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a b s t r a c t

Amylose was isolated from starch-rich yam, Dioscorea opposita Thunb. and used to prepare a hal-
loysite nanotubes (HNTs) supramolecular structure by mechanical force. The thus obtained amylose
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wrapped halloysite nanotubes (amylose-HNTs) were characterized subsequently. Transmission electron
microscopy and thermogravimetric analysis showed that the walls of the HNTs were wrapped with an
amylose component (about 44.1 wt%). FTIR indicated that structural changes to amylose were related
to the C–O–C groups of amylose in the interaction between amylose and the outer surface of the HNTs.
Good dispersion of amylose-HNT in the DMSO/H2O solution also illustrated that an interaction existed

HNT
mylose
upramolecular structure

between amylose and the

. Introduction

Halloysite is an aluminosilicate clay mineral that has a pre-
ominantly hollow nanotube structure with an inner diameter
f 10–150 nm. Halloysite is formed naturally by surface weather-
ng of minerals on Earth and has been used in nanocomposites,
anocontainers, and adsorbents (Wang et al., 2010). Halloysite nan-
tube (HNT) is an economical alternative to carbon nanotube that
an be simply mined from the corresponding deposit (Shchukin,
ukhorukov, Price, & Lvov, 2005). HNTs have a wide variety of
iological and non-biological applications; they have been used
or storing molecular hydrogen, for catalytic conversions and pro-
essing of hydrocarbons, for removing environmental hazardous
pecies, as a diuretic drug delivery (Shamsi & Geckeler, 2008),
nd as enzymatic nanoreactors (Shchukin et al., 2005). Recently
uch of the effort in the development of efficient and facile meth-

ds of dispersing carbon nanotubes (CNTs) in aqueous media has
een focused on non-covalent functionalization of CNT surfaces
Alpatova et al., 2010). Dispersion via non-covalent functionaliza-
ion is based on direct contact between a CNT and a biomolecule
nd many biomolecules such as proteins (Karajanagi et al., 2006),
NA (Enyashin, Gemming, & Seifert, 2007), amylose (Kim et al.,
004) or starch (Star, Steuerman, Heath, & Stoddart, 2002) and Gum

rabic (Bandyopadhyaya, Nativ-Roth, Regev, & Yerushalmi-Rozen,
002) have been researched as dispersants for CNTs. There are
ew studies, however, on non-covalent functionalization of HNTs
ith biomolecules to improve the biocompatibility of HNTs. In
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Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

the paper, we report a facile and green method for preparing a
supramolecular complex of amylose and HNT in solid state using
just mechanical force. This work also emphasizing on the struc-
ture of thus prepared amylose-wrapped HNTs (amylose-HNT) in
terms of morphology, FTIR, thermal stability, and dispersion in
solution.

2. Materials and methods

2.1. Materials

Dioscorea opposita Thunb. was obtained from Henan province,
China. The HNTs were obtained from Hunan province, China.
Ethanol and dimethyl sulfoxide (DMSO) were of analytical grade
from Tianjin Chemical Reagent Factory, China.

2.2. Isolation of starch and amylose

Starch was isolated from D. opposita Thunb. according to the
method of Xie, Chang, Wang, Yu, and Ma (2011). Amylose from D.
opposita Thunb. starch was purified using Schoch’s butanol precip-
itation method (Schoch, 1942).

2.3. Preparation of amylose-wrapped HNT

Equal amounts of HNT and amylose (50 mg) were placed in a

ball milling apparatus and the mixture was milled for 20 min at
room temperature. A very fine, homogeneous, pale-white pow-
der was obtained, and was thoroughly dispersed in a 3/2 (w/w)
DMSO/water solution by shaking. The solution was allowed to stand
for 24 h to precipitate unwrapped HNTs and remove the free amy-

ghts reserved.
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Fig. 1. SEM of HNTs (a), TEM of amylose
ose. The supernatant products were collected. In order to obtain
recipitated products, ethanol was added to the supernatant. The
roduct was then obtained by filtration, and washed with ethanol
nd then dried in a vacuum oven at 40 ◦C for 4 h.
c), and TEM of amylose-HNT (d and e).
2.4. Characterization

Scanning electron microscopy (SEM) images were obtained
using a Philips XL-3 field emission scanning electron microscope.
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Fig. 2. FTIR spectra of HNT, amylose-HNT, and amylose.

ransmission electron microscopy (TEM) images were obtained
ith a JEM-2100, and the samples were prepared by placing a few
rops on a mesh copper grid before examination. FTIR spectra were
erformed at 2 cm−1 resolution on a BIO-RAD FTS3000 IR Spectrum
canner. Samples were prepared by making pellets with dried IR
rade KBr, and typically, 64 scans were signal-averaged to reduce
pectral noise. The thermal properties of amylose and amylose-
NT were measured with a ZTY-ZP type thermal analyzer. Sample
eights varied from 5 to 10 mg, and they were heated in Al2O3 pans

rom room temperature to 600 ◦C at a heating rate of 15 ◦C/min in
nitrogen atmosphere with a flow rate of 30 mL/min.

. Results and discussion

As revealed in Fig. 1(a), HNTs exhibited an agglomeration of nan-
tubes with a size of 10–100 nm in diameter and about 1–2 �m in
ength. The TEM image of HNTs (Fig. 1(b) and (c)) shows the layered

alls and a hollow cavity of about 10–20 nm in diameter. When
NT and amylose were milled, the mechanical force wrapped heli-
al amylose around the walls of HNTs. The pristine HNTs showed
smooth surface in Fig. 1(c), while the surface of HNT-amylose
as rough (Fig. 1(d) and (e)). HNT-amylose exhibited the obvious

ore–shell structure.
Fig. 2 shows the FTIR spectra of HNT, amylose, and HNT-amylose.

n the fingerprint region of the amylose spectrum, there are three
eaks that are characteristic of –C–O– stretching. The peak at
154 cm−1 was ascribed to C–O bond stretching of the C–O–H
roup, and the peaks at 1080 and 1023 cm−1 were attributed to
–O bond stretching of the C–O–C group in the anhydroglucose ring
Ma, Chang, Yang, & Yu, 2009). The HNT-amylose sample showed
ome signals due to HNT, such as the deformations of Al–O–Si and
i–O–Si at 536 and 462 cm−1, respectively, and the O–H deforma-
ion of the inner hydroxyl groups at 909 cm−1. In the HNT spectrum,
he band at 1030 cm−1 was assigned to perpendicular Si–O stretch-
ng and at 1113 cm−1 to the apical Si–O vibration (Tierrablanca,
omero-García, Roman, & Cruz-Silva, 2010). In the HNT-amylose
pectrum, these two bands may be overlapped with the peaks of
–O bond stretching at 1080 and 1023 cm−1. The peak at 1154 cm−1
n amylose appeared without a shift, while the 1080 and 1023 cm−1

ands shifted to 1083 and 1026 cm−1. This result indicated that the
tructural changes of amylose were related to the amylose C–O–C
roups in the interaction between amylose and the outer surface
Temperature ( C)

Fig. 3. TG (a) and DTG (b) curves of HNT, amylose, and amylose-HNT.

of the nanotubes, when the amylose helix wrapped around HNT.
This was similar to the DNA-wrapped HNTs (Shamsi & Geckeler,
2008). The absorptions bands at 3699 and 3621 cm−1 in the FTIR
spectrum of HNT were respectively assigned to the stretching vibra-
tion due to external and internal O–H groups of HNT (Nicolini,
Fukamachi, Wypych, & Mangrich, 2009). However, these bands
could not be observed in the FTIR spectrum of amylose-HNT. When
the external hydroxyl groups of HNTs formed the interactions with
C–O–C groups of amylose, the band at 3699 cm−1 could shift blue
(Nicolini et al., 2009). Therefore, it was possible that they were over-
lapped with the band at 3420 cm−1, ascribed to hydrogen-bonded
hydroxyl groups of amylose.

The thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves of the amylose, HNT, and amylose-HNT are shown in
Fig. 3. As revealed by the DTG curves, amylose and HNT exhibited
peaks at about 313.1 and 495.1 ◦C, respectively, i.e. the tempera-
ture at maximum rate of mass loss. The mass loss before the onset
temperature was related to the volatilization of water contained in
the amylose (Chang, Jian, Yu, & Ma, 2010). The temperature range
where the peak of the DTG curves was located was the decompo-
sition temperature of amylose. HNTs showed an initial weight loss
due to residual water and a major weight loss at 495.1 ◦C which

was assigned to the dehydroxylation of structural aluminol groups
present in HNTs (Peng et al., 2008). It was assumed that the con-
tents of mass loss of amylose and HNT, as revealed by TG curves,
were constant in the decomposition temperature range when HNTs
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ig. 4. Photographs of the dispersions of HNT (a and c) and amylose-HNT (b and d)
n DMSO/H2O solution at 0 h (a and b) and 24 h (c and d).

ormed the complex with amylose. The content of amylose (w) in
NT-amylose could be calculated according to following equation:

× w × ˛1 + 1 × (1 − w) × ˛2 = 1 × ˛3

here ˛1 is the mass loss of amylose (76.0%) at 313.1 ◦C; ˛2 is the
ass loss of HNTs (16.1%) at 495.1 ◦C; ˛3 is the mass loss of amy-

ose (42.5%) at 286.4 ◦C. Therefore, the content of amylose (w) in
mylose-HNT was estimated to be about 44.1%; the HNT content
as 55.9%.

The dispersions of HNT (about 2 mg ml−1) and amylose-HNT
about 4 mg ml−1) in DMSO/H2O solution are displayed in Fig. 4.
he HNT and amylose-HNT were respectively added to DMSO/H2O
olution and the mixtures shaken on a rotary shaker at 150 rpm
or 5 min. The HNT and amylose-HNT DMSO/H2O dispersions were
tudied with the storage time (at 0 and 24 h). In Fig. 4(a), precip-
tation of HNT was observed at 0 h due to the high density and
he long tubular structure of HNTs (Shamsi & Geckeler, 2008).
ecause DMSO/H2O solution was a good dispersant for amylose, the
mylose-HNT dispersed well in the solution (as shown in Fig. 4(b)),
nd no obvious precipitation was found. After the suspensions were
tored for 24 h, the HNTs were completely precipitated from the

olution and the solution was clear (as shown in Fig. 4(c)). In con-
rast, only a small amount of HNT precipitation was observed and
he solution was not transparent in Fig. 4(d). Over the test storage
eriod of two weeks, no more HNTs precipitated from the solu-
ion and the stability was maintained. This was probably dependent
ymers 84 (2011) 1426–1429 1429

on the interactions between amylose and the outer surface of the
HNTs.

4. Conclusions

Amylose was wrapped onto the surface of the HNTs to improve
the biocompatibility of HNTs. The amylose component (about
44.1 wt%) assisted in the dispersion of amylose-HNTs in solution
due to the supramolecular interaction between the C–O–C groups
of amylose and the outer surface of HNT, when amylose helix
wrapped around HNTs. The obtained amylose-HNTs can poten-
tially be used as biosorbents for heavy metal ions (Wang et al.,
2010) and dyes (Luo et al., 2010; Zhao & Liu, 2008), biomedical
applications (Krejcova & Rabiskova, 2008), biological nanoreactors
(Shchukin et al., 2005) and nano-fillers in biopolymer matrix (Xie
et al., 2011).
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