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Size- and shape-controlled syntheses of silver and gold nanoparticles have been successfully developed
using partially hydrolyzed starch vermicelli templates as green nanoreactors for the growth of nanopar-
ticles. Mung bean vermicelli is of interest due to the higher amylose content and its transparency, allow-
ing the formation of coloured particles on the vermicelli to be observed. The as-prepared silver and gold
nanoparticles were characterized by UV–Visible spectroscopy, transmission electron microscopy (TEM),
and X-ray diffraction (XRD). The carbonization of as-prepared vermicelli at 200 �C, 300 �C, and 500 �C
was carried out to investigate nanoparticles embedded in the starch vermicelli templates. TEM of carbon-
ized samples revealed the interesting patterns of gold nanorods and silver nanowire-liked assemblies
along with carbon nanotubes. The carbonization of silver nanoparticles at 500 �C resulted to the loss of
starch vermicelli capping nanoparticles and this led to the higher diffusion rate of nanoparticles to gen-
erate silver nanodendrites on TEM images. XRD data of carbonized yellow and purple silver nanoparticles
revealed the presence of silver nanoparticles and a mixture of silver and silver chloride nanoparticles,
respectively. This approach offers a great potential to design new fine structures of vermicelli and utilize
its structure as a template for the large-scale synthesis of size- and shape-controlled silver and gold nano-
particles for chemical and biological applications.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Inorganic nanoparticles have been attracting considerable inter-
ests due to their novel properties which are strongly influenced by
size, shape, surface composition, spatial ordering, and interactions
with surrounding environments (Cushing, Kolesnichenko & O’Con-
nor, 2004; Daniel & Astruc, 2004; He, Kunitake, & Nakao, 2003;
Panigrahi et al., 2006; Qu, Dai, & Osawa, 2006; Sun & Xia, 2002).
The development has been focused on the inorganic nanostruc-
tures attached on the surface and embedded in the biomolecular
structures such as DNA (Dean, Haynes, & Schmaljohn, 2005; Hill,
Lyon, Allen, Stevenson, & Shear, 2005; Stoeva, Lee, Thaxton, &
Mirkin, 2006; Xu, Hua Zeng, Lu, & Bing Yu, 2006), polypeptides
(Chumbimuni-Torres et al., 2006; Xu et al., 2006), and virus
(Deniger, Kolokoltsov, Moore, Albrecht, & Davey, 2006) for many
applications in nanoelectronics, drug delivery, and catalysis.
Among several biomolecules, starch is one of the most abundant
materials on earth. The knowledge on the structure of starch has
been recently advanced (Gidley, 2001). The description of starch
is well-known as polymer structures containing mostly linear
amylose and branched amylopectin. The spectroscopic and micro-
scopic methods are now well advanced for probing the branching
ll rights reserved.
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pattern and the branch length of starch polymers (Baker, Miles, &
Helbert, 2001; Gallant, Bouchet, & Baldwin, 1997; Gidley, 1985;
Jodelet, Rigby, & Colquhoun, 1998). The structure of starch is
packed in semicrystalline granules containing concentric growth
rings. Amylose and amylopectin are arranged radically and aligned
perpendicularly to the growth rings and to the granule surface.
Starch granules can be transformed into other forms such as starch
paste, starch gel, and retrograded starch depending on the cooking
conditions (Buléon, Colonna, Planchot, & Ball, 1998; Jenkins & Don-
ald, 1995; Moorthy, Andersson, Eliasson, Santacruz, & Ruales,
2006; Rindlav-Westling, Stading, & Gatenholm, 2002; Tester, Kark-
alas, & Qi, 2004). The starch transformation provides diverse struc-
tures and properties for numerous applications. For example,
starch gels can be produced from high amylose mung bean starch
which is a major material for producing transparent starch vermi-
celli (Oates, 1990; Tan, Gu, Zhou, Wu, & Xie, 2006).

Though it is cheap and widely-used, less attention has been
paid to the construction of nanoarchitectures on the surface and
embedded in the structure of starch. Several environmental
friendly approaches have been shown by using starch and polysac-
charides as templates for nanoparticles synthesis (Huang & Yang,
2004; Lu, Gao, & Komarneni, 2005; Raveendran, Fu, & Wallen,
2003; Raveendran, Fu, & Wallen, 2006; Sarma & Chattopadhyay,
2004). The concept of green chemistry used in the synthesis of
nanoparticles was first reported by Wallen and co-workers in
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which the synthesis of silver nanoparticles was carried out and sta-
bilized by soluble starch and usingb-D-glucose as a nontoxic reduc-
ing agent (Raveendran et al., 2003; 2006). In the past decade, starch
has been shown as a good host for many guests of inorganic nano-
particles, such as gold (Daniel & Astruc, 2004), silver (Raveendran
et al., 2003) and iron oxides (Chairam & Somsook, 2008; Somsook
et al., 2005) to form inclusion complexes. In this study mung bean
vermicelli is of interest due to the higher amylose content and its
transparency, allowing the formation of coloured particles on the
vermicelli to be observed. Furthermore, it would be interesting if
amylose or amylopectin containing glucose units could be utilized
as a template for the fabrication of nanoparticles for potential
applications in chemistry and biology. Here we demonstrated a
simple fabrication of size- and shape-controlled silver and gold
nanoparticles on the surface and embedded in the mung bean
starch vermicelli.

2. Experimental

2.1. Materials and equipments

All materials in our experiments are biocompatible and envi-
ronmental-friendly. Silver nitrate (AgNO3) and hydrogen tetra-
chloroaurate(III) trihydrate (HAuCl4�3H2O, P99.9+%) were
purchased from VWR international Ltd. and Sigma–Aldrich, respec-
tively. b-D-glucose was purchased from Ajax Finechem. Hydrochlo-
ric acid (HCl), 98% AR grade, was purchased from Merck. Mung
bean starch vermicelli, ‘‘Kaset” and ‘‘Dragon” brands (Bangkok,
Thailand), was purchased from local supermarkets. All glassware
used in this experiment was cleaned with an aqueous 10% nitric
acid solution, washed with de-ionized water obtained from a
Nanopure� Analytical Deionization system with an electric resis-
tance 18.2 MX-cm purified with a Barnstead Nanopure Ultrapure
Water system, and dried before use. A microwave machine used
was M181 GN Samsung household microwave with an operating
power output from 100–850 W, 7 power levels, and 35 min dual-
speed timer.

2.2. Conventional heating

In a typical condition, 5 mL of 0.1 M solution of AgNO3 or 0.1% of
HAuCl4�3H2O was added to 300 mL of distilled water with 0.51 g of
mung bean starch vermicelli under argon gas. The pH of the reac-
tion was adjusted to a pH of 4 by diluted HCl in order to partially
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Fig. 1. UV–Visible spectra of purple and yellow colloidal solutions. The inset picture is
respectively.
hydrolyze the surface of mung bean starch vermicelli. The reaction
mixture was stirred for 1 h under argon gas, then 7.5 mL of 0.1 M of
b-D-glucose was added and the reaction was continually stirred for
20 h. Mung bean starch vermicelli pieces were then collected from
the reaction, dried in an oven at 60 �C prior to further analysis.

2.3. Microwave heating

A typical synthesis of nanoparticles with microwave heating
was carried out as follows. First, 0.50 g of mung bean starch vermi-
celli was added to a 50 mL of deionized water and then heated in a
microwave oven for 1 min to soak starch vermicelli in water. Then
150 lL of metal salt solution and 300 lL of 0.1 M of b-D-glucose
were added to the reaction and heated in a microwave for a given
period. The lowest power of the microwave oven at 100 W was
chosen. Mung bean starch vermicelli pieces were then collected
from the reaction, dried in an oven at 60 �C prior to further analysis.

2.4. Carbonization of vermicelli

Vermicelli with nanoparticles was heated in a crucible in a fur-
nace at 200 �C, 300 �C and 500 �C in an ambient atmosphere for
48 h, respectively. A black precipitate was then obtained and dis-
persed in water by sonication in an ultrasonic bath for a given
period.

2.5. The origin colours of purple and yellow silver nanoparticles

To further investigate the origin of two colours of vermicelli,
two separated experiments were carried out and then followed
by the carbonization.

2.5.1. Synthesis of yellow vermicelli
About 50 mL of deionized water was added into 0.5 g of mung

bean starch vermicelli in a 250 mL beaker. Then, 5 mL of 0.1 M of
AgNO3 was added into the beaker. The reaction solution was
heated by a microwave oven at 100 W in the presence of air for 5
min. After that, the mixture was transferred into a 100 mL Schlenk
flask. A 7.5 mL of 0.1 M of b-D-glucose was added into the reaction
flask. The reaction was heated at 60 �C and stirred under argon gas
for 6 h. The colour of vermicelli was observed with a yellow colour.
The mixture solution was cooled to room temperature. Mung bean
starch vermicelli pieces were then collected from the reaction,
dried in an oven at 60 �C prior to further analysis.
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Fig. 3. (a) TEM image of starch silver nanoparticles in colloidal solution. The bar is 50 nm. (b) Histogram showing the size distribution of purple silver nanoparticles on the
surface of vermicelli and in colloidal solution. The total number of counted nanoparticles is 806.

Fig. 4. Photographs of vials containing: (a) only starch vermicelli without the reduction of gold nanoparticles (left) and starch vermicelli capped gold nanoparticles (right): (b)
and (c) starch vermicelli capped gold nanoparticles after the period time of three days and three months of storage at room temperature, respectively.

Fig. 2. FESEM of silver nanoparticles on the surface of mung bean starch vermicelli in different views and magnification powers. The bars for (a–d) are 100 lm, 1 lm, 100 nm,
and 100 nm, respectively.
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2.5.2. Synthesis of purple vermicelli
About 50 mL of deionized water was added into 0.5 g of

mung bean starch vermicelli in a 250 mL beaker. After that,
5 mL of 0.1 M of AgNO3 was added into the beaker. The reaction
solution was heated by a microwave oven at 100 W in the presence
of air for 5 min. The vermicelli was then washed with a dilute solu-
tion of NaCl. The mixture was transferred into a 100 mL Schlenk
flask. 7.5 mL of 0.1 M of b-D-glucose was added into the reaction
flask. The reaction was heated at 60 �C and stirred under argon
gas for 6 h. The colour of vermicelli was observed with a purple
Fig. 6. TEM images of as-synthesized gold nanoparticles corresponding to a histogram o
The bars of (a–c) are 100, 50 and 50 nm, respectively. The total number of single partic
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Fig. 5. UV–Visible absorption spectra showing the time evolution of the growth of
gold nanoparticles at the different reaction time from 5 to 35 min.
colour. Then, the mixture solution was cooled to room
temperature. Mung bean starch vermicelli pieces were then col-
lected from the reaction, dried in an oven at 60 �C prior to further
analysis.

2.5.3. Carbonization of vermicelli
As-prepared vermicelli with silver nanoparticles was heated in

an alumina cup in a furnace at 200 �C and 300 �C in the ambient
atmosphere for 24 h. Samples were placed in an alumina cup and
heated at a heating rate of 5 �C min�1. A black precipitate was
obtained and characterized by XRD.

2.6. Characterization

The morphologies of nanostructures were recorded using a
JEOL JSM-6340 F field emission scanning electron microscope
(FESEM) with energy dispersive X-ray analysis (EDX). The XRD
was carried out on a D8 Advance Bruker analytical X-ray system
operating at the CuKa wavelength of 1.5650 nm, 40 mA, and
40 kV. The diffraction patterns over the range of 30–70 � of 2h
were recorded at a scan rate of 5 s/step and step size 0.020
2h/s. The TEM micrographs of the as-synthesized samples were
performed with a Philip Tecnia-G2 Sphera Transmission Electron
Microscope by accelerating voltage at 80 kV. The UV absorption
spectra of colloidal metal nanoparticles were performed by using
a HP8453 HEWLETT PACKARD UV–Visible spectrophotometer
with the path length of the quartz cell at 10 mm, over the wave-
length ranging from 250 to 900 nm.
f the size distribution from TEM micrographs (average particle size = 12.7 ± 2.8 nm).
les counted for a histogram is 573.
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3. Results and discussion

3.1. Synthesis of silver nanoparticles

Following conventional heating of the reaction mixture for 2–
3 h, a purple colour was observed for the mung bean starch vermi-
celli and the solution also adopted a purple colour which increased
in intensity with time. Fragments of starch were detached from the
vermicelli to generate a colourful purple solution. After the purple
colloidal solution was centrifuged, the colour of the colloidal solu-
tion turned to yellow. The particle growth was monitored using
UV–Visible absorption spectroscopy in which the strong, medium
and weak absorption bands were observed at 270, 390 and
600 nm, respectively. The UV–Visible spectra of purple and yellow
solutions are shown in Fig. 1. The yellow solution exhibited the
UV–Visible spectrum with kmax at 420 nm which was similar to re-
cently reported silver nanoparticles (Raveendran et al., 2003;
2006).

The typical FESEM images of silver nanoparticles attached to
mung bean starch vermicelli are shown in Fig. 2. The average par-
ticle diameter of silver nanoparticles on the surface of mung bean
starch vermicelli was approximately 20 nm. The biggest particle
diameter on the surface was observed up to 65 nm. The TEM
images of the purple suspension are also shown in Fig. 3a. It was
unexpected that 40 nm range nanoparticles were found with
3 nm nanoparticles on the TEM images. The histogram of the size
distribution of starch silver nanoparticles on the surface of vermi-
celli including those in colloidal solution displayed two different
sizes of nanoparticles (1–5 nm and 10–65 nm) showing the broad
Fig. 7. HRTEM images of as-synthesized gold nanoparticles after microwave heati
particle size distribution (Fig. 3b). The smaller particles (Fig. 3b)
were approximately the same particle size as Wallen’s starch silver
nanoparticles but the size distribution was narrower. The EDXspec-
trum confirmed the presence of silver, carbon, and oxygen as major
elements suggesting that the interactions between silver and starch
in the samples and silver nanoparticles must be stabilized by
starch.

3.2. Synthesis of gold nanoparticles

Microwave heating speeds up the synthesis of nanoparticles.
The colour of mung bean starch vermicelli turned to pale red after
microwave irradiation for a couple of minutes (Fig. 4 and 5). Inter-
estingly, starch vermicelli capped gold nanoparticles were stable in
the vermicelli templates over the period time of three months of
storage at room temperature, while there was no sign of aggrega-
tion of gold nanoparticles. This indicated that the mung bean
starch vermicelli template could be used to prevent the aggrega-
tion of nanoparticles in sterile condition. The UV–Visible absorp-
tion spectra of colloidal gold solutions were collected to
investigate the growth of nanoparticles by microwave irradiation
at different reaction times (5–35 min). It was found clearly that
the intensity of the surface plasmon band of colloidal gold nano-
particles increased with the reaction time. It is well-known that
the colloidal gold nanoparticles in an aqueous solution exhibit a
broad absorption band in the visible region at wavelength from
517 nm to 575 nm due to the Mie theory (Daniel & Astruc, 2004).
As can be shown in Fig. 5, the results showed clearly that the
strong absorption peaks of as-prepared gold nanoparticles showed
ng for 5 min. The bars of (a–d) correspond to 20, 20, 10, 10 nm, respectively.
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a match with the reported results (Daniel & Astruc, 2004). These
absorption values may not include the protecting agent of starch
vermicelli templates, because the Mie scattering responds only to
the nanoscale gold particles (Su et al., 2003; Templeton, Pietron,
Murray, & Mulvaney, 2000). Also, the surface plasmon band was
symmetric indicating that the colloidal solutions had no aggrega-
tion of particles. The strong intensity of an absorption peak became
increasing indicating that the reduction reaction of gold nanoparti-
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Fig. 9. TEM images of carbonization products at 200 �C with the sonication time of 30 mi
carbon nanotubes. The bars are 0.5 lm, 50 nm, 0.5 lm and 50 nm, respectively.
cles had greatly proceeded. In addition, the tendency of the absorp-
tion peak also slightly shifted to blue, implying a decrease in the
particle size for the formation of gold nanoparticles.

The morphologies and sizes of as-prepared gold nanoparticles
were examined by TEM. As can be observed in Fig. 6, TEM images
showed clearly well-dispersed gold nanoparticles synthesized at
the different TEM magnifications corresponding to a histogram of
the size distribution from TEM micrographs. The resulting product
60 70 80 90

2θ

220 311 

prepared gold nanoparticles.

n showing silver (a and b) and gold nanoparticles (c and d) attached to the surface of
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mainly consisted of an extremely uniform size of spherical gold
nanostructures. The average particle size of the as-prepared gold
nanoparticles with diameters was 12.7 nm with a standard devia-
tion of 2.8 nm (n = 573), with a maximum of 21 nm in size
distribution.

Interestingly, a few of different morphologies of the as-prepared
gold nanoparticles were also found in the same sample. To obtain a
clear picture, the regular structure of these particles was further
examined using high-resolution TEM (HRTEM) observation. As
shown in Fig. 7, a representative sample of the resulting product
of various shapes (e.g., polygonal, hexagonal and triangular shape)
of gold nanoparticles was obtained when increasing of the reaction
time for the microwave heating process. As shown in Fig. 7b and c,
gold nanowires with the approximate distance of 100 nm were ob-
served in the same sample. It is suggested that the formation of
nanowires jointed by gold nanoparticles was facilitated by the heli-
cal molecular structure of starch acting as nanoreactors.

In order to understand the crystalline structure of the gold
nanoparticle formation, X-ray diffraction was carried out to inves-
tigate the atomic structure of small nanoparticles. It has been used
as a common tool to examine the crystallinity of samples. After
drying in an oven at 60 �C for 24 h, the dried powder product
was ground and further characterized by XRD. The XRD pattern
of the as-prepared gold nanoparticles is shown in Fig. 8. There were
four diffraction peaks with the 2h of 38.4, 44.5, 64.7 and 77.6 cor-
responding to the (111), (200), (220) and (311) planes, respec-
tively, of the face-centered cubic (fcc) metallic gold (JCPDS file
no.04-0784). These positions of the diffraction peaks of the as-pre-
pared gold nanoparticles showed a match with the reported results
Fig. 10. TEM images of carbonization products at 200 �C (a–c) and 300 �C (d) with the so
gold nanorods (c and d). The bars are 0.5 lm, 50 nm, 200 nm, and 100 nm, respectively
(Lu et al., 2005). Since gold nanoparticles were embedded within
mung bean starch vermicelli acting as stabilizing templates, the
broad diffractions were observed over a 2h range due to the low
crystallinity of starch vermicelli.

3.3. Carbonization of nanoparticles embedded in vermicelli

The carbonization allows us to investigate the patterns of nano-
particles embedded in the starch vermicelli. First, vermicelli pre-
pared by the microwave technique was carbonized in a crucible
in an oven at 200 �C, 300 �C and 500 �C. After the carbonization,
black vermicelli was obtained and then ground and dispersed in
water by ultrasonic sonication. The 30 min duration time for the
sonication was first chosen. TEM images of as-prepared samples
are shown in Fig. 9. The aggregated nanoparticles were attached
to carbon nanotubes which were confirmed by EDX spectra show-
ing that the major elements of the carbon nanotubes were carbon
and oxygen only. This is an alternative way to synthesize carbon
nanotubes from saccharides.

Longer period of the sonication time led to the aggregation of
the nanoparticles. Therefore, shorter period of the sonication time
was carried out to disperse nanoparticles in water. TEM images of
nanowire-like assemblies of silver nanoparticles and gold nano-
rods are shown in Fig. 10. The pattern of silver nanoparticles looks
like to a wire in an electronic circuit even though nanoparticles
were not totally next to each other. A histogram analysis showed
that the mean particle diameter was observed at 8.24 nm with a
standard deviation of 2.20 nm. This unique morphology is probably
a result of the inclusion of silver nanoparticles in the amylose
nication time of 10 min showing the self-assembly of silver nanowires (a and b) and
.



Fig. 12. Pictures of (a) yellow and (b) purple vermicelli fabricated with silver
nanoparticles.
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helical structure. Moreover, the particle size distribution of nano-
particles embedded in vermicelli was narrower than one in the col-
loidal solution. TEM images with low magnification clearly show
lengthy gold nanorods with the lengths are up to 100 nm and the
width is approximately 10–20 nm in which is about the same size
of carbon nanotubes obtaining from the carbonization.

TEM images in Fig. 11 showed the growth of silver nanoden-
drites on a copper grid. This is well explained that the carbonization
at higher temperature resulted the lower number of molecules of
starch vermicelli capping nanopaticles. This led to the increasing
diffuson rate resulting in the growth of nanodendrite of silver nano-
particles on copper grids. The average diameter of particles was
29.0 nm with a standard deviation of 10.54 nm. The growth mech-
anism of our nanodendrites is well described on the basis of a diffu-
sion-limited aggregation (DLA) model (Kaniyankandy, Nuwad,
Thinaharan, Dey, & Pillai, 2007) where the individual atoms are
bond to the growing surface during the process.

3.4. Two colours of silver nanoparticles

To further investigate the origin of different colours of the
as-prepared silver nanoparticles, two separate experiments were
carried out by first incorporating Ag(I) ions into the inside of ver-
micelli by microwave radiation, then reducing Ag(I) ions to Ag(0)
nanoparticles by b-D-glucose under an inert atmosphere with a
conventional heating. The two experiments were different only
in that the vermicelli for one experiment was washed with a solu-
tion of NaCl before heating with b-D-glucose. Two colours of silver
nanoparticles were successfully synthesized (Fig. 12). Although the
Fig. 11. (a–d) TEM micrographs of silver dendrites obtained from carbonization a
results from FESEM and TEM images demonstrated clearly that sil-
ver nanoparticles were produced on the surface of mung bean
starch vermicelli and in the colloidal solution, the phase of silver
nanoparticles was further examined by the carbonization of nano-
particles embedded in vermicelli at 200 �C and 300 �C and then
characterized by XRD. After the carbonization of yellow
(Fig. 12a) and purple (Fig. 12b) silver nanoparticles stabilized by
t 500 �C for 24 h. The bars are 10 lm, 1 lm, 200 nm and 50 nm, respectively.
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vermicelli templates in a furnace at 200 �C and 300 �C for 24 h, a
black precipitate powder was also obtained in a crucible cup. The
XRD was used to examine the phase of the obtaining products.
The diffraction patterns of two colours of yellow and purple vermi-
celli demonstrated different patterns (Fig. 13). From all diffraction
patterns, the presence of metal oxides (e.g. silver oxide) was also
not detected.

For the yellow mung bean starch vermicelli, the diffraction pat-
terns (Fig. 6a and c) showed strong diffraction peaks assigned 2h
around 38.2�, 44.4� and 64.5�, which can be indexed to the (111),
(200), and (220) planes of the face-centered cubic silver (JCPDS
Card File, No. 04-0783). However, the diffraction pattern of yellow
silver nanoparticles showed broad peaks on the diffractogram. This
is possibly due to the inclusion of silver nanoparticles in the starch
vermicelli templates. According to the molecular structure re-
ported by Gidley (Gidley, 2001), it is now accepted that there is a
continuum of starch polymer structures from linear amylose to
branched amylopectin. This is suggested that the linear amylose-
or branched amylopectin-nanoparticle complexes are formed to
be non-crystalline in the native granule starch, indicating that
the appearance of broad diffraction lines is present in a poor crys-
tallinity for XRD patterns. The results obtained here were found to
be similar to Sarma and Chattopadhyay (Sarma & Chattopadhyay,
2004) and Chairam and Somsook ( Chairam & Somsook, 2008)
who reported that a poor crystallinity was observed over a range
of 2h positions for starch-mediated synthesis of metal and metal-
oxide nanoparticles, respectively. Therefore, some diffraction
peaks were not observed from the XRD observation. After carbon-
ization, it was noted that the absence of any different peaks was
hidden most likely due to black carbon precipitate powder. The re-
sults from diffractogram indicated clearly that the origin of yellow
vermicelli was demonstrated from the presence of silver
nanoparticles.

Several 2h positions of the diffraction pattern were observed for
the sample obtaining from the carbonized purple vermicelli pow-
der (Fig. 13b and d). In addition to the XRD pattern of Ag nanopar-
ticles (peaks at 38.2�, 44.4�,and 64.6�), 5 other peaks are 32.3�,
46.4�, 54.9�, 57.6�, and 67.7� corresponding to the (200), (220),
(311), (222), and (400) planes of the face-centered cubic AgCl
(JCPDS Card File, No. 06-0480). The XRD indicated clearly the pres-
ence of silver chloride in the powder after the carbonization of pur-
ple vermicelli at 200 �C and 300 �C. AgCl nanoparticles have been
reported as nanocomposites with other materials such as silk fibers
(Potiyaraj, Kumlangdudsana, & Dubas, 2007) and polyaniline (Feng,
Liu, Lu, Hou, & Zhu, 2006). Recently, Li and Zhu investigated the for-
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Fig. 13. XRD diffraction pattern of yellow vermicelli (a and c) and
mation of Ag nanoparticles toward HCl. A white precipitate prod-
uct was formed immediately when the HCl solution was added
into a Ag colloidal solution (Li & Zhu, 2006). Li and Zhu also indi-
cated that chloride ions could react with colloidal Ag nanoparti-
cles; however, the purple silver nanoparticles were not reported.
Interestingly, the purple silver nanoparticles were produced in
our experiment. The vermicelli before and after washing with a di-
luted NaCl solution was still transparent. A white precipitate of sil-
ver chloride was not observed. After the reaction of silver ions with
b-D-glucose using as a reducing agent, the colour of transparent
vermicelli turned to purple. It might be possible that during the
nanoparticles formation process some silver nanoparticles may re-
act with chloride ions to form silver chloride. It is noted that all 2h
positions obtained from purple vermicelli were the combination of
the diffraction patterns of silver chloride and silver nanoparticles.
The nanoparticles in the range 10–65 nm in Fig. 3 are possibly sil-
ver chloride nanoparticles which could be separated out by
centrifugation.

3.5. Utilization of the starch structure in the synthesis of nanoparticles

Starch has been used for the synthesis and stabilization of nano-
particles, such as gold and silver (Raveendran et al., 2003; 2006;
Sarma & Chattopadhyay, 2004) due to its inexpensive and renew-
able with numerous applications. Starch is a polyhydroxylated
macromolecules consisting of glucose units connected by an oxy-
gen linkage to form amylose and amylopectin chains. It presents
an interesting dynamic supramolecular associations facilitated by
inter- and intra-molecular hydrogen bonding resulting helical
structure, which can act as nanoreactors for the growth of nano-
particles (Imberty, Chanzy, Perez, Buleon, & Tran, 1988). During
the microwave heating process, metal-aqua complexes were intro-
duced into the starch vermicelli template. The hydroxyl groups of
starch possibly facilitated metal ions by electrostatic binding in the
helical structure of polysaccharide. Aldehyde terminals from the
partial hydrolysis of starch reduced metal ions to metallic nanopar-
ticles while mung bean starch vermicelli itself was used as tem-
plates to stabilize as-prepared nanoparticles (as shown in
Scheme 1). It has been proposed that the nanoparticle size and
polydispersity are controlled by the fine structure of protecting
biomolecules including reducing reagents and thermodynamic
conditions (Raveendran et al., 2003). Based on the model of starch
structure (Buléon et al., 1998; Gallant et al., 1997; Jenkins & Don-
ald, 1995; Tester et al., 2004), the formation of the 38 nm range sil-
ver nanoparticles was controlled by the size of helical amylose.
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Scheme 1. Illustration of the helical structure of starch template-assisted synthesis of size-controlled nanoparticles.
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4. Conclusion

In summary, we have successfully developed a green route to
synthesize size- and shaped-controlled silver and gold nanoparti-
cles using mung bean starch vermicelli acting as a stabilizing tem-
plate. This approach to synthesize size- and shaped-controlled
silver and gold nanoparticles is very simple, safe and easily acces-
sible and offers an opportunity to design new fine structures and
utilize mung bean starch vermicelli serving as raw materials for
the large-scale synthesis of size- and shaped-controlled silver
and gold nanoparticles for chemical and biological applications.
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