than 100 g of organic nanotubes in the lab-
oratory and more than 10 kg in a factory setting. The trade
mark ‘‘organic nanotube AIST�’’ was registered for three
kinds of nanotubes in 2006. Samples of organic nanotubes
are currently provided to private enterprise for counter value
after making an agreement of material transfer.

11. Future Aspects

A few years ago, it was not an exaggeration to say that
nanotubes means carbon nanotubes because of extensive stud-
ies and a large number of related achievements. The inner di-
ameters of well-known carbon nanotubes are in the 1–10 nm
range and the two terminal ends are generally closed. To ac-
complish encapsulation experiments, one has to open both
ends by harsh chemical reaction.96 Furthermore, high vacuum
and high-temperature conditions, which are not always appro-

Figure 15. TEM images for the self-assembled lipid nano-
tubes from 13, which encapsulate (a) gold nanoparticles,
(b) cadmium sulfide, (c) magnetite particles, and (d) ferri-
tin.

Figure 16. (a) TEM images of the lipid nanotubes from
20(18) that show effective encapsulation ability for (a)
ferritin and (b) no encapsulation of Dps. (c) TEM images
of the lipid nanotubes from 18(18) that show effective
encapsulation ability for Dps and (d) no encapsulation of
ferritin.

HO
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O
(CH2)n-2
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H

Chart 10.

Figure 17. One hundred grams of lipid nanotubes prepared
with 14 and the SEM image of the solid powders.
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priate to load biomolecules into the hollow cylinder, are re-
quired to encapsulate some objects. In contrast, self-assembled
organic nanotubes are expected to play a leading role in meso-
scale host–guest science since they intrinsically possess two
opened ends, appropriate flexibility of the membrane wall,97,98

and tunable surface functionalities.32,99 To fabricate rationally
designed nanotube hosts, one has to take diverse structural fac-
tors including functionalities of inner surfaces, the kind and
distribution of inner surface charge, the inner diameter, and
the nanotube length into consideration. Those factors do not
need to be considered in conventional host–guest chemistry us-
ing low-molecular weight host compounds like cyclodextrin
and cyclophanes. Recently, nanoporous alumina and polycar-
bonate membranes have been known to template a variety of
polymer nanotubes.100,101 However, the self-assembly proce-
dure, in which a large amount of self-assembled nanotubes
form as precipitates after concentration of the solvent used,
is much superior to the template method from the viewpoint
of a massive production of organic nanotubes. Although there
are still many unknown or unresolved issues regarding the
properties and formation mechanism, organic nanotubes are
of increasing interest.
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