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Abstract β-1,3-Glucans act as unique natural nanotubes, the features of which are greatly
different from other natural or synthetic helical polymers. The origin mostly stems from
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their strong helix-forming nature and reversible interconversion between single-strand
random coil and triple-strand helix. During this interconversion process, they can accept
functional polymers, molecular assemblies and nanoparticles in an induced-fit manner
to create water-soluble one-dimensional nanocomposites, where individual conjugated
polymers or molecular assemblies can be incorporated into the one-dimensional hollow
constructed by the helical superstructure of β-1,3-glucans. The advantageous point of the
β-1,3-glucan hosting system is that the selective modification of β-1,3-glucans leads to
the creation of various functional one-dimensional nanocomposites in a supramolecular
manner, being applicable toward fundamental nanomaterials such as sensors or circuits.
Furthermore, the composites with functional surfaces can act as one-dimensional build-
ing blocks toward further hierarchical self-assemblies, leading to the creation of two- or
three-dimensional nanoarchitectures.

Keywords Helical structure · Inclusion complex · Nanomaterials · Polysaccharide ·
Self-assemble
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1
Introduction

1.1
Polysaccharide Nanotubes

Polysaccharides are abundant organic compounds in nature, constituting
a significant portion of our diet, and serve mainly as energy stores, e.g.,
starch in plants and glycogen in animals. With regard to potential pharma-
ceutical effects of polysaccharides, they capture intense attention as “bio-
materials”. Besides, the inherent bio-degradable nature of polysaccharides
makes them potential candidates for “eco-materials”, such as green-plastics.
The peculiar physical and chemical properties of polysaccharides certainly
play a significant role in animals and plant cells. For example, some polysac-
charides possess inherently stiff and rigid structures, which cause mechan-
ical strength, like cellulose in plants, peptidoglycans in bacteria and chitin
in the exoskeletons of arthropods. Furthermore, specific saccharide chains
serve as cell surface recognition signals for antibodies, hormones, toxins,
acting as indispensable biopolymers for our life through strict molecular
recognition.

Nature produces numerous kinds of polysaccharides in an appropriate bi-
ological environment. The structural diversity of the natural polysaccharide
is fully commensurate with a diverse array of molecules that can be generated
from only a limited number of monosaccharides as building blocks by linking
them in a variety of ways. This structural feature of polysaccharide character-
ized by diversity is in sharp contrast to that of other natural polymers such as
polynucleotides and peptides with very regular, uniform and well-identified
nanostructures.

Recently, the greatest growth has been achieved in the structured de-
termination of natural polysaccharides, and hence this has increased our
understanding in relation to structural features as well as functionalities of
polysaccharides [1]. The basic knowledge of the structural feature of polysac-
charides is essential toward the application as fundamental nanomaterials.
For example, X-ray diffraction patterns of various natural polysaccharides
have revealed that some of them adopt well-defined helical nanoarchitectures
such as polynucleotides, which have never been produced through an arti-
ficial polymerization reaction, encouraging us to pursue the possibilities of
natural nanotubes.

1.1.1
Amylose

Amylose is a most familiar polysaccharide with regular helical structures de-
fined at the nanoscale (Fig. 1). Carbohydrates are stored in the starch form,
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Fig. 1 Repeating units of amylose and α-cyclodextrin

which is a mixture of amylose and amylopectin. Amylopectin is a branched
polymer, whereas amylose is essentially a linear polymer of (1 → 4) linked
α-D-glucose units, i.e., the unbranched portion of starch. Natural amylose
exists as a double-stranded parallel helix, involving two main polymorphs,
whereas a single-stranded amylose can be seen in DMSO (Fig. 2). These amy-
lose polymorphs commonly take the same helical parameters, i.e., diameter
of 1.3 nm and pitch of 0.8 nm involving six glucose residues per turn [2–4].
This structural feature of amylose can be regarded as one of the typical he-
lical nanotubes, and actually amylose forms the well-known “blue complex”
with iodine [5, 6]. In addition, various low molecular organic molecules, such
as DMSO, n-butanol and n-pentanol are also entrapped in the amylose heli-
cal cavity [7–10]. The main driving force for the guest binding is hydrophobic
interaction that occurs only in the hydrophobic amylose cavity. On the basis
of these fundamental investigations on the potential hosting ability of amy-
lose, so far, several research groups have independently demonstrated that
amylose can entrap various functional molecules or polymers, leading to the
creation of one-dimensional supramolecular complexes. For example, Kim
et al. have reported that hydrophobic cyanine dyes with alkyl tails are en-
trapped into the helical cavity to give water-soluble complexes [11, 12]. The
hydrophobic nature in the dye molecules with long alkyl tails is indispens-
able for the formation of the stable inclusion complexes. The inclusion of the
highly polarized dye molecules is of interest in the light of materials science.
For example, the supramolecular dye assemblies created with the assistance
of the amylose host show unusual thermochromic or optical behaviors, such
as second-harmonic generation effects. Once guest dye molecules are en-
trapped into the cavity, stretching out along the helix axis, the conformational
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Fig. 2 Example of crystallographic conformation of VH-amylose. (a) Hydrophilic outer
surface and (b) Inner hydrophobic cavity in yellow (c). Reprinted with permission
from [5]

freedom of dye molecules drastically decreases owing to host–guest interac-
tions, resulting in enhanced fluorescence intensity or unusual thermochromic
behavior.

Oligosilanes are σ -conjugated conducting polymers, possessing unique
electronic properties due to their electron delocalization along the main
chain. Sanji and Tanaka reported that partially carboxymethylated amylose
(CMA) can entrap the oligosilane in the helical cavity to give insulated
wire-like architectures [13, 14]. The chemical treatment of natural amylose
weakens the intra- or interpolymer hydrogen-bonding interactions, so that
amylose assumes a somewhat flexible conformation, accompanied with im-
provement of water-solubility. The powder X-ray diffraction studies revealed
that CMA adopts an 81-helical structure after incorporation of oligosilane, in-
dicating that the cavity of CMA is somewhat enlarged by the guest inclusion.
From CD spectroscopic studies of the complex, the incorporated oligosi-
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lane adopts the helical conformation influenced by the chiral cavity of CMA,
forming a diastereomeric complex. Similar phenomena are also observed for
oligothiophene/CMA systems, that is, oligothiophenes are insulated into the
chiral CMA cavity which forces the oligothiophene to adopt a helical con-
formation [15].

Akashi et al. have demonstrated that chemically modified amylose, i.e.,
partially 2,3-O-methylated amylose (MA), also exhibits excellent hosting
ability toward polymer guests such as poly(tetrahydrofuran) and poly(ε-
caprolacton) [16]. The helix content of MAs, which is regarded as a measure
of the helix-forming ability, could be tuned by the methylation ratio. They in-
vestigated the potential abilities to form nanotubes for a series of MAs with
different methylation ratios. Consequently, MAs with a moderate methyla-
tion ratio tend to form stable inclusion complexes with the selected guest
polymers, suggesting the view that these MAs contain some continuous heli-
cal segments that play an essential role for improving the inclusion ability of
amylose toward guest polymers.

An alternative strategy toward the formation of such inclusion complexes,
reported by Kadokawa et al., is to use the enzymatic polymerization of
glucose on a template polymer, where phosphorylase catalyzes a polymer-
ization reaction of α-D-glucose 1-phosphate monomer along the template
polymer [poly(tetrahydrofuran)] in a twisting manner [17]. The same inclu-
sion complex was not formed upon just mixing natural amylose with polymer
[poly(tetrahydrofuran)], probably due to the rigid conformation of natural
amylose.

In view of the creation of functional inclusion complexes, single-walled
carbon nanotubes (SWNTs) would be an ultimate target polymer due to their
potential as fundamental nanomaterials. Aiming at the practical application
of SWNTs as functional polymers, the difficult handling arising from their
poor solubility and strong cohesive nature is a serious problem for chemists.
Accordingly, formation of the inclusion complex with SWNTs would be a new
path to accelerate development of carbon nanotube chemistry. The first ex-
ample is SWNT/amylose composite formation reported independently by
Kim et al. and by Stoddard et al. [18, 19]. It was shown therein that SWNTs can
be incorporated into the amylose cavity to form stable inclusion complexes.
Considering the diameter of SWNTs (1–2 nm), the cavity size of natural amy-
lose (ca. 0.4 nm) would be changed by the inclusion of SWNTs.

Natural amylose and its chemically modified form, i.e., CMAs and MAs,
possess basically a rigid cavity, and therefore, they can include guest
molecules or polymers in a size-selective manner because the cavity can act
flexibly in an induced-fit manner, being different from those of cyclodextrines
(CDs). From the stand point of the nanotube structure, this is in contrast to
CD hosts in rigidity and ring structures.
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1.1.2
Cyclodextrin Arrays

Cyclodextrins (CDs) are cyclic compounds consisting of six to eight glucose
units; i.e., α-, β- and γ -CDs (Fig. 1). The cavity sizes of these CDs are 0.43 nm,
0.60 nm, and 0.74 nm, respectively [20]. These cyclic cavities are constructed
with α(1 → 4)-linked glucose units in the same fashion as for the amylose
cavity. Once the polymeric guest threads through the CD cavities, CDs are
assembled into array structures, which are now called pseudo-polyrotaxane
structures. One may regard them as a sort of self-assembled carbohydrate
nanotube [21–23]. Therefore, we herein overview CD arrays as a poten-
tial self-assembled nanotube, characterizing the difference between CDs and
β-1,3-glucan hosting systems.

CDs are known to form inclusion complexes with various low-molecular
weight compounds, including nonpolar aliphatic molecules, polar amines and
acids as well as various polymers [24]. Along this line, CDs also have ideal
structures for the construction of molecular nanotubes [25–28]. Harada et al.
have successfully demonstrated that a series of CDs are threaded onto a poly-
mer chain to give pseudo-polyrotaxane structures [29–34]. For example,
α-CDs form a polyrotaxane structure with poly(ethylene glycol), which is ob-
tained as a crystalline precipitate. The powder X-ray diffraction pattern of the
precipitate led to the conclusion that α-CDs are tightly packed on the poly-
mer in a head-to-head manner. It is worth mentioning that β-CDs and γ -CDs
also exhibit similar hosting abilities as α-CDs, the size correlation between
their cavity size and the diameter of guest polymers being well recognized: β-
CDs form complexes not with poly(ethylene glycol) but with poly(propylene
glycol), which is slightly larger than poly(ethylene glycol) in its diameter. Sim-
ilarly, γ -CDs form complexes with poly(methyl vinyl ether), whereas α-CDs
and β-CDs do not give complexes with this polymer. Strictly speaking, how-
ever, these polyrotaxanes may not be “true” nanotubes because CD units
are not connected by covalent bonds. Interestingly, the cross-linking of the
adjacent CDs on a template polymer leads to the creation of complete tubu-
lar structures even after removing the template, where temporarily formed
tubular structures are fixed on the template polymer through the chemical
treatment.

After the initial research on CD nanotubes by Harada et al. and by
Wenz et al. the intriguing systems have been widely extended to vari-
ous functional polymers such as conjugated polymers (Fig. 3d), including
poly(aniline) (PANI), poly(thiophene) (PT), poly(silane) (PS), etc., which can
also thread through the CD cavities to form the polyrotaxane-type complexes
(Fig. 3b) [35–50]. In view of the fundamental research on the conjugated
polymers, the advantageous point of the CD nanotube systems is that the
functional polymers can be well insulated as an individual polymer chain
even in their solution and in the solid state. Since the conjugated polymers
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Fig. 3 Example of π- and σ-conjugated polymer guests threading into the CD cavity (top)
and example of self-assembled γ -CD nanotube including poly(dimethylsilane). Reprinted
with permission from [49]

have a strong tendency to form an insoluble aggregate mass mainly due to
their strong stacking nature, the insulated polymer would provide dramatic
advantages in relation to the stability as well as the electronic and photo-
chemical properties of the guest polymers.

1.2
β-1,3-Glucans

1.2.1
Structural Aspects of β-1,3-Glucans

β-1,3-Glucans are present in a number of fungi, where they function
as a structural polysaccharide like cellulose, e.g., extracellular microbial
polysaccharide and they are essentially a linear polymer of (1 → 3)-linked
β-D-glucose units (Fig. 4) [51–65]. Among a series of β-1,3-glucans, curd-
lan (CUR) is known as one of the simplest β-1,3-glucans [60–65]. X-ray
diffraction patterns of CUR in the anhydrous form revealed that it adopts
a right-handed 61 triple helix with a diameter of 2.3 nm and pitch of 1.8 nm
(Fig. 5) [61, 65]. In contrast to the simple CUR structure, SPG has side glu-
cose groups linked at every third main-chain glucose. The side glucose groups
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Fig. 4 Repeating units of β-1,3-glucans: CUR and SPG

endow SPG with water solubility, whereas they do not affect the helical con-
formation of the main chain. The helical parameters of β-1,3-glucans are
almost consistent with those of double-stranded DNA, but somewhat larger
than those of amylose, indicating that CUR adopts a wide helical structure.
Atkins et al. have revealed by X-ray diffraction patterns that in the triple he-
lix structure of CUR, three glucoses composed of different chains are bound
together through the hydrogen bonds among the three O-2 atoms, forming
the one-dimensional hydrogen-bonding network in the triple helix [64]. This
structural analysis revealed that in the triple helix there is not enough space
to accommodate even small molecular guests. Therefore, the sole strategy for
β-1,3-glucans to exert their hosting ability is to dissociate the original triple
helix into a single strand, losing the inner hydrogen-bonding network: these
dissociated β-1,3-glucan chains would possess potential ability to include
guests and to form nanotubes.

Norisuye et al. have reported the interesting solution properties of β-1,3-
glucans where denaturing and renaturing of the triple helix can take place
reversibly; that is, schizophyllan (SPG) dissolve in water as a triple helix
(t-SPG), whereas as a single chain in DMSO (s-SPG). When water is added
to the DMSO solution, however, renaturing of s-SPG is promoted, resulting
in the formation of the original triple helix (Fig. 5d) [51, 59, 61, 66, 67]. CUR
with an appropriate molecular weight also exhibits a similar reconstructing
ability of the triple helix.

1.2.2
Complexation Between β-1,3-Glucans and Polynucleotide

Recently, Sakurai et al. reported the first example of β-1,3-glucan forming
a macromolecular complex with some polynucleotides; that is, when the
renaturing of β-1,3-glucan was carried out in the presence of some polynu-
cleotides, it formed novel triple-stranded structures consisting of two β-1,3-
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Fig. 5 Projection of the CUR triple helix a in the x–z plane and b in the x–y plane,
showing the hydrogen-bonding network constructed in the helix (hydrogen atoms are
omitted for both structures) (Reprinted with permission from [64]). c Calculated SPG
triple helix structures based on the crystal structure of CUR and d Schematic illustration
of denature/renature processes
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glucan chains and one polynucleotide chain [68, 69]. These findings imply
that β-1,3-glucan can interact with guest polymers only in its dissociated
state, which would allow the glucose main-chain to adopt various conforma-
tions different from the original triple helix. The main driving force for the
formation of the macromolecular complexes is considered to be hydropho-
bic interaction in addition to hydrogen-bonding interactions occurring inside
the novel triple helix. These intriguing findings encouraged us to apply this
unique and unusual hosting system to other functional polymeric guests,
where the denaturing and renaturing processes play a significant role in inclu-
sion of various functional materials, such as polymers, molecular assemblies,
inorganic particles, etc.

2
Unique One-Dimensional Hosting Abilities

2.1
Inclusion of Single-Walled Carbon Nanotube (SWNT)

Since the discovery of single-walled carbon nanotubes (SWNTs) by Iijima,
they have been regarded as ideal nanomaterials due to their unique elec-
tronic, photochemical, and mechanical properties [70–72]. Much effort has
been paid to apply SWNTs as practical nanomaterials, however the strong co-
hesive nature and poor solubility of SWNTs have caused a serious problem;
that is, these properties hamper work on SWNTs as “functional polymers”. As
a potential solution to this problem, it would be worth wrapping SWNTs with
synthetic or biological polymers, promoting dissociation of the SWNT bundle
to give a homogeneous solution without damaging SWNT surfaces [73–79].
In particular, a natural polysaccharide such as amylose is an excellent solu-
bilizer for SWNTs, because polysaccharides have no light absorption in the
UV-VIS wavelength region, which is suitable for exploiting the photochemical
properties of the resultant composite.

The main driving forces for the reconstruction of the triple-stranded β-
1,3-glucans from the single-stranded ones are considered to be the hydropho-
bic interaction in addition to the hydrogen-bonding interactions. On the basis
of this experimental fact, it is expected that SWNTs might be entrapped in the
inside hollow of the β-1,3-glucans helical structure mainly owing to the hy-
drophobic interaction (Fig. 6). Unlike the amylose hosting system, however,
natural β-1,3-glucans do not have enough cavity to accommodate SWNT with
1–2 nm diameters. Thus, some conformational change in the β-1,3-glucan
main-chain would be needed after entrapping the guest polymers.

As a preliminary experiment to investigate whether β-1,3-glucans can ac-
tually entrap such a rigid polymer into their cavities, SWNTs were cut into
an appropriate length (1–2 µm) by acid treatment, which makes handling of
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Fig. 6 Schematic illustration of the formation of SWNTs/β-1,3-glucan composite

SWNTs easy [80–83]. As a result, the cut SWNTs (c-SWNTs) can be easily dis-
persed into water, but they still tend to form bundle structures several tens
of nanometers in diameter. Consequently, an s-SPG (Mw = 150 kDa) DMSO
solution was directly added to an aqueous solution containing the bundle
c-SWNTs, according to the same procedure as for the polynucleotide guests,
expecting that SWNTs are entrapped into the SPG cavity [68]. To remove
an excess amount of SPG feed, the resultant solution was subjected to cen-
trifugations. The presence of c-SWNT in the obtained aqueous solution was
evidenced by the measurements of VIS-NIR and Raman spectroscopy. The
direct evidence that SWNTs are really entrapped into the SPG cavity was ob-
tained by Atomic Force Microscopy (AFM). Interesting, when c-SWNTs were
dispersed with the aid of SPG into water, the surface of the fibrils showed a pe-
riodical structure with inclined stripes, reflecting the strong helix-forming
nature of the β-1,3-glucan main-chain (Figs. 7 and 8). Subsequently, the peri-
odical interval in the helical stripes was estimated by AFM. It was confirmed
from scanning along a fibril that the mountain and the valley appear peri-
odically at 16 nm intervals. In addition, from the height profile analysis by
AFM, it was revealed that most composites are ca. 10 nm in height, indi-
cating that β-1,3-glucans can wrap around bundle c-SWNTs, with a change
in their original helix parameters. As a reference experiment, on the other

Fig. 7 AFM image of c-SWNTs bundle/SPG composite and its scanning profiles of vertical
section plans. Reprinted with permission from [86]
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Fig. 8 AFM images of a c-SWNTs, b c-SWNTs/SPG composite, c c-SWNTs/CUR composite,
d Magnified picture of fibrils in s-SWNTs/SPG composite. Amorphous structure observed
around the composite is considered to be uncomplexed CUR which cannot be removed
during centrifugation process due to its poor solubility in water

hand, when a DMSO solution of s-SPG was cast on mica, we could observe
a fine polymeric network structure. Besides, the surface of c-SWNTs them-
selves did not give any specific patterns as seen in the composite surface.
These results clearly show that β-1-3-glucan can act as a one-dimensional
host for SWNTs, where the characteristic helical structure of β-1-3-glucans is
reconstructed on the SWNTs surface [84]. The β-1,3-glucan one-dimensional
host is characterized by this well-identified wrapping mode arising from the
strong helix-forming nature of β-1,3-glucans; that is, the hydrophobic inner
surface of β-1,3-glucans interact with SWNTs, whereas a hydrophilic surface
exists on the composite surface. It should be noted that only the composites
containing bundle SWNTs are intentionally highlighted for microscopic ob-
servation because the helical structure constructed on such a composite can
be easily recognized by microscopic techniques.

Natural CUR is scarcely soluble in water due to the lack of side glu-
coses. Nevertheless, when a CUR chain was cut into a moderate length, e.g.,
several tens of thousand, by formic acid-hydrolyzed treatment [85], the re-
sultant CUR acts as a one-dimensional host like SPG. Actually, when s-CUR
was used as a wrapping agent instead of s-SPG, a similar periodical struc-
ture as seen in the c-SWNT/SPG composite can be observed on bundled
SWNTs (Fig. 8c) [84]. The findings lead to the conclusion that the β(1→3)
glucose linkages are indispensable for the unique hosting capabilities of β-
1,3-glucans.
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The novel SWNTs/β-1,3-glucan composites thus obtained were thoroughly
characterized by several spectroscopic and microscopic methods including
HRTEM, EDS-TEM, SEM, CLSM, which consistently support the view that the
β-1,3-glucans really wrap SWNTs.

SWNTs exhibit their unique electronic and photonic properties only when
they exist as an individual fiber. Taking the fact that SPG and CUR adopt
the tight helical structure in their natural state, they are expected to wrap
one-piece of SWNTs into their hydrophobic cavity, avoiding the formation
of the unfavorable bundle structure. Here, if we intend to apply the resul-
tant composite to practical nanomaterials, as-grown SWNTs (ag-SWNTs) are
favorable because of no electrochemical defect on the SWNT surface. Al-
though, unlike c-SWNTs, ag-SWNTs have a strong tendency to form the
bundle structure, they are easily dispersed into water after entrapping into
the β-1,3-glucan cavity with the aid of sonication. This remarkable solubi-
lization capability even for ag-SWNTs allows us to investigate the detailed
properties of the resultant composites [86]. First, the ag-SWNTs/SPG com-
posite was subjected to VIS-NIR measurements in D2O solvent (Fig. 9). The
characteristic sharp bands assignable to individual SWNTs can be observed
in the VIS-NIR region, supporting the view that one or a few pieces of ag-
SWNTs are included in the SPG helical structure. AFM observations support
the view more quantitatively. From the height profile of the composite, it can
be recognized that most of them are 2–3 nm in diameter and the distribu-
tion is very narrow. Furthermore, when the surface of the composite was
scanned along the fibril, a periodical pattern as seen in the c-SWNT/SPG

Fig. 9 VIS-NIR spectrum of ag-SWNTs/SPG solution: D2O, cell length 1.0 cm , room
temperature. Reprinted with permission from [86]
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Fig. 10 a TEM image of ag-SWNT/SPG composite, and b, c its magnified picture. d The
original image of (c) was Fourier filtered to enhance the contrast of the composite.
Reprinted with permission from [86]

composite can be recognized. Subsequently, the ag-SWNTs/SPG composite
was directly characterized by high-resolution TEM (HRTEM). From Fig. 10,
the composites are visually recognized to be a very small, fibrous structure
but not a bundled structure. Moreover, clearly recognized in the Fourier
filtered image was that two s-SPG chains twine around one ag-SWNT, pro-
viding “decisive” evidence that one piece of ag-SWNTs is wrapped by s-
SPG chains. The helical pitch is estimated to be ca. 10 nm, which is longer
than that of the original triple helix, suggesting the view that the conform-
ation of SPG chains is changeable with incorporation of guests, in sharp
contrast to CDs or amylose systems. These conformational changes in the
main-chain would be allowed only for the single- or double-stranded he-
lix and therefore the denaturation process of the original triple helix should
be indispensable for the guest inclusion. Recently, Coleman and Ferreira
presented a simple and general model that describes the ordered assembly
of polymer strands on nanotube surfaces, the energetically favorable coil-
ing angles being estimated to be 48–70◦ [87]. This theoretical approach is
partly complementary to our present results, but their single chain wrap-
ping system cannot be directly compared with our two-chain wrapping
system.

Today, electron tomography is expected to play a central role in charac-
terization of composite nanomaterials, because it can provide a real three-
dimensional distribution map of constituent materials [88–93]. This imaging
technique was applied to our composite nanomaterials consisting of two
nanofibers. The three-dimensional structures are reconstructed from an an-
gular series of two-dimensional structure in Fig. 10b. The four selected stills
are shown in Fig. 11, where ag-SWNT appears as a white fine fibril (for ex-
ample, the right branch in the 45◦ rotating image) and the SPG thin layer
wraps the fibril. The s-SPG chains exist as a uniform layer around one or two
pieces of ag-SWNTs even viewing from any angle. This fact implies that s-SPG
wraps one piece of ag-SWNT.

If β-1,3-glucans maintain their characteristic helix-forming nature even on
the SWNT surface, the dissociation from SWNTs would be promoted by add-



80 M. Numata · S. Shinkai

Fig. 11 Reconstructed three-dimensional images of ag-SWNTs/SPG composite, viewed
from different orientations. These correspond to the clockwise rotation images of the two-
dimensional image in Fig. 10b, rotating around a perpendicular axis with 45, 135, 225 and
315◦, respectively. Reprinted with permission from [86]

ition of DMSO or NaOH, in which β-1,3-glucans exist as a single chain. As
shown in Fig. 12, when DMSO was added to the aqueous solution containing
the composite adjusting the final composition to be 50% v/v, the entrapped
ag-SWNTs were immediately precipitated out. This result gives the strong
impression that the composites are stabilized by noncovalent interactions oc-
curring between the hydrophobic core and the hydrophilic shell, which can be
easily peeled off by the various chemical stimuli.

As a summary of the forgoing findings, particularly interesting are the
facts that (1) the periodical stripe structure, which stems from a helical
wrapping mode characteristic of β-1,3-glucans, is confirmed, and (2) β-1,3-
glucans have potential abilities to accommodate various guest polymers due
to their flexible conformational changes, without being affected by the diam-
eter as well as the chemical properties of guest polymers.
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Fig. 12 Picture of aqueous ag-SWNTs/SPG composite solution (left) and that taken after
addition of DMSO (right): The final solution contains 50% v/v DMSO. Addition of aque-
ous 1.0 M NaOH solution results in a similar precipitation of ag-SWNTs. Reprinted with
permission from [86]

2.2
Inclusion of Conjugated Polymers

2.2.1
Inclusion of Poly(aniline) (PANI)

PANI is one of the most promising and widely studied conductive polymers
owing to its high chemical stability, high conductivity, and unique redox
properties [94–96]. In spite of these advantages, PANI and its derivatives
are hardly applicable for conductive nanowires in a bottom-up manner, be-
cause these PANIs tend to form amorphous aggregates composed of highly
entangled polymeric strands. Much research effort has therefore been put
into the manipulation of an individual PANI nanofiber and in the fabrica-
tion of parallel-aligned strands to show excellent conductivity through the
nanofibers.

From the forgoing c-SWNTs/SPG composite system, it would be expected
that β-1,3-glucans can fabricate PANI nanofiber structures several tens of
nanometer in diameter, acting as a one-dimensional host for PANIs bun-
dles. The objective PANIs/SPG nanocomposites can be prepared through
gradual dilution of a DMSO solution containing commercially available
PANI (emerardine base, Mw = 10 kDa) and s-SPG (Mw = 150 kDa) with wa-
ter followed by purification through repeated centrifugation [97]. TEM ob-
servations showed the formation of fibrous architectures from PANIs/SPG
nanocomposites whose lengths were consistent with that of the used SPG
(Fig. 13). The observed nanofibers are highly contrasted without any stain-
ing due to the adsorption of the electron beam. Importantly, the contrast,
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Fig. 13 a TEM images of PANIs/SPG composites, b Magnified image of (a), the images
were taken without staining. PANIs themselves afforded spherical massive aggregates.
Reprinted with permission from [97]

which should arise from incorporated PANIs, continuously exists all over
the range of the obtained composite. Since the length of the used PANIs is
rather shorter than that of s-SPG, the incorporated PANIs fibers are bundled
into the one-dimensional fibers along the SPG cavity. The diameter of the
smallest fiber is estimated to be around 10 nm, indicating that several PANI
strands are co-entrapped within the one-dimensional cavity. Amylose is also
considered to be a potential host for the creation of such an insulated wire.
As far as our investigation, however, amylose could not form such a fine fi-

Fig. 14 a UV-VIS spectra of PANIs/SPG (blue line) and amylose/PANIs (red line) aque-
ous solution, room temperature, cell length 0.5 cm, b Photo image of PANIs/SPG aqueous
solution. Reprinted with permission from [97]



Polysaccharide Nanotubes Generated from β-1,3-Glucan Polysaccharides 83

Fig. 15 UV-VIS spectra of a PANIs/SPG composite (black line) and PANIs/amylose com-
posite (gray line) after H+ doping, b After 24 h under the same condition and c Photo
image of PANIs/SPG composite aqueous solution after doping. Reprinted with permission
from [97]

brous structure upon mixing with PANIs according to the same procedure.
The PANIs/amylose mixture did not give any significant specific structure in
TEM.

Spectroscopic measurements of the composite support the view that PANIs
bundles are entrapped into the one-dimensional cavity, which forces PANI
fibers to arrange in a parallel fashion, leading to the creation of a nanowire
structure (Fig. 14). Furthermore, the obtained PANIs/SPG composite was eas-
ily doped by the HCl treatment and the resultant solution was stable for
several weeks (Fig. 15). On the other hand, the amylose/PANIs composite
formed a precipitate after the same treatment. The morphology of the com-
posite was scarcely changed through this doping process. Taking the fact
into account that the diameter of the composite is rather larger than that of
native t-SPG, SPG would wrap PANIs bundles in a somewhat disordered con-
formation, which would allow the dopant to reach the PANIs surface. This
system would be useful for fabricating PANI nanofibers in a supramolecular
manner.

2.2.2
Inclusion of Poly(thiophene) (PT)

So far, several intriguing approaches have been developed to fabricate an indi-
vidual PT fiber, including a covalent and noncovalent approach in which the
PT backbone is shielded by wrapping within a dendritic wedge or threading
PT through CDs sheath [98–102]. Along this line, the composite formation
between SPG and PT is of interest as a new approach leading to the creation of
novel PT molecular wires [103]. To prepare a well-ordered one-dimensional
nanocomposite, the strong π–π stacking interactions among PT backbones
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Fig. 16 Schematic illustration of the chirally insulated PT-N+ in the helical SPG cavity

should be suppressed before being insulated into the β-1,3-glucan cavity. In
the present study, water-soluble cationic polythiophene (PT-N+) was synthe-
sized for the well-identified composite formation, because it would interact
with β-1,3-glucan as an individual polymer. Expectedly, the polycationic na-
ture of PT-N+ and the resultant weakened packing mode would result in
a well-characterized PT-N+/SPG complex, in which only one PT strand is en-
capsulated within the one-dimensional cavity of SPG (Fig. 16). Figure 17a and
b shows absorption and emission spectra, comparing the PT-N+ and PT-N+/
SPG composites. The absorption maximum of PT-N+ appears at 403 nm,
whereas that of PT-N+/SPG is drastically red-shifted to 454 nm by ca. 50 nm,
demonstrating that SPG forces the PT backbone to adopt a more planar con-
formation which increases the effective conjugation length. In the general
case, when PTs form π-stacked aggregates in poor solvent, the UV-VIS spec-
trum is characterized by the appearance of a vibronic band in the longer
wavelength region [104]. In the present system, however, such a peak at-
tributable to the stacked aggregate was not observed.

The emission maximum (561 nm) of PT-N+/SPG composites is also red-
shifted from that of free PT-N+ (520 nm) and slightly increases in intensity,
supporting the view that the PT-N+ backbones become more planar and more
isolated in the SPG cavity. It should be emphasized that no red shift of the
absorption peaks is observed for the cast films of PT-N+/SPG composite, in-
dicating that the PT-N+ backbone is shielded by the SPG sheath, by which
unfavorable interpolymer stacking of the PT-N+ backbone is strongly re-
stricted even in the film. In addition, although the SPG sheath surrounds the
PT-N+ backbone, the characteristic wrapping modes, e.g., somewhat elon-
gated helical pitch, would allow small molecules to interact with the PT-N+

backbone directly, as observed in doping of the PANI/SPG composite. This is
in contrast to the sheath of CD arrays, providing a cyclic closed cavity.

The CD spectra of the composites show an intense split-type ICD in the
π–π∗ transition region (Fig. 17c). This fact clearly suggests that PT-N+ would
be chirally twisted in an intrastranded manner. The observed ICD patterns
are characteristic of a right-handed helix of the PT backbones, reflecting the
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Fig. 17 a UV-VIS and b Emission (λex = 400 nm) spectra of PT-N+: the spectra were taken
without SPG (black line) and with SPG (gray line)

right-handed helical structure of SPG [105]. The stoichiometry of the com-
plex was determined by means of continuous-variation plots (job plots) from
the CD spectra (Fig. 18). Consequently, the molar ratio of glucose residues
along the main chain to the repeating unit of PT-N+ can be determined to
be around 2. The complexation mode of the PT-N+/SPG complex is almost
similar to that of the polynucleotide/SPG complex, leading to the conclusion
that SPG tends to form hetero-macromolecular complexes by exchanging one
glucan chain in t-SPG for one water-soluble guest polymer.
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Fig. 18 Job plot obtained from the CD spectra

2.2.3
Inclusion of Poly(p-phenyleneethynylene) (PPE)

PPE is a conjugated polymer which can convert chemical and physiological
signals into optical emission with signal amplification. Therefore, PPE has
been regarded as a conjugated polymer suitable for chemosensors due to its
excellent optical response to environmental variation through the relatively
free rotation of the alkenyl-aryl single bond [106–113]. A particularly chal-
lenging aspect of PPE is to design a water-soluble PPE backbone with a one-
handed helical structure because it is readily applicable as a sensitive chiral
sensor targeting biologically important molecules and polymers. As a novel
approach toward the creation of a chiral insulated PPE wire, β-1,3-glucans
should exert their unique hosting abilities [114].

Aiming at the creation of a well-characterized complex, water-soluble
PPE (PPE-SO–

3) was used in the present study. Expectedly, upon mixing of
PPE-SO–

3 and s-SPG, a clear solution could be obtained. The resultant solution
was characterized by UV-VIS, fluorescence and CD spectroscopies. Figure 19
compares the absorption spectra between PPE-SO–

3 itself and its mixture with
s-SPG. The absorption maximum of 442 nm observed in the absence of SPG is
attributed to a random-coiled conformation of the PPE backbone. Upon mix-
ing with s-SPG, however, the absorption maximum is red-shifted to 470 nm,
indicating that the effective conjugation length of the PPE backbone is in-
creased. The shift clearly shows that the interpolymer interaction between
PPE-SO–

3 and s-SPG would force the PPE backbone to adopt a planer and
rigid conformation. Furthermore, fluorescence spectra of the PPE-SO–

3/SPG
composite revealed that the emission intensity dramatically increases upon
addition of s-SPG (Fig. 20). The finding indicates that the PPE backbones do
not aggregate by themselves but become more isolated through the complex-
ation with s-SPG, supporting the view that the PPE backbone is insulated into
the one-dimensional SPG cavity.
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Fig. 19 UV-VIS spectral change of PPE-SO–
3 as a function of SPG concentration (con-

centration range of s-SPG : 0–6.7×10–4 M). The concentration of PPE-SO–
3 was kept at

1.5×10–4 M. H2O/DMSO = 95/5 (v/v), 1.0 cm cell length, room temperature. Reprinted
with permission from [114]

Fig. 20 Emission spectra of PPE-SO–
3 in the absence of s-SPG (dashed line) and in the

presence of 15.0 eq. (2.3×10–3 M) of s-SPG (solid line), λex = 400 nm. The concentra-
tion of PPE-SO–

3 was kept at 1.5×10–4 M. H2O/DMSO = 95/5 (v/v), room temperature.
Reprinted with permission from [114]
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CD spectroscopic studies are also helpful to investigate the conforma-
tional changes of incorporated PPE-SO–

3. The shape and ICD pattern of the
composite suggest that PPE-SO–

3 would adopt a right-handed helix which
is transcribed from SPG to the PPE backbone (Fig. 21). As a reference ex-
periment, we mixed an aqueous solution containing t-SPG with PPE-SO–

3.
However, the mixture did not give any CD signal around the same wavelength
region. This result supports the view that the renaturating process from s-SPG
is indispensable for the effective interaction between SPG and PPE-SO–

3. The
spectroscopic results above mentioned lead to the conclusion that PPE-SO–

3 is
incorporated into the one-dimensional SPG cavity as an individual polymer
and its backbone adopts a right-handed twisted conformation along the SPG
polymer chain. These results are almost consistent with those observed for
the PT-N+/SPG system, encouraging us to pursue the fundamental properties
of SPG as a one-dimensional host.

To elucidate the mechanism for PPE-SO–
3/SPG complex formation, the

stoichiometry of the complex was determined by means of a continuous-
variation plot (Job plot) from its CD spectroscopic change. From the Job plot,
the maximum complex formation is attained at around 2, which corresponds
to the molar ratio of the glucose residue along the s-SPG main chain to the re-
peating unit of PPE-SO–

3. Furthermore, considering the facts that t-SPG forms
a right-handed 61 triple helix with a 1.8 nm pitch and that three p-phenylene
ethynylene units have statistically 1.6 nm length in average, we suppose that
the PPE-SO–

3/SPG complex prepared from a mixture of s-SPG and PPE-SO–
3

Fig. 21 CD spectra of PPE-SO–
3 in the absence of 15.0 eq. (2.3×10–3 M) of s-SPG (dashed

line) and in the presence of PPE-SO–
3 (solid line). The concentration of PPE-SO–

3 was kept
at 1.5×10–4 M. H2O/DMSO = 95/5 (v/v), 1.0 cm cell length, room temperature. Reprinted
with permission from [114]
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is constructed by two s-SPG chains and one PPE-SO–
3 chain in which the

two s-SPG chains force the PPE-SO–
3 chain to be twisted. Together with the

results obtained from polynucleotide/SPG and PT/SPG complexes, it can be
concluded that when s-SPG interacts with relatively hydrophilic guest poly-
mers, the resultant composites are always composed of two SPG polymers and
one guest polymer.

2.2.4
Inclusion of Permethyldecasilane (PMDS)

Oligosilanes have been investigated as attractive functional materials, since
they have unique σ -conjugated helical structures and show unique opto-
electric properties [115–117]. Their fabrication using the one-dimensional
cavity of SPG would be useful for various applications, such as (1) prepar-
ation of water-soluble oligosilane composites, (2) regulation of their helical
conformation and (3) fabrication of their fibrous superstructures, etc. We
have demonstrated that permethyldecasilane (PMDS, structure see: Fig. 3)
is incorporated into the SPG cavity through our successful procedure to
a one-dimensional composite, in which PMDS is indeed included inside the
one-dimensional cavity of SPG [118]. Several lines of evidence including UV-
VIS, CD and fluorescence spectroscopic data along with observations using
a TEM and AFM have clearly revealed that water-soluble, helically ordered
oligosilane-nanofibers are formed with s-SPG through the renaturation pro-
cess.

Unlike the forgoing guest polymers, i.e., SWNT, PANI, PT, and PPE, all of
which are soluble or dispersible either into water or into polar organic sol-
vents, PMDS is soluble only in nonpolar organic solvents such as hexane.
Accordingly, to prepare highly ordered PMDS/SPG composites with excel-
lent reproducibility, establishment of a novel solubilization strategy is desired.
A new biphasic procedure, on the basis of the renaturation process of s-SPG
on the liquid/liquid interface, is thus exploited.

The triple strand of SPG is dissociated into the single strand at pH > 12,
whereas it retrieves the original triple strand by pH neutralization [51].
Accordingly, in the present study, a NaOH solution containing s-SPG was
neutralized by acetic acid, where the renaturing from s-SPG to t-SPG pro-
ceeds with decreasing pH values. Firstly, a hexane layer containing PMDS
and an aqueous NaOH layer containing s-SPG were well homogenized by
sonication. Aqueous acetic acid was then added to the resultant mixture to
give two layers, where the renaturing from s-SPG to t-SPG would occur on
the H2O/hexane interface. The hexane layer thus obtained showed a broad
UV-VIS absorption band with full-width-half-maximum (FWHM) of 40 nm
around 280 nm, which is characteristic of the σ–σ∗ transition of flexible,
random-coiled PMDS. Detailed investigation of the concentration depen-
dency of s-SPG indicated that the intensity at 280 nm in the hexane layer
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Fig. 22 a UV absorption spectra of the hexane layer after the treatment with aqueous
layers containing different amounts of s-SPG and b Estimated percentages of PMDS ex-
tracted from the hexane layer into the aqueous one: pathlength 5 mm, 25 ◦C, [PMDS]
= 0.431 mM (an original concentration in the hexane layers), [s-SPG] = 0.0–3.5 mM
(0.0–8.0 eq., an original concentration in the aqueous layers) based on their repeating
units (four glucoside units for SPG and one dimethylsilane unit for PMDS). Reprinted
with permission from [118]

was diminished with increasing s-SPG concentration in the aqueous layer,
where PMDS should be extracted into the aqueous layer with accompanying
PMDS/SPG composite formation. The extraction efficiency reached ca. 60%
at the highest s-SPG concentration (Fig. 22). The PMDS/SPG composite in
a neutral aqueous solution showed an intense red-shifted fluorescence band
with FWHM of 18 nm at 323 nm when excited at the σ–σ∗ transition band
(280 nm), compared to the corresponding fluorescence band at 310 nm of free
PMDS in hexane.

Although the resultant aqueous layer showed the broad absorption band
around 280 nm, no detectable CD signal was observed at this wavelength,
suggesting that PMDS adopts a flexible, random-coiled conformation in the
one-dimensional SPG cavity. From 1H NMR analysis of the aqueous layer, i.e.,
in D2O, PMDS and hexane are assumed to be co-included within the one-
dimensional SPG cavity: in other words, PMDS is wetted by co-extracted hex-
ane molecules (Fig. 23). Once the hexane layer was removed by lyophilization
of the aqueous layer, followed by re-dissolution of the resultant PMDS/SPG
composite into water, the resultant aqueous solution showed a sharp absorp-
tion band at 290 nm with a narrow FWHM of 12 nm as well as a positive CD
signal at 283 nm and a negative one at 293 nm (Fig. 24). The small FWHM of
this UV band suggests a very rigid, extended conformation of PMDS in the
PMDS/SPG [119].

So far, detailed conformational studies on PMDS itself have been per-
formed by using UV-VIS and CD spectroscopies. Accordingly, on the basis
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Fig. 23 Schematic illustration of the composite formation of s-SPG with PMDS. Reprinted
with permission from [118]

Fig. 24 a UV (bottom) and CD (top) and b Fluorescence spectra of the PMDS/SPG
composite in water (λex = 290 nm, gray solid line), the PMDS/t-SPG mixture in water
(λex = 290 nm, black solid line) and free PMDS in hexane (λex = 280 nm, black dotted
line): [s-SPG]/[PDMS] = 1.2 in molar ratio, cell length 0.5 cm and 25 ◦C. Reprinted with
permission from [118]

of these reported results, it should be worth to compare the spectral feature
of PMDS/SPG composite with PMDS itself, because the comparison would
allow us to investigate how PMDS chain is wrapped by SPG. The origin of
the bisignate CD spectral profile indicates two possibilities: (1) a mixture
of two different helices with the opposite screw senses and different pitches
and (2) exciton couplet due to chirally-twisted PMDS aggregates. Kunn’s dis-
symmetry ratio being defined as gabs = ∆ε/ε = CD (in mdeg)/32 980/Abs.),
which is a dimensionless parameter to semi-quantitatively characterize heli-
cal structures of oligosilanes and other chromophoric chiral molecules, ex-
cludes the latter case, because the evaluated gabs values at two extrema are
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+ 3.3×10–4 at 283 nm and – 1.7×10–4 at 293 nm, respectively. The abso-
lute magnitude in these small gabs values is almost comparable with the gabs
value of (2.0–2.5) ×10–4 at 323 nm of rigid rod-like poly(silane) (PS) with
a single-screw helix. PMDS incorporated in the helical cavity of s-SPG, there-
fore, exists as a mixture of diastereomeric helices with the opposite screw
senses: the 283 nm CD signal is responsible for a P-73 helix and the 293 nm
CD signal is for an M-157 helix. Additionally, UV-VIS and CD spectral fea-
tures of PMDS/SPG composite are very similar to those for the PMDS/γCD
composite [77].

2.3
Inclusion of Supramolecular Dye Assemblies

Having established the fundamental hosting abilities toward functional poly-
mers, the one-dimensional hosting system was further extended to small
molecular guests which possess potential abilities to self-assemble into one-
dimensional supramolecular architectures. So far, creation of well-regulated
supramolecular assemblies from a rationally designed dye molecule have at-
tached the wide-spread interest in view of their potential applications for
nonlinear optical and photorefractive devices [120–124]. A particularly chal-
lenging aspect is to create a wide variety of supramolecular assemblies from
a single dye by using an appropriate template, on which dye molecules can
be arranged in a well-regulated fashion to generate a wide variety of col-
ors as well as functions, reflecting the higher-order structures of the tem-
plate [10, 11, 19, 125–138].

A dipolar dye (azo-dye) having pyridine and carboxylic acid terminals has
potential self-assembling capabilities through intermolecular interactions in
addition to cooperative π–π stacking and dipolar–dipolar interactions [139,
140]. To achieve the different molecular arrangement of azo-dye molecule in
the presence of SPG template, the different renaturing solvents, e.g., DMSO or
NaOH solution were employed: in DMSO solution a self-assembling structure
of azo-dye would be more dominated by the hydrogen-bonding interaction,
whereas in NaOH solution π–π stacking and dipolar–dipolar interactions
in addition to hydrophobic interactions would become major driving forces
(Fig. 25).

As a first experiment, DMSO solution containing s-SPG was mixed with
a DMSO solution of azo-dye followed by addition of water allowing renatur-
ing to proceed. UV-VIS spectra of the azo-dye/SPG solution thus obtained
was compared with azo-dye itself in the same solvent. The absorption max-
imum of azo-dye itself appears at 446 nm, whereas the peak of the composite
is red-shifted to 468 nm [141]. This red-shift can be ascribed to the forma-
tion of J-type assemblies, promoted by the intermolecular hydrogen bonding
in addition to π–π stacking interactions among azo-dye molecules. When
a DMSO solution containing the azo-dye itself was diluted with water, the
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Fig. 25 Concept of the creation of supramolocular dye architectures showing “poly-
morphism”. Structure of the designed dipolar dye with pyridine and carboxylic acid
terminals. Reprinted with permission from [141]

Fig. 26 a UV-VIS and b CD spectra of the samples containing azo dye/SPG composite
(black dotted lines), monomeric azo dye in DMSO (black line) and azo dye aggregate
in water/DMSO mixed solvent (gray lines), prepared from DMSO solution, 1.0 cm cell
length, room temperature, c Photo image of the solution containing azo dye/SPG com-
posite and d Schematic illustration of the J-type assembly formation during the renature
of s-SPG: This type of assembly would be created as a major component in the solution.
Reprinted with permission from [141]
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mixture provided the precipitate after several minutes. When UV-VIS spectra
of the temporarily “transparent” solution were taken immediately after add-
ition of water, the absorption maximum appeared at 468 nm. These results
support the view that a J-type assembly is entrapped into the SPG cavity. CD
spectroscopy is helpful for monitoring the definitive interaction between SPG
and azo-dye. Upon mixing with s-SPG an intense split-type ICD appeared
in the π–π∗ transition region of the azo-dye assembly. The self-assembling
nanofiber structure of azo-dye is entrapped into the helical SPG cavity, adopt-
ing a twisted molecular arrangement (Fig. 26).

The triple strand of SPG is dissociated into the single strand at pH > 12,
whereas it retrieves the original triple strand by pH neutralization. As an al-
ternative strategy, we tried to construct a different type of azo-dye assemblies
utilizing this neutralization process of the alkaline s-SPG solution, where π–
π stacking and dipolar–dipolar interactions become the major driving forces
instead of hydrogen-bonding interactions. To the NaOH solution containing

Fig. 27 a UV-VIS and b CD spectra of the samples containing azo dye/SPG composite
(black dotted lines), monomeric azo dye in DMSO (black line) and azo dye aggregate in
water/DMSO mixed solvent (gray lines), prepared from NaOH solution, 1.0 cm cell length,
room temperature, c Photo image of the solution containing azo dye/SPG composite and
d Schematic illustration of the H-type assembly formation during the renaturation of
s-SPG: This type of assembly would be created as a major component in the solution.
Reprinted with permission from [141]
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s-SPG and azo-dye, aqueous acetic acid was gradually added to give a clear
yellow solution, adjusting the final pH to 7. The absorption maximum of the
solution is blue-shifted from 446 to 417 nm with accompanying slight peak
broadening. This blue-shift is ascribed to the creation of the H-type assem-
bly. Furthermore, ICD is also detected at the π–π∗ transition region of the
azo-dye assembly, indicating that the one-dimensional H-type assembly is en-
trapped in the helical SPG cavity, where π–π stacking and dipolar–dipolar
interactions in addition to hydrophobic interactions would become the major
driving forces (Fig. 27). It should be noted that the entrapped supramolecu-
lar structures of azo-dye are not affected by the solvent properties, meaning
that the observed color changes are not due to the difference in solvent prop-
erties surrounding the composites. These results clearly support the view that
the different dye assemblies can be created from azo-dye through the differ-
ent preparation procedures. One may regard this phenomenon to be a sort of
“polymorphism” induced by the presence of SPG. The creation of similar dye
assemblies has been achieved by using porphyrin derivative, where a J-type
porphyrin assembly is also entrapped into the helical SPG cavity [142].

2.4
β-1,3-Glucan as a One-Dimensional Reaction Vessel

Our research efforts are particularly focused not only on polymeric guests
but also on low molecular weight compounds. Especially, it is of great
significance to establish β-1,3-glucan-templated polymerization of various
monomers in the one-dimensional cavity to construct the corresponding
polymers with fibrous morphologies, where SPG or CUR is expected to
act not only as a one-dimensional host for monomers but also as a one-
dimensional vessel for the stereoselective polymerization reaction (Fig. 28).
Herein, we show several successful examples where SPG accommodates var-
ious reactive monomers, including 1,4-diphenylbutadiyne (DPB) derivatives,
EDOT and alkoxysilane, within the one-dimensional cavity and produces
unique water-soluble nanofibers through in situ polymerization reactions.

Fig. 28 Concept of in situ polymerization reaction utilizing β-1,3-glucan as a vessel
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2.4.1
Photo-Polymerization of Diacetylene Derivatives

Poly(diacetylene)s are known as a family of the most interesting research tar-
gets among the π-conjugated polymers, because they are readily produced
through photo-irradiation (UV or γ -ray) without any initiators [143–145].
Instead, for the photo-mediated polymerization of diacetylene derivatives,
closely packed pre-organization of the corresponding monomers is in-
dispensable [146–148]. Therefore, this topochemical polymerization pro-
cess of diacetylene derivatives was mainly studied only in crystals, mi-
celles and Langmuir–Blodgett films, where corresponding monomers are
aligned in a parallel but slightly slided packing mode. In the present study,
1,4-diphenylbutadiyne (DPB) derivative was used as a monomer and pre-
organization of DPB can be easily achieved by incorporation into the one-
dimensional SPG cavity [149, 150].

The general procedures are as follows: a DMSO solution containing s-SPG
was mixed with DPB DMSO solution and the resultant mixture was diluted
with water to regenerate a t-SPG helical structure. Although DPB was scarcely
soluble by itself in water, the resultant slightly turbid solution showed a clear
CD spectrum, which is assignable to an absorption band of DPB. As refer-
ence experiments, when other polysaccharides and carbohydrate-appended
detergents (amylose, pullulan, dextran, and dodecyl-β-D-glucopyranoside)
were used instead of s-SPG, no or a negligibly weak CD signal was observed
(Fig. 29). Together with the fact that SPG or DPB itself gave no CD signal at
this wavelength region, the observed negative CD exciton-coupling is indica-
tive of twisted-conformations or -packings of DPB arising from the strong
helix-forming capability of SPG. These results support the view that DPBs
are pre-organized only in the presence of s-SPG to form a one-dimensional
supramolecular assembly, which is favorable to subsequent polymerization
reaction under UV-irradiation.

UV-irradiation using a high-pressure Hg-lamp induced a gradual color
change of the solution containing the DPB/SPG complex from colorless to
pale blue. The UV-VIS spectrum of the resultant solution shows an absorp-
tion band at around 720 nm which is characteristic of poly(diacetylene)s with
extremely long π-conjugated length and/or tight inter-stranded packing [151,
152]. UV-mediated polymerization of DPB was also confirmed by Raman
spectra, in which the DPB/SPG complex shows a clear peak at 2000 cm–1

assignable to poly(diacetylene)s (–CH=CH– stretching vibration) after 16 h
UV-irradiation. On the contrary, no such Raman peak appeared without
SPG. Together with the fact that UV-mediated polymerization of diacetylenes
proceeds in a topochemical manner, these data suggest that SPG accom-
modates DPB to align them in a packing suitable for such topochemical
polymerization. It should be noted that p-amido-functionalities of DPB are
essential for the UV-mediated polymerization. We assume that the p-amido-
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Fig. 29 a Structure of 1,4-diphenylbutadiyne (DPB) derivatives, b CD spectra of DPB in
the presence of s-SPG, amylose, dextran, pullulan, t-SPG and the detergent: cell length
1.0 cm, 20 ◦C, [H2O] = 70% v/v, [DPB] = 25 µg/ml, [polysaccharide] or [detergent] =
25 µg/ml, c Raman spectra of DPB in the presence of s-SPG after 0, 4 and 16 h

functionalities should form hydrogen-bonds with SPG and/or neighboring
monomers to orientate the monomers in suitable packing arrangements for
the polymerization. The results presented here will open a way to con-
struct poly(diacetylene)-nanofibers with uniform diameters from various
DPB-derivatives.

2.4.2
Sol–Gel Polycondensation Reaction of Alkoxysilane

Creation of supramolecular organic/inorganic hybrid materials has been of
great concern in recent years [153–155]. In particular, inorganic nanofibers
which have a well-regulated shape and high water-solubility, reflecting those
of organic templates, are desired for potential applications to biosensors,
switches, memories, and circuits [156–159]. So far, silica nanofibers have
been created using the templating method where anionic silica particles are
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deposited on a cationic fibrous template. However, the difficulties in surface
modification, by which one may dissolve the organic/inorganic composite
into the solvent, still remain unsolved because the solvophobic inorganic layer
always exists outside the solvophilic organic template. It thus occurred to us
that when hydrophobic metal alkoxides are entrapped in the one-dimensional
SPG cavity, sol–gel polycondensation takes place inside the cavity to afford
a silica nanofiber which shows the water-solubility as well as the biocom-
patibility arising from surface-covering SPG, making biological applications.
Here, we carried out the sol–gel polycondensation reaction in the presence of
s-SPG using TMPS (trimethoxypropylsilane) as a monomer [160].

TMPS was dissolved in DMSO and mixed in solution with s-SPG or s-CUR
during the renaturing process. After leaving the mixed solution for 20 days at
room temperature, the resultant water/DMSO mixed solvent was subjected to
dialysis. The IR spectrum showed the appearance of a strong new vibration
band assignable to the Si–O–Si bond at around the 1000–1200 cm–1 region.
Interestingly, the obtained silica did not form any precipitate even after dial-
ysis against water, indicating that the created silica is successfully wrapped by
hydrophilic SPG or CUR.

The aqueous silica suspension obtained from the TMPS/SPG system was
cast on a grid with carbon mesh and the morphologies of the obtained sil-
ica were observed by TEM. As expected, the fine silica nanofiber structure
with a uniform 15 nm diameter is observed (Fig. 30), whereas no such fi-
brous structure is found from the sample prepared in the absence of SPG.
From these TEM images, one can propose that sol–gel polycondensation of
TMPS predominantly proceeds in the one-dimensional SPG cavity to afford
silica nanofibers soluble in water. Furthermore, the diameter of the obtained
silica nanofiber increased (ca. 25 nm) with the increase in the feed TMPS con-
centration up to TMPS/SPG repeating unit = 3.0 eq. However, when more
than 3.0 eq. TMPS against s-SPG repeating unit was used, the silica nanofiber
structure was no longer created and instead an amorphous silica mass was
formed. The results support the view that under such a condition where
TMPS exists in great excess, s-SPG cannot cover the original one-dimensional
assembly structure of TMPS during the renaturating process, so that it can
no longer act as the host effectively. The view is also supported by the fact
that sol–gel polycondensation in the presence of t-SPG instead of s-SPG did
not give any fibrous structure; that is, the renaturating process from s-SPG to
t-SPG is indispensable for inclusion of TMPS followed by the creation of the
silica nanofiber structure.

It is well-known that a catalytic amount of benzylamine or HCl allows
the sol–gel polycondensation to proceed. In the present system, however,
we could not find any fibrous structure from such reaction conditions. The
result indicates that the very slow condensation reaction is favorable for one-
dimensional growth of silica nanofibers. In fact, it took more than two weeks
to create the complete nanofiber structure. Thus, to elucidate the reaction
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Fig. 30 a TEM image of silica nanofibers (inset: photo image of aqueous solution of silica
nanofibers) (TMPS/SPG repeating unit = 1.0 eq.), b, c Its magnified images, d TEM image
of silica nanofiber (TMPS/SPG repeating unit = 3.0 eq.), e TEM image of silica nanopar-
ticle one-dimensional arrays, f Its magnified image and g Schematic illustration of our
concept to utilize SPG as a vessel for sol–gel polycondensation reaction

mechanism of the polycondensation reaction, we stopped the sol–gel reac-
tion only after 5 days and observed the morphologies of the obtained silica by
TEM. Very interestingly, the morphology of the obtained silica is not a fiber
but a one-dimensional array of silica nanoparticles with 10–15 nm. Here, one
can propose the possible growth mechanism as the following; that is, SPG
acts as a one-dimensional host for TMPS or its oligomers and the polycon-
densation occurs inside the cavity to give rod-like oligomeric silica after 5
days. This rod-like oligomeric silica is easily destroyed and finally converted
into particles during the dialysis process due to the hydrophobic interaction
among propyl groups. These results strongly support the view that SPG and
CUR have a potential ability to act not only as a one-dimensional host for
TMPS but also as a vessel for sol–gel polycondensation reactions. We believe
that the present system would be readily applicable to the creation of novel
organic/inorganic hybrid nanomaterials and their functionalized derivatives.
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2.4.3
Chemical Polymerization of 3,4-Ethylenedioxythiophene (EDOT)

Poly(3,4-ethylenedioxythiophene) (PEDOT) has been widely investigated
during the past decade owing to its low band gap, high conductivity,
good environmental stability, and excellent transparency in its oxidized
state [161–164]. More recently, the preparation and characterization of
PEDOT nanostructures have become a topic of increasing interest due to their
potential applications to electrical, optical, and sensor devices [165–169].
On the basis of the established one-dimensional hosting abilities of β-1,3-
glucans, herein, we carried out a polymerization reaction of EDOT in the
presence of s-SPG initiated by the oxidant ammonium persulfate (APS), ex-
pecting that PEDOT nanofibers are created in the SPG cavity [170]. After
the polymerization reaction, homogeneous and stable aqueous dispersions
with a dark blue color were obtained. Subsequently, the aggregated structure
of the PEDOT/SPG composites was examined by TEM (Fig. 31). Unexpect-
edly, it is clearly seen from the TEM images that the resultant composite
does not construct PEDOT nanofibers but PEDOT nanoparticles with uni-
form size and regular shape. Interestingly, when the concentration of used
SPG increased, the diameter of the nanoparticles decreased from 160 nm
([s-SPG] = 0.5 mg/ml) to 70 nm ([s-SPG] = 3.0 mg/ml), indicating that SPG
acts as a template for the polymerization reaction. Further reliable evidence
that s-SPG really acts as the template for the particle formation was obtained
from the energy dispersive X-ray spectroscopy (EDS); that is, the O/S elem-
ents ratio in the nanoparticle clearly shows that PEDOT and SPG coexist in
the created nanoparticles.

To elucidate the growth mechanism of PEDOT/SPG nanostructures, CD
spectra of the resultant solution were recorded. The CD spectra revealed
that PEDOT/SPG nanoparticles show no CD signal, suggesting that no ef-
fective interaction occurred between SPG and PEDOT. This fact leads us to
the conclusion that at the initial stage, the polymerization of EDOT pro-
ceeds mainly in the bulk phase due to the good solubility of EDOT in wa-
ter/DMSO mixed solvent. On the other hand, PEDOT is hydrophobic and
insoluble in water/DMSO mixed solvent. Therefore, once PEDOT is formed,
the polymer chains tend to aggregate through the strong intra- or inter-
molecular π-stacking. Consequently, the hydrophobic EDOT oligomer or
polymeric PEDOT with the entangled polymer backbone may interact with
s-SPG to form the PEDOT/SPG complex, where SPG cannot act as an ef-
fective one-dimensional template for such globular-shaped polymeric guests.
It is worth mentioning that the PEDOT/SPG composite would act as a sort
of amphiphilic block copolymer, which can self-aggregate into nanoparticles
under the experimental conditions. This unexpected result would provide
novel methodologies to create water-soluble PEDOT nanoarchitectures.
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Fig. 31 TEM images of PEDOT/SPG nanoparticles prepared by APS oxidant in the pres-
ence of s-SPG ([EDOT] = 9.4 mM, [APS] = 94 mM): a [SPG] = 0.5 mg/ml, b [SPG] =
3.0 mg/ml and c Schematic illustration of the possible growth mechanism of water-
soluble PEDOT/SPG nanocomposites

2.5
One-Dimensional Arrangement of Au-Nanoparticles

Nanoscale assemblies of inorganic nanoparticles, consisting of a limited num-
ber of metal or semi-conductive nanoparticles, have received considerable
attention in recent years due to their application as nano- and biomateri-
als, e.g., sensors, memory, imaging agents, etc. [171–174]. Such inorganic
nanoparticles, however, lack the potential abilities to arrange along specific
directions as atoms or organic hybrids. Control of the self-assembling be-
havior of nanoparticles is, therefore, a still challenging research subject and
exploitation of the versatile strategy is strongly desired [175].
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Fig. 32 TEM images of Au nanoparticle arrays

The unique renaturing process during the guest encapsulations provides
one great advantage of SPG, that is, a flexible, induced-fit-type size/shape-
selectivity for the guests, independent of the surface nature of the guests.
This advantage of SPG is clearly demonstrated by using Au nanoparticles as
a guest [176]. For example, stable Au/SPG composites were obtained from
commercially available Au nanoparticles (5–50 nm). The resultant Au/SPG
composites are well-soluble in water but show a significantly broadened
plasmon absorption, indicating SPG-induced assemblies of Au nanoparticles
in aqueous media. TEM observations of the resultant Au/SPG composites
showed unique one-dimensional Au nanoarrays with their length consistent
with that of s-SPG itself. These data clearly indicate that the one-dimensional
nanoarrays of Au nanoparticles arise from their encapsulation within the
one-dimensional cavity of SPG (Fig. 32).

SPG will act not only as a one-dimensional template for preorganization of
Au nanoparticles but also for facilitation of fusion of Au nanoparticles [177].

Fig. 33 TEM images showing formation of continuous nanowires: Au nanowires created
using chemical reduction of HAuCl4 after pulsed-laser irradiation in aqueous solution at
25 ◦C; 5 min, 5 mJ/pulse, 532 nm
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We have found that a morphological change of one-dimensionally aligned
SPG-Au composite is induced by 532 nm laser irradiation, which leads to
the fusion of Au nanoparticles to prepare discontinuous Au nanowires. Fur-
thermore, using both the near-IR irradiation and a reducing agent lead to
continuous Au nanowires. This capability opens up new possibilities not only
for novel sensor systems but also for applicant electronics, for example, pat-
terning the metallization in solution for nanocircuits, which was previously
very difficult (Fig. 33).

3
Chemically Modified β-1,3-Glucans

3.1
Synthetic Strategies Toward the Selective Modification

Many polysaccharide researches have focused on exploiting the functional
material thorough chemical modification of polysaccharides. The problems
in chemical modification of natural polysaccharide arise from the similar
reactivity of the hydroxy (OH) groups, making selective functionalization
difficult. Accordingly, to introduce functional groups into the desired OH
groups, much effort has been paid to exploiting an effective synthetic route,
facilitating access to various polysaccharide-based nanomaterials.

Chemical modification of β-1,3-glucans has been independently developed
by several research groups including us [178–194]. Here, to prepare the func-
tionalized β-1,3-glucan one-dimensional hosts, the selective modification
targeting to side-glucoses for SPG and 6-OH groups for CUR need to be ex-
ploited, because 2- or 4-OH groups connected to the main-chain glucose units
are indispensable for the construction of the inherent helical structure [1]. On
the basis of this fact, we successfully established a versatile synthetic route
to introduce various functional groups selectively into the side-glucoses of
SPG and 6-OH groups of CUR, without affecting the inherent helix-forming
properties of β-1,3-glucans (Schemes 1 and 2).

CUR has one primary OH group in its repeating unit, appending at C-6,
i.e., the 6-OH group, which would be an active nucleophile under appropri-
ate reaction conditions, making the selective modification of 6-OH groups
possible. Moreover, the quantitative reaction can be achieved through the
azideation reaction of 6-OH, followed by “click chemistry”, which involves
a Cu(I)-catalyzed chemoselective coupling between organic azides and ter-
minal alkynes [192, 193]. This newly exploited strategy allows us to directly
introduce various functional groups into 6-OH groups of CUR, leading to the
creation of functional materials based on CUR (Scheme 2). Actually, we have
successfully developed that 6-OH groups of CUR are convertible to various
functional groups, e.g., ferrocene, pyrene, phorphyrin, trimethylammonium,
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Scheme 1 Synthetic strategy for the selective modification of SPG side glucoses

sulfonate, etc., and found that these functional groups in the side chains gov-
ern the chemical properties of the modified CUR [185, 186, 192–194]. The
advantageous point of this method is that a series of reactions proceed quan-
titatively and selectively. Additionally, by adjusting the feed acetylene com-
posites, different functional groups are easily introduced into the same CUR
chain in a step-wise manner.

SPG has two primary OH groups on the main chain and side glucose
groups, so that the selective modification targeting to the primary OH groups
seems to be difficult. On the other hand, the side glucose groups of SPG have
1,2-diols at 2-, 3- and 4-OH positions, whereas main chain glucoses have
no such 1,2-diol due to the glicoside linkage formation between 1- and 3-
OH positions. Therefore, one may expect that the oxidative cleavage of these
1,2-diols by NaIO–

4 would proceed selectively only at the side glucose units.
Combining this oxidative cleavage of the 1,2-diols with the reductive ami-
nation reaction, these classical synthetic strategies can be a powerful tool
for the selective modification of the native SPG chain (Scheme 1). So far, we
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Scheme 2 Synthetic strategy for the selective modification of CUR 6-OH groups

have demonstrated that a series of chemically modified SPGs bearing various
molecular recognition moieties, e.g., ionic groups, saccharide, amino acid,
co-enzyme, etc., can be successfully obtained according to this synthetic strat-
egy [184, 187–191]. Here, it should be important to address the discrepancy
between these chemically modified CURs and SPGs: 6-OH groups of CUR can
be converted to functional groups “quantitatively”, whereas the side glucose
groups of SPG can be “partially” functionalized because excessive oxidation
of the side glucoses causes the insoluble aggregate probably due to the inter-
polymer cross-linking between 6-OH and aldehyde groups thus formed. The
modification percentage of the side glucose groups is, at most, 30%.

3.2
Partially Modified SPG: One-Dimensional Host Toward
the Supramolecular Functionalization of Guest Polymers

When polymeric guests or molecules are entrapped into the SPG cavity, the
side group glucose should exist on the surface of the composites. If this is
the case, a functional group introduced into the side group glucose would
be useful as a recognition target. To test this idea, according to the reported
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Fig. 34 a Concept of the supramolocular functionalization of the entrapped guest poly-
mers. CLSM images of PANIs/mannose-modified SPG composite + FITC-ConA, b Fluor-
escence image, c Optical microscope image, d Overlap of (b) and (c). Reprinted with
permission from [97]

procedure, mannose-modified SPG was synthesized and used as a wrapping
reagent for PANIs [97]. It is known that this mannose group exhibits se-
lective binding to Concanavalin A (ConA). Actually, the specific interaction
between the composite and ConA was estimated by a CLSM using a FITC-
labeled ConA (Fig. 34). The CLSM observation clearly shows that PANIs and
ConA coexist in the same domain, indicating that (1) mannose-modified SPG
can also wrap PANIs and (2) the mannose groups introduced into the side
groups would exist on the exterior surface of the composite.

The findings clearly show that chemically modified SPG maintains its in-
herent ability as a one-dimensional host. The wrapping of the chemically
modified SPG provides a novel strategy to create functional polymer com-
posites in a supramolecular manner. Considering a general difficulty in intro-
ducing functional groups into the functional polymer backbones, the present
system can be a new potential path to develop functional polymeric materials.

3.3
Semi-Artificial Polysaccharide Host Based on CUR

Even though the selective modification at 6-OH of CUR does not affect its in-
herent helix-forming ability, the renaturation and denaturation properties as
well as the solubility of the modified CURs are strongly affected by the na-
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ture of the introduced groups, because they always exist on the helix surface.
Among various functional groups introduced into 6-OH groups, so far, ionic
groups, such as trimethyl ammonium and sulfonium groups are of significant
interest: the electrostatic repulsion among the ionic groups on the CUR sur-
face would provide strong influence on its conformation in water, because the
ionic groups are located in the distance of approximately 6 Å if they adopt the
triple-stranded helical form. Consequently, the electrostatic repulsion causes
the destabilization of the triple helix, being transformed to a loosely tied
triple-stranded or to a single-stranded conformation in water. This fact im-
plies that the modified CURs have potential for acting as a one-dimensional
host even without the denaturation/renaturation processes in water.

To confirm the conformational properties of CUR-N+, we measured the
optical rotatory dispersion (ORD) spectra at various conditions (Fig. 35A). In
the form of a triple-stranded helix, the ORD spectra of β-1,3-glucan polysac-
charides such as SPG and CUR have positive values at the wavelength region
from 600 to 200 nm. However, CUR-N+ in water shows a negative sign at this

Fig. 35 A ORD curves of CUR-N+ and SPG in aqueous solution (5 mg/ml) at various con-
ditions at 25 ◦C, B Plots of fluorescence intensities at 480 nm for ANS (λex = 370 nm) and
at 450 nm for TNS (λex = 370 nm) versus log fluorophore concentration in the presence of
CUR-N+ [10 µM (monomer unit)] or SPG [10 µM (monomer unit)] in aqueous solution
at ambient temperature and (C) Schemes showing composite formation between β-1,3-
glucans [(a) CUR-N+ and (b) SPG] and a hydrophobic guest molecule. Reprinted with
permission from [192]
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wavelength region. The negative sign can be ascribed to the single-stranded
form. In addition, we evaluated the effect of added NaCl on the ORD sign of
CUR-N+, expecting that it may reduce electrostatic repulsion. Interestingly,
the intensity of ORD increased gradually with increasing NaCl concentra-
tion but did not reach the value of SPG in water. This difference implies that
formation of the triple-stranded helical structure from CUR-N+ is strongly
suppressed by electrostatic repulsion among the cationic charges of the side
chains.

These findings are successfully supported by the fluorescence probe ex-
periments using 1-anilinonaphthalene-8-sulfonate (ANS) and 2-p-toluidyl-
naphthalene-6-sulfonate (TNS) (Fig. 35B); that is, the fluorescence intensity
of ANS and TNS was remarkably increased in the presence of CUR-N+ or
CUR-SO–

3 accompanied with the blue shift of the fluorescence maxima. These
results indicate that ionic CURs can accommodate ANS (or TNS) molecules
into the hydrophobic domain even in water, where ionic CURs exert their
hosting abilities in their single-stranded forms. Native SPG and CUR never
exhibit such abilities in water due to their inherent nature to form the stable
triple helix. SPG with cationic moieties in its side glucoses, whose modifica-
tion ratios reaches 30%, also shows similar behavior in water because of its
still stable triple helix. These facts lead to the conclusion that the quantitative
modification of 6-OH groups with ionic groups provide a unique and unusual
nature to native β-1,3-glucans [192]. The advantageous lines for CUR-N+ and
CUR-SO–

3 as a one-dimensional host are that these CURs can act as one-
dimensional hosts in water without denaturation/renaturation processes: un-
like native or partially modified β-1,3-glucans, hydrophobic polymers as well
as molecules can be easily entrapped into the hydrophobic domain through a
simple mixing procedure (Fig. 35C).

This unusual hosting system was further applied for the polymeric guests,
i.e., polycytidylic acid [poly(C)], permethyldecasilane (PMDS) and single-
walled carbon nanotubes (SWNTs), which can be incorporated into SPG
and CUR only through the denaturation/renaturation processes [68, 69, 84,
86, 118]. Upon just mixing these hydrophobic guest polymers with CUR-
N+ (or CUR-SO–

3) in water, clear aqueous solutions were obtained. The
characterization by UV-VIS, CD spectroscopic measurements (Fig. 36), and
AFM and TEM observations revealed that these polymeric guests are en-
trapped into the hydrophobic domain to give stoichiometric, nanosized fi-
brous structures. In the case of a poly(C) guest, the complexation would
be driven by the cooperative action of (1) the hydrogen-bonding interac-
tion between the OH group at the C2 position and hydrogen-bonding sites
of the cytosine ring, (2) the electrostatic interaction between the ammo-
nium cation and the phosphate anion, and (3) the background hydrophobic
interaction. Likewise, the binding properties of CUR-N+ toward PMDS and
SWNT are attributed to the one-dimensional amphiphilic nature of CUR-
N+ in water. In the case of PMDS, approximately 5% of PMDS feed can
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Fig. 36 UV-VIS and CD spectra of CUR-N+ [1.3 mM (monomer unit)], poly(C) [0.24 mM
(monomer unit)] and poly(C)/CUR-N+ [1.3 mM (monomer unit), 0.24 mM (monomer
unit)] in 1.0 mM tris-HCl buffer (pH 8.0) at 5 ◦C with a 1.0 cm cell (CUR-N+ + poly(C)
in absorption spectra corresponds to the sum of the individual spectra). Reprinted with
permission from [192]

be solubilized into water by incorporation into the CUR-N+ cavity. This
value indicates that approximately 0.8 eq. of PMDS against CUR-N+ in the
monomer unit (SiMe2 unit for PMDS and glucose unit for CUR-N+, respec-
tively) is included in PMDS/CUR-N+ composites. Further conformational
investigation of PMDS by CD spectroscopies reveal that the dissymmetry
ratios (g) of PMDS/CUR-N+ composites are smaller by a factor of ca. 4
than those of PMDS/SPG composites, indicating that the PMDS included in
CUR-N+ consists of a mixture of a few conformations (Fig. 37A). Together
with the broad absorption band of PMDS/CUR-N+ composites compared
to that of PMDS/SPG composites, the strong electrostatic repulsion among
cationic side-chains of CUR-N+ probably prevents PDMS/CUR-N+ compos-
ites from formation of a rigid supramolecular helical structure as seen in the
PMDS/SPG system.

Powder of ag-SWNTs can be easily dispersed into water in the presence of
CUR-N+ or CUR-SO–

3 with the aid of sonication, the solution color becoming
dark as the sonication time progressed. The resultant aqueous solution is sta-
ble for more than one-month without forming any precipitate probably due to
the electrostatic repulsion among the composites. The NIR-VIS spectral fea-
ture of the solution was similar to that of the SWNT/SPG composite solution,
suggesting that CUR-N+ would wrap an individual SWNT fiber in the helical
cavity. The fact is also supported by TEM and AFM observations (Fig. 37B).
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Fig. 37 A UV-VIS, fluorescence (λex = 290 nm) and CD spectra of PMDS/CUR-N+ compos-
ite ([CUR-N+] = 3.0×10–4 M (monomer unit)), [PMDS] = 2.5×10–4 M (monomer unit);
in an aqueous solution at ambient temperature and B The TEM image of PMDS/CUR-
N+ composite after treatment with phosphotungstic acid. Reprinted with permission
from [192]

As described in the previous section, mannose-modified SPG can bestow
the lectin affinity to PANI fibers by just wrapping them. The wrapping of
the guest polymer by the chemically modified SPG can be regarded as a
novel functionalization path through a supramolecular manner, where in-
troduced functional groups always exist on the composite surface. Along
the same lines, it is worth mentioning that an important aspect for the use
of the chemically modified CUR is to functionalize the incorporated guest
polymers by just wrapping them. In particular, the quantitative conversion
of 6-OH groups to self-assembling groups allows the resultant composite to
self-organize through the surface–surface interactions among the composites,
where one-dimensional composites act as building blocks for creating the fur-
ther hierarchical architecture.
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4
Hierarchical Assemblies:
The One-Dimensional Composite
as a Building Block Toward Further Organization

Creation of highly ordered assemblies using functional polymers as building
blocks, which would lead to novel chemical and physical properties depend-
ing on their assembling modes, is of great interest due to their potential ap-
plications as fundamental nanomaterials. The self-assembling system of small
molecules have been well-established [195], whereas only a few attempts have
been reported for the creation of such hierarchical architectures from poly-
mers [196–198]. The difficulty in the polymeric system arises from how one
can introduce self-assembling capabilities into a polymer backbone without
losing its inherent functionality and from how one can assemble polymers
through specific interpolymer interactions without the influence of the non-
specific bundling nature. Furthermore, to tune physicochemical properties of
polymer assemblies at nanoscale, individual polymers must be manipulated
during their self-assembling processes. The unique hosting ability of β-1,3-
glucans has several advantages for overcoming these difficulties in polymer
manipulation: that is, (1) when chemically modified β-1,3-glucans are used as
one-dimensional hosts, the exterior surface of the resultant nanocomposites
can be utilized as an interaction site for the construction of supramolecu-
lar architectures and (2) the strong interpolymer interactions among guest
polymers are perfectly suppressed by the wrapping effect of β-1,3-glucans,
which insulates one piece of guest polymer to maintain its original function-
ality. As a preliminary example, two kinds of complementary semi-artificial
CURs, i.e., CUR-N+ and CUR-SO–

3 were utilizing as a functional sheath for
SWNTs, expecting that the mixture of these two composites in an appropri-
ate ratio results in the creation of hierarchical SWNT architecture due to the
electrostatic interaction [199]. It would be important to mention here that
CUR-N+ and CUR-SO–

3 have similar wrapping capability for SWNTs, suggest-
ing that SWNT/CUR-N+ composite and SWNT/CUR-SO–

3 composite may be
used as “complementary” one-dimensional building blocks to create higher-
order hierarchical self-assembled architectures (Fig. 38).

SWNT/CUR-N+ and SWNT/CUR-SO–
3 composite solutions containing the

same concentration of SWNT were prepared according to the same pro-
cedure described in the previous section. The zeta-potential value of an
aqueous solution containing SWNT/CUR-N+ composite was estimated to be
+ 48.9 mV, whereas an aqueous solution containing SWNT/CUR-SO–

3 com-
posite showed – 49.5 mV. Once these two solutions were mixed in the same
volume under very diluted conditions, the zeta-potential value of the resul-
tant mixture showed – 0.53 mV without accompanying precipitate formation,
indicating that the potential charges on these composites are almost neutral-
ized to give a self-assembling composite through the electrostatic interaction.
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Fig. 38 Proposed concept for creating hierarchical SWNT architecture from one-
dimensional building blocks through electrostatic interaction. It should be noted that
all processes including wrapping of SWNTs by CUR and self-assembling of the resultant
composites proceed in a supramolecular manner. Reprinted with permission from [199]

AFM images revealed that the resultant solution contains a well-developed
sheet-like structure with micrometer-scale length, which is entirely different
from the very-fine fibrous structures observed for individual SWNT/CUR-
N+ and SWNT/CUR-SO–

3 composites (Fig. 39). These sheet-like structures
show the characteristic Raman peaks at 262 and 1592 cm–1 being ascribed to
SWNTs.

TEM is a powerful tool to study how SWNTs are arranged in the obtained
sheet-like structure. In the TEM images shown in Fig. 40, it can be recognized
that the sheet-like structure is composed of highly ordered fibrous assem-
blies. Furthermore, the electron diffraction pattern (inset in Fig. 40B) reveals
that the fibrous assembly has some crystalline nature, suggesting that cationic
and anionic composites are tightly packed through the electrostatic interac-
tion. The periodicity of the dark layer is estimated to be ca. 2 nm, which is
almost consistent with the diameter of the individual composite obtained by
the AFM height profile. These results reasonably lead to the conclusion that
a novel strategy toward the creation of “hierarchical” functional polymer ar-
chitectures can be established by utilizing the complementary semi-artificial
β-1,3-glucans as “building blocks”.

The mixture of the oppositely charged small molecules tends to result
in nonspecific irregular assemblies through electrostatic interactions, but
when either a cationic or anionic polymer exists excessively, specific regu-
lar structures with well-controlled size and assembling number can be cre-
ated. This concept may be applicable to the present polymer assembling
system. When an aqueous SWNT/CUR-N+ composite solution was mixed
with an excess amount of an aqueous SWNT/CUR-SO–

3 composite solu-
tion, adjusting the [SWNT/CUR-N+]/[SWNT/CUR-SO–

3 ] ratio to 1/5, bundled
SWNTs architectures composed of highly ordered fibrous assemblies were ob-
tained. The diameter of the bundle structure became larger, with increasing
[SWNT/CUR-N+]/[SWNT/CUR-SO–

3 ] ratio from 1/5 to 1/3. These results indi-
cate that the self-assembling hierarchical architecture is predictable and con-
trollable by tuning the ratio of SWNT/CUR-N+ composite and SWNT/CUR-
SO–

3 composite (Fig. 41).
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Fig. 39 AFM images of A SWNT/CUR-N+ composite and B SWNT/CUR-SO–
3 composite,

respectively. C Magnified AFM image of (B). D AFM image of the sheet-like structure after
mixing SWNT/CUR-N+ composite and SWNT/CUR-SO–

3 composite. E Height profile of
the sheet-like structure: the AFM tip was scanned along the black line. In this AFM image,
the thickness of each thin layer is estimated to be ca. 3.5 nm. Reprinted with permission
from [199]
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Fig. 40 TEM image of A Sheet-like structure (low magnification), B, C Magnified im-
ages of the thin layer (inset: electron diffraction pattern obtained from the sheet).
D Elemental analysis of the sheet-like structure based on EDS. The spectrum was cor-
rected from the black-square in (B). E Magnified TEM image of the sheet-like structure
containing several thin layers. F Fourier translation image of (D) and extracted periodical
patterns. Reprinted with permission from [199]

5
Conclusion and Outlook

Most polymer–polymer or polymer–molecule interactions, except those oc-
curring in biological systems, have been considered to take place in a random
fashion and to produce morphologically uninteresting polymer aggregates.
In contrast, β-1,3-glucans can interact with polymer or molecular guests in
a specific fashion and construct well-regulated one-dimensional superstruc-
tures: in the present system, we can predict how β-1,3-glucans wrap these
guests. Furthermore, the wrapping occurs in an induced-fit manner, so that
various functional nanocomposites can be created, reflecting the inherent
functionalities of the entrapped guest material. These unique features of β-
1,3-glucans mostly stem from the strong helix-forming nature and reversible
interconversion between the single-stranded random coil and triple-stranded
helix. It should be emphasized that the resultant composite can be applied to
biomaterials due to the inherent bio-compatibility of β-1,3-glucans.

The clear wrapping mode allows us to utilize the composite as a one-
dimensional building block for further molecular recognition events occur-
ring on the composite surface: the selective modification of β-1,3-glucans
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Fig. 41 TEM images of A SWNT/CUR-N+ composite and B SWNT/CUR-SO–
3 composite.

C Fibrous bundle structure containing a limited number of SWNTs ([SWNT/CUR-
N+]/[SWNT/CUR-SO–

3]=1/5). D Magnified TEM image of (C). E Larger bundle structure
([SWNT/CUR-N+]/[SWNT/CUR-SO–

3 ]=1/3). F Magnified TEM image of (E) (inset: ex-
tracted periodical patterns obtained along the red line). Reprinted with permission
from [199]

endows the composite with molecular recognition and self-organization abil-
ities. We have demonstrated that the wrapping of the chemically modified
SPG provides a novel strategy to create functional polymer composites with
various molecular recognition tags in a supramolecular manner. Especially,
the quantitative conversion of 6-OH groups of CUR to self-assembling groups
allows the resultant composite to self-organize through the specific surface–
surface interactions among the composites, where the composite acts as one-
dimensional building blocks for creating the further hierarchical architecture.
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Considering the serious difficulties involved in the creation of hierarchical
architectures from synthetic polymers, the present system can open up new
paths to accelerate development of the polymer assembly systems and can
extend the frontier of polysaccharide-based functional nanomaterials.
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