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Since their discovery!l in 1993, single-walled carbon nano-
tubes (SWNTs) have found numerous applications? in
chemistry and physics on account of their anisotropic shapes
(diameters of around 1nm and lengths of micrometers),
remarkable strengths and elasticities, and unique physical
properties, for example, high thermal and electrical conduc-
tivities. By contrast, and despite their clear potential, SWNTs
have not yet been fully integrated into biological systems,’!
mainly because of the considerable difficulty in rendering
them soluble in aqueous solutions.

Initially, the challenge of achieving soluble SWNTs in
organic solvents was addressed by their covalent modifica-
tion—examples include both end-group and side-walll!
functionalization. Covalent modification, however, has the
disadvantage that it impairs their physical properties. For
these, and other reasons, we have been attracted by a
supramolecular approachl® to the solubilization problem—
namely, the noncovalent functionalization of SWNTs by
wrapping polymers around them in the knowledge that
desired features can be grafted onto the polymers, prior to
their being self-assembled around the SWNTs. Considerable
progressl® 7 has been made in the use of synthetic polymers to
render SWNTs soluble in organic solvents. However, while
some water-soluble polymers® and surfactants® can bring
aqueous solubilities to SWNTSs, they may not be as biocom-
patible as would be desirable.

It was for this reason, amongst others, that we decided to
explore the possibility of solubilizing SWNTs in aqueous
solutions of starch.l'®) We knew from our knowledge of the
supramolecular chemistry of fullerenes!'] that cyclodextrins
(CDs) of the appropriate dimensions (y-CD commonly and
0-CD occasionally), and in the correct stoichiometries, will
dissolve fullerenes (Cq and Cy, for example) in water.[') CDs
are the macrocyclic analogues!™ of starch. The connection is
clear. Here, we report 1) that common starch, provided it is
activated toward complexation by wrapping itself helically
around small molecules, will transport SWNTs competitively
into aqueous solutions, 2) that the process is sufficiently
reversible at high temperatures to permit the separation of
SWNTs in their supramolecular starch-wrapped form by a
series of physical manipulations from amorphous carbon, and
3) that the addition of glucosidases to these starched carbon
nanotubes results in the precipitation of the SWNTs from
aqueous solution.
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Starch and, in particular its linear component, amylose
form!'” inclusion complexes with a wide range of guest
molecules. Amylose is composed of a-1,4 linkages between D-
glucopyranose residues, and adopts!'¥l a left-handed helical
conformation (Figure 1a) in aqueous solution. It forms
inclusion complexes as a result of hydrophobic interactions
between guest molecules and the cylindrical cavity inside the
amylose helix, which typically comprises around six a-D-
glucopyranose resides per turn. The cavity diameter of the
amylose helix is a variable dimension that allows the

b)

Sonication with

SWNTs

Gray
Amylose
SWNTs
Complex

Figure 1. a) Schematic representation of the left-handed helix adopted by
amylose when it complexes with small molecules. One a-1,4-linked D-
glucopyranose residue, with its numbering system is overlaid on the helix.
b) Space-filling representation of the result of computer modeling (molec-
ular mechanics and molecular dynamics simulations using the solvation
model for water) between a short (6,6)-SWNT and maltooctaose. c) Sche-
matic representation of the “pea-shooting” type of mechanism whereby
carbon nanotubes displace iodine molecules from the amylose helix.
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biopolymer to adapt itself and accommodate the variety of
differently proportioned guest molecules with which it is
known™! to complex. In the knowledge that amylose can
adjust its helical dimensions according to the size of the guest,
we have carried out molecular dynamics (MD) calculations!'®!
to probe the nature of the interactions between a short (6,6)-
SWNT and an amylose fragment (maltooctaose) containing
eight repeating a-1,4-p-glucopyranose residues. These calcu-
lations lend support to the formation of a supramolecular
complex (Figure 1b) in which the maltooctaose wraps itself
helically in a left-handed fashion around the nanotube. The
hydrophobic faces of the D-glucopyranose residues (more
precisely H-3 and H-5 in Figure 1a) interact with the hydro-
phobic surface of the nanotube leaving the three hydroxy
groups on C-2, C-3, and C-6 to orient themselves so that they
point outwards into the aqueous phase surrounding the
complex and form hydrogen bonds to the water molecules
coating its hydrophilic surface.

Our initial experiments, which were carried out on starch,
revealed that, although SWNTSs are not soluble in an aqueous
solution of starch, they are soluble in an aqueous solution of a
starch —iodine complex. We interpret these observations as
suggesting that the initial preorganization of the amylose in
starch into a helical conformation by iodine—or, indeed, by
small organic molecules—prepares the way for a single
carbon nanotube or bundles (Figure 1c¢) thereof to displace
the many small molecules inside the helix by a “pea-shooting”
type of mechanism, whereby enthalpic gain from favorable
van der Waals interactions is aided and abetted by an entropy-
driven process. In search of evidence for this theory, we
examined the ability of iodine complexes of the separate
components—amylose (the linear one) and amylopectin (the
branched one)—of starch'! to solubilize SWNTs in water.
While the amylose —iodine complex is just about as good as
the starch —iodine complex, the amylopectin —iodine complex
does not solubilize SWNTs in water. Like amylose, amylo-
pectin contains a-1,4-linked D-glucopyranose chains. These
chains, however, carry branches at C-6 on approximately
every 25 D-glucopyranose residues, which also have the
o configuration. The result is a very large molecular weight,
dendrimer-like, glucan which does not complex with iodine
nearly as well as does amylose in aqueous solution. The
amylopectin —iodine complex is a dull-red color by compar-
ison, in keeping with its impaired ability to form an inclusion
complex with iodine, and hence with SWNTs. It seems,
however, that the presence of amylopectin, along with
amylose in starch, enhances the ability of the latter to form
water-soluble complexes with SWNTs that are stable for long
periods of time. Presumably the highly branched amylopectin
molecules can interact favorably with the amylose-wrapped
SWNTs and thus stabilize them in aqueous solution.

Amylose can apparently solubilize SWNTs directly in water
because of the presence of complexed nBuOH molecules in
most commercially available samples. Analysis of such a
sample in D,0 by 'H NMR spectroscopy confirms the
presence of nBuOH (minimum of 10% by wt). The broad
singlet for the methyl protons in #nBuOH complexed by
amylose is centered on 6 =0.90 ppm, in contrast with that in
free nBuOH, which is better resolved and resonates at
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0=0.87 ppm. This upfield shift, which is consistent with
literature datal'”l for helical amylose complexes with small
organic molecules, has served as an additional probe in our
present studies. Upon addition of an excess of iodine to the
amylose —n-butanol complex in D,O, a deep-blue color is
formed and the 'H NMR signal for the Me protons in the
nBuOH molecules appears at ¢ =0.87 ppm. Similar spectro-
scopic behavior was observed during solubilization of SWNTs
in a solution of the amylose —n-butanol complex in D,O. Thus,
both iodine and #nBuOH molecules can be used as templates
for the preorganization of amylose as a left-handed helix prior
to its solubilizing SWNTs in water.

The release of iodine during the solubilization of SWNTs in
an aqueous solution of the blue amylose —iodine complex is
evident from a comparison (Figure 2) of UV/Vis spectra.

T 1
200 400 600 800

Alnm —

Figure 2. UV/Vis Spectra recorded in water of the blue amylose —iodine
complex (a, full line), the amylose—SWNT complex obtained from the
amylose —iodine complex (b, dashed line) and the amylose —n-butanol
complex (c, dotted line); O.D. = optical density.

Figure 2a shows the multiple absorptions present!'¥! in the
UV/Vis spectrum of the amylose —iodine complex in water.
These absorptions are eradicated upon solubilization of
SWNTs in an aqueous solution of the amylose-iodine
complex, and the blue coloration is lost. Moreover, SWNTs
solubilized in water with amylose, using two different
templates (iodine and nBuOH), show very similar UV/Vis
spectra (see Figure 2b and c, respectively). These spectra
reveal small features which are characteristic of SWNTs
prepared by the high-pressure carbon monoxide (HiPco)pro-
cess.[1]

We have also investigated the starch-wrapped SWNTs by
atomic force microscopy (AFM) following spin-evaporation
of a drop of their aqueous solution on mica. AFM images
show (Figure 3) small bundles of starched nanotubes which
are covered profusely with amorphous polysaccharide. Excess
of free starch—probably amylopectin in the main—is also
evidently associated with the starch-wrapped SWNTs.

The consequences of enzymatic hydrolysis on the integrity
of the starch-wrapped SWNTs in water has been investigated
using the commercially available amyloglucosidase®” from
Rhizopus mold. Addition of this enzyme to an aqueous
solution of the starch-wrapped SWNTs results in the precip-
itation of all the nanotubes inside 10 minutes, as indicated by
light-scattering measurements (Figure 4a) and also by
changes (Figure 4b) that are clearly visible with the naked

2510 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Figure 3. An AFM image of isolated bundles of starch-wrapped SWNTs
on a mica surface. Amorphous polysaccharide material is seen to aggregate
with the nanotubes mostly at junctions between bundles.

a)

1 T T ¥ T T 1
o 10 20 30

t/min —=

Figure 4. Enzymatic hydrolysis of the starch— SWNT complex. a) Changes
(y is the refraction in arbitrary units) in light scattering upon addition of
amyloglucosidase and b) a photograph of vials containing the complex
before (left) and after (right) addition of the enzyme.

eye. 'H NMR spectroscopy was also used to follow the
enzymatic hydrolysis of starch-wrapped SWNTs in D,0. The
spectrum of the starch—SWNT complex in D,O, which,
although severely broadened—probably because of the
presence of ferromagnetic particles carried over from the
process used to produce the SWNTs—changes during the
course of an hour to another broad spectrum, which
corresponds to that of glucose.

The fact that the supramolecular chemistry which operates
between SWNTs and amylose can be conducted under
physical, chemical, or biological control constitutes an im-
portant scientific development® with implications for both
carbon nanotube and starch research. At the simplest
practical level, it is now easy to purify SWNTs cheaply, under
ambient conditions, using readily available starch complexes.
A protocol for the cleaning up of SWNTs with starch is given
in Scheme 1. Furthermore, given the recent progress®! in the
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HiPco SWNTs
¢ a
1 b ‘

Amorphous Solution of
Carbon Starch-Wrapped
SWNTs
¢ c
| b

Starch-Wrapped
SWNTs
d

Scheme 1. Proposed scheme for purification of SWNTs in water with
starch. a) Sonication (water bath—Branson model 1510, 40 kHz) in water
with starch —iodine complex; b) centrifugation (3300 rpm, 15 min); c) heat-
ing to boiling, whereupon the starch-wrapped SWNTSs precipitates out of
solution. The resulting starch-wrapped SWNTSs are water-soluble up to
concentrations of 3 gL' following sonication for 1 min. d) Addition of
amyloglucosidase and incubation at room temperature for 18 h, followed
by filtration through a PTFE membrane filter and washings with water.

Excess of
Starch and lodine

-

separation of enantiomeric fullerenes, by using amylose-based
chromatographic techniques, the possibility of employing
amylose in some shape or form to differentiate between
enantiomeric carbon nanotubes displaying right- and left-
handed helicities is a prospect that can now at least be
contemplated. Finally, opportunities clearly exist to form
complexes between SWNTs and a range of different amylose
derivatives, so enabling their deeper integration with other
biosystems.

Experimental Section

Commodities: Soluble starch (for iodometry) was from Fisher Scientific.
Amylose, purchased from Aldrich contains more than 10 % of nBuOH and
so is “activated” toward the solubilization of SWNTs in water. Amylo-
pectin (from potato starch) was obtained from Fluka. SWNTSs, produced by
the literature method,'”) were used as received from Rice University.
Amyloglucosidase from Rhizopus mold (activity, 23 Umg~") was purchased
from Sigma.

Solubilization of SWNTSs in water: An aqueous solution of a starch—iodine
complex was prepared by saturating a water-soluble starch solution
(10gL"") with an excess of iodine overnight. SWNTs (10 mg) were
dispersed in the resulting blue solution (42mL) of the starch-iodine
complex (containing 400 mg of starch) by agitation, followed by mild (no
more than 5 min) ultrasonication. A black residue separates from the
starch-wrapped SWNTs on centrifugation at 3300 rpm for 15 min. After
repeating this cycle again on the residue, the amount of amorphous carbon
removed was about 4 mg. The combined aqueous solutions were heated to
boiling, whereupon the starch-wrapped SWNTs precipitated out of
solution. The excess of starch and iodine was removed by centrifugation
and decantation. The precipitate was redissolved in water (42 mL) by
sonication (1 min) and the aqueous solution (which was now stable on
boiling) was concentrated by evaporation over three successive cycles that
involved further centrifugation, decantation, and sonication, to yield
ultimately starch-wrapped SWNTs (12 mg). This product, which can be
dissolved in water up to a concentration of 3 gL~!, was subsequently shown
by enzymatic hydrolysis?®! of the starch to be an approximate 5:1 mixture
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(by wt) of starch and SWNTs, respectively. When this procedure was
repeated using amylose the stability of the amylose complex with SWNTs
in water was lower than that when starch was employed. The use of
amylopectin resulted in very much reduced complex stabilities.

Preparation of the starch-wrapped SWNTs for AFM: The sample
preparation for AFM was accomplished by placing a newly cleaved mica
wafer in a base (KOH) bath to ensure hydrophilicity. A solution of the
starch —nanotube complex was sonicated for 60 s before being dropped
onto the wafer. Finally, this wafer was spun at 4000 rpm for 30 s and then
rinsed in water. The topographical data were recorded with a Digital
Instruments Multimode AFM with a high-resolution stage, controlled by a
Nanoscope IIla scanning probe microscope controller with a Nanoscope
Extender. The images were recorded with standard tips in tapping mode at
a scan rate of 0.5 Hz.

Enzymatic hydrolysis of starch-wrapped SWNTs: Starch-wrapped SWNTs
(3.3 mg) were dissolved in 0.1mM sodium acetate buffer (pH 4.75) in D,O
(I mL) and 10 pL of an enzyme solution (10 mgmL~" in the buffer) were
added. 'H NMR spectra (360 MHz) were recorded every 20 min until the
hydrolysis of the starch was completed (after 16 h). In this experiment, and
also in a control with starch alone, the singlet (6 = 1.96 ppm) for the acetoxy
groups in the buffer solution was used as an internal reference for
estimating the relative amounts of starch and glucose.”! Following
hydrolysis,? the insoluble SWNTs were isolated by filtration through a
PTFE membrane filter (0.2 um) and, after washing (water) and drying, the
purified “bucky paper” (0.5 mg) was isolated.
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Nitric oxide (NO) is the first gaseous molecule known to act
as a biological messenger and it participates in several
important functions including control of blood pressure,
neurotransmission, and inhibition of tumor growth.['l The
tumoricidal property of NO has raised interest in the use of
organicll and metal —nitrosyl complexes?l that release NO
upon illumination as agents in photodynamic therapy
(PDT).B! Such compounds can deliver NO to biological
targets on demand and are preferred over conventional
photodynamic agents such as photofrin in treating malignant
tumors with hypoxic locales. In recent years, iron—nitrosyl
complexes such as Na,[Fe(CN);NOJ¥ and Roussin’s saltsP!
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