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B-1,3-Glucan polysaccharides as novel one-dimensional hosts for
DNA/RNA, conjugated polymers and nanoparticles

Kazuo Sakurai,” Kazuya Uezu,” Munenori Numata,” Teruaki Hasegawa,” Chun Li,”? Kenji Kaneko and

Seiji Shinkai*”

Received (in Cambridge, UK) 11th May 2005, Accepted 8th July 2005

First published as an Advance Article on the web 3rd August 2005

DOI: 10.1039/b506673p

B-1,3-Glucan polysaccharides have triple-stranded helical structures whose sense and pitch are
comparable to those of polynucleotides. We recently revealed that the -1,3-glucans could interact
with certain polynucleotides to form triple-stranded and helical macromolecular complexes
consisting of two polysaccharide-strands and one polynucleotide-strand. This unique property of
the B-1,3-glucans has made it possible to utilize these polysaccharides as potential carriers for
various functional polynucleotides. In paticular, cell-uptake efficiency of the resultant
polysaccharide/polynucleotide complexes was remarkably enhanced when functional groups
recognized in a biological system were introduced as pendent groups. The B-1,3-glucans can also
interact with various one-dimensional architectures, such as single-walled carbon nanotubes, to
produce unique nanocomposites, in which the single-walled carbon nanotubes are entrapped
within the helical superstructure of B-1,3-glucans. Various conductive polymers and gold
nanoparticles are also entrapped within the helical superstructure in a similar manner. In
addition, diacetylene monomers entrapped within the helical superstructure can be photo-
polymerized to afford the corresponding poly(diacetylene)-nanofibers with a uniform diameter.
These findings indicate that the B-1,3-glucans are very attractive and useful materials not only in
biotechnology but also in nanotechnology. These unique properties of the B-1,3-glucans
undoubtedly originate from their inherent, very strong helix-forming character which has never

been observed for other polysaccharides.
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1 Introduction

Chinese herbal medicine has a great history extending back to
the Late Bronze Age of about 2500 to 3000 years ago. In this
long history, some fungi have been recognized as potential
medicines to cure gynecological diseases.! Modern chemistry
has revealed that the active ingredients of these fungi are
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Fig. 1 Chemical structures of curdlan and SPG. The numbers in the
figure indicate the atomic numbers of the glycoside unit.

polysaccharides belonging to the B-1,3-glucan family.> Among
others, schizophyllan (SPG, Fig. 1)** and lentinan® have been
commercialized in Japan as medicines for the treatment of
uterine cancer. Immunology showed that these B-1,3-glucans
can activate natural immunity by promoting secretion of
interleukins.? Molecular biology of the B-1,3-glucans has just
started, being motivated by recent findings that they are
recognized by Toll-like receptors which are key regulators of
innate immunity responding to invading microorganisms.>*
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On the other hand, the chemistry of the B-1,3-glucan family
has a relatively long history. Atkins’ and Sarko®® showed that
the simplest B-1,3-glucan, or curdlan (Fig. 1), adopts a triple-
stranded helical structure in nature. Norisuye er al'®'?
carefully studied the dilute solution properties of SPG and
clarified that it dissolves in water as a triple-stranded helical
structure (t-SPG) and in dimethylsulfoxide (DMSO) as single-
stranded random coils (s-SPG). Furthermore, once water is
added to the DMSO solution, t-SPG is regenerated from
s-SPG strands (this process is known as a renaturation
process) through inter-stranded hydrophobic interactions and
hydrogen bonding.'* Although the resultant renatured product
is not exactly the same as the original rod-like molecules, the
local structure is expected to restore the triple-stranded
helical structure.'*™°

In 1999, we mixed various biomaterials with s-SPG to
examine whether the renaturation process of SPG would be
interfered with by the additives. During these experiments, we
unintentionally found that s-SPG could form a unique
macromolecular complex with poly(C) when poly(C) co-
existed during the renaturation process. Later work showed
that poly(C) is one of several polynucleotides that are strongly
bound to s-SPG and show strong circular dichroic (CD)
signals. Fortunately, the poly(C) was left by someone in our
refrigerator a few years ago and that was why we used poly(C)
in our experiments as a representative of polynucleotides. If
we had selected other polynucleotides, such as poly(G), as our
initial target, this unique polysaccharide—polynucleotide
interaction would not have been discovered (poly(G) is not
able to interact with s-SPG, as shown in Table 1). In this sense,
this finding is surely an example of scientific serendipity.
Since then we have dedicated our research effort to explore
this novel polysaccharide/polynucleotide complex and to
establish a new method to deliver DNA by using this
complex. The present review summarizes our tidemark in
recent work.
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Table 1 Nucleotide specificity in complex formation in natural and
non-salt aqueous solution

Complex
formation T,/°C Conformation
RNA Poly(C) Yes 54 Single chain
Poly(A) Yes 32 Single chain
Poly(U)  No Intramolecular H-bond
(hairpin like)
Poly(G) No 4G wire (intramolecular
H-bond)
Poly(I) No Intramolecular H-bond
DNA Poly(dC) No Intramolecular H-bond
Poly(dA) Yes (40)“ 80  Single chain
Poly(dT)  Yes 10 Single chain

Poly(dG) No 4G wire (intramolecular
H-bond)

“ Conformational transition temperature, see the text for detail.

2 Structural aspects of the triple-stranded helical
structure of p-1,3-glucans'®

One of the most characteristic features of the structure of
B-1,3-glucans is that they adopt a right handed 6, triple-
stranded helical structure in nature. X-ray crystallography has
already been extensively carried out to find that curdlan also
adopts a 6-fold, parallel, triple-stranded helical structure.’!’
The X-ray diffraction pattern, however, provides the atomic
coordinates for carbon and oxygen but not for hydrogen and
therefore, the hydrogen bonding to maintain the triple-
stranded helical structure has not been clarified. One possible
and widely believed model is the helical structure stabilized
through inter-stranded hydrogen bonding among the three O2
atoms, as shown in Fig. 2a.”° Here, the upper model shows a
side view of the helical structure and the lower schematic
illustration presents a cross section by projecting all atoms to
the x—y plane (perpendicular to the c-axis). Three 2nd hydroxyl
groups protrude toward the centre of the helical structure and
form a closed triangle hydrogen-bonding network. Since each
triangle hydrogen-bonding network employs three hydroxyl
groups that are located in the same x—y plane along the helical
structure, it is arranged perpendicular to the helix axis, as
presented in the upper panel.

Recently, we re-examined the hydrogen-bonding stabilizing
the triple-stranded helical structure of curdlan by using semi-
empirical quantum-mechanics (MOPAC). The result of our
calculation showed a possibility that the triple-stranded helical
structure could be stabilized through unique ‘“‘continuous”
hydrogen-bonding networks (Fig. 2b) along the helical
structure.'® In the newly proposed model, three single-strands
of curdlan are connected by inter-stranded hydrogen-bonding
networks among oxygen atoms (O2 and O2’) on different x—y
planes.

In the case of the triangle hydrogen-bonding networks, our
semi-empirical calculation revealed that the triple-stranded
helical structure of curdlan is stabilized by the hydrogen
bonding in an almost independent manner from the unit
number (or molecular size of curdlan), due to discontinuity in
the triangle hydrogen-bonding networks. On the other hand,
the stability is increased with increasing unit number for the
newly proposed continuous hydrogen-bonding networks. This

(a)

Fig. 2 Proposed two types of hydrogen bonds in curdlan triple helix.
(a) The hexagonal intermolecular hydrogen bonds. The upper model is
a side view of the full turn triple helix, here the dotted lines indicate the
hydrogen bonds, and the lower one is a cross-sectional view of the helix
(perpendicular to the helix). (b) The left-handed helical hydrogen
bonds. The side view and cross-sectional view are presented in the
same manner as in panel (a). The hydrogen bonds are connected along
the helix, traversing three curdlan chains to make a left-handed helix.
Therefore, the hydrogen bond array makes a reverse helix of the
main chain.

feature can be explained by a combination of electron-induced
effect and charge-transfer effect along the continuous
hydrogen-bonding networks, which can be called cooperative
phenomena characteristic of polymer systems. It should be
emphasized that the continuous network model becomes more
stable than the original triangle one when the unit number
exceeds 10.

3 Complexation between the p-1,3-glucans and
polynucleotides

3.1 Spectroscopic changes upon complexation''?

Fig. 3 compares the ultraviolet absorbance (UV) and CD
spectra of poly(C)7 itself and that complexed with s-SPG (the
macromolecular complex is denoted as poly(C)/s-SPG). Here
the My, of s-SPG is 150 K and the base number of poly(C) is
about 250. The complexation induced several changes in the
UV and CD spectra of poly(C), that is, 1) a decreased UV
absorbance (270 nm) by 12% (hypochromism), 2) an increased
CD (275 nm) signal and 3) a newly-appeared CD band
(245 nm). Since SPG does not have any functional group to
absorb light in this wavelength range, the hypochromism of
UV should arise from intensified base-stackings through the

1 Hereinafter, poly(X) denotes a homo-polynucleotide and X is the
base symbol such as A (adenosine monophosphate), C (cytidine
monophosphate), G (guanosine monophosphate), U (uridine mono-
phosphate), I (inosine monophosphate), dA (deoxyadenosine mono-
phosphate), etc.
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Fig. 3 Comparison of the UV and CD spectra between poly(C) and
poly(C) + s-SPG measured at 10 °C for a concentration of poly(C) of
7.16 x 1072 gdL ™' (2.22 x 107* M) with a 1 cm cell. (Adapted from
ref. 19 by permission of The American Chemical Society).

complexation. Furthermore, the increment of CD after the
complexation implies that poly(C) takes a highly ordered
helical structure after the complexation, and the content of the
helical structure (or an ordering of it) is increased. Along with
these spectral data, we assumed that the complexation induced
a new ordered helical structure of poly(C). This SPG-induced
ordered structure is clearly different from random aggrega-
tions induced by polycation—polynucleotide interactions,
through which the CD spectra are usually depressed.

Table 1 summarizes the macromolecular complex formation
between s-SPG and homo-polynucleotides in natural and non-
salt aqueous solution. Poly(C), poly(A), poly(dA) and
poly(dT) can form a macromolecular complex with s-SPG,
although poly(G), poly(U), poly(I), poly(dG) and poly(dC)
show no affinity toward s-SPG. According to the previous
work,?> poly(G) and poly(dG) form tetramers, poly(U) and
poly(dC) form dimers and poly(I) forms a tetramer or trimer.
In these cases, the hydrogen-bonding sites in the bases are
occupied by intra- or inter-molecular interactions. On the
other hand, poly(C), poly(A), poly(dA) and poly(dT) do not
form such superstructures, and therefore their hydrogen-
bonding sites are unoccupied. There is a clear correlation
between the complexation ability and the presence of free
hydrogen-bonding sites, ie., the polynucleotides having free
hydrogen-bonding sites can form macromolecular complexes
with s-SPG. This correlation also clearly indicates that the
hydrogen bonding between s-SPG and polynucleotides is
essential to induce the macromolecular complex formation.

We examined whether the other glucans would show similar
UV- and CD-spectral changes when they were treated with
poly(C) in the same manner as SPG (i.e., dissolved or dispersed
in DMSO and the solvent exchanged for water in the presence
of poly(C)). The results summarized in Table 2 indicate that
the complexation is only observed for the B-1,3-glucans. It
should be emphasized that the natural triple-stranded helical
structure of SPG (t-SPG) cannot induce any CD and UV

Table 2 Relationship between the capability to form the complex and
the glucose linkage of natural glucans

Name Units Linkage Side chain

Amylose a-D-Glucose 1,4 none No
Carrageenan B-D-Galactose Alternating  Sulfonic groups No

1,4 and 1,3

Cellulose B-D-Glucose 1,4 none No
Dextran o-D-Glucose 1,6 o-1,3- or a-1,4- No
Pullulan o-D-Glucose 1,6 none No
Lentinan B-D-Glucose 1,3 -G(-G)-G-G(-G)- Yes
Curdlan B-D-Glucose 1.3 -G-G-G-G-G- Yes
Schizophyllan B-D-Glucose 1,3 -G-G(-G)-G- Yes

spectral change of poly(C), suggesting it has no affinity for
poly(C). This fact clearly shows that the renaturation process
is indispensable for the complexation.

Fig. 4 presents the temperature dependence of [0],.x for free
homo-polynucleotides and their macromolecular complexes
with s-SPG, where [0],.x 18 @ maximum CD-intensity at the
top of their positive bands. As seen in Fig. 4, there is an abrupt
decrease in [0]nax around 32 and 54 °C for s-SPG/poly(A)
complex and  s-SPG/poly(C) complex, respectively.
Furthermore, above each critical temperature, the [0]n.x of
these complexes merges into those of the corresponding
free polynucleotides themselves. These features show that
s-SPG/polynucleotide complexes can be formed only under a
low temperature range and they are dissociated (or melt) upon
heating. It is of interest that the abrupt decrease resembles a
well-known melting behavior of polynucleotide-based double-
stranded helices.

As summarized in Table 1, melting temperatures (7y,)
evaluated from the plots show a clear difference between those
for s-SPG/poly(C) complex and s-SPG/poly(A) complex. This
difference is also of great interest since a similar tendency in
T can be observed for the corresponding polynucleotide-
based double-stranded helices, that is, poly(C)/poly(G) com-
plex “melts” at a higher temperature (ca. 110 °C) in
comparison to poly(A)/poly(U) complex (ca. 65 °C). The
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Fig. 4 Temperature dependence of [0],.x for poly(A) and poly(C),
and their mixtures with s-SPG.
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different T,, values observed for the DNA helices can be
ascribed to the difference in the number of the hydrogen bonds
(cytosine has 3 hydrogen-bonding sites whereas adenosine has
2 sites). The same debate can also be applied to the difference
in T, values between s-SPG/poly(A) complex and s-SPG/
poly(C) complex, supporting our assumption that the hydro-
gen bonding is essential for the macromolecular complex
formation.

Fig. 5 plots relative CD-intensities against V,, for both
poly(A) and poly(C) systems. Here, V7, is a volume fraction of
water in the water/DMSO mixed solution and the relative CD-
intensity is defined as normalized [0],.x based on that of
poly(A) or poly(C) at V,, = 1. In the low V, region, the
individual polynucleotide exhibits the same values as the
corresponding mononucleotide, indicating no or negligibly
weak Dbase-stacking along the polynucleotide-strands. The
relative CD-intensities commence to increase at V,, = 0.5 for
poly(A) and at V,, = 0.6 for poly(C). These increments
indicate that the polarity of the solvent becomes significant
enough to induce the hydrophobic interaction and the
resultant base-stacking. The relative CD-intensities are then
increased essentially linearly with increasing ¥V, for both
polynucleotides. On the other hand, when s-SPG coexists,
polynucleotides show completely different behaviour from that
of the corresponding free polynucleotides. In the lower V.,
region (ca. 0.00-0.45), the relative intensities stay at the same
values as those of the corresponding mononucleotides. The
intensities increase dramatically at V7, = 0.58 for poly(A) +
s-SPG and at V,, = 0.60 for poly(C) + s-SPG, and are then
saturated at ¥V, > 0.70. The onset V, values for the
macromolecular complex formation are close to the V5, values
at which the base-stacking of poly(A) and poly(C) begins.
This coincidence indicates that the hydrophobic interaction
between the bases is a key feature to induce the macro-
molecular complexation. Furthermore, the saturation of
relative CD-intensities indicates that most of the bases are
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Fig. 5 Composition dependence of the relative intensity of CD for
poly(C), poly(C) + s-SPG, poly(A) and poly(A) + s-SPG. (Adapted
from ref. 19 by permission of The American Chemical Society).

stacked under high V5, conditions (Vy, > 0.7) and that the
macromolecular complex formation is completed under these
conditions.

We prepared three s-SPG samples with M,, = 2100, 3800
and 7200 through acid hydrolysis of native SPG (M, = 15000)
to investigate its suitable molecular weight to form the
macromolecular complex with poly(C) (the base number of
poly(C) was fixed at 250). We also examined how many bases
in the polynucleotides are required for the macromolecular
complexation by using various poly(dA) samples having
different base numbers and s-SPG having a fixed molecular
weight (15000). It is found that the critical M, of s-SPG for the
macromolecular complexation is 3000-5000, indicating that
ca. 16-30 glucose units are required for the complexation. On
the other hand, 25-30 deoxyadenosine units are required to
combine with the s-SPG.

3.2 Stoichiometry and molecular modeling'®2°

We measured the CD spectra of poly(C) by changing the molar
ratio between polynucleotides and s-SPG to determine the
stoichiometry in the macromolecular complex. As shown in
Fig. 6, the [0],ax value increases linearly with increasing molar
ratio (defined in the legend of Fig. 6), following an upward
convex, and finally stabilizes at about 0.4. From the cross
section of the plateau and increment regions, the stoichio-
metric ratio (N) is evaluated to be 0.38-0.42.' This result
indicates that two SPG repeating units are combined with
three base units, namely, 8 glucoses vs. 3 bases. When we
examined the stoichiometry for the curdlan/poly(C) system,
the results showed 6 glucoses vs. 3 bases.?! Together with the
fact that curdlan has no side chain and SPG has one glucoside
side chain, this discrepancy in the stoichiometric ratios can be
rationalized by assuming that the main chain of the B-1,3-
glucans participates in the complexation whilst the side chain
of SPG is not involved in the complexation.

[0]rax / 103 deg cm? dmol-!
g I o 8 & 8 8

poly(C): conc. fixed

s i PR | PRI RS
0.4 0.6 0.8 1.0
poly(C)
poly(C}+s-SPG

Fig. 6 The Job plot for the poly(C) + s-SPG system. The molar ratio
is defined by Ms,spg/(Ms,spG + Mpoly(C))v where M spG and Mpoly(C)
are the molar concentrations of s-SPG and poly(C), respectively. The
cross section of the plateau and increment regions shows that the
stoichiometric ratio = 0.38-0.42. (Adapted from ref. 19 by permission
of The American Chemical Society).
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We can speculate on a few possible structures based on the
facts that: 1) the second hydroxyl groups should be involved in
the macromolecular complex formation because they partici-
pate in the hydrogen bonding to stabilize the original triple-
stranded helical structure of B-1,3-glucans, 2) the glucoside
side chain is not involved in the macromolecular complex
formation and 3) the resultant macromolecular complexes
have highly regular helical structures as supported by the CD
and UV spectral data.

Fig. 7 illustrates the three possible structures for the
curdlan/poly(C) complex. In Model DI, every glucose residue
in the main chain interacts with the cytosine residue to form a
DNA-like double helix. Since the distance between the
neighbouring C-2 carbons is about 4 A and the stacking
distance between cytosine moieties is 3.0-3.6 A, this model is
reasonable from the viewpoint of the stereochemistry. The
stoichiometric number (N = 0.20) of Model D1, however, does
not agree with the experimental results in Fig. 6. We therefore
constructed another double-stranded model (D2 in Fig. 7) to
satisfy N = 0.40, however, the ribose or phosphate moieties are
unfavourably stretched and thus this model is also not
acceptable. In Model T1, we suppose that the macromolecular
complex adopts a triple-stranded helical structure similar to
the original triple-stranded helical structure of curdlan. When
we construct the helical structure from two s-SPG chains and
one poly(C) chain, this model can satisfy both the stereo-
chemistry and the stoichiometry (N = 0.40). Model TI is,
therefore, the most suitable one to reasonably explain all the
experimental results.

Based on the above stoichiometric discussion, we con-
structed a three-dimensional (3D) model of the macromo-
lecular complex. We first constructed the triple-stranded
helical structure of curdlan and removed one strand from this
helical structure. Secondly, we created a single-stranded helical
structure of poly(C) based on its crystal structure’® and
merged it with the double-stranded helical structure of
curdlan. In fact, the resultant “hybrid-type” helix composed
of the two curdlan strands and one poly(C) strand could be

D1 D2 T
1:1 double helix 2:1 double helix 2:1 triple helix
G/C=1.0 GIC=20 G/C =20
N=0.2 N=0.4 N=0.4

O-O-O-O-O-0-0-0-0

<

too long

(

L5404

O=-O-0-00-0-0-0-0

O—O0—O—O0O—0)

A\

N
O-0O-0-6

\ glucose

H-bond

A
cytosine

Fig. 7 Three possible structures for the s-SPG/poly(C) complex. G
and C denote the glucose and cytosine in the chains, respectively. In
Model D1, every glucose residue in the main chain interacts with the
cytosine. Model T supposes that the complex adopts a triple helix
similar to that existing in the B-1,3-glucans.

easily constructed due to their similar right-handed 6, helical
structure. In the third step, we calculated the most stable
conformation of poly(C) confined in the groove using a
MOPAC MM3 in CAChe, version 5 (Fujitsu, Ltd, Japan). The
calculation was converged to indicate that the poly(C) strand
can adopt a conformation that is very close to the original one
without creating any steric hindrance.>® The obtained model is
shown in Fig. 8(a). Interestingly, the cytosine units are located
close to the 2nd hydroxyl groups to form hydrogen bonding as
presented in panel (b). The 3rd and 4th nitrogen atoms in the
cytosine units participate in intermolecular hydrogen bonding
and the resultant “hybrid-type” cytosine-glucose hydrogen
bonding replaces the original hydrogen bonding in the triple-
stranded helical structure of curdlan.

An enthalpy change (AH) through the macromolecular
complexation can be defined by

AH = 3Hcomplex - (3Hpoly(C) + ZHCurdlan_?) (1)

where Hoppiexs Hporycc) and H ,qiqn are the calculated heat of
formation (HOF) for the curdlan/poly(C) complex, the
poly(C) single strand and the curdlan triple-stranded helix,
respectively. In the calculation, we considered a set of two
glucose and one cytosine residues as an elemental unit and
divided the AH by the unit-number (AH/unit). With this
normalization, we can easily compare the AH between the
different chain lengths. Fig. 8(c) shows the relationship
between the chain length and the AH/unit. When the AH/unit
is positive, the macromolecular complex formation is a
thermodynamically less favourable process than the formation
of the curdlan triple-stranded helical structure. It should be
noted that the AH/unit decreases with increasing chain length,
and turns negative at around 24 units. This result is consistent
with our experimental results showing that polynucleotide
having more than 30 nucleobase-units can form stable
macromolecular complexes with s-SPG."

AH { unit [keal / (moleunit)]

Fig. 8 The curdlan/poly(C) complex calculated by MOPAC. (a) A
full turn model of the side view, the curdlan double helix is translucent
and the pitch of poly(C) is 18.1 A. (b) Hydrogen bonds between the
curdlan and the poly(C) in the complex. (c) The AH per unit of
complex is plotted against the unit number.
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4 Application to biotechnology
4.1 Specific binding to natural mRNAs>?

We have found that s-SPG is capable of specifically interacting
with various mRNAs by the following experiments. We first
synthesized SPG having appended fluorophores through
treating native SPG with fluorescein 4-isothiocyanate and
then, the degree of fluorescence polarization (P) was measured
after mixing with mRNA from Saccharomyces cerevisiae
(Fig. 9). An addition of mRNA strongly increases the P value,
while the other RNAs (rRNA and tRNA) do not induce any
change in the P value. Generally, it is widely recognized that
the P value increases with increasing molecular weight, owing
to a suppressed rotational diffusion coefficient. The present
results, therefore, clearly indicate that s-SPG can selectively
interact with mRNA to form a macromolecular complex
having an increased total molecular weight. This selectivity
toward mRNA can be rationalized by the fact that mRNA has
a poly(A)-tail which forms the stable macromolecular complex
with s-SPG. On the other hand, the other RNAs have no
poly(A)-tail and therefore, no s-SPG affinity can be expected.
It should be emphasized that, although there are some proteins
which can bind to mRNA, most proteins utilize electrostatic
interactions to recognize polynucleotides and therefore no
mRNA-selectivity can be expected for these proteins. On the
contrary, s-SPG does not utilize the non-specific electrostatic
interaction but the specific macromolecular complex forma-
tion to interact with mRNA. Taking this advantage of s-SPG,
we recently prepared an SPG-appended gel column and
demonstrated that this column can separate mRNA from
crude mixtures extracted from cells.*

4.2 Delivery of functional oligonucleotides

4.2.1 Bio-functional oligodeoxynucleotides and their potential
carriers. Oligodeoxynucleotides (ODNs) containing an
unmethylated CpG sequence (CpG motif) have been shown
to stimulate an immune response.>> Considerable attention is
currently devoted to this response because the CpG motif can
be an extraordinarily effective adjuvant for many vaccines
against infectious agents, cancer antigens and allergens. Henmi
et al®® demonstrated that CpG motifs are recognized by a
pattern-recognition receptor, called Toll-like receptor 9 (TLR-
9). Recently, TLR-9 was found to be localized in endosome
and lysosome compartments.27 These findings suggest that, if
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Fig. 9 Comparison of the fluorescence depolarization between
mRNA + s-SPG and tRNA/rRNA + s-SPG.

the CpG motifs can be delivered to these organelles with
appropriate carriers, the immune response can be artificially
and more accurately controlled in comparison to its naked
administration. Such carriers should be capable of 1) protect-
ing the complexed CpG motifs from enzymatic degradation
and 2) releasing the complexed CpG DNA at the target
organelles.

In addition to the CpG motifs, antisense oligonucleotides
(AS ODNs) are also functional ODNs of great interest and
designed to suppress expressions of particular genes. In spite of
their great therapeutic potential, enzymatic degradation by
human nucleases strongly hinders their therapeutic applica-
tions. Effective methodologies to protect AS ODNSs from
enzymatic degradation should be, therefore, developed to
establish practical antisense therapy. The degradation can be
overcome by using ODN analogues, such as phosphorothio-
ates, phosphoramidates and peptide nucleic acids. The
phosphorothioate-type ODNs are the leading candidates
among the first-generation antisense compounds, however,
those analogues are easily absorbed by serum proteins, causing
an unfavourable lowering of the antisense efficiency.”®
Although various synthetic polycations including poly-
(L-lysine) and polyethyleneimine have been developed as
artificial carriers to protect the complexed AS ODNs from
the unfavourable binding to the serum proteins, the toxicity of
these polycation-based carriers as well as the poor solubility of
the resultant carrier/AS ODNs complexes still strongly hinders
their wide application for practical antisense therapy.

4.2.2 Strategy and chemistry. Fig. 10 schematically presents
the target organelles for the functional oligonucleotides.
Native SPG having no cell binding site is unable to bind to
the plasma membrane and to induce the following endocytosis.
It is, therefore, an important requirement to develop SPG

oligonucleotide
_——carrier

cell binding site (functional group)
receptor

>

endocytic pathway

ingestion

escape from endocytic pathway

early endosome

mRNA

silencing mRNA
— antisense effect

Nz

lysosome

late endosome

stimulating TLR9
—IL secretion

Fig. 10 Our strategy to deliver oligonucleotides to cells. A functional
group that can induce the cellular uptake of the complex is attached to
the s-SPG side chain. When the modified s-SPG and oligonucleotide
are mixed, they form a complex consisting of two modified s-SPG
chains and one nucleotide chain. Once the functional group binds to
the plasma membrane, cellular uptake can be induced to ingest the
complex. Final target organs for antisense DNA and CpG motif.
The target of antisense is mRNA, located in the cytosol, and that of
the CpG motif is TLR-9, located in the lysosome.

This journal is © The Royal Society of Chemistry 2005

Chem. Commun., 2005, 4383-4398 | 4389



derivatives having cell binding sites to induce effective cellular
uptake. To develop such SPG-based carriers, only the side
chain of SPG is required to be modified, because structural
modifications and the resultant conformational disorders of
the B-1,3-glucan main chain should result in a destabilization
of the resultant macromolecular complexes.

Fig. 11 presents our synthetic strategy, through which
the site-specific modification can be achieved. Native SPG
was first oxidized with NalO, to yield SPG carrying

O CH,OH
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CHyOH H—C 0. o}
o._ 0<
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(1) 3p-cholest-5-en-3yl N-(2-aminoethyl)
carbamate or spermine in DMSO, rt, 2 days

formyl-appendages. Since the NalOy4-oxidation is specific for
1,2-diols, the SPG main chain having no 1,2-diol remains
unmodified through this reaction. The subsequent reductive
amination afforded SPG having various functional groups on
the side chains.’®3' We synthesized various SPG-derivatives
through this synthetic scheme as listed in Table 3. In addition
to the inherent advantages of SPG to protect the complexed
ODNs from the nuclease-mediated hydrolysis and from the
unfavourable binding to the serum proteins,>* cell affinity
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Fig. 11 Schematic presentation to introduce various functional groups to the side chain of SPG.

Table 3 Sample codes and the introduced chemical groups

Sample code R Modification level” N/P ratio”
SP-SPG H NH 4.6 + 0.3 mol % 0.27
RN W S e Nk
H H
Chol-SPG 6.9 + 1.0 mol % 0.21
" (e}
/N\/\N)ko
H
R8-SPG fo) o 0.5 + 0.1 mol % ~0
)cj)\/\/ /\)J\N/(Arg)g—COOH
S
N H
Y NH,
H (0]
RGD-SPG 1.3 + 0.3 mol % ~0

o 0O
o} /%N _Arg-Gly-AspCOOH
~ )I\/\/N S H
H NH,
O

“ Determined by N elemental analysis. © Cation (N)/anion (P) ratio. (Adapted from ref. 34 by permission of The American Chemical Society)
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arising from the appended cell binding sites increases the total
antisense efficiency of the resultant complexes.

After ingestion by cells, the functional ODNs (AS ODNs
and CpG DNA) should be delivered to the specific sites where
their targets exist. For example, the AS ODNs should be
released from the endocytic pathway to bind the target
mRNA, which is present in the cytosol. This event should
preferably happen before the AS ODNs start to suffer from
enzymatic degradation in the lysosomes. On the other hand,
CpG motifs have to be released from the carrier either in the
lysosome or late endosome, because the receptor for CpG
motifs is located in these organelles.

4.2.3 Delivery of CpG motifs*. Fig. 12 shows the com-
parison of cytokine secretion between the naked dose of CpG
DNA and the carrier-mediated ones. When the complex
consisting of native SPG and CpG DNA (s-SPG/CpG DNA)
was added, secretion was increased by about 20-40% in
comparison to that of the naked dose. This increment can be
ascribed to the SPG-mediated protection effect of the
complexed CpG DNA from the nuclease-mediated hydrolysis.
The CpG DNA complexed with the chemically-modified SPG-
derivatives increases the secretion dramatically, i.e., five- to
ten-fold compared with that of the naked dose. Among these
SPG-derivatives, R8-SPG had the highest performance as the
carrier, followed by RGD-SPG and then Chol-SPG. The
difference in the performance between RGD-SPG and Chol-
SPG was prominent for IL-6 but relatively small for IL-12 and
TNF-a.

The cellular ingestion mechanisms depend on the chemical
structure of the carriers. The cellular membrane is negatively
charged, so that cations such as monomeric spermine can bind
to the surface via coulombic forces and are then ingested by
pinocytosis. While this mechanism should be the case for free
SP-SPG, ingestion via an electrostatic interaction does not
occur for the SP-SPG/CpG DNA complex because it has total
negative charge (see Table 1). This cancellation of inherent

[JcpG DNA (naked) [l CpGDNA/s-SPG = CpG DNA/SP-SPG
[I] cpG DNAIChol-SPG [ZZ CpG DNA/RS-SPG [l CpG DNA/RGD-SPG
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Fig. 12 Effect of chemical modification of s-SPG on CpG-motif-

mediated cytokine secretion. The murine macrophage-like cell J774.A1
(1 x 10° cells/ml, 100 pl/well) was stimulated with IL-6 and IL-12 at 25
and 50 pg/ml, and with TNF-p at 150 and 300 pg/ml. (Adapted from
ref. 34 by permission of The American Chemical Society).

positive charge on macromolecular complexation should be
the reason why SP-SPG is not effective as the carrier.

On the other hand, monomeric RGD or monomeric
cholesterol is thought to be ingested via ligand-receptor
interactions. This receptor-mediated ingestion should be also
the case for the CpG DNA complexed with RGD-SPG or
Chol-SPG and therefore, should be a critical step for their
relatively high secretion inductions. After this receptor-
mediated ingestion, the RGD-SPG/CpG DNA complex and
Chol-SPG/CpG DNA complex would be transported into the
endosome and finally into the lysosome, in which the
compartment pH is maintained at about 5 and digestive
enzymes are highly activated. The complexes should release the
CpG DNA owing to the low pH and the resultant naked CpG
DNA is easily hydrolyzed into the fragments that are finally
recognized by TLR-9 on the vesicle membrane.

It should be noted that the complexes based on the SPG-
derivatives having arginine-rich peptides, such as R8-SPG,
should be ingested through a different pathway from that
based on RGD-SPG and Chol-SPG. Although there is still
controversy and some discussion on the uptake mechanism for
monomeric R8, some data suggest that R8 is ingested by the
cell through a pathway independent from lysosomes and
endosomes. If this non-lysosomal pathway was the sole one for
the R8-SPG complex, the resultant cytokine secretion would
be less than that obtained for the other complexes. The R8-
SPG complex, however, induced the highest level of secre-
tion—almost ten times higher than that obtained with naked
CpG DNA. To the best of our knowledge, this enhancement is
the strongest one achieved through artificial carriers so far
reported. The precise mechanism for the ingestion of R8-SPG/
CpG DNA complex and the resultant effective cytokine
secretion remains to be clarified.

4.2.4 Delivery of antisense DNA3-3%33-3536 The same
chemical modifications as described in the section 4.2.3 were
used to design a carrier for AS ODNSs. Several SPG/AS ODNss
complexes were prepared and then used for an antisense assay,
in which phosphorothioate AS ODN was administered to
melanoma A375 or leukemia HL-60 cell lines. The R8-SPG or
RGD-SPG could mediate the strongest antisense effect
(Fig. 13), most likely due to the enhancement of endocytosis
by the functional peptide-appendages. It should be emphasized
that the tendency observed in the antisense assay is clearly
consistent with that observed in the aforementioned CpG
assays. These results clearly support the view that the SPG
derivatives having cell binding appendages are potential
ODNs-carriers not only protecting the therapeutic ODNs
from nonselective protein adsorption and enzymatic degrada-
tion but also enhancing the cell-uptake efficiency.

5 Application as unique one-dimensional hosts

It is already known that the 2nd hydroxy groups and the
surrounding structure along the B-1,3-glucan main-chain form
a more hydrophobic site in comparison to that of primary
hydroxy groups or B-1,6-glucoside-appendages.'® This hydro-
phobic site, therefore, forms a hydrophobic cavity within the
helical superstructure of SPG when s-SPG retrieves its original
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Fig. 13 Comparison of cell growth when A375 cells were exposed to
AS-c-myb and the complexes with s-SPG or PEG 5K(10.1)-SPG,
RGD(5.0)-SPG and RGD(0.68)-SPG. (a) AS-c-myb assays, (b) Sc-c-
myb assays.

triple-stranded helical structure in aqueous media. This unique
amphiphilic core-shell structure resembles that of cyclodextrins
and therefore, SPG can be considered as a cylindrical, or
one-dimensional (1D) analogue of cyclodextrins which are
well-established hosts and mainly bind small spherical
compounds.’” This idea encouraged us to pursue the
possibility that SPG could act as a novel 1D host, in which
various guests are accommodated to provide the correspond-
ing linear assemblies. In the course of our research, we have
found several successful examples of SPG-based 1D hosts
accommodating various guest molecules including not only
polymeric guests but also small compounds as well as
nanoparticles to produce unique fibrous assemblies of these
entities.

5.1 Inclusion of SWNTs®

Since the discovery of single-walled carbon nanotubes
(SWNTs),* they have been expected to be a new potential
framework for advanced materials.*>*! However, their strong
cohesive nature and poor solubility have long been trouble-
some for researchers, because these properties are seriously
obstructive in the search to obtain reproducible data. One
potential solution to overcome these problems is to solubilize
SWNTs through composite formation with various water-
soluble polymers. So far, several research groups have
demonstrated that certain natural polymers have a potential
ability to interact with SWNTs, making it possible to prepare
their water-soluble composites.*> Among them, natural poly-
saccharides including amylose reported by Stoddart’s and
Kim’s groups® are of great interest because: 1) they have
almost no light absorption in the UV-VIS wavelength region
so that the dispersed composites are very suitable for

photochemical experiments, 2) the sugar-coated surface of
the resultant composite should be bio-compatible and there-
fore, they would be applicable for various medicinal purposes
and 3) if the sugar group is recognized by carbohydrate-
binding proteins (lectins), one can construct novel SWNTs-
based supramolecular network structures.**

As described in the previous sections, the major driving
forces for the re-construction of t-SPG from s-SPG are
considered to be the hydrophobic interaction in addition to
the hydrogen bonding.*’ It thus occurred to us that SWNTs
might be entrapped, owing to the hydrophobic interaction, in
the inside hollow of the SPG helical structure. As expected, we
have found that s-SPG and s-curdlan are capable of wrapping
not only SWNTs cut to 1-2 um length (c-SWNTs) but also as-
grown SWNTs (ag-SWNTs: in some cases, one piece of ag-
SWNT) and the “periodical” stripes arising from the twining
SPG strands are clearly observable by AFM and TEM,
reflecting the strong helix-forming nature of the B-1,3-glucan
main chain.

We first studied this system using c-SWNTs because its
handling is easier than that of ag-SWNTs. SWNTs were cut to
the appropriate length as described previously.*® Fig. 14 shows
a VIS-NIR spectrum of the s-SPG/c-SWNT composite. The
characteristic absorption spectrum which is basically similar to
those of the reported ones*’ can be clearly seen at a wavelength
between 800 and 1400 nm, suggesting that SWNTs can be well-
solubilized into water by SPG. To obtain clear evidence that
the B-1,3-glucans really construct a periodical helical super-
structure around the bundle of c-SWNTs, we observed these
composite fibrils by AFM. As shown in Fig. 15a, the surfaces
of c-SWNTs themselves did not give any specific pattern. On
the other hand, when a DMSO solution of s-SPG was cast on
mica, we could observe a fine polymeric network structure.
When c-SWNTs were dispersed with the aid of s-SPG or
s-curdlan (M,, = 33 kDa) into water, the surface of the
fibrils showed a periodical structure with inclined stripes
(Figs. 15b-15d). In a magnified picture of these fibrils
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Fig. 14 VIS-NIR spectrum of c-SWNT/s-SPG solution: D,0, 1 cm
cell, room temperature. The spectrum of c-SWNT itself was almost the
same as that of the c-SWNT/s-SPG composite shown above. (Adapted
from ref. 38 by permission of The American Chemical Society).
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Fig. 15 AFM images of (a) c-SWNTs, (b) c-SWNTs/s-SPG compo-
site, (¢) c-SWNTs/s-curdlan composite, (d) magnified picture of fibrils
in s-SWNTs/s-SPG composite. In (c), the amorphous mass observed
around the fibrous composite is attributed to curdlan which could not
form the composite with c-SWNTs. The same AFM image was
obtained from curdlan itself. The difference in (b) and (d) is caused by
poor water-solubility of curdlan. (Adapted from ref. 38 by permission
of The American Chemical Society).

(Fig. 15d), one can clearly recognize that a well-ordered,
periodical structure is constructed on the surface.

On the basis of these results, we prepared the sample using
ag-SWNT and found that s-SPG is a remarkable solubilizer
even for ag-SWNTs. ag-SWNTs were dispersed into D,O with
the aid of s-SPG and the mixture was subjected to VIS-NIR
measurements (Fig. 16). The peaks have become much sharper
than those of bundled ¢c-SWNTs (Fig. 14), suggesting that one
or a few pieces of ag-SWNTs are included in the SPG helical
structure. The s-SPG/ag-SWNTs composite was characterized
by high-resolution TEM (HRTEM).*® It is clearly seen from
Fig. 17a that the composites form very small, fibrous
structures but not bundled ones. Figs. 17b and 17c are the
enlarged pictures. From Fig. 17c, one can clearly see that two
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Fig. 16 VIS-NIR spectrum of ag-SWNTs/s-SPG solution: D0,
1 cm cell, room temperature. (Adapted from ref. 38 by permission of
The American Chemical Society).

s-SPG chains twine around one ag-SWNT with 1.5 nm
diameter. It is also seen from Fig. 17¢ that the helical motif
is a right-handed one and the helical pitch of one chain is ca.
10 nm (in Fig. 17d, the original image is Fourier filtered to
enhance the contrast of the wrapping pattern). These TEM
images provide ‘“‘decisive” evidence that one piece of ag-
SWNTs is wrapped by s-SPG chains.*

Furthermore, we succeeded in taking a three-dimensional
(3D) image of this picture.’® The four selected still pictures are
shown in Fig. 18. In Fig. 18, each 3D image corresponds to the
clockwise rotation of the “Y” shape structure in Fig. 17b
through 45°, 135°, 225° and 315° along a perpendicular axis. In
these 3D images, one can easily see that ag-SWNT appears as
white fine fibril (for example, right branch in the 45° rotating
image) and an SPG thin layer wraps the fibril. From these 3D
TEM images, one can also confirm that the s-SPG chains exist
as a uniform layer around one or two pieces of ag-SWNTs,
and the composite structure can be viewed from any angle.
This result strongly supports the fact that s-SPG wraps one
piece of ag-SWNT.

Various spectroscopic measurements and microscopic obser-
vations conducted herein consistently support the view that the
water-soluble nanofibers are comprised of the SWNTs and the

Fig. 17 (a) TEM image of ag-SWNT/s-SPG composite and (b), (c) its magnified picture. (d) The original image of (c) was Fourier filtered to
enhance the contrast of the composite. (Adapted from ref. 38 by permission of The American Chemical Society).
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Fig. 18 Reconstructed 3-D images of ag-SWNTs/s-SPG composite,
viewed from different orientations. These correspond to the clockwise
rotation images of the 2-D image in Fig. 17b, rotating around a
perpendicular axis through 45°, 135°, 225° and 315° respectively.
(Adapted from ref. 38 by permission of The American Chemical
Society).

B-1,3-glucans. Particularly interesting are the findings that 1)
the periodical stripe structure, which stems from a helical
wrapping mode characteristic of the B-1,3-glucans, is con-
firmed, 2) the s-SPG/ag-SWNTs composite contains mainly
one piece of ag-SWNT and 3) the “important” picture which is
clear evidence that two s-SPG chains helically wrap one piece
of ag-SWNT and the helicity is a right-handed one has been
taken.

The present results show that the polymer wrapping with the
B-1,3-glucans is one promising method to solubilize SWNTs,
although it has not been easy so far to prepare a stable
composite including one piece of SWNT isolated from the
others. In addition to the unique ability to give stable
composites with SWNTs, the f-1,3-glucans have various
advantages for their future applications. For example, p-1,3-
glucans having various functional appendages can be easily
prepared and they can be used for the composite formation.
Furthermore, the p-1,3-glucan main chain is highly stable in
the human body because of the lack of mammalian B-1,3-
glucanase. We believe, therefore, that the present system has a
broad future potential both in chemical modification and
physical characterization of SWNTs.

5.2 Inclusion of PANIs®!

Polyaniline (PANI) is one of the most promising conductive
polymers owing to its high chemical stability, high conduc-
tivity and unique redox properties.’>> In spite of these
advantages, PANI and its derivatives are hardly applicable
for conductive nanowires since these PANIs tend to
form amorphous aggregates composed of highly entangled

polymeric strands. Much research effort has been therefore
devoted to the fabrication of PANI nanofibers composed of
parallel-aligned strands to show excellent conductivity through
the nanofibers.>® Increasing research effort has been applied to
the development of such PANI nanofibers.>>>’

Such PANI nanofibers can easily be obtained by using SPG
as a 1D host. For example, highly water-soluble SPG/PANIs
nanocomposites can be obtained through gradual water-
dilution of a DMSO solution containing both commercially
available PANI (emerardine base, M,, = 10 kDa) and s-SPG
(M, = 150 kDa) followed by purification through repeated
centrifugations (7000 rpm, 1 h, 3 times). TEM observations
showed the formation of fibrous architectures from SPG/
PANIs nanocomposites whose lengths were consistent with
that of the SPG used (Fig. 19). The diameter of the smallest
fiber is estimated to be around 10 nm, indicating that several
PANI strands are co-entrapped within the 1D cavity of SPG.
Together with a tight packing of PANI strands in the
nanocomposites confirmed by UV-VIS spectra, these TEM
images clearly indicate that SPG accommodates PANIs
strands in a parallel fashion to fabricate PANI nanofibers.
No such fibrous structure can be obtained by using other
polysaccharides such as amylose, dextran and pullulan.

This unique strategy is also applicable to develop PANI
nanofibers having specific lectin affinity by using o-manno-
side-modified SPG as a 1D host. Confocal laser scanning
microscopic (CLSM) observations using FITC-labeled
Concanavalin A (a-mannoside-binding lectin) clearly indicate
that the resultant nanocomposites have a specific lectin affinity
that is advantageous for further applications toward PANI-
based sensory devices (Fig. 20).

5.3 Complexation with polythiophene®

As described in section 5.2, the strong aggregation tendency of
conductive polymers both in solution and solid phases makes it
a challenging subject to fabricate conductive polymer-based
molecular wires on a single-molecular scale. Hitherto, several
intriguing strategies have been developed to solve this
problem by designing insulated molecular wires through
covalent or noncovalent approaches, in which the conductive
polymer backbones are encapsulated by various protective
sheaths.*®>  Composite formation between SPG and

L
i,

PANIs

|7V

100 nm

Fig. 19 (Left) Schematic illustration of the encapsulation of PANI
strands within the 1D cavity of SPG to produce fibrous SPG/PANI
nanocomposites and (right) TEM image of the resultant nanocompo-
sites without staining.
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PANIs :

Water-soluble nano-composite

Fig. 20 (Left) Schematic illustration of the interaction between the
mannoside-appended nanofibers and ConA and (right) CLSM image
of the nanocomposites after incubation with FITC-ConA: optical and
fluorescent images are superimposed.

conjugated polymers®®7® was very clearly observed for
polythiophene. In this case, cationic and water-soluble
polythiophene (PT) (for its structure see Fig. 21) was used
for the composite formation. The polycationic nature of PT
and the resultant weakened inter-stranded packing result in a
well-characterized SPG/PT complex, in which only one PT
strand is encapsulated within the 1D cavity of SPG (Fig. 21a).
CD spectra of the composites show an intense split-type
induced CD (ICD) in the m-m* transition region, clearly
indicating that the PT strands are chirally twisted in an intra-
stranded manner in the 1D cavity of SPG. The shape and sign
of the ICD pattern are characteristic of a right-handed helical
structure of the PT backbones, reflecting the right-handed
helical structure of SPG.

The UV-VIS spectrum of the resultant SPG/PT composites
shows an absorption maximum at 454 nm that is significantly
red-shifted from that (403 nm) of free PT (Fig. 21b). This
distinct red-shift should arise from an SPG-induced planar
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Fig. 21 (a) Schematic illustration of the composite formation
between cationic polythiophene (PT) and s-SPG and (b) UV-VIS
(solid lines, left y axis) and emission (dashed lines, right y axis) spectra
of PT in the presence (red lines) and the absence (black lines) of s-SPG:
Ex. = 400 nm.

conformation of the PT backbone. The emission maximum
(561 nm) of SPG/PT composites is also red-shifted from that
(520 nm) of free PT and slightly increases in intensity, again
indicating that the PT backbones become more planar and
more isolated and that the insulated molecular wire is formed
during the complexation. It should be of interest that no
further red shift of the absorption peaks is observed for the
cast films of SPG/PT, suggesting that this PT molecular wire is
still insulated even in its solid phase owing to a rigid helical
superstructure of SPG surrounding the insulated PT nanowire.

5.4 As a 1D host for diacetylene polymerization’'

The application of SPG as a 1D host can be expanded toward
various non-polymeric guests including small molecular weight
compounds as well as inorganic nanoparticles. For example,
1,4-bis(p-propionamidophenyl)butadiyne (DPB) can be
accommodated within the 1D cavity through a protocol
similar to that for the aforementioned polymeric guests
(PANI and PT). The resultant SPG/DPB complex showed a
negative CD exciton-coupling, indicating twisted-conforma-
tions or -packings of DPB within the 1D cavity of SPG. Of
great interest is the finding that the resultant DPB in the 1D
cavity can be polymerized through UV-irradiation (Fig. 22),
demonstrating the application of SPG as a “1D template” for
polymerization. For example, UV-irradiation of the SPG/DPB
in aqueous DMSO using a high pressure Hg lamp induced its
gradual colour change from colourless to pale blue. The UV-
VIS spectrum of the resultant solution shows an absorption
band at around 720 nm which is characteristic of poly-
(diacetylene)s with extremely long n-conjugated length and/or
tight inter-stranded packings.”>”* UV-mediated polymeriza-
tion of DPB was also confirmed by Raman spectra, in which
the SPG/DPB composite shows a clear peak at 2000 cm ™

(a)

Photo-
= ‘ polymerization
——
s-SPG
h —_—
DPB SPG/poly(DPB)

UV-irradiation

Fig. 22 (a) Schematic illustration of our concept to use SPG as a 1-D
template to construct poly(diacetylene) nanofibers, (b) image of
aqueous DMSO solutions containing SPG/DPB (left) before and
(right) after UV-irradiation and (¢) TEM image of the resultant SPG/
poly(DPB)s composites without staining.
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assignable to poly(diacetylene)s (-CH=CH- stretching vibra-
tion) after 16 h UV-irradiation.”

TEM observations of the resultant SPG/poly(DPB)s com-
posite showed formation of the fibrous structure with
diameters ranging from 2 to 20 nm. It should be again noted
that no such fibrous assembly was observed for other
polysaccharides, clearly emphasizing an advantage of SPG as
the 1D template to produce the nanofibers. The fabrications of
poly(diacetylene)-nanofibers have received increasing research
interest, however, these researches mostly utilize amphiphilic
diacetylene monomers that are self-assembled into rod-like
assemblies. The structural properties (shapes, diameters, etc.)
of poly(diacetylene)-nanofibers highly depend on the structure
of the corresponding monomers.”*””” On the other hand,
poly(diacetylene)-nanofibers with almost uniform diameters
are obtained from various DPB-derivatives.

5.5 1D arrangement of Au nanoparticles’®

The unique renaturation process during the guest encapsula-
tions provides one great advantage of SPG, that is, a flexible
(or induced-fit-type) size/shape-selectivity for the guests. It is a
clear contrast to cyclodextrins with a rigid closed ring-like
structure resulting in a severe size/shape-selectivity. This
advantage of SPG is clearly demonstrated by using Au
nanoparticles as a large inorganic guest. For example, stable
SPG/Au composites were obtained from commercially avail-
able Au nanoparticles (5-50 nm). The resultant SPG/Au
composites are highly soluble in water but show significantly
broadened plasmon absorption, indicating SPG-induced
assemblies of Au nanoparticles in aqueous media. TEM
observations of the resultant SPG/Au composites showed
unique 1D Au nanoarrays with their length consistent with
that of s-SPG itself (~200 nm). These data clearly indicate
that the 1D nanoarrays of Au nanoparticles arise from their
encapsulation within the 1D cavity of SPG (Fig. 23). It should
be again emphasized that no such Au nanoarray can be
developed with other polysaccharides.

Au nanoparticles
in water

Fig. 23 TEM images of (a) free Au nanoparticles and (b) the SPG—
Au nanocomposites without staining.

Nano-scale assemblies of inorganic materials have received
considerable attention in recent years due to their potential as
novel functional materials.””®> Especially, metal nano-
assemblies in a desired architecture are indispensable for
nanotechnologies.®>%* We believe that our system will provide
a new strategy toward nanosensors, nanowires, nanocircuits,
and others.

6 Conclusions

We have demonstrated that the B-1,3-glucans have unique
features that are greatly different from those of other
polysaccharides. These features mostly stem from their strong
helix-forming nature and reversible interconversion between
single-strand random coil and triple-strand helix. During this
interconversion process, they can accept certain DNAs or
RNAs because the helical sense and pitch of B-1,3-glucans are
complementary to those of DNAs or RNAs. The resultant
macromolecular complexes have well-defined helical super-
structures composed of two polysaccharide-strands and one
polynucleotide-strand. Furthermore, the p-1,3-glucans can
also interact with conjugate polymers, nanoparticles, etc.
through the interconversion process to fabricate their one-
dimensional assemblies. These composite formations arise
from encapsulations of these guest molecules within the
ID hollow constructed by the helical superstructure of
B-1,3-glucans.

So far, most polymer—polymer interactions, except those
occurring in biological systems, have been considered to take
place in a random fashion and to produce morphologically-
uninteresting polymer-aggregates. In contrast, it is clear that
the interactions with B-1,3-glucans occur in a specific fashion
and construct helical (with DNAs and RNAs) or one-
dimensional (with single-walled carbon nanotubes, conjugated
polymers, nanoparticles, ezc.) superstructures. Consequently,
we trust that the B-1,3-glucans are unique 1D hosts for gene
carriers, nanowire factories, in situ polymerization, efc.
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