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1. INTRODUCTION

This article introduces nanofibrillar structures created by
self-assembling. The term “self-assembled nanofibers” refers
to strands with various shapes such as helices, ribbons, and
tubes. Biological organisms are constructed by molecular
building blocks and these molecules are assembled sponta-
neously through various intermolecular interactions [1-6].
Life itself is hierarchically composed of self-assembling
molecular building blocks.

There are many kinds of assembled nanofibers in nature.
DNA is a double-stranded molecule [7-11]. Each spiral-
ing strand, comprised of a sugar-phosphate backbone and
attached bases, is connected to a complementary strand
by noncovalent hydrogen bondings between paired bases.
Actin forms twisted, rope-like filaments known as F-actins,
which are made up of identical building blocks called G-
actin subunits {12-14]. Tobacco mosaic virus, for example,
forms 300 nm in length x 18 nm in diameter rod-like assem-
blies composed of 2130 identical protein-armored cylindri-
cal RNAs [15-19]. Each protein subunit contains 158 amino
acids.

On the other hand, many artificially self-assembled
nanofibers have also been reported in the last two decades
[20-32]. Various aggregation morphologies such as helices,
tubes, fibers, and ribbon-like and rod-like morpholo-
gies have been identified by optical, electron, and probe
microscopic observations. Most of their root compounds
were serendipitously discovered to form self-assembled
nanofibers [33]. The morphologies and properties of these
molecular assemblies have attracted the interest of many
researchers in a wide range of research fields.
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The self-assembled nanofibers themselves can be obtained
by simple preparation methods—for instance, by dispersing
compounds into media by heat or sonication and then allow-
ing them to stand at a given temperature for a few minutes
to several days. These self-assembled nanofibers are inter-
esting due to their numerous potential applications and for
understanding biological systems.

Now it is possible to select from a large number of
molecular models because many synthetic compounds have
been found to form self-assembling nanofibers as well as
biomolecules. In this article, the authors would like to intro-
duce self-assembled nanofibrillar aggregates, and specific
attention will be paid to aqueous bilayer membrane systems
and organogel systems. These self-assemblies show not only
unique morphologies but also high molecular orientation
toward special functions, for which molecular chirality is
an especially important factor. Mirror images of morpholo-
gies are formed from enantiomer, and racemates will often
destroy developed aggregates [34, 35]. This suggests that
chirality is not unrelated with the evolution of life. Well-
designed, self-assembled nanofibers can support nanoscopic
technologies and their applications.

2. NANOFIBERS FROM
COVALENT SYSTEMS

Carbon nanotubes were first discovered in 1991 by S. lijima
et al. as a by-product, while they were examining the gener-
ation mechanism of fullerene [36, 37]. These carbon nano-
tubes form a graphite structure made of a net-like carbon
surface in the shape of a cylinder, and both single-wall car-
bon nanotubes (SWNT) (Fig. 1a) [38, 39], consisting of a
single graphitic carbon sheet, and multi-wall carbon nan-
otubes (MWNT) (Fig. 1b) [37] with a multi-wall structure
have been confirmed. The diameter of the single-wall nano-
tubes is 3 nm and its central cavity is 1-2 nm. On the other
hand, the diameter of multi-wall nanotubes ranges from 5-
50 nm and the outer diameter of the central cavity can
be from 3-10 nm. Characteristically, their lengths exceed
10 pm and both types have a high aspect ratio in every
direction. Until now, they were considered expensive solid
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Figure 1. (a) Single-wall and (b) multiwall carbon nanotubes [36-38],
and (c) single-wall organic nanotube [21] and (d) organic micro-
tube from synthetic lipids {43]. Reprinted with permission from [36],
S. lijima, Nature 354, 56 (1991). © 1991, from [21], K. Yamada et al.,
Chem. Lett. 1713 (1984). © 1984, The Chemical Society of Japan;
and from [43], N. Nakashima et al, J. Am. Chem. Soc. 107, 509
(1985). © 1985, American Chemical Society.

carbon compounds as their yield was low. Presently, how-
ever, these materials can be created relatively cheap using
new industrial methods [40, 41] including discharge, laser
evaporation, and catalyst chemical vapor deposition meth-
ods, and their application in various fields is being actively
explored.

On the other hand, the history of organonanotubes pro-
duced from organic matter is much older. In 1984, one of
the present authors confirmed that one polypeptide lipid
formed aggregates in the shape of a tube with an inner diam-
eter of 4-10 nm and a length of 50-200 nm by self-assembly
in an aqueous solution (Fig. 1c) [21]. Since the width of
the wall was approximately 5 nm, it is presumed to have
been formed as a single-wall bilayer. Nanotubes from longer
single-wall bilayers have also been reported in subsequent
research [24, 31, 32]. Nakashima et al. discussed microtubes
(Fig. 1d) based on bilayer structures [42, 43].

In 2001, Science chose carbon nanotubes as one of the
top 10 research domains, and growing interest in nanotubes
from the field of molecular device physics indicates their
application potential in the electronics industry of the future.
Especially, SWNTSs of approximately 1 nm in diameter have
been shown theoretically [44-49] and experimentally [50-53]
to become both metal-like and semiconductor-like, and the
production and operation of transistors using carbon nan-
otubes has been reported [54].

Research has already begun on the electronic charac-
teristics of hybrid structures created by inserting differ-
ent molecules into the space in the center of a nanotube.
Iijima and Smith et al. have reported one-dimensional crys-
tallization of C60 molecules by Van der Waals interaction
formed by introducing fullerene into nanospace through
the deficit part of SWNT and annealing it [55-57]. Fur-
ther tests have been performed by inserting Ga encapsulated
fullerene (Ga@C82) into the SWNT instead of C60, and
these results also showed the formation of structures crystal-
lized in one dimension by regular intervals like C60 (Fig. 2a)
[57]. On the other hand, similar encapsulation behavior can
be attained by organic nanotube systems. Shimizu has excel-
lent photographs of vesicle-encapsulated nanotubes (Fig. 2b)
[58].
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Figure 2. TEM images of (a) carbon nanotube encapsulated
Ga@C82 [57] and (b) organic nanotubes encapsulated vesicles [58].
Reprinted with permission from [57], S. lijima, Physica B 323, 1
(2002). © 2002, Elsevier Science; and from [58], T. Shimizu, Macromol.
Rapid Commun. 23, 311 (2002). © 2002, Wiley-VCH.

In contrast to organonanotubes, carbon nanotubes have
an essential characteristic property of high electroconductiv-
ity, as well as a stable chemistry structure and a morphology
that can be kept stable as well. For these reasons, these
nanomaterials are certain to be very important in future
nanotechnology [54, 59-62]. However, conversely, only
limited chemical modification can be performed and addi-
tion or conversion of functions is not easy. Self-assembling
organotubes, on the other hand, are admittedly unstable
both physically and chemically, but the molecules that form
them can be exchanged by taking advantage of their aggre-
gate feature, allowing them to take on many different kinds
of functions. Moreover, morphologically, they do not neces-
sarily generate tubes alone—various nanofibrillar aggregate
morphologies are possible, among which the tube-like aggre-
gate is simply comparatively one of the most stable. This
section will end with a brief description of the names of var-
ious morphologies that have been produced by self-assembly
until now (Fig. 3).

(a) (b) © (d (e) ®

Figure 3. Classification of nanofibrillar aggregates. (a) rope-like fibril,
(b—¢) multistrand fibril, (d) twisted ribbon-like fibril, (e) helical ribbon-
like fibril, and (f) tubular fibril.
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3. NANOFIBERS FROM
NONCOVALENT SYSTEMS

3.1. Characterization

Self-assembled nanofibers are generally prepared by dispers-
ing into aqueous or nonaqueous (organic solvents) media
with heating and sonication procedures, and then allow to
stand the solution at designated temperature for few min-
utes to several days. Some cases are accompanied by macro-
scopic transformations through formation of well-developed
aggregates. A typical example is a viscosity increase and,
thus, the judgment of gelation of organic solvents are con-
ventionally carried out by an inversion fluid method [63].
Microscopic techniques are useful for observation of
aggregation morphologies—optical microscopes and scan-
ning and transmission electron microscopes (SEM and
TEM). Typical examples will be shown in Figures 1, 2, 5, 8,
and 13. Scanning probe microscopes such as atomic force
microscope (AFM) have also been used to obtain detailed
information on the self-assembled morphologies. Figure 4
shows typical AFM images of the lithosatahine protofib-
riles [64]. A large number of photographs and images of
self-assembled aggregates show various fiber-like morpholo-
gies such as rods, tubes, helices, ribbons, tapes, and twisted
multiple strands. The freeze-fracture and freeze-drying tech-
niques can be combined with these microscopic observa-
tions. Small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) are important techniques to
obtain the information of practical quantities such as diam-
eter, thickness, and length of aggregates. Figure 5 shows
an example of the powder X-ray diffraction (XRD) spectra
of zerogels prepared by freeze-drying of fibrillar aggregate-
containing organogels. The authors discussed the molecu-
lar packing mode [65]. Thermodynamic properties are, in
most cases, performed by differential scanning calorimeter
(DSC) [66-73]. Most self-assembled aggregates show phase-
transition phenomena such as gel (crystal)-to-liquid crys-
tal and gel (crystal)-to-sol, and thus physicochemical prop-
erties of the aggregates drastically change at their transi-
tion temperatures. Spectroscopic observations provide infor-
mation on molecular orientations, packing states, and lat-
eral diffusion behavior. UV-visible [32, 69, 73-76], Fourier
transform infrared (FT-IR), circular dichroism (CD) [21,

Figure 4. Morphological characterization of lithostathine protofibrils by
tapping mode AFM in air (a), and in solution (b).
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Figure 5. Powder XRD spectra of xerogels prepared from neat gels
with the azobenzene-containing cholesterol derivatives [65]. Reprinted
with permission from [65], J. H. Jung and S. Shinkai, Journal of Inclu-
sion Phenomena and Macrocyclic Chemistry 41, 53 (2001). © 2001,
Kluwer Academic Publishers.

22, 32, 73, 76-78], fluorescence [79, 80], and nuclear mag-
netic resonance (NMR) [81] spectrometers have been widely
used for investigation and analysis on the molecular ori-
entation. Typical investigations are found in chromophore-
containing lipid systems. Shimomura et al. discussed on H-
or J-aggregations with A, -shift of a UV-visible spectra [82].
Thara et al. discussed chiral-stacking behavior among the
sorbyl groups of lipids with both UV-visible and CD spec-
tra [32]. They also discussed the photo-induced polymeriza-
tion process by following the spectral changes. Hachisako
et al. discussed the critical aggregation concentration with
visible spectral change induced by the isomerization of the
spiropiran-containing lipid [83]. Schnur et al. discussed the
relationship between the molecular chirality of lipids and
the helicity of aggregation morphology with CD spectra [84].
These suprastructural aggregates often provide specific bind-
ing behavior for guest molecules such as dyes. These phe-
nomena can also be detected by UV-visible and CD spectra
[76, 85-87]. Fluorescence spectra are helpful for knowing
the microenvironment around lipids. Sagawa et al. reported
excimer formation when a pyrenyl group-containing lipid
forms highly ordered aggregates in organic solvents [80].
These typical spectral data are shown in Figures 6 and 12.

3.2. Nanofibers in Aqueous Systems

Bio-membranes are spontaneously organized from many
kinds of molecules such as phospholipids, proteins and
polysaccharides. Some phospholipids (N-1 ~ N-4) listed in
Figure 7, which are representative of amphiphiles, form
bilayer membrane structures spontaneously in water and
their hydrophobicity is a major driving force in the aggrega-
tion and maintenance of the bilayer structures. These lipids
usually form small globules and vesicles in water. A typical
example is the vesicular structures observed when soybean-
derived phosphatidyl choline is dispersed in water, which
was reported in 1965 [88].

In 1977, Kunitake et al. reported in a landmark study
that didodecyldimetylammonium bromide, as a totally syn-
thetic lipid, could form bilayer structures in water [33].
Since this turning point, a large number of double-chain
alkyl amphiphiles have been synthesized and characterized
by many researchers. These findings led to the next step
of lipid chemistry. Nobody doubts that the number of alkyl
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Figure 6. Typical spectral data for self-assembled nanofibers: (a) UV-
visible spectra of the azobenzene-containing single alkyl-chain lipid
in aqueous solution systems [82]; (b) CD spectra of the sorbyl
group containing double chain-alkyl lipid in aqueous solution sys-
tems [32]; (c) CD spectra of 1,2-bis(tricosa-10,12-diynoyl)-sn-glycero-
3-phosphocholines in aqueous solution systems [84]; (d) fluorescence
spectra of the pyrene-containing double alkyl-chain lipid in organic sol-
vent systems [80]. Reprinted with permission from {82], M. Shimomura
et al., Ber. Bunsenges. Phys. Chem. 87, 1134 (1983). © 1983, Wiley VCH;
from [32], H. Ihara et al., Langmuir 8, 1548 (1992). © 1992, Ameri-
can Chemical Society; from [84], J. M. Schnur et al., Science 264, 945
(1994). © 1994, American Association for the Advancement of Science;
and from [80]. T. Sagawa et al., Langmuir 18, 7223 (2002). © 2002,
American Chemical Society.

chains in a hydrophobic part is not directly related whether
or not a lipid can form bilayer structures but its molecular
shape and intermolecular interaction are rather important.

It has been recognized that bilayer membrane structures
can be formed from single chains [20, 89], triple chains
[90], and others [29]. Also a hydrophilic part is not within
the specified structure. It has been reported forming bilayer
membrane structures from amphiphiles with anionic and
nonionic groups, as well as twitter ionic and cationic groups.

Through these investigations, in 1984, one of the authors
found that special synthetic lipids (B-1a) with hydrophilic
oligopeptide head groups can form helical or tubular struc-
tures in water (Figs. 8a and 8e) [21]. This finding is signifi-
cant in light of the fact that the thickness of the aggregates
corresponds to that of single-walled bilayer structures and
that the tubular and helical forms are closely related. At the
same time this report on similar tubes through lipid aggre-
gation was published, Nakashima et al. reported that helical
ribbon-like aggregates could be produced from L-glutamate-
derived lipids but that these were much larger—in microsize
rather than nanosize [42, 43]. Further investigation made it
clear that the helical form was rather an intermediate to the
tubular form and that the formation of fibrillar structures
with helices and tubules is deeply related to their chiral
properties [22, 24, 31].
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Since 1984, many researchers have designed and synthe-
sized chiral lipids that produce nanofibrillar structures in
water. They can be roughly classified into two categories:
(1) micellar-based aggregates, and (2) bilayer sheet-based
aggregates. Figure 7 includes the chemical structures of syn-
thetic lipids that can form nanofibrillar aggregates in water.

3.2.1. Micellar-Based Fibrillar Aggregates

It may be difficult to define a micellar system, but one
well-known case of micellar-based aggregates from N-alkyl
aldonamides (B-6) and a series of diastereomeric and enan-
tiomeric N-octylaldonamides has been studied by Fuhrhop
et al. since 1987 [91]. Their TEM microscopic observations
indicated that the solubilities and aggregation morphologies
of aldonamides depended directly on the stereochemistry
of their polyol head groups (Fig. 8g). All antichain head
groups, like D-Man for instance, of N-octylaldonamides-
induced formation of sheet-like aggregates based on bilayer
structures, and highly irregular chain (i.e., twisted chain)
conformations, like D-Alt and D-Ido for instance, induced
high water solubility with no consequent aggregation. On the
contrary, cylindrical micellar aggregates were obtained from
N-octylaldonamide with L-Glu, D-Glu, and D-Tal head
groups. It was estimated that a moderate molecular bending
at the head group induced high curvature in the aggregates.
They proposed a model of fibrillar (cylindrical) micelles
and then this arrangement was supported by 'H-NMR
spectroscopic measurements [92]. Furthermore, it was con-
firmed by detailed TEM observations and image-processing
that micellar fibrils often produced multihelices by twist-
ing themselves. N-Octyl and N-dodecyl-D-gluconamides
formed self-organized quadruple helices with magic angles
whose pitch is equal to 27 x molecular bilayer diameter.
Figure 8h shows its TEM image and a contour line diagram
obtained by image analysis [93]. Here, each micellar fib-
ril preserved its independence without fusion. A computer
model of quadruple micellar fibrils is also shown in Figure 9.

In 1992, Imae et al. [94] reported that N-acyl amino
acids formed fibrillar, distorted fibrillar, or twisted ribbon-
like aggregates (Fig. 8i), and their aggregation morpholo-
gies were dependant upon the types of amino acids and
pH of aqueous solutions. Transmission electron microscopic
observations showed that N-dodecyl-L-aspartic acid and N-
dodecyl-L-alanine formed distorted fibers (pH = 3.6-5.5,
temperature < 12 °C) and cylindrical structures without dis-
tortion (pH < 6.0, ambient temperature), respectively. Since
N-dodecyl-L-glutamic acid formed globular aggregates, it
was estimated that the bulkiness of the head group may have
influenced the aggregation morphologies. Similar micellar
formation was observed in poly(amino acid)s with terminal
dialkyl groups. Their aggregation morphology is influenced
by the pH-dependant secondary structures of poly(amino
acid)s as head groups (B-1, 2, 3). [22, 30, 31] The com-
plex B-9 is known as bolaamphiphiles, which form spher-
ical micelles or vesicles in aqueous solutions as well as
amphiphiles. B-9 is an asymmetric bolaamphiphile with one
amino acid head group and one ammonium chloride head
group. The diameter of their fibers is 2.5 nm, which corre-
sponds exactly to that of micellar monolayers. (Fig. &j) [58].
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Figure 7. Chemical structures of aqueous bilayer membrane-forming chiral lipids (Ref.: B-1a [21, 24], B-1b [22, 24], B-1c [31], B-2 [24], B-3 [30],

B-4 [76], B-5 [170], B-6 [91, 92],
[103], B-18 [32]).

B-7 [94], B-8 [58], B-9 [94], B-10 [95, 96], B-

11 [74], B-12 [29], B-13 [26], B-14 [28], B-15 [25], B-16 [103], B-17



Figure 8. Various nanofibrillar aggregates from aqueous lipid mem-
brane systems. (a) B-1a [21], (b) B-3, (c) B-3 [30], (d) B-1b [22], (e)
B-1a [21], (f) B-3 [30], (g) D-talonamide derivative [27], (h) N-octyl-D-
gluconamide [93], (i) N-dodecanoyl-B-alanine [94], (j) bolaamphiphile
[58], (k) B-10 [95], (m) B-10 [96], (n) B-12 [29], (p) B-13 [26], (r) B-14
[28], (s) B-15 [25], (t) B-16 [103], (u) B-18 [32]). Reprinted with per-
mission from [21], K. Yamada et al., Chem. Lett. 1713 (1984). © 1984,
The Chemical Society of Japan; from [30], H. Thara et al., J. Chem.
Soc. Jpn. 1047 (1990). © 1990, The Chemical Society of Japan; from
[27], J.-H. Fuhrhop et al., J. Am. Chem. Soc. 110, 2861 (1988). © 1988,
American Chemical Society; from [93], J. Koning et al., J. Am. Chem.
Soc. 115, 693 (1993). © 1993, American Chemical Society; from [94],
T Imae et al., J. Am. Chem. Soc. 114, 3414 (1992). © 1992, American
Chemical Society; from [58], T. Shimizu, Macromol. Rapid Commun.
23, 311 (2002). © 2002, Wiley-VCH; from [95], R. Oda et al., Nature
399, 566 (1999). © 1999, Macmillan Magazines Ltd; from [96], R. Oda
et al., Angew. Chem. Int. Ed. 37, 2689 (1998). © 1998, Wiley-VCH; from
[29], N. Kimizuka et al., Chem. Lett. 29, (1990). © 1990, The Chemical
Society of Japan; from [26], I. Cho and J. G. Park, Chem. Lest. 977
(1987). © 1987, The Chemical Society of Japan; from [28], H. Yanagawa
et al., J. Am. Chem. Soc. 111, 4567 (1989). © 1989, American Chemical
Society; from [25], J. H. Georger et al., /. Am. Chem. Soc. 109, 6169
(1987). © 1987, American Chemical Society; from [103], T. Kunitake
et al., Macromolecules 22, 3544 (1989). © 1989, American Chemical
Society; and from [32], H. Ihara et al., Langmuir 8, 1548 (1992). © 1992,
American Chemical Society.
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Figure 9. A computer model of quadruple micellar fibrils [93].
Reprinted with permission from [93], J. Koning et al, J. Am. Chem.
Soc. 115, 693 (1993). © 1993, American Chemical Society.

3.2.2. Bilayer Sheet-Based Fibrillar
Aggregates

So far, a large number of bilayer-forming lipids have been
reported, including some that can form helical and twisted
ribbon-like aggregates. Their assemblies are based on dis-
torted sheet-like bilayer membranes with large curvature
and are morphologically divided into helical and tubular
structures with cylindrical curvature and twisted ribbons with
Gaussian, saddle-like curvature.

The first observation was reported in 1984. Didodecyl
L-glutamide derivatives with oligo(L-glutamic acid) head
groups (B-1a) formed helical or tubular aggregates [21].
Transmission electron microscopic observations showed that
the B-la formed helical aggregates (Fig. 8a) immedi-
ately after dispersion and then grew to tubular aggregates
(Fig. 8e). It was confirmed that the tubular aggregates were
5-6 nm thick, which corresponds to the thickness of single-
layered bilayer membranes (two molecular lengths) of lipid
B-1a, and their diameters were 20-25 nm. On the other
hand, when the head group is composed of the correspond-
ing DL-glutamic acid, only large sheets without curvature
were produced [24].

In addition, when oligo(L-aspartic acid) was used instead
of oligo(L-glutamic acid) as the head group of B-1b, fibril-
lar and twisted ribbon-like aggregates were formed (Fig. 8d)
[22]. Through these studies, we were also able to reveal the
process of morphogenesis of these suprastructural aggre-
gates by TEM observation and light scattering measurement:

1. B-1b formed globular aggregates with the largest cur-
vature at the initial step;

2. these globules grew to fibrillar aggregates;

3. double or multiple strands were produced and then
fused themselves to make ribbon-like aggregates.

These findings indicate that even a very small difference
between L-glutamic and L-aspartic acid in the head group
strongly influences the morphology of the aggregates. This
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means that aggregation morphology is also very sensitive to
temperature and pH factors because these can drastically
change the secondary structures of the head groups.

Qda et al. described the difference between helical (and
tubular) and ribbon-like aggregates formed from charged
gemini surfactants B-10 with chiral counterions (Figs. 8k
and 8m) [95, 96]. In these studies, helical aggregates were
formed from long-chain (C,5) surfactants, whereas twisted
ribbon-like aggregates were formed from short-chain (C,,
or C,) surfactants. The degree of twist and the pitch of the
ribbons could be controlled by the introduction of opposite-
handed chiral counterions in various proportions.

In 1985, Helfrich and Harbich [97] attempted to define
a theoretical approach for the morphologies of helical and
twisted aggregates. An explanation of these phenomena, Oda
et al. demonstrated their own theoretical approach using the
extended Helfrich model [98-100]. Other researchers have
endeavored to solve a riddle of being between geometri-
cal morphologies and chemical structures [101, 102]. So far,
no consensus has been established, because supramolecular
assembly-forming compounds include many different chem-
ical structures. Several questions still remain; for instance,
the nature of the edge of the bilayers has not been clari-
fied. Future work in both experimental and theoretical stud-
ies will develop technologies for order-made self-assembling
nanofibers.

Two common features necessary for the chemical struc-
ture of molecules that form supramolecular assemblies
are a chiral carbon atom and moieties feasible for inter-
molecular interactions. Artificial chiral lipids that can form
supramolecular assemblies such as helical, tubular, and
ribbon-like aggregates based on bilayer membrane struc-
tures are listed in Figure 7. This includes single chain (B-11)
[74], quadriplex chain (B-12) [29], and cholesterol group (B-
13) [26] as hydrophobic part, and nucleotide group (B-14)
[28] as a hydrophilic part. Moreover, polymerizable moieties
such as diacetyrene group (B-15) [25], acrylate group (B-16,
17) [103], methacrylate (B-13) [26], and sorbate group (B-
18)-containing lipids [32] have been also reported. Figure 8
includes their typical TEM images.

3.2.3. Non-Lipid Based-Nanofibers

The preceding section discussed special nanofiber struc-
tures formed by hydrophobic aggregation and by inter-
molecular interaction with polar groups. Here, is described
the formation of nanofibrillar structures through multiple
hydrogen bonding and, consequently, molecular orientation
(Figure 10).

On the other hand, the construction and structural analy-
ses of aggregates caused by B-structures are also performed
from the viewpoint of protein chemistry [104-108]. For
example, prion proteins from patients with Alzheimer’s dis-
ease or Bovine Spongiform Encephalopathy (BSE) form a
different fiber-like aggregate [109-111] than prion proteins
from a healthy body, and these proteins include S-structure
[112-114].

Although Scrocchi et al. did not aim to produce
nanofibers, they chose an arrangement of 6 out of the 37
residues in the human islet amyloid polypeptide (hIAPP)
amino acids sequence (P-1), and specified the sequence that
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Figure 10. Chemical structures of peptides and other polymers that can
form nanofibrillar aggregates (Ref.: P-1 [109], P-2 [115], P-3 [111], P-4
[192], P-5 [191], P-6 [187], P-7 [198]).
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makes hIAPP B-formed [109]. Consequently, it was found
that the hexapeptides of hIAPP (residues 20-25) promote
B-transition of IAPP most strongly, and were seen to pro-
duce nanofibers (Fig. 11a). This was especially interesting as
it showed that an amino acid sequence of only six residues
could serve as a trigger for proteinic S-form induction to

Figure 11. TEM images of (a) P-1 fibrils after incubation with SNN-
FGA [109], (b) P-2 fibrils obtained from an aqueous solution with
200 eq [115]. NaCl and (c) P-3 aggregates formed from a chloroform
solution [111]. Reprinted with permission from [109], L. A. Scrocchi
et al., J. Mol Biol 318, 697 (2002), © 2002, Academic Press; from
[115], T Sakurai et al., Chem. Lett. (in press). ©—, The Chemical Soci-
ety of Japan; and from [111], R. Jayakumar et al., Langmuir 16, 1489
(2000). © 2000, American Chemical Society.
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form a nanofiber. However, nanofibers of B-structure ori-
gin have extremely low solubility and do not dissolve easily.
Therefore, they are not suitable for use as nanostructure
materials.

To overcome this hurdle, construction of water-soluble
nanofibers from B-structures is now being studied [115].
We have noticed that when sequential oligopeptides with
alternating hydrophilic and hydrophobic residues form
B-structures, they may also be able to form amphiphilic
structures. As an example, a Lys-Leu alternating sequen-
tial oligopeptide (P-2) was synthesized, and it was con-
firmed that helical tape-like aggregates were formed in the
solution. Transmission electron microscopic images showed
that the width of the thinnest portion was approximately
12 nm (Fig. 11b). Moreover, when fluorescence spectra of
pyrenyl chromophores at the terminal end of the main chain
were investigated, we found excimer formation that demon-
strates orientation between the pyrenyl chromophores at the
time of nanofiber formation. On the other hand, neither
nanofiber formation nor excimer generation was observed in
random copolypeptide.

Similar formation of aggregates from B-structures of
oligopeptides (P-3) was reported by Jayakumar et al., who
observed that L-Ileu pentapeptides form aggregates in
toluene and DMF (Fig. 11c) [111]. In this case, how-
ever, they were insoluble and it was not specified whether
nanofiber structure was formed.

3.2.4. Chiral Properties of Suprastructural
Bilayer Membranes

Most nanofibrillar assemblies based on micells and bilayer
membranes possess chiral centers in their structures. Of
course, the chirality of molecules plays an important role in
the production of distorted supramolecular assemblies. We
have observed that oligo(L-glutamic acid)-containing lipids
(B-1a) produce nanofibrillar aggregates including helices
and tubules but that corresponding DL-derivatives produce
only large sheet aggregates [24]. Similar observations have
been made for other lipids (B-6 and 10): enantiomeric com-
pounds form right-handed and left-handed helical aggre-
gates, and equimolar mixtures (= racemates) often induce
drastic morphological change [27, 95]. It is considered that
the molecules in the distorted aggregates pack with slight
angle with their neighbors, and this feature of molecular
orientation produces some unique properties. B-3 [30], in
which dialkyl chains and pyridinium moieties are connected
by L-glutamide through three amide groups, formed helical
and tubular aggregates. Here, DSC measurement showed
two endothermic peaks (with top temperatures of 33 °C
(T,) and 45 °C (T,), respectively) in the heating process
[30]. These aggregates showed extremely strong exciton cou-
pling at wavelengths near the absorption of amide groups
and pyridinium groups. The optical activity of amide groups
changed from negative to positive around T; and optical
activities of both groups disappeared above T, (Fig. 12a).
Neither formation of tubular aggregates nor enhanced CD
spectra were obtained from the corresponding ester-type
compound at which dialkyl chains were introduced through
ester bonds. These results indicate that the three amide
bonds around the chiral carbon play an important role in
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Figure 12. Specific optical activities in (a) B-3 [30] and (b) B-18 aggre-
gates in aqueous solutions [32], and (c) G-11 organogels [163]. (a) The
optical activity changes reversibly depending on temperature. (b) The
CD pattern indicates that the sorbyl groups as polymerizable moiety
are in chirally stacking states among them at a temperature below T..
(c) Polymerization of methylmethacrylate as a bulk solution promotes
stabilization of the highly oriented structure of G-11 aggregates [163].
Reprinted with permission from [30], H. Thara et al., J. Chem. Soc. Jpn.
1047 (1990). © 1990, The Chemical Society of Japan; and from [32],
H. Thara et al., Langmuir 8, 1548 (1992). © 1992, American Chemical
Society.

the formation of supramolecular assemblies. The reversal of
chirality is probably due to change of the molecular orienta-
tion, for instance, from S-chiral to R-chiral. Similar induced
CD spectra based on chirally ordered structure have been
observed in bilayer aggeregates formed by chromophoric
group-containing lipids (B-11 and B-18).

Mirror-image of CD spectrum was obtained in bilayer
membrane aggregates from D- and L-form lipids, respec-
tively [84]. Specter et al. {116] reported on the CD
spectra and TEM observations of diacetylenic phospho-
lipid in various conditions. The CD spectra of R- and
S-enantiomers showed similar patterns but opposite signs
and the CD signal of racemic mixture showed approxi-
mately nothing. Moreover, TEM observations showed that
the R- and S-enantiomers formed tubular aggregates with
the same dimensions, and their racemates also formed
tubular aggregates without dimensional changes. Since the
tubular aggregates of pure enantiomers were grown from
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left- and right-handed helical aggregates, respectively, it was
anticipated that racemic mixture almost phase-separated.

It is well known that achiral dye molecules bound to chi-
ral poly(a-amino acid) show CD spectra (induced circular
dichroism (ICD)) around their absorption bands [117-119].
Similar phenomena have been observed on chiral bilayer
assemblies. When an achiral dye molecule, such as methyl
orange, was added to B-4 aggregates in an aqueous solu-
tion, it combined with the cationic membranes to give three
dispersion species, belonging to S-chirally oriented dimmers
on the surface, monomers on the surface, and monomers
incorporated into the bilayers, respectively [76]. Many chiral
lipids possess similar functions through formation of highly
oriented structures [85-87].

3.2.5. Stabilization of Fibrillar Assemblies

Compared with nano assemblies from lipids, carbon nan-
otubes are useful in light of their physical and chemical sta-
bility, but this stability causes limitations on modification.
The assembling systems, however, provide unlimited oppor-
tunities for modification. For example, the mixing of L- and
D-isomers of B-la causes their racemates to show abso-
lutely different morphologies from their original forms. B-1b
(n = 4) can form only fragmented fibrillar aggregates spon-
taneously, but this morphology can be transformed to well-
developed twisted ribbon-like aggregates by mixing with a
triple chain-alkylated, lipid-forming tubular aggregates [32].
However, these morphological transformations mean to be
so weak for their industrial use. Therefore, it must be valu-
able to stabilize their aggregates. This attempt has been car-
ried out by physical and chemical methods. The chemical
methods are roughly classified into three types as summa-
rized in Figure 13. However, most of these methods include
polymerization, and, thus, the resulting bilayer membranes
lose some functions such as molecular fluidity instead of
obtaining stability. Of course, stabilization is required in
some cases to expand their applications.

Polymerizable lecithins (B-15) with diacetylenic alkyl
chains such as 1,2-bis(10,12-tricosadi-ynoyl)-sn-glycero-3-
phosphocholine (DC; (PC) are known to form tubular
microstructures when their liposomes are cooled below the
chain-melting transition [25]. Tubular and helical structures
from B-15 measured from 0.3 to 3 wm in diameter and from
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Polymerizable type

(E) Polymerizable counter ion

©
ﬁ # W (F) Polymeric counter ion

Figure 13. Stabilization of bilayer aggregates by polymerization.
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5 to over 1000 um in length. Both dimensions depended
on the solvent system (ratio of water-to-alcohol). Irradia-
tion with UV rays or y-rays induced photopolymerization
of diacetylenic units, but the helical or tubular structures
were lost. A series of monoacryl and diacryl double-chain
ammonium amphiphiles (B-16 and 17) were synthesized
for investigation of their dispersion characteristics before
and after photopolymerization [103]. B-16 formed vesicu-
lar aggregates after dispersion into water and transformed
into helices when allowed to stand at room temperature for
1 month. Polymerization of acryloyl groups leads to destruc-
tion of aggregation morphologies.

On the other hand, we reported the dispersion states
and effect of polymerization on the aggregation morphology
from polymerizable lipid (B-18) [32]. The introduction of
polymerizable sorbyl groups at the end of the hydrophobic
alkyl chains is far enough from the chiral carbon in order to
prevent obstruction of the chiral interactions between lipids.
B-18 formed single-wall helical bilayer structures (Fig. 8u)
with large chirality (Fig. 12b) in aqueous solutions below
T. (= 51 °C). Ultraviolet irradiation of the B-18 aggre-
gates caused photoreaction of the sorbyl groups at a rate 25
times faster in the stacked species (below T,) than in the
nonstacked species. This photoreaction was accompanied by
morphological transitions from helical aggregates to tubu-
lar aggregates below T, and to twisted fibrillar aggregates
above T,. Almost no morphological change was observed
as a result of this polymerization over a wide range of
temperatures.

3.3. Nanofibers in Organic Media

Hydrogels can often be formed from aqueous solutions of
hydrophilic polymers, biomolecules such as proteins, and
inorganic materials such as silicates. They have been stud-
ied in detail, and related books [120, 121] and reviews [122]
have been published by many researchers. Some of these
gels and gelators are widely used in industries, food science,
and cosmetic science. Recently, it has been found that some
specia, low molecular weight compounds formed gels in
organic media [123]. These can be referred to as organogels
(organic gels). Organogels are very unique, not only in that
the gelation is induced by three-dimensional network forma-
tion with well-developed fibrous aggregates, but also in that
these aggregates are on the basis of highly oriented struc-
tures like aqueous lipid bilayer membranes. Therefore, they
attract our interest in spite of their instability, and we further
label them “self-assembled organogels” to distinguish them
from conventional gels. Self-assembled organogels include
various fibrillar aggregates such as rods, helices, and sheets,
and the challenge to stabilize their morphologies and molec-
ular orientation to widen their applications is now being met.
In this section, we focus on nanofibrillar aggregates formed
in organic solvents.

Low molecular weight compounds that can produce gels
from organic solvents have been known for 50 years. How-
ever, the gelation of organic solvents and oils as macroscopic
phenomena has been a main subject of interest for several
decades thereafter. From the late 1980’s to the early 1990’s,
several kinds of organogels were discovered simultaneously.
In this period, many researchers joined the research field
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of nano-sized molecular architectures to develop molecu-
lar devices for supersensitive sensors, high-density mem-
ory storage, and so on. It appears that a point-of-view
toward organogels has been shifted into explication and
control of molecular buildings formed from low molecu-
lar weight organogelators, spontaneously. The original root
compounds of organogelators (Fig. 14) have been discovered
serendipitously by researchers who were working in various
research fields [70, 124-127]. Therefore, the chemical struc-
tures of most organogelators are derived from intermediate
molecules designed for specific functions.

3.3.1. On Driving Forces and
Chemical Structures

A hydrophobic effect is the most essential driving force for
molecular aggregates in aqueous solution systems but almost
disappears in organic media. More positive intermolecular
interactions play an important role in molecular aggregation
in organic media. Hydrogen-bonding interaction is especially
effective and many organogelators are classified into this cat-
egory. 12-Hydroxystearic acid (12HSA, G-6) and its related
salts were early examples of organogelators [128-130] and
the first report of 12HSA was brought by Tachibana et al.
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Figure 14. Root organogelators developed in the late 1980’s to the early
1990’s G-1 [124], G-2 [125], G-3 [126], G-4 [70], G-5 [127].
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in 1965. Lithium 12HSA forms twisted fibrous aggregates,
whose direction of the twist depends on the optical isomer-
ization of lithium 12HSA. Transmission electron microscopic
observations show that the direction of the twist is left-
handed for the L-form, but right-handed for the D-form,
and that no twisted fibers are obtained for the DL-form.
Furthermore, the helical structures formed from 12HSA are
sensitive to counter metal ions. 12HSA forms developed
ribbon-like aggregates with diameters of 10 to 100 nm in soy-
bean oil. However, the number of cross-sections is relatively
few according to SEM observations. Addition of sodium
salt of 12HSA to these organogels contributes to improve-
ment of gelation ability with metamorphoses from flexible
ribbon-like aggregates to bundled rigid fibers with equal
diameters. Terech et al. elucidated the oriented structure
of 12HSA organogels at the molecular level by a combina-
tion of several techniques [131]. Small-angle neutron scatter-
ing (SANS), small-angle X-ray scattering (SAXS), and wide-
angle X-ray scattering (WAXS) investigations revealed the
structural model of the 12HSA fibrous or twisted, strand-like
aggregates in organic media. The 12HSA molecules form
head-to-head aggregates in fibrous networks and the growth
of fibrous aggregate in the fiber axis direction is promoted
by hydrogen bonds between the hydroxyl groups of 12HSA.
A polarity of solvents influences the diameter of fibrous
aggregates since the laminating of fibrous aggregates in the
vertical direction is brought by dipole-dipole interactions
between carbonyl groups of 12HSA. Microscopic morpho-
logical arrangements of fibrous aggregates inevitably lead
to structural changes of cross-section and/or junction zones,
and finally exterior transformations such as transparency
(turbidity) and other physical properties will appear.

Peptide-based derivatives will be useful as organogela-
tors because their amide bonds work as a stronger driving
force for molecular aggregation. Peptide-based organogela-
tors have a plural number of hydrogen bondable moieties.
G-4 [70, 73] as a typical example, possesses three amide
bonds around an L-glutamic moiety, which works as a good
organogelator. Transmission electron microscopic and SEM
observations showed a three-dimensional network with fib-
rillar aggregates in its organogel and xerogel (Figs. 15a and
15b, respectively). The minimum diameter of the aggregates
in the picture is 20 nm, which is 2-3 times larger than the
molecular length estimated by SAXS [73]. However, if two
of the three amide bonds are replaced by the ester bonds,
no gelation is observed even when their concentration is 10
times higher than the former. It was also confirmed that
addition of trifluoroacetic acid as an inhibitor for hydro-
gen bonding causes gel-to-sol transition. MOPAC calculation
indicated that the three amide bonds around the L-glutamic
acid moiety provided a proper conformation for intermolec-
ular interaction.

K. Hanabusa et al. investigated the gelation abilities of
single-chain alkylated mono- or dipeptides toward general
organic solvents [132-134]. Peptides containing L-isoleucine
and L-valine (G-7) work as distinguished gelators for various
organic solvents such as alcohols, ketones, esters, dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), and aro-
matic compounds. Both the length of the alkyl chain and
the side chain structure of amino acids are important in the
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Figure 15. Chemical structures of various low-molecular mass organogelators (Ref.: G-6 [128], G-7 [134], G-8 [157], G-9 [169], G-10 [213], G-11
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production of fibrous aggregates. If a hexyl chain is intro-
duced instead of an octadecyl chain, the compound neither
produces organogels in solvent nor forms fibrous aggregates.
The possible structure for the long chain-alkylated dipep-
tides was proposed to be an antiparallel B-sheet through
intermolecular hydrogen bonds between the amide and ure-
thane groups.

Cyclohexane diamide derivatives have hydrogen bonding
sources [135, 136]. Although the two isomers of trans-1,2-
cyclohexane diamide derivatives (G-14), which are (1R, 2R)
and (1S, 2S), can produce a gel for many organic solvents,
cis-isomer derivatives have no gelation ability. Furthermore,
dialkylated 1,3- and 1,4-cyclohexane diamide derivatives
did not produce organogel. It was considered from their
aggregation morphologies that one-dimensional growth of
molecular assemblies through intermolecular interactions
was indispensable to the formation of fibrous aggregates.
The alkyl chains connected to the cis-isomer are spread spa-
tially since they are located at axial and equatrial positions,
respectively. The molecular packing formation in the aggre-
gates is also important for one-dimensional growth and this
can also apply to 1,3-isomers and 1,4-isomers.

A two-component gelation system revealed essential
information about the gelation mechanism. A pair of
compounds, G-15a and G-15b, was designed as a two-
component system because a dumbbell-type cocrystal was
produced from a barbiturate derivative and triaminopir-
imidine through the intermolecular hydrogen bonds [63].
The heating process normally carried out to dissolve an
organogelator into the solvents is unnecessary to produce
organogels in chloroform with the combination system of G-
15a and G-15b. Molecular orientation of the two-component
system was supported by FI'IR and SAXS measurements.
Transmission electron microscopic observations show the
twisted fibrous aggregates in organic solvents. Since each
molecule cannot form an organogel individually, it is under-
standable that the arrangement of the hydrogen bond-
forming moiety and bulkiness of the molecule are important
in inducing self-assembled organogels. This argument is sup-
ported by the results of dendritic two-component gels. Den-
drimetric peptides with carboxylic acid form organogels with
a linear aliphatic diamine in nonhydrogen bonding solvents
[137].

Saccharide-based lipophilic derivatives (G-5 and G-16)
can be organogelators. Hafkamp et al. reported that glu-
conamide derivatives (G-16) form stable organogels in a
number of solvents such as o-xylene, chloroform, and ethyl
acetate [138]. Transmission electron microscopic observa-
tions showed that G-16 formed fibers or bundled fibers.
Studies of gluconamide derivatives were carried out to expli-
cate gelation mechanisms. G-16, whose free hydroxyl groups
were protected by bismethylene, was synthesized to con-
firm the effects of free hydroxy groups on the formation of
organogels. Since these compounds did not form organogels
in any solvents, it was clarified that the hydroxyl groups
played an important role in the gelation.

Since saccharides have many hydrogen-bonding sources,
they are, like amino acids, invaluable materials for design
of organogelator molecules. Friggeri and Gronwald et al.
have reported 11 methyl 4,6-benzylidene derivatives of
the monosaccharides D-glucose, D-mannose, D-allose,
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D-altrose, D-galactose, and a-D-isose (G-18) [139-141]. The
driving force of aggregation was estimated as intermolec-
ular hydrogen bondings by FI-IR and 'H-NMR spectro-
scopies. Gelation ability was evaluated in a large number of
organic solvents, and it was found that insignificant differ-
ences among the chemical structures are effective decisively
on their gelation ability. Furthermore, a remarkable change
in molecular mobility around T, was observed by the line-
broadening effect of 'H-NMR. Structural details in fiber
network in the solid state and gel state were deduced by "H-
NMR, FT-IR, and SAXS. The series of these sugar-based
derivatives is useful to construct architectures of molecular
assemblies as base compounds.

There are some derivatives that can produce organogels
without intermolecular hydrogen-bonding interaction.
A typical example is the steroid derivative with polyaromatic
group (G-1), first reported in 1987 by Weiss et al., who
investigated the gelation ability of the isoandrosterone
derivatives [124, 142-144]. The kinetics were investigated
in detail by using electron paramagnetic resonance (EPR),
SANS, infrared (IR), and CD spectroscopies. After this
finding, more than 40 derivatives, including steroid and
aromatic groups, have been reported. They are sometimes
classified by the abbreviations ALS, where A, L, and S
correspond to aromatic (A), linking (L), and steroid (S)
groups, respectively. Effects of chemical structures of each
part on the gelation were investigated in detail; for instance

1. stereo-chemistry at C-3 and the nature of the chain at
C-17 of the steroidal part,

2. various aromatic groups such as 9,10-anthraquinones,
cinnamate, 2-naphtyl, 1-pyrenyl, phenyl, and their sub-
stituted compounds,

3. the length and functionality of the linking groups.

Several important considerations for organogelators from
aromatic compound-linked steroid were concluded as
follows [145]:

1. H-bonding, even when possible, may be absent in low
molecular-mass organic gelator (LMOG) assemblies
when other packing contributions (e.g., -7 interac-
tion and London dispersion forces) dominate [146].

2. Charge-transfer interactions within gelator strands can
stabilize gels [147].

3. Thixotropy can be induced by adding a small concen-
tration of a second (nongelling) ALS molecule whose
size and shape are similar to those of a good ALS gela-
tor.

4, The fraction of ALS gelator within the solid network
is dependant on temperature and on the solubility of
the gelator in the liquid component [143, 144].

5. The bulk properties of a liquid mixture, rather than the
properties of the individual components, determine the
dimensions and shape of the gelator assemblies [142],
as well as the relative ordering of T, values within a
series of ALS gelators.

6. Subtle changes in molecular shape can alter profoundly
the ability of an ALS to gel organic liquids.

Inductions of functional groups such as crown ether and
azo-benzene into cholesterol were performed by Shinkai
et al. [175-177]. Application of these organogelators are
described in Section 3.3.4.
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We estimate that a steroid group will give limited sol-
ubility to organic solvents compared to a long chain alkyl
group and thus may work as a sorbophobic moiety. Positive
interaction can probably be induced by polyaromatic groups.
Supporting this, anthryl derivatives connected to dialkyl
chains have been studied as organogelators [125, 148-150]
2,3-Bis-n-decyloxyanthracene, G-23, produced organogels in
many organic solvents [125]. Since 2,3-dialkoxynaphthalene
showed no ability of gelation for any organic solvents,
increasing aromaticity promoted gelation ability. Even if the
anthracene moiety was replaced by anthrax quinone and
phenazine, effective gelation was observed. The number and
length of alkyl chains were also sensitive to gelation abili-
ties. Freeze-fracture electron micrographs of G-23-propanol
gels indicated a three-dimensional network of fibrous rigid
bundles with 60-70 nm diameters.

Some organometallic compounds can also be organogela-
tors, in which case the essential interaction source is
surely derived from the chelation behavior. Terech et al.
reported that mononuclear copper -diketonate derivatives
G-24 formed both organogels [151] and thermotropic disc-
like mesophases in cyclohexane [152, 153]. Some binuclear
copper tetracarboxylates [154-156] form neat thermotropic
columnar mesophases and organogels at less than 1 wt%
concentrations in hydrocarbons. These organogels form disc-
like molecules including semi-rigid, rod-like threads whose
diameter was 1.7 nm, which corresponds to the diameter of
disc-like molecules.

At the end of this section, chemical structures and aggre-
gation forms of low-molecular organogelators are summa-
rized in Fig. 16 and Table 1.

3.3.2. Chemical Stabilization of Organogels

Some lipophilic peptides have been investigated not only as
organogelators but also with respect to their self-assembling
behaviors. This latter property gives them distinct advan-
tages compared with conventional gel systems. The fibril-
lar aggregates are based on highly ordered structures, and
thus show aqueous lipid membrane-like behaviors such as
phase transition, phase separation, and chirality enhance-
ment through molecular orientation. Although these fea-
tures are advantageous for extended applications, it is also
clear that their thermal and mechanical instabilities are a
disadvantage in some application fields.

Some approaches have been proposed for stabilization of
organogels. Introducing polymerizable group into a gelator
is a reasonable method for this purpose. The first example of
polymerizable organogelator was a sorbyl group-introduced
peptide (G-8) in 1995. In this case, significant stabiliza-
tion was not observed by photo-induced cross-linking among
the peptides because oligomerization was a predominant
reaction in the process [157]. On the other hand, de Loos
et al. reported a bis(ureido)cyclohexane derivative contain-
ing a methacrylate moiety as a polymerizable organogela-
tor (G-25) [158]. This compound produces organogels with
developed fibrous aggregates in various organic solvents. Gel
formation was maintained after polymerization by UV irra-
diation in the presence of a photo-initiator and the resul-
tant gel showed highly thermal stability up to temperatures
above the boiling point of the solvents. Polymerization of

Figure 16. Fibrillar networks formed from various low-molecular mass
organogelators (a) G-4 [70], (b) G-4 [73], (c) G-20 [123], (d) G-7
[134], (e) G-25 [158], (f) G-17 [215], (g) G-5 [127], (h) G-21c [173],
(1) G-26 [159]. Reprinted with permission from [123], P. Terech and
R. Weiss, Chem. Rev. 97, 3133 (1997). © 1997, American Chemical
Society; from [134], K. Hanabusa et al., J. Chem. Soc. Chem. Com-
mun. 390 (1993). © 1993, Royal Society of Chemistry; from [158], M.
de Loos et al., J. Am. Chem. Soc. 119, 12675 (1997). © 1997, Ameri-
can Chemical Society; from [215], K. Yoza et al., J. Chem. Soc., Chem.
Commun. 907 (1998). © 1998, Royal Society of Chemistry; from [173],
T. Ishi-i et al., J. Mater. Chem. 10, 2238 (2000). © 2000, Royal Society of
Chemistry; and from [159], M. Masuda et al., Macromolecules 31, 9403
(1998). © 1998, American Chemical Society.

photo-induced polymerizable groups containing organogela-
tors (G-26) was demonstrated by Masuda et al [159, 160].
Diacetylene containing organogelator (bolaamphiphile) was
used for the purpose of stabilizing. Polymerization could
be monitored by UV spectroscopic observations, and was
induced by photo or y-ray irradiation. In each case, stability
of the organogel preserving fibrous aggregates rose in sev-
eral samples after polymerization. However, reversibility of
sol-to-gel transition and most properties based on molecular
fluidity disappeared.

Sometimes, metal ions increase the mechanical strength
of organogels. 1-O-(p-Aminophenyl)-4,6-O-benzylidene-a-
D-glucopyranoside (G-18) behaves as a good gelator for var-
ious organic solvents [78, 139]. The T, values for ethanol
gel were markedly improved by addition of AgNO;, CoCl,,
or CdCl,. The Ts for 1 wt/vol% of organogel in ethanol
are —10 °C and 71 °C, respectively, in the absence and
presence of equimolar CoCl,. This remarkable change is
due to cross-linking of G-18 molecules by Co(II)-amino
group interaction. It seems that hydrogen bonds and coor-
dination bonds work cooperatively for reinforcement of
organogels. Similar observations were obtained using a
diketonate ligand-containing organogelator [161]. Maitra
et al. reported that the donor-acceptor interaction promoted
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organogels (G-19) [147]. Pyrene-containing bile acid deriva-
tives formed highly stable organogels with needle-like aggre-
gates in various solvents even with less than 1% of the
gelator. The T, increased with increasing amounts of trini-
trofluorenone as an electron acceptor that could not form a
gel in solvents. In an organogel system, several intermolec-
ular interactions participate to maintain the gel formation.
Control of these interactions is useful not only for under-
standing the gelation mechanism but also for developing
functional organogels.

3.3.3. Approach for
Nanostructured Materials

Organogel systems can be applied as a liquid organic media.
Gu et al. [162] and Hafkamp et al. [138] described mor-
phological imprinting of fibrous aggregates using tetraoc-
tadecylammonium bromide and gluconamide derivatives
coordinated with metal ion, respectively. Each organogelator
can produce organogels with fibrous aggregates in styrene
and methyl methacrylate. Polymerization of the solvents
was carried out with UV light in the presence of a photo-
initiator. Fibrous aggregates with similar diameter were
observed before and after photo-polymerization, and the
gelator molecules could be removed from the resultant poly-
mer matrix by the solvent extraction method (Fig. 17) [138].
According to optical and electron microscopic measure-
ments, the diameters of the strand-like pores were bigger
than those of the original fibrous aggregates. It was expected
that the monomers that exist near the surface of fibrous
aggregates could not react since their mobility and fluid-
ity were restricted. Similar observations were obtained with
organogels from a pyrenyl group-containing peptide lipid
(G-11) in styrene and methylmethacrylate. In this study, we
obtained significant information on the molecular orienta-
tion states before and after polymerization of the bulk solu-
tion. Enhanced CD spectra around the pyrenyl group was
observed after polymerization and maintained even at 70 °C,

Figure 17. TEM images (Pt shadowing, bar 110 nm) of a dried gel (a)
of G-16 [138] in ethyl acetate and imprinted pores (b) of G-16 [138]
(bar 1.35 um). Reprinted with permission from [138], R. J. H. Hafkamp
et al., Chem. Commun. 545 (1997). © 1997, Royal Society of Chemistry.
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a temperature was even higher than its T,,. These results
indicate that highly oriented structures can be stabilized by
polymerization of a bulk solution [163].

Ono et al. have reported that hollow, fibered silicas are
prepared by transcription of various suprastructures formed
in organogels [164, 165]. Three cholesterol-based gelators
with monobenzo-18-crown-6 (G-22a), monoaza-18-crown-6
(G-22b), and 1,10-diaza-18-crown-6 (G-22c¢), respectively,
were synthesized. These compounds produced organogels.
Scanning electron microscopic observations of the xerogels
showed that their organogelators assemble into a fibrous
network structure, a curved lamellar structure, and a cylin-
drical tubular structure, respectively, in cyclohexane. Sol-gel
polymerization of tetraethoxysilane was carried out in each
of the gel systems. The silica obtained from G-22a showed a
granular structure and a hollow fiber structure featuring the
rough surface and the thick tube wall, respectively, in the
absence and the presence of metal. This structure was cre-
ated by adsorption of the anion-charged silica particles onto
the cation-charged organogel fibers. On the other hand, the
silica obtained from G-22b and G-22¢ had a hollow fiber
structure featuring a smooth surface and thin tube wall both
in the absence and the presence of metal salt. In the absence
of metal salt, it was considered that the cationic charge gen-
erated by protonation of azacrown ethers plays a crucial
role in the creation of such hollow fiber structures. In the
presence of KCIO,, sol-gel polymerization resulted in tubu-
lar silica with a multilayered structure like a roll of paper
(Fig. 18) [166]. The findings suggested that sol-gel polymer-
ization proceeded along the surface of the curved lamellar
stucture of G-22b or G-22¢ and the silica eventually grew

TEOS
* gelator _
O flf~—
4 /o
+@ O~ o_+
o~ ‘e +_. O +
o- O+.O_—>O_+++ _—>+
+t> e 4 40
O O+ O—- £

(a) (b) ()

Figure 18. Schematic representation for the creation of hollow fiber sil-
ica by sol-gel polymerization of TEOS in the organogel state of G-22
[166]: (a) mixture of gelators and TEOS; (b) gelation; (c) sol-gel poly-
merization of TEOS and adsorption onto the cationic gelator fibrils;
(d) before calcination; (e) the hollowfiber silica formation after calcina-
tion. Reprinted with permission from [166], J. H. Jung et al., Langmuir
16, 1643 (2000). © 2002, American Chemical Society.
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into a tubular structure. Vesicular and helical silica struc-
tures with several tens to several hundreds nm in diameter
were obtained by using similar methods [166-168]. Future
studies will certainly realize the production of more compli-
cated and uniform nano-transcribed materials with desired
fashion.

3.3.4. Control of Highly Ordered States

Some organogelators form highly ordered structures like
those in aqueous bilayer membranes. Therefore, it is a con-
venient method to arrange the functional groups in the
molecular assemblies. The arrangement and control of func-
tional groups will certainly be an invaluable technique in
many application fields such as sensors, molecular devices,
and nano fabrication.

Lipophilic peptide-derived organogelators such as G-10
and G-11 show specific chirality, which is detectable by
CD spectroscopic measurement around the chromophore
groups. We have made some examinations to confirm
whether or not specific properties observed in aqueous
bilayer membranes can be reproduced in organic solvents.
Phase separation behavior was observed in a mixture of
G-4 and an azobenzene-attached B-4 derivative in benzene.
Distinct CD spectra based on the azobenzene moiety were
observed below T, [69]. The cotton effect of this mix-
ture disappeared above T, and thermal reversibility was
observed. On the other hand, a carboxylic acid-containing L-
glutamate derivative (G-9) produced organogel with devel-
oped fibrous aggregates in several organic solvents [169].

These specific chiral properties stimulated us to imple-
ment optical resolution with chiral organogels. We reported
the first example in 1995. When danoyl phenylalanine as
a chiral guest molecule was dissolved in organogels from
G-4 and B-3, distinct enantioselective elution to an alka-
line solution was observed: Interestingly, CD and DSC mea-
surements showed that the best result was obtained through
B-3 domain formation phase separated from G-4 aggregates
[170].

This finding encouraged us to control the chirality of
organogels. For this purpose, we synthesized a double-
chain alkyl L-glutamide derivative with an isoquinoline-head
group (G-12) [171, 172]. This behaves as an organogela-
tor with developed twisted fibers. It was confirmed that
chelation with metal chloride in cyclohexane-ethanol (100:1)
solution remarkably perturbed the chirality and morphology
of the aggregates. Addition of copper ion (CuCl,), which
can form a square planar coordination, induced the chiral-
ity enhancement with morphological change from twisted
fibrous aggregates to ribbon-like aggregates. On the con-
trary, cobalt ion (CoCl,) and zinc ion (ZnCl,), which can
form an octahedral coordination state, caused serious mor-
phological change with remarkable decrease of the chirality
[171, 172].

On the other hand, Ishi-i et al. reported that a
Zn(II)-porphyrin appended-cholesterol organogelator (G-
21c) interacts with [60]fullerene to form a 2:1 Zn(II)
porphyrin/[60]fullerene sandwich complex [173, 174]. The
distinct bathochromic shift of the soret absorption band,
which was found in the organogel with [60]fullerene in
toluene, indicates that intermolecular electronic interac-
tion exists between the Zn(II) porphyrin moiety and the
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[60]fullerene in the gel phase. Circular dichroism measure-
ments suggested that the Zn(II) porphyrin moieties are
strengthened to orient chirally in the gel phase by the
interaction with [60]fullerene. The formation of a Zn(II)
porphyrin/[60]fullerene sandwich complex would induce a
morphological change-in-pitch length of twisted fibrous
aggregates.

Light and metal ion-responsive organogelators were
demonstrated by Murata and Shinkai et al. [175-177].
These gelators appended a crown ether moiety (G-22a),
azacrown ether moiety (G-22b and 22¢), and azobenzenyl
moiety (G-21b and G-22) to cholesterol, respectively. The
azobenzenyl appended-cholesterol derivatives with a natural
(S)-configuration at C-3 and those with an inverted (R)-
configuration at C-3 formed organogels, but their solubil-
ities and gelation abilities toward each solvent were quite
different. LD, CD, and UV spectroscopic measurements
showed that the azobenzene moiety was oriented in clock-
wise (in (R) chirality) or anticlockwise (in (S) chirality)
direction when they interacted in the excited state. Fur-
thermore, a sol-gel phase transition was induced by photo-
responsive cis-trans isomerism of the azobenzene moiety.
The molecular arrangement of crown ether appended-
cholesterol derivatives was altered by the addition of metal
ions and ammonium ion. The T, of this organogelator
in methylcyclohexane/benzene (4:1) increased with increas-
ing concentration of Lit, Na*, Kt, Rb*, and NH}, but
decreased with increasing concentration of Cs*. It was pre-
sumed that the 1:2 metal/crown complex with Cs* resulted
in a disordered structure of organogels, but contrarily that
1:2 metal/crown complex with other metal ion and ammo-
nium ion promoted their stability.

3.4. Nanofibrillar Structures from Polymers
3.4.1. Phase Separation Method

It is well known that block copolymers consisting of two
or more compositions will form cube-like, rod-like, vesicle-
like, and even lamella-like shaped microphase separation
structures depending on the membrane casting conditions
[178-185]. Therefore, it is also possible to produce a
nanofibrillous microphase separation structure by choosing
the chemical composition and varying the membrane casting
conditions [186-193].

Liu et al. and Yang et al., for example, succeeded in pro-
ducing a nanofibrillar-like microphase separation structure
from A-B-C block polymers resulting from the combination
of polystyrene (A), poly(2-cinnamoylethyl methacrylate) (B),
and poly(tert-butyl acrylate) (C) (P-4) (Fig. 19a) [190]. To
briefly introduce the method of production, a toluene solu-
tion of polymer was put into a polyethylene capsule, and a
solid was obtained by evaporation and annealing. Transmis-
sion electron microscopic observation of the section of this
solid showed a very beautiful nanofibrillar-like microphase
separation structure with a diameter of about 25 nm as seen
in Figure 19b [192].

On the other hand, Fujiwara and Kimura succeeded in
producing a nanofiber from A-B or A-B-A block copoly-
mer by the cast method from solution [191]. Specifically, it
was obtained from a 0.2 wt% solution of block copolymer
from poly(L-lactide) (A) and poly(oxyethylene) (B) which
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Figure 19. TEM images of (a) a 50-nm-thick section of a PS-b-
PCEMA-b-PtBA/hPS film and (b) triblock/Fe,O, hybrid nanofibers
[192]. TEM images of the copolymer samples exfoliated from a sili-
con wafer surface after annealing at 60 °C for 10 h: (¢) PLLA-PEG
[191], (d) PLLA-PEG-PLLA [191], and (e) P4VP-(20.7)-b-PS(21.4k)
diblock copolymers [187]. SEM images of (f) the self-synthesized PAN
nanofibers [199], (g) the PPP nanofibers [198], and (h) electrospun
fibers of polystyrene [197]. Reprinted with permission from [192],
X. Yang et al., Angew. Chem. Int. Ed. 40, 3593 (2001). © 2001, Wiley-
VCH; from [191], T. Fujiwara and Y. Kimura, Macromol. Biosci. 2,
11 (2002). © 2002, Wiley-VCH; from [187], K. de Moel et al., Chem.
Mater. 13, 4580 (2001). © 2001, American Chemical Society; from [199],
L. Feng et al., Angew. Chem. Int. Ed. 41, 1221 (2002). © 2002, Wiley-
VCH; from [198], B. Yu and H. Li, Mater. Science Eng. A325, 215
(2001); © 2001, Elsevier; and from [197], A. G. MacDiarmid et al,,
Synthetic Metals 119, 27 (2001). © 2001, Elsevier Science.

was prepared (P-5), cast on mica, and afterwards annealed
for 2 hs at 60 °C. From TEM observation, the diameter of
the nanofiber formed from the A-B block copolymer was
about 20 nm (Fig. 19¢) [191], and that from the A-B-A block
copolymer was about 6 nm (Fig. 19d) [191]. The authors
hypothesize that the core is made from lactide (A) and that
this part has a crystal structure.

de Moel et al. have proposed the crew-cut method as a
new technique of attaining nanofibrillar microphase separa-
tion structures from block polymers like polystyrene (A) and

Self-Assembled Nanofibers

poly(4-vinylpyridine) (B) (P-6) which are difficult to separate
[187]. Specifically, a 1:1 complex was produced by adding
equimolar amounts of pyradine and 3-pentadecylphenol
(PDP) to a chloroform solution of A-B block polymer. This
was then evaporated very slowly by drying at 50 °C for at
least 12 hs. Next, a 0.5 g sample was put into a dialysis tube
filled with ethanol, and most of the PDP(s) were removed
by dialyzing for 2 weeks. Decompression dryness was carried
out at 50 °C after washing by ethanol overnight, and a sam-
ple was obtained. Transmission electron microscopic obser-
vation showed that a nanofiber with a diameter of about
30 nm was formed from (A) in the core part (Fig. 19¢) [187].

3.4.2. Injection Molding Method

When using a high polymer, it is possible to produce nano-
fibers by adapting an injection molding method. Although
production of the nanofiber from a high polymer is some-
what forced, two techniques may be used: either injecting
high polymer solution into nanosize pores [194-197] or poly-
merization and pushing out from nanofiber-like capillaries
[198].

Feng et al. reported the production of nanofibers using
the former technique by injecting poly(acrylonitrile) as a
template into porous anodic aluminum oxide (Fig. 19f)
[199]. Yu and Li adapted the latter technique with porous
metal using poly(p-phenylene) (P-7) as a template to
produce nanofibers (Fig. 19g) [198]. Features such as
super-hydrophobicity [200-203] and erection luminescence
[204-206] were obtained using both injection methods, but
the nanofibers produced also had disadvantages such as low
diameter uniformity and a tendency to become condensed.

In order to solve these problems, a technique called the
electrospinning method has come into practical use. This
technique was patented in 1934 by Formbhals [207] and was
little known at first, but it has been attracting attention for
the past several decades as a nanomanipulation technique
[208-211]. The electrospinning method is the technique of
putting polymer solution and metal electrodes into a poor
solvent such as water, and blowing off the polymer solution
by applying high voltage between it and the metal electrodes,
and producing nanofibers. In this case, the diameter and
length of fibers formed depends on the concentration of
polymer solution, the distance between the polymer solution
and metal electrodes, and the voltage applied. MacDiarmid
et al. have reported nanofibers formed using this technique
with an average diameter of about 50 nm, by injection
using a 2 wt% poly(aniline) chloroform solution and apply-
ing a voltage of 25,000 V from a distance of 25 cm [197].
Polystyrene nanofibers of about 30 nm in diameter were also
prepared using the same technique, meaning that micron-
order fibers can be prepared from nanofibers cheaply and
easily (Fig. 19h).

4. SUMMARY

“Self-assembled nanofibers” are formed from miscellaneous
synthetic compounds and show various charming shapes
as described herein. Although it is hard to completely
understand the relationships between their morpholo-
gies and chemical structures, experimental and theoretical
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approaches indicate several important factors such as:

a) moderate solubility into media,

b) intermolecular interaction moieties and their sterical

position,

c) molecular shapes for highly ordered molecular pack-

ing,

d) molecular chirality.

Many reports also indicate a wide range of possible appli-
cations for these self-assembled nanofibers, from morpho-
logical applications such as preparation and utilization of
replica of them to molecular level applications of specific
molecular orientation. In this article, we introduced self-
assembled nanofibers constructed mainly of relatively sim-
ple compounds, but oligomers and polymers such as cyclic
polypeptide, cyclodextrin, and cyclic polysaccharide are also
known to form self-assembled nanofibers [212].

It is prospected that self-assembling nano architectures
including fibrillar aggregates have many potential applica-
tions because nature, especially human, is an excellent exam-
ple of a hierarchical product of self-assembling molecules—
there are so many excellent examples of hierarchical prod-
ucts of self-assembling molecules in nature itself, not the
least of which is the human body. We sincerely hope
that research on self-assembled nano architectures will be
helpful in the development of molecularly precise materi-
als and devices. The diversity of self-assembled nanofiber
systems, including a large number of molecules, provides
much opportunity to modify the chemical structures of self-
assembling molecules. With the present rapid progress and
expansion of this field, we feel a premonition that many
applications will be found for nanofibers in the near future,
including using combinations of morphologies and functions
to provide suggestions for the origin of life.

GLOSSARY

a-helix One of the secondary structures of peptides, rod-
like shape caused by intermolecular hydrogen bonding.
Amiloid fiber Fiber-like aggregate structures formed
B-structure protein. These structures cause prion protein
structure such as Alzheimer’s disease or Bovine Spongiform
Encephalopathy (BSE).

Atomic force microscope (AFM) Provide pictures of atoms
on or in surfaces to measure the forces (at the atomic level)
between a sharp probing tip (which is attached to a can-
tilever spring) and a sample surface.

B-sheet One of the secondary structures of peptides, its
formed sheet-like shape is caused by intramolecular hydro-
gen bonding (antiparallel and parallel structure).

Bilayer membranes Amphiphiles self-organize in water to
form molecular bilayers which assume the shape of globule,
vesicle, lamella, fiber, and so on. ]

Carbon nanotube Fullerene-related structures that consist
of graphene cylinders closed at either end with caps contain-
ing pentagonal rings.

Chiral/chirality Nonsuperimposable upon their mirror
images and chirality is particularly important for molecules
interacting within a biological environment, where many of
the native molecules are chiral.
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Circular dichroism (CD) The difference in absorption
between left- and right-handed circulary polarized light.

Differencial scanning calorimetry (DSC) DSC measures
the amount of energy (heat) absorbed or released by a sam-
ple as it is heated, cooled, or held at constant temperature.
DSC also performs precise temperature measurements.

Hydrogen bonding Occurs where the partially positively
charged hydrogen atom lies between partially negatively
charged oxygen and nitrogen atoms.

Organogel Self-assembly of low molecular weight gelators
to fiber-like structures, which entangle to form a three-
dimensional network, immobilize organic fluids.

Peptide Two or more amino acids can be linked together
by a dehydration synthesis to form a peptide. The charac-
teristic chemical bond is called a peptide bond.

Supramolecular assemblies Infinite repeating structure
comprised of several chemical species held together by inter-
molecular interactions and showing transcendent properties
which are not observed in its constituent molecule alone.

Transmission electron microscopy (TEM) TEM allows to
determine the internal structure of materials, either or bio-
logical or nonbiological origin used by a beam of electrons,
to illuminate the sample.
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