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A supramolecular assembly of amylose and single-walled carbon nanotubes (SWNTs) was synthesized in
situ through vine-twining polymerization. Raman analysis indicated that the amylose-SWNTs supra-
molecular assembly was formed after the polymerization and SEM images displayed the twisted ribbons
in the SWNTs wrapped by amylose. The dispersion stability of the SWNTs in aqueous solutions was
improved by the wrapping of short-chain amylose molecules around the SWNTs.

© 2008 Elsevier Ltd. All rights reserved.

Single-walled carbon nanotubes (SWNTs)! are single sheets of
graphite rolled into seamless cylinders with a diameter of about
1 nm and a length of several micrometers, of which the surface
and channel are nonpolar and hydrophobic. Since their discovery,
SWNTs have been anticipated as a new potential material because
of their excellent electrical and mechanical properties. However,
the poor dispersion stability of SWNTSs in solution has greatly lim-
ited their applications. Although covalent modification of the sur-
face has helped to improve their dispersion stability, these
modifications also destroy the chemical structure of the SWNTs
and thus affect their physical properties.! To solve this problem,
non-covalent modification of SWNTs by wrapping polymers
around them was proposed.? Recently, wrapping amylose mole-
cules around nanotubes has attracted much interest as a means
for improving the dispersion stability of SWNTs in aqueous solu-
tions.!>* Lu et al.> reported that helical amylose-SWNTs com-
plexes showed good hydrophilicity and biocompatibility. This
implies that the amylose-SWNTs complexes may open the applica-
tion of SWNTs in the biomaterial field.

It is well known that amylose can be a host molecule for a heli-
cal complex when a guest molecule with a sufficiently long linear
hydrophobic segment is available. In such a complex, the helical
amylose is composed of six to eight glucose units per turn with a
cavity diameter from 0.54 to 0.97 nm.® All of the hydroxyl groups
of amylose are directed to the outside, and the channel of the helix
is hydrophobic. Thus, the hydrophobic interaction is a driving force
for the complex formation. Based on the similar sizes of SWNTs
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and the channel of helical amylose, amylose has a tendency to en-
wrap SWNTs through favorable hydrophobic interaction. Star
et al.! first reported that the dispersion stability of SWNTs in aque-
ous solutions was improved by supramolecular assembly with
helical amylose. The helical conformation of amylose was initially
formed by complexation with iodine, and then subsequent treat-
ment with SWNTs displaced the iodine molecules inside the helix.
However, large steric hindrance exists in the complex formation
between SWNTs and amylose, as shown in Scheme 1. Kim and Lu
et al.>® prepared soluble SWNTs by wrapping amylose around
the nanotubes in aqueous dimethyl sulfoxide (DMSO), but the dis-
persion stability of SWNTs in pure water was still poor.

In this work, to reduce steric hindrance during the complexa-
tion process, and further improve the dispersion stability of SWNTs
in aqueous solutions, amylose-SWNTs (Am-SWNTs) supramolecu-
lar assembly was done in situ through vine-twining polymeriza-
tion (Scheme 2). The enzymatic polymerization for the synthesis
of amylose occurred in the presence of SWNTs. Similar methods
were recently reported to synthesize polymer inclusion complexes
of amylose and hydrophobic compounds,’ ' and amylose-lipid
complexes.!!

A homogeneous black aqueous solution was obtained after the
enzymatic polymerization of amylose in the presence of SWNTs
(Fig. 1A-a). The resulting solution was stable and exhibited no pre-
cipitation for 2-3 weeks. In contrast, agglomeration and precipita-
tion occurred in pure aqueous solution of the SWNTSs, even after
ultrasonic dispersion (Fig. 1A-b). The dispersion stability of the
SWNTs was assessed by UV-vis spectrophotometric analysis. The
profiles of the absorption spectra in Figure 1B were similar to those
of the reported SWNTs and amylose complex, which was formed in
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Scheme 1. Presentation of steric hindrance of SWNTs entering helical amylose.
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Scheme 2. In situ synthesis of the Am-SWNTSs supramolecular assembly through
vine-twining polymerization.

aqueous DMSO.? The absorbance of the Am-SWNTs black solution
was higher than that of the pure SWNTs solution (Fig. 1B), indicat-
ing that the dispersion stability of SWNTs was improved after the
enzymatic polymerization.

Figure 2 shows SEM images of the pure SWNTs and the Am-
SWNTs. The pure SWNTs were found to be entangled and even

Absorbance

agglomerated in aqueous solution (Fig. 2a). After the enzymatic
polymerization, the SWNTs became separated individual bundles
(Fig. 2b), and displayed loosely twisted ribbons on the nanotubes
(Fig. 2c). This twisted structure was similar to the reported
SWNTs-amylose complexes prepared in aqueous DMSO solutions.>
This implies that an amylose-SWNTs supramolecular assembly
was formed, in which amylose encapsulated SWNTs as a guest
molecule.

Raman scattering is a more powerful technique to probe the
structure and property relationships of both SWNTs and their
supramolecular assemblies.> The Raman spectra of Am-SWNTSs,
pure SWNTs, and amylose are shown in Figure 3. It can be clearly
seen that for the pure SWNTs sample the radical breathing modes
(RBMs) are positioned at 163, 167, 202, 232, and 262 cm™~! (curve
(b) of Fig. 3B). According to the inversely proportional relationship
between RBM (wgpm) and the SWNTs diameter (d): d=224/
(wrem — 14),'? the observed peaks correspond to SWNTs with
diameters of 1.5, 1.4, 1.2, 1.0, and 0.90 nm. The dominated RBM
at 262 cm ! up-shifts to 267 cm~! in the spectrum of Am-SWNTs
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Figure 1. Photograph (A) and UV-vis spectra (B) of (a) Am-SWNTs and (b) pure SWNTs in aqueous solutions.
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Figure 2. SEM images of (a) the pure SWNTs, (b) and (c) Am-SWNTs.
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Figure 3. Raman spectra of (a) Am-SWNTs, (b) the pure SWNTs, and (c) amylose (B is partly enlarged from A).

addition, a strong band located at 1585 cm™! in the spectrum of
the pure SWNTs is assigned to the graphite band (G-band) arising
from sp2-hybridised carbon atoms on the wall of SWNTs.'* And

(curve (a) of Fig. 3B). As the RBM band is sensitive to the diameter
and the interactions of SWNTs, a shift of 5 cm~! indicates a debun-
dling process for the surface modification of SWNTs ropes.!® In
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about 3 cm™! shift in the G-band can be observed in the spectrum
of Am-SWNTs. The shifts in the positions of both the RBM and G-
band are probably caused as a result of non-covalent interactions
between amylose and SWNTs as described earlier.>!3

In the Raman spectrum of amylose (curve (c) in Fig. 3A), the
band at 480 cm ™! is attributed to skeletal modes of pyranose rings
of amylose,’>!® which becomes broad in the spectrum of Am-
SWNTs in curve (a). The peak at 941 cm ! is due to o-(1—4)-glycos-
idic stretching modes of amylose in curve (c).!® This stretch shifts to
981 cm™! in the Raman spectrum of Am-AWNTSs. This result is in
agreement with the Raman analysis of complexes of SWNTs and
potato amylose,® indicating that the debundling of SWNTs is
through the wrapping of helical amylose molecules around the
SWNTs. It further proves that the amylose-SWNTs supramolecular
assembly has been formed after the enzymatic polymerization.

The amylose-SWNTs supramolecular assembly was synthe-
sized through the vine-twining polymerization, that is, the poly-
merization of amylose occurred in the presence of SWNTs. As
shown in Scheme 3a, the polymerization!” is initiated from a pri-

mer of maltoheptaose and proceeds from o-p-glucose 1-phosphate
(Glc-1-P) as a monomer catalyzed by phosphorylase, where a
glucose residue was transferred from Glc-1-P to the non-reducing
terminus of o-glucan chain, releasing inorganic phosphate
(HPO,2-, Pi). This process is similar to active anionic polymeriza-
tion. Therefore, the degree of polymerization (DP) of amylose,
defined as the number of glucose units, could be controlled. By
assuming that all the maltohexaose moieties were used as primers,
the DP of amylose was approximated by phosphate analysis from

DP = (7 + Npi/Naic7) (1)

where 7 is the number of glucose units of maltohexaose, Np;/Ngic7 is
the molar ratio of the released inorganic phosphate and used malto-
hexaose, and Np; is determined from phosphate analysis.

The DP of amylose was estimated to be about 47 in this work.
Thus, the structure of the Am-SWNTs supramolecular assembly
is speculated to be that shown in Scheme 3b. This consists of long
SWNTs entangled with hydrophilic helical amylose molecules.
Such supramolecular structures have the advantage of not only
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Scheme 3. (a) Synthesis of amylose by enzymatic polymerization. (b) The speculated supramolecular structure of Am-SWNTs.
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reducing van der Waals interactions between SWNTs, but also
increasing the hydrophilic property of SWNTs by the entangled
amylose. As a result, the dispersion stability of SWNTSs in aqueous
solution was improved without the distinct agglomeration and
precipitation. The good dispersion stability of SWNTs in aqueous
solutions is also due to the lower DP of amylose, because the solu-
bility of amylose in aqueous solution has a sharp minimum at DP of
about 80; shorter (DP <50) and longer molecules (DP >2000) are
much more soluble.'31°

In conclusion, the major finding of this work is that the disper-
sion stability of SWNTs in aqueous solutions could be improved
through the vine-twining polymerization. Raman analysis and
the SEM images proved that the amylose-SWNTs supramolecular
assembly was formed after the polymerization. Further experi-
ments are in progress and the results will be described in detail
in future publications.

1. Experimental
1.1. Materials

Maltoheptaose was bought from the Supelcov Company, USA;
Glc-1-P was purchased from Acros. SWNTs with diameters of less
than 2.0 nm and length of 5-15 pum were bought from Shenzhen
Nanotechnologies Co. Ltd, China. Amylose was purchased from
Sigma Aldrich.

Potato phosphorylase was isolated according to previously pub-
lished work.2? Briefly, washed, peeled and sliced potatoes (2 kg)
were liquidized in a juice extractor. The crude extract was added
to a sodium sulfite solution and centrifuged at 5 °C. The superna-
tant was heated at 55-56 °C for 45 min to destroy o.-amylase activ-
ity and then centrifuged. The density of the resulting supernatant
was adjusted to 1.09-1.15 by slowly adding ammonium sulfate
and was kept at 5 °C overnight. After centrifugation, the precipi-
tates containing phosphorylase were dissolved in Tris buffer (pH
7.2) and were stored at 5°C until use in amylose synthesis. As
one molecule of phosphate is produced for each glucose molecule
attached to amylose chain, phosphate analysis was used to deter-
mine the phosphorylase activity.?!

1.2. Synthesis of Am-SWNTs supramolecular assembly

SWNTs (5 mg) were added to 15 mL of sodium citrate buffer
(pH 6.2) and were dispersed by ultrasonication for 45 min. Then,
10 mL of phosphorylase solution, 0.7 g of Glc-1-P, and 50 mg of
maltoheptaose were added, and the reaction was carried out by
stirring and discontinuous ultrasonication at 37 °C for 3 h. The
resulting black supernatant containing SWNTSs was separated after
the reaction solution was kept at 5 °C overnight. The DP of synthe-
sized amylose was approximated by phosphate analysis.?

1.3. Characterization

UV-vis spectra were acquired using a UV-vis—NIR Spectrometer
(UV-3150, Shimadzu, Japan). Scanning electron microscopy (SEM)
observation was carried out on a field emission scanning electron
microscope (JSM-6330F, JEOL Ltd, Japan). Raman scattering studies
were performed with a Laser Micro-Raman Spectrometer (Reni-
shaw inVia, Britain) at 1 cm™! resolution, using a laser excitation
wavelength at 785 nm with 300 mW. An aqueous sample of Am-
SWNT was filled in a glass capillary tube and then was measured.
The band of the glass capillary tube was located at about
1380 cm™!. Other solid samples were measured on a clean glass
microscope slide.
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