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Single-walled carbon nanotubes can be entrapped within a
helical superstructure composed of schizophyllan bearing
lactoside-appendages to show an excellent water-solubility as
well as a specific lectin-affinity.

Much research effort has been launched on covalent functionaliza-
tion of single-walled carbon nanotubes (SWNTs) to develop
SWNT-based advanced materials, and various SWNT-derivatives
carrying ferrocene, peptides, carbohydrates, etc. have been
reported.1,2 However, such covalent functionalization inevitably
spoils the inherent structural and electrochemical properties of
SWNTs. It is strongly desired, therefore, to find an easy, versatile,
and non-destructive strategy to develop SWNT-based materials.

Schizophyllan (SPG), a natural b-1,3-glucan, exists as a triple-
stranded helix (t-SPG) and random coiled single-strands (s-SPG) in
water and DMSO, respectively.3 Recently, we found that a stable
SPG/SWNTs composite is formed when s-SPG in DMSO is
diluted with SWNT-dispersed aqueous solution.4 The most
interesting feature of this composite includes a helical SPG-
superstructure along the entrapped SWNTs that had never been
observed in other composite systems.5 In addition to the excellent
water-solubility of the resulting composite, SPG has one clear
structural advantage, i.e., the presence of the pendent b-1,6-
glucosides having NaIO4-sensitive 1,2-diols that can be converted
to aldehyde groups suitable for chemical modifications. When SPG
derivatives carrying various functional-appendages are used for
composite formation or ‘‘supramolecular wrapping’’, the resulting
composites should acquire the specific functions inherent to the
appendages (Fig. 1). It is undoubted, therefore, that this non-
covalent strategy becomes a new and potential alternative to the
conventional covalent-strategy. Herein, we describe one such
example of SWNTs being able to acquire a specific lectin-affinity
through a supramolecular wrapping with SPG carrying lactoside-
appendages (SPG-Lac, Chart 1).6

SPG-Lac/SWNTs composite was obtained by mixing SPG-Lac
in DMSO with SWNTs dispersed in water.7 The formation of the
desired SPG-Lac/SWNTs composite was confirmed as follows: 1)
the UV-vis spectrum of the resulting composite in water showed a
broad absorption band at around 280 nm, which is characteristic of
SWNTs; 2) SPG-Lac in the composite was quantified by color
developing through a well-known phenol/sulfuric acid reaction
system, indicating that almost half of the composite mass arises
from SPG-Lac; 3) thermal gravimetric analysis (TGA) also proved
that the composite is comprised of SPG-Lac and SWNTs.
Furthermore, AFM observations (Fig. 2) show clear evidence for
the composite formation: that is, SPG-Lac/SWNTs composite
shows clear striped patterns proving the creation of the SPG-Lac
helical superstructure along the entrapped SWNTs.4

Molecular recognition of SPG-Lac/SWNTs composite was
assessed by surface plasmon resonance (SPR) using lectin-
immobilized Au-surfaces.8 In the case of free SWNT (Fig. 3-a), the
incrementoftheresonance-unit isobservedforall lectin-immobilized

{ Electronic supplementary information (ESI) available: UV and NIR
spectra of the composite, TGA profiles, AFM images of free SWNT and
the composite incubated with ConA and WGA, a CLSM image of the
composite incubated with FITC-RCA120 and QCM data for layer-by-layer
adsorption. See http://www.rsc.org/suppdata/cc/b4/b407409b/

Fig. 1 Schematic illustration of the supramolecular functionalization of
SWNT by using SPG-derivatives (SPG’).

Chart 1 Structure of SPG carrying lactoside-appendages (SPG-Lac).

Fig. 2 AFM image of SPG-Lac/SWNTs composite: mica substrate.D
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surfaces, indicating that the change arises from the non-specific
binding. Since detergent-containing buffer solution could release
the SWNTs from the lectin-immobilized surfaces, this non-specific
binding can be ascribed to hydrophobic interactions. In the case of
SPG/SWNTs composite (Fig. 3-b), no or negligible binding can be
observed for all lectins, clearly demonstrating that the hydrophobic
nature of SWNTs is effectively shielded by the wrapping effect. The
most fascinating data were obtained from SPG-Lac/SWNTs
composite (Fig. 3-c), in which the specific binding is observed
for the Au-surface immobilized with ricinus communis agglutinin
(RCA120, b-Lac-specific).9,10 In contrast, the other lectin-
immobilized surfaces showed negligible resonance changes, clearly
demonstrating that the affinity of SPG-Lac/SWNTs composite is
highly specific toward RCA120.

The specific interactions between SPG-Lac/SWNTs composite
and lectins were visualized by atomic force microscope (AFM).
After incubation with RCA120 followed by purification with a
centrifuge, SPG-Lac/SWNTs composite shows AFM images which
feature small spheres clustering on the composite (Fig. 4). This
unique morphology should arise from the dense clustering of
RCA120 onto the surface of SPG-Lac/SWNTs composite to cover
the inherent striped patterns of SPG. In contrast, no lectin-
clustering phenomenon was observed for Concanavalin A (ConA,
a-Man/Glc specific) and wheat germ agglutinin (WGA, b-GlcNAc
specific).

The specific lectin-affinity of SPG-Lac/SWNTs composite was
also confirmed by confocal laser scanning microscopic (CLSM)
observations using fluorescein isothiocyanate (FITC)-labeled
lectins. SPG-Lac/SWNTs composite incubated with FITC-
RCA120 showed fluorescence and microscopic images which
could be precisely overlapped with each other, indicating that

FITC-RCA120 is clustered on SPG-Lac/SWNTs composite. As
expected, no such clustering image was observed for FITC-ConA.

The data described above clearly show that SWNTs acquire the
specific lectin-affinity through supramolecular wrapping using
SPG-Lac. This lectin-affinity of SPG-Lac/SWNTs composite is
advantageous to fabricate various SWNT-based sensory systems or
superstructures. For example, this system is readily applicable to
construct a layer-by-layer structure composed of the SPG-Lac/
SWNTs composite and RCA120 (See ESI). Quartz crystal
microbalance (QCM) measurements using the RCA120-immobi-
lized Au-surfaces revealed a step-by-step decrease in the frequency,
proving the construction of the expected layer-by-layer structure.

In conclusion, we applied supramolecular wrapping strategy to
non-covalent introduction of functional groups onto SWNTs. In
our strategy, SWNTs can acquire not only excellent water-
solubility but also specific lectin-affinity through supramolecular
wrapping with SPG-Lac without the perturbation of the
p-conjugate system. Since various SPG-derivatives are easily
accessible through reductive amination,11 this non-covalent
strategy can be applicable not only to many biochemical purposes
but also to various photo- and electrochemical materials. Our
research efforts are now focused on the development of such
advanced materials based on SPG/SWNTs composite.
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Fig. 3 SPR sensorgrams obtained for (a) free SWNT, (b) SPG/SWNTs
composite, and (c) SPG-Lac/SWNTs composite: lectin-immobilized Au-
surface, 1.0 mM Tris-HCl buffer (pH 7.2, [CaCl2] and [MnCl2] ~ 10 mM),
25 uC, flow rate ~ 10 ml min21, [SWNT] ~ 0.7 mg ml21.

Fig. 4 AFM image of SPG-Lac/SWNT composite incubated with RCA120:
mica substrate.
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